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Abstract	
  

Most	
   individuals	
   are	
   infected	
   with	
   EBV,	
   which	
   establishes	
   latent	
   infection	
   in	
   B	
   cells.	
  

Although	
   usually	
   asymptomatic,	
   EBV	
   persistence	
   is	
   associated	
   with	
   several	
   types	
   of	
  

lymphoma.	
  TGFβ	
  signals	
  via	
  TGFβ	
  receptors	
  (TGFβR)	
  1	
  and	
  2	
  and	
  is	
  generally	
  pro-­‐apoptotic	
  

and	
  anti-­‐proliferative,	
  but	
  EBV	
  infection	
  renders	
  cells	
  resistant	
  to	
  these	
  effects.	
  The	
  aim	
  of	
  

this	
  thesis	
  was	
  to	
  investigate	
  further	
  the	
  mechanism	
  by	
  which	
  this	
  occurs.	
  

	
  

Using	
   the	
   EBV-­‐negative	
   Burkitt	
   lymphoma	
   cell	
   line	
   BL31	
   infected	
   with	
   a	
   panel	
   of	
   BAC-­‐

derived	
   wild-­‐type	
   and	
   recombinant	
   EBVs,	
   this	
   study	
   has	
   confirmed	
   by	
   qRT-­‐PCR	
   that	
   EBV	
  

down-­‐regulates	
  TGFβR2	
  transcription,	
  leading	
  to	
  suppression	
  of	
  TGFβ	
  signalling	
  as	
  detected	
  

by	
  western	
  blot	
   for	
  phosphorylated	
  SMAD2.	
  Use	
  of	
   recombinant	
  viruses	
  with	
  deletions	
  of	
  

individual	
  latent	
  proteins	
  has	
  shown	
  that	
  LMP1,	
  LMP2A,	
  EBNA3B	
  and	
  EBNA3C	
  cooperate	
  in	
  

this	
   repression	
   of	
   TGFβR2	
   and	
   suppression	
   of	
   signalling.	
   Chromatin	
   immunoprecipitation	
  

analysis	
   has	
   shown	
   that	
   the	
   repression	
   of	
   TGFβR2	
   is	
   accompanied	
   by	
   deposition	
   of	
   the	
  

repressive	
  epigenetic	
  mark	
  histone	
  H3	
  lysine	
  27	
  trimethylation	
  and	
  concomitant	
  binding	
  of	
  

SUZ12,	
  a	
  subunit	
  of	
  polycomb-­‐repressive	
  complex	
  2,	
  to	
  the	
  TGFβR2	
  promoter.	
   Infection	
  of	
  

primary	
   B	
   cells	
   with	
   EBV	
   also	
   leads	
   to	
   repression	
   of	
   TGFβR2	
   and	
   suppression	
   of	
   TGFβ	
  

signalling.	
  

	
  

Additionally,	
  EBV	
  up-­‐regulates	
  TGFβR3,	
  a	
  co-­‐receptor	
  for	
  signalling	
  by	
  both	
  TGFβ	
  and	
  bone	
  

morphogenetic	
  proteins	
  (BMPs),	
  a	
  related	
  group	
  of	
  ligands	
  which	
  signal	
  via	
  SMADs	
  1,	
  5	
  and	
  

8.	
   This	
   led	
   to	
   an	
   investigation	
   into	
   the	
   effects	
   of	
   EBV	
   on	
   BMP	
   signalling.	
   Although	
   EBV	
  

increases	
  signalling	
  in	
  response	
  to	
  BMP2,	
  BMP4	
  and	
  BMP6	
  in	
  BL31	
  cells,	
  this	
   is	
  not	
  via	
  the	
  

up-­‐regulation	
  of	
  TGFβR3.	
  BMP2	
  and	
  BMP4	
  induce	
  G1	
  arrest	
  in	
  BL31	
  cells,	
  but	
  EBV	
  does	
  not	
  

alter	
  this.	
  EBV	
  also	
  up-­‐regulates	
  SMAD1	
  and	
  down-­‐regulates	
  SMAD5.	
  	
  

	
  

The	
  polycomb-­‐mediated	
  repression	
  of	
  TGFβR2	
  is	
  a	
  mechanism	
  by	
  which	
  EBV	
  might	
  promote	
  

lymphomagenesis.	
   In	
   addition,	
   the	
   finding	
   that	
   EBV	
   alters	
   several	
   components	
   of	
   BMP	
  

signalling	
  suggests	
  that	
  BMP	
  signalling	
  may	
  be	
  important	
  in	
  B-­‐cell	
  biology.	
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  molecule	
  -­‐1	
  
Id	
  or	
  ID	
   Inhibitor	
  of	
  DNA	
  binding,	
  or	
  inhibitor	
  of	
  differentiation	
  	
  
IE	
   Immediate	
  early	
  
IFN	
  	
   Interferon	
  
Ig	
  	
   Immunoglobulin	
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IL	
   Interleukin	
  	
  
IM	
   Infectious	
  mononucleosis	
  
IP	
   Immunoprecipitation	
  
IR	
   Internal	
  repeat	
  
I-­‐Smad	
  	
   Inhibitory	
  Smad	
  
ITAM	
   Immune-­‐receptor	
  tyrosine-­‐based	
  activation	
  motif	
  
JAK	
  	
   Janus	
  kinase	
  
JNK	
   c-­‐Jun	
  N-­‐terminal	
  kinase	
  
kb	
   Kilobases	
  
kbp	
   Kilobase	
  pairs	
  
kDa	
  	
   KiloDalton	
  
KO	
   Knockout	
  
KSHV	
  	
   Kaposi	
  sarcoma	
  herpesvirus	
  
LANA	
  	
   Latency-­‐associated	
  nuclear	
  antigen	
  
LB	
   Luria	
  Bertani	
  
LCL	
  	
   Lymphoblastoid	
  cell	
  line	
  
LFA	
   Leucocyte	
  function-­‐associated	
  antigen	
  
LMP	
   Latent	
  membrane	
  protein	
  
LZ	
   Light	
  zone	
  
MALT	
   Mucosa-­‐associated	
  lymphoid	
  tissue	
  
MAPK	
  	
   Mitogen	
  activated	
  protein	
  kinase	
  
MCL1	
   Myeloid	
  cell	
  leukaemia	
  sequence	
  1	
  
MDM2	
   Murine	
  double	
  minute	
  2	
  
MHC	
   Major	
  histocompatibility	
  complex	
  
MH1,	
  MH2	
   MAD	
  homology	
  1,	
  2	
  
MIRA	
  	
   Methylated	
  CpG	
  island	
  recovery	
  assay	
  	
  	
  
miRNA	
  or	
  miR	
   MicroRNA	
  
MIS	
   Müllerian	
  inhibiting	
  substance	
  
mRNA	
   Messenger	
  ribonucleic	
  acid	
  
NCoR	
   Nuclear	
  receptor	
  co-­‐repressor	
  
NFκB	
   Nuclear	
  factor	
  kappa	
  B	
  
NK	
   Natural	
  killer	
  
NPC	
   Nasopharyngeal	
  carcinoma	
  
OriLyt	
   Origin	
  of	
  lytic	
  replication	
  
OriP	
  	
   Origin	
  of	
  plasmid	
  replication	
  
PARP	
  	
   Poly	
  ADP	
  ribose	
  polymerase	
  
PB	
  	
   Peripheral	
  blood	
  
PBL	
  	
   Peripheral	
  blood	
  lymphocyte	
  
PBMC	
  	
   Peripheral	
  blood	
  mononuclear	
  cell	
  
PBS	
   Phosphate-­‐buffered	
  saline	
  
PcG	
  	
   Polycomb	
  group	
  
PCR	
  	
   Polymerase	
  chain	
  reaction	
  
PEL	
  	
   Primary	
  effusion	
  lymphoma	
  
PI3-­‐K	
  	
   Phosphatidylinositol-­‐3-­‐kinase	
  
PI	
  	
   Propidium	
  iodide	
  
PMA	
   Phorbol	
  myristate	
  acetate	
  
PMSF	
  	
   Phenyl	
  methyl	
  sulfonyl	
  fluoride	
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PRC	
   Polycomb	
  repressive	
  complex	
  
pSMAD	
   Phosphorylated	
  SMAD	
  
PTLD	
   Post-­‐transplant	
  lymphoproliferative	
  disorder	
  
PUMA	
  	
   p53-­‐upregulated	
  modulator	
  of	
  apoptosis	
  
Qp	
  	
   Q	
  promoter	
  
qPCR	
   Quantitative	
  polymerase	
  chain	
  reaction	
  
qRT-­‐PCR	
  	
   Quantitative	
  reverse-­‐transcriptase	
  polymerase	
  chain	
  reaction	
  
RAG	
   Recombination	
  activating	
  genes	
  
Rb	
   Retinoblastoma	
  
RBP-­‐Jκ	
  	
   Recombinant	
  binding	
  protein	
  J	
  kappa	
  
Rev	
   Revertant	
  to	
  wild-­‐type	
  
RNA	
  	
   Ribonucleic	
  acid	
  
RPMI	
   Roswell	
  Park	
  Memorial	
  Institute	
  medium	
  
R-­‐Smad	
  	
   Receptor-­‐regulated	
  Smad	
  
SBE	
   Smad-­‐binding	
  element	
  
SD	
   Standard	
  deviation	
  
SDS	
   Sodium	
  dodecyl	
  sulphate	
  
SDS-­‐PAGE	
  	
   SDS	
  polyacrylamide	
  gel	
  electrophoresis	
  
SHM	
   Somatic	
  hypermutation	
  
shRNA	
  	
   	
   Short	
  hairpin	
  RNA	
  
siRNA	
   Small	
  interfering	
  RNA	
  
Smurf	
   Smad	
  ubiquitin	
  regulatory	
  factor	
  
STAT	
   Signal	
  transducer	
  and	
  activator	
  of	
  transcription	
  
sTGFβR3	
  	
   Soluble	
  TGFβR3	
  
SUZ12	
  	
  	
   Suppressor	
  of	
  zeste	
  12	
  homologue	
  
TAK1	
   TGFβ-­‐associated	
  kinase	
  1	
  
TBE	
   Tris-­‐Borate-­‐EDTA	
  buffer	
  
TBS	
   Tris-­‐buffered	
  saline	
  
TEMED	
   Tetramethylethylenediamine	
  
TGFβ	
   Transforming	
  growth	
  factor	
  beta	
  (TGFβ1	
  if	
  not	
  otherwise	
  specified)	
  
TGFβR1	
  	
   Transforming	
  growth	
  factor	
  beta	
  receptor	
  1	
  
TGFβR2	
  	
   Transforming	
  growth	
  factor	
  beta	
  receptor	
  2	
  
TGFβR3	
  	
   Transforming	
  growth	
  factor	
  beta	
  receptor	
  3	
  
TNF	
   Tumour	
  necrosis	
  factor	
  
TPA	
   12-­‐O-­‐tetradecanoylphorbol-­‐13-­‐acetate	
  
TR	
   Tandem	
  repeat	
  
TRADD	
   TNF-­‐receptor-­‐associated	
  death	
  domain	
  
TRAF	
   TNF-­‐receptor	
  activating	
  factor	
  or	
  TNF-­‐receptor	
  associated	
  factor	
  
TRAIL	
   TNF-­‐related	
  apoptosis	
  inducing	
  ligand	
  
TSA	
   Trichostatin	
  A	
  
TSG	
   Tumour	
  suppressor	
  gene	
  
TSS	
   Transcription	
  start	
  site	
  
UTR	
   Untranslated	
  region	
  
VCA	
   Viral	
  capsid	
  antigen	
  
Wp	
  	
   W	
  promoter	
  
WT	
   Wild-­‐type	
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  Introduction	
  Chapter	
  1

	
  

1.1	
  Epstein-­‐Barr	
  virus	
  

1.1.1	
  Overview	
  

Epstein-­‐Barr	
   virus	
   (EBV)	
   is	
   a	
   gamma-­‐herpes	
   virus	
   that	
   persistently	
   infects	
   over	
   90%	
  of	
   the	
  

human	
  population	
  worldwide.	
  In	
  less	
  developed	
  countries,	
  EBV	
  infection	
  is	
  mostly	
  acquired	
  

in	
   childhood,	
   whereas	
   in	
   more	
   developed	
   countries	
   acquisition	
   may	
   be	
   delayed	
   until	
   the	
  

teenage	
  years	
  (Crawford	
  2001).	
  Primary	
  infection	
  is	
  usually	
  asymptomatic	
  in	
  children,	
  but	
  if	
  

acquired	
  at	
  an	
  older	
  age	
  it	
  can	
  cause	
  the	
  syndrome	
  of	
  infectious	
  mononucleosis	
  (IM).	
  Once	
  

infection	
   is	
  acquired,	
   it	
  persists	
   for	
   the	
   life	
  of	
   the	
  host	
  within	
  B	
   lymphocytes	
   (B	
  cells),	
  kept	
  

under	
   control	
   by	
   the	
   cellular	
   immune	
   response.	
   Persistent	
   infection	
   is	
   generally	
  

asymptomatic	
   to	
   the	
   immunocompetent	
  host,	
  but	
   in	
   the	
   setting	
  of	
   immune	
   suppression	
   it	
  

can	
  be	
  associated	
  with	
  development	
  of	
  B	
  cell	
  lymphoproliferative	
  diseases	
  thought	
  to	
  be	
  due	
  

to	
  defective	
  immune	
  responses.	
  Even	
  in	
  apparently	
  immunocompetent	
  hosts,	
  however,	
  EBV	
  

is	
  causally	
  associated	
  with	
  several	
  types	
  of	
  lymphoid	
  malignancy,	
  including	
  Burkitt	
  lymphoma	
  

(BL),	
  Hodgkin	
  lymphoma	
  (HL)	
  and	
  certain	
  T	
  cell	
  lymphomas	
  (Crawford	
  2001),	
  as	
  well	
  as	
  with	
  

epithelial	
  cell	
  malignancies	
  including	
  nasopharyngeal	
  carcinoma	
  (NPC)	
  and	
  gastric	
  carcinoma	
  

(Shibata	
  and	
  Weiss	
  1992,	
  Young	
  and	
  Rickinson	
  2004).	
  	
  

	
  

1.1.2	
  The	
  discovery	
  of	
  EBV	
  as	
  the	
  first	
  human	
  tumour	
  virus	
  

In	
  1957,	
  Denis	
  Burkitt,	
  a	
  British	
  surgeon	
  working	
  in	
  Uganda,	
  observed	
  two	
  cases	
  of	
  a	
  tumour	
  

presenting	
   in	
   the	
   jaw	
   of	
   children.	
   He	
   searched	
   the	
   records	
   of	
  Mulago	
   Hospital	
   for	
   similar	
  

cases	
  and	
  thus	
  described	
  a	
  novel	
  tumour,	
  composed	
  of	
  small	
  round	
  cells	
  and	
  subsequently	
  

known	
   as	
   BL,	
   in	
   1958	
   (Burkitt	
   1958).	
   Burkitt	
   went	
   on	
   to	
   show	
   epidemiologically	
   that	
   this	
  

tumour	
   was	
   mostly	
   confined	
   to	
   a	
   particular	
   region	
   of	
   Africa,	
   subsequently	
   known	
   as	
   the	
  

‘Lymphoma	
  belt’	
  (Smith	
  2012).	
  He	
  presented	
  these	
  findings	
  at	
  the	
  Middlesex	
  Hospital	
  during	
  

a	
   visit	
   to	
   England	
   in	
   1961,	
   describing	
   the	
   tumour’s	
   association	
   with	
   climatic	
   conditions	
  

including	
   temperature	
   and	
   rainfall.	
   A	
   medical	
   virologist,	
   Anthony	
   Epstein,	
   was	
   in	
   the	
  

audience,	
   and	
   became	
   fascinated	
   by	
   this	
   tumour,	
   postulating	
   that	
   the	
   climatic	
   variation	
  

suggested	
  an	
  infectious	
  cause	
  for	
  the	
  tumours.	
  A	
  collaboration	
  was	
  established,	
  and	
  samples	
  



Chapter	
  1.	
  Introduction	
  

	
  
	
  

22	
  

of	
   the	
   tumour	
   were	
   transported	
   to	
   England	
   to	
   be	
   investigated	
   by	
   Epstein.	
   After	
   multiple	
  

failed	
  attempts	
  to	
  identify	
  virus	
  in	
  the	
  samples,	
  Epstein	
  and	
  colleagues	
  managed	
  to	
  establish	
  

the	
   first	
   cell	
   line	
   from	
   one	
   of	
   the	
   BL	
   tumours,	
   designated	
   EB1,	
   in	
   1964	
   (Epstein	
   and	
   Barr	
  

1964).	
  Examination	
  of	
  a	
  fixed	
  embedded	
  section	
  of	
  EB1	
  cells	
  by	
  electron	
  microscopy	
  revealed	
  

virus	
  particles,	
  reported	
  with	
  his	
  laboratory	
  colleagues	
  Bert	
  Achong	
  and	
  Yvonne	
  Barr	
  (Epstein	
  

et	
   al.	
   1964).	
   Thus	
   the	
   Epstein-­‐Barr	
   virus,	
   as	
   it	
   later	
   became	
   known,	
   was	
   the	
   first	
   human	
  

tumour	
  virus	
  identified	
  (Pattle	
  and	
  Farrell	
  2006).	
  Four	
  years	
  later,	
  EBV	
  was	
  shown	
  to	
  be	
  the	
  

causative	
  agent	
  of	
  IM	
  (Evans	
  et	
  al.	
  1968,	
  Henle	
  et	
  al.	
  1968),	
  although	
  IM	
  had	
  been	
  described	
  

long	
  before	
  this.	
  	
  

	
  

1.1.3	
  Infectious	
  mononucleosis	
  and	
  the	
  immune	
  response	
  to	
  EBV	
  

The	
  life	
  cycle	
  of	
  EBV	
  has	
  two	
  distinct	
  phases:	
  the	
  lytic	
  cycle	
  (for	
  viral	
  replication	
  and	
  spread	
  to	
  

other	
   hosts)	
   and	
   the	
   latent	
   cycle	
   (for	
   viral	
   persistence).	
   When	
   symptomatic,	
   acute	
   EBV	
  

infection	
   results	
   in	
   IM,	
   typically	
   comprising	
   fever,	
   malaise,	
   pharyngitis,	
   headaches,	
  

generalised	
   lymphadenopathy,	
   hepatomegaly	
   and	
   splenomegaly	
   (Crawford	
   2001).	
   There	
   is	
  

an	
   associated	
   marked	
   lymphocytosis,	
   with	
   the	
   blood	
   film	
   showing	
   atypical	
   lymphocytes,	
  

which	
   consist	
  mainly	
   of	
   CD8	
   positive	
   T	
   cells	
   reactive	
   predominantly	
   against	
   lytic,	
   but	
   also	
  

against	
  latent	
  EBV	
  antigens;	
  NK	
  cells	
  are	
  also	
  increased	
  during	
  IM	
  (Callan	
  et	
  al.	
  1998,	
  Hislop	
  

et	
  al.	
  2007,	
  Balfour	
  et	
  al.	
  2013).	
  EBV	
  infection	
  of	
  B	
  cells	
  initially	
  drives	
  them	
  to	
  proliferate	
  as	
  

B	
   lymphoblasts	
   (described	
   in	
   further	
   detail	
   below),	
   with	
   up	
   to	
   18%	
   of	
   B	
   cells	
   being	
   EBV-­‐

positive	
  early	
  after	
  infection	
  (Robinson	
  et	
  al.	
  1980,	
  Hislop	
  et	
  al.	
  2007).	
  The	
  symptoms	
  of	
  IM	
  

are	
  largely	
  due	
  to	
  the	
  massive	
  T	
  cell	
  response	
  to	
  the	
  infection	
  (Crawford	
  2001).	
  In	
  IM,	
  there	
  is	
  

prolonged	
   high	
   level	
   shedding	
   of	
   virus	
   in	
   the	
   oropharynx	
   for	
   several	
  months.	
   EBV-­‐specific	
  

CD8+	
  T	
  cells	
  are	
   found	
   in	
  significantly	
  reduced	
  numbers	
   in	
  the	
  tonsil	
  compared	
  to	
  blood	
   in	
  

IM,	
  suggesting	
  that	
  immune	
  control	
  is	
  less	
  efficient	
  in	
  the	
  tonsil	
  than	
  in	
  the	
  blood	
  (Hislop	
  et	
  

al.	
  2005).	
  	
  

	
  

T	
   cell	
   immune	
   surveillance	
   is	
   thus	
   highly	
   important	
   in	
   controlling	
   persistent	
   EBV	
   infection,	
  

but	
   is	
   unable	
   to	
   completely	
   clear	
   the	
   virus.	
   Normally	
   the	
   infected	
   B	
   cells	
   are	
   targeted	
  

promptly	
  by	
  cytotoxic	
  T	
  cells	
  to	
   limit	
  their	
  proliferation.	
   In	
   immunocompetent	
  EBV	
  carriers,	
  

an	
  equilibrium	
  develops	
  between	
  proliferation	
  of	
  infected	
  B	
  cells	
  and	
  the	
  immune	
  response.	
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Even	
   in	
  asymptomatic,	
   immunocompetent	
  carriers	
  up	
  to	
  5%	
  of	
  the	
  total	
  circulating	
  pool	
  of	
  

CD8	
  positive	
  T	
  cells	
  are	
  reactive	
  against	
  EBV	
  antigens	
  (Tan	
  et	
  al.	
  1999,	
  Hislop	
  et	
  al.	
  2007),	
  and	
  

there	
  is	
  continued	
  low	
  level	
  shedding	
  of	
  virus,	
  with	
  low	
  numbers	
  of	
  latently	
  infected	
  B	
  cells	
  in	
  

the	
  blood	
  (approximately	
  1-­‐50	
  per	
  million	
  B	
  cells)	
  (Khan	
  et	
  al.	
  1996).	
  	
  

	
  

Defective	
   T	
   cell	
   immunity	
   predisposes	
   to	
   EBV-­‐associated	
   lymphoid	
   proliferation.	
   EBV-­‐

associated	
   B	
   cell	
   lymphomas	
   occur	
   with	
   increased	
   frequency	
   following	
   iatrogenic	
  

immunosuppression,	
   particularly	
   following	
   solid	
   organ	
   transplantation,	
   but	
   also	
   less	
  

commonly	
   after	
   treatment	
   of	
   inflammatory	
   disorders	
  with	
   immunosuppressive	
   agents.	
   An	
  

increased	
  incidence	
  of	
  EBV-­‐driven	
  lymphoid	
  proliferations	
  is	
  also	
  seen	
  in	
  HIV	
  infection	
  as	
  well	
  

as	
   in	
  several	
  congenital	
   immune	
  deficiency	
  syndromes	
  (Swerdlow	
  et	
  al.	
  2008).	
   	
  Even	
   in	
  the	
  

absence	
  of	
  clinically	
  symptomatic	
  disease,	
  immunosuppressed	
  individuals	
  have	
  an	
  expansion	
  

of	
  latently	
  infected	
  B	
  cells	
  in	
  the	
  peripheral	
  blood,	
  as	
  well	
  as	
  a	
  higher	
  EBV	
  DNA	
  viral	
  load,	
  as	
  a	
  

result	
  of	
  viral	
  replication,	
  compared	
  to	
  immunocompetent	
  carriers	
  (Babcock	
  et	
  al.	
  1999).	
  	
  

	
  

There	
   is	
   increasing	
   evidence	
   that	
   NK	
   cells	
   are	
   important	
   in	
   the	
   immune	
   response	
   to	
   EBV	
  

[reviewed	
  in	
  (Chijioke	
  et	
  al.	
  2013)].	
  In	
  vitro,	
  NK	
  cells	
  can	
  limit	
  the	
  transformation	
  of	
  B	
  cells	
  by	
  

EBV	
  in	
  the	
  first	
  few	
  days	
  after	
  infection,	
  due	
  to	
  production	
  of	
  interferon-­‐gamma	
  (IFNγ),	
  with	
  

tonsillar	
  NK	
  cells	
  producing	
  significant	
  amounts	
  of	
  IFN	
  (Strowig	
  et	
  al.	
  2008).	
  	
  

	
  

1.1.4	
  Establishment	
  of	
  latent	
  infection:	
  in	
  vivo	
  and	
  in	
  vitro	
  

As	
  well	
   as	
   B	
   cells,	
   EBV	
   can	
   infect	
   epithelial	
   cells	
   and	
   rarely	
   other	
   cell	
   types,	
   although	
   the	
  

efficiency	
  of	
  infection	
  is	
  greatest	
  for	
  B	
  cells.	
  The	
  virus	
  initially	
  enters	
  B	
  cells	
  by	
  binding	
  of	
  its	
  

envelope	
  protein	
  gp350	
  to	
  complement	
  receptor	
  2	
  (CR2),	
  also	
  known	
  as	
  CD21,	
  on	
  the	
  B	
  cell	
  

surface.	
   In	
   vivo,	
   EBV	
   persists	
   long-­‐term	
   within	
   the	
   population	
   of	
   resting	
   memory	
   B	
   cells	
  

(Thorley-­‐Lawson	
  2001).	
   In	
  this	
   latent	
  phase	
  a	
  limited	
  set	
  of	
  nine	
  viral	
  proteins	
  is	
  expressed,	
  

including	
  six	
  EBV	
  nuclear	
  antigens	
  (EBNA1,	
  EBNA2,	
  EBNA3A,	
  EBNA3B,	
  EBNA3C	
  and	
  EBNA-­‐LP)	
  

and	
   three	
   latent	
  membrane	
  proteins	
   (LMP1,	
   LMP2A	
  and	
  LMP2B).	
  Expression	
  of	
   these	
  nine	
  

viral	
  genes	
  is	
  known	
  as	
  latency	
  III	
  expression	
  or	
  the	
  growth	
  programme.	
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EBV	
  is	
  spread	
  between	
  human	
  hosts	
  by	
  oral	
  transmission	
  through	
  saliva.	
  Most	
  new	
  cases	
  of	
  

EBV	
  infection	
  are	
  acquired	
  from	
  an	
  individual	
  with	
  an	
  established	
  persistent	
  infection	
  rather	
  

than	
   during	
   acute	
   infection	
   (Longnecker	
   et	
   al.	
   2013).	
   Although	
   the	
  mechanism	
   is	
   not	
   fully	
  

understood,	
   it	
   is	
   thought	
   that	
   transmitted	
   virus	
   initially	
   infects	
   epithelial	
   cells	
   in	
   the	
  

oropharynx,	
  replicating	
  within	
  them	
  and	
  releasing	
  virus	
  particles	
   locally.	
  Although	
  epithelial	
  

cells	
  in	
  the	
  tonsil,	
  but	
  not	
  in	
  other	
  parts	
  of	
  the	
  body,	
  express	
  CD21	
  mRNA	
  (Jiang	
  et	
  al.	
  2008),	
  

they	
  are	
  not	
  thought	
  to	
  express	
  CD21	
  protein	
  and	
  thus	
  it	
  is	
  not	
  clear	
  how	
  epithelial	
  infection	
  

occurs	
  (Shannon-­‐Lowe	
  and	
  Rowe	
  2011).	
  Local	
  epithelial	
  replicative	
  infection	
  can	
  then	
  infect	
  

naïve	
   resting	
   B	
   cells	
   as	
   they	
   circulate	
   through	
   the	
   oropharynx,	
   within	
   tonsillar	
   mucosa-­‐

associated	
  lymphoid	
  tissue	
  (MALT).	
  	
  

	
  

To	
  establish	
  persistent	
   infection	
   in	
  vivo,	
  David	
  Thorley-­‐Lawson	
  has	
  proposed	
   the	
   ‘Germinal	
  

Centre	
  model’	
  in	
  which	
  EBV	
  utilises	
  the	
  normal	
  B	
  cell	
  differentiation	
  pathway	
  in	
  order	
  to	
  gain	
  

access	
   to	
   the	
   population	
   of	
   memory	
   B	
   cells	
   (Thorley-­‐Lawson	
   2001,	
   Hawkins	
   et	
   al.	
   2013,	
  

Thorley-­‐Lawson	
   et	
   al.	
   2013)	
   (see	
   section	
   1.2	
   for	
   further	
   details	
   of	
   B	
   cell	
   differentiation	
  

pathways	
  including	
  the	
  germinal	
  centre).	
  In	
  this	
  model,	
  EBV	
  initially	
  infects	
  naïve	
  B	
  cells	
  and	
  

drives	
   these	
   to	
   proliferate	
   as	
   activated	
   B	
   cell	
   blasts,	
   with	
   differentiation	
   within	
   germinal	
  

centres	
  to	
  become	
  centroblasts,	
  centrocytes	
  and	
  finally	
  resting	
  memory	
  B	
  cells.	
  This	
  series	
  of	
  

events	
  involves	
  silencing	
  of	
  EBV	
  gene	
  expression	
  from	
  latency	
  III	
  (in	
  which	
  the	
  full	
  set	
  of	
  nine	
  

latent	
  proteins	
  is	
  expressed),	
  via	
  latency	
  II	
  and	
  latency	
  I	
  to	
  latency	
  0	
  in	
  which	
  no	
  EBV	
  proteins	
  

can	
  be	
  detected	
  (fig.	
  1.1)	
  (Thorley-­‐Lawson	
  and	
  Gross	
  2004).	
  The	
  proteins	
  expressed	
  in	
  each	
  

latency	
  stage	
  are	
  also	
  shown	
  (fig.	
  1.1).	
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Figure	
  1.1:	
  EBV	
  persistence	
  	
  

Thorley-­‐Lawson	
   has	
   proposed	
   a	
   model	
   in	
   which	
   EBV	
   initially	
   infects	
   naïve	
   B	
   cells	
   and	
   drives	
   them	
   to	
  

differentiate	
  into	
  B	
  cell	
  blasts,	
  which	
  are	
  rapidly	
  proliferating.	
  At	
  this	
  stage	
  the	
  full	
  set	
  of	
  nine	
  latency	
  proteins	
  

is	
   expressed	
   (latency	
   III	
   or	
   the	
   growth	
   programme).	
   The	
   infected	
   cell	
   then	
   goes	
   to	
   a	
   germinal	
   centre	
   (GC)	
  

where	
  it	
  differentiates	
  into	
  a	
  GC	
  B	
  cell.	
  By	
  the	
  time	
  it	
  leaves	
  the	
  GC	
  as	
  a	
  post-­‐GC	
  B	
  cell,	
  it	
  has	
  down-­‐regulated	
  

expression	
  of	
  EBNA2,	
  the	
  EBNA3	
  proteins	
  and	
  EBNA-­‐LP,	
  expressing	
  a	
  more	
  limited	
  set	
  of	
  proteins	
  (latency	
  II).	
  It	
  

then	
  differentiates	
  further	
  into	
  a	
  memory	
  B	
  cell,	
  at	
  which	
  stage	
  no	
  viral	
  proteins	
  are	
  expressed,	
  except	
  when	
  

the	
   cell	
   divides,	
  when	
   EBNA1	
   is	
   expressed	
   to	
   ensure	
   viral	
   replication.	
   The	
  memory	
   B	
   cell	
   can	
   subsequently	
  

differentiate	
  into	
  a	
  plasma	
  cell,	
  becoming	
  lytic	
  in	
  the	
  process,	
  releasing	
  new	
  EBV	
  virions	
  which	
  can	
  then	
  infect	
  

further	
  B	
  cells	
  or	
  be	
  secreted	
  in	
  saliva	
  and	
  infect	
  a	
  new	
  host.	
  Adapted	
  from	
  (Thorley-­‐Lawson	
  and	
  Gross	
  2004).	
  	
  

	
  

	
  

Once	
  the	
  EBV-­‐infected	
  cells	
  differentiate	
   into	
  memory	
  B	
  cells	
  and	
   leave	
  the	
  GC,	
  some	
  cells	
  

differentiate	
   further	
   to	
  become	
  plasma	
   cells.	
   This	
  differentiation	
   leads	
   to	
   activation	
  of	
   the	
  

BZLF1	
   promoter	
   (see	
   section	
   1.1.8	
   on	
   lytic	
   replication	
   for	
   details),	
   resulting	
   in	
   lytic	
   EBV	
  

replication	
   (Laichalk	
  and	
  Thorley-­‐Lawson	
  2005),	
  hence	
   free	
  virus	
  particles	
  are	
  released	
   into	
  

the	
  blood.	
  It	
  is	
  also	
  thought	
  that	
  infected	
  memory	
  B	
  cells,	
  which	
  circulate	
  through	
  blood	
  and	
  

lymphoid	
   organs,	
   can	
   differentiate	
   into	
   plasma	
   cells	
   in	
   the	
   oropharynx,	
   undergoing	
   lytic	
  

replication	
  there.	
  The	
  released	
  virus	
  particles	
  can	
  then	
  infect	
  oropharyngeal	
  epithelial	
  cells	
  or	
  

be	
  shed	
  as	
  virus	
  directly	
  into	
  the	
  saliva,	
  thus	
  transmitting	
  the	
  virus	
  to	
  a	
  new	
  host	
  (Longnecker	
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et	
  al.	
  2013).	
  In	
  asymptomatic	
  carriers,	
  virus	
  is	
  shed	
  in	
  saliva	
  continuously,	
  although	
  the	
  level	
  

of	
  virus	
  shedding	
  varies	
  over	
  time	
  within	
  an	
  individual.	
  However,	
  as	
  the	
  level	
  of	
  shedding	
  is	
  

too	
   great	
   to	
   be	
   explained	
   merely	
   by	
   tonsillar	
   B	
   cell	
   infection,	
   it	
   has	
   been	
   proposed	
   that	
  

repeated,	
   short-­‐lived	
   exponential	
   infection	
   of	
   tonsillar	
   epithelial	
   cells,	
   initiated	
   by	
   lytic	
  

replication	
  in	
  an	
  infected	
  plasma	
  cell,	
  leads	
  to	
  continuous	
  salivary	
  viral	
  shedding	
  (Hadinoto	
  et	
  

al.	
   2009).	
   In	
   addition,	
   concurrent	
   oropharyngeal	
   infection,	
   for	
   instance	
   with	
   group	
   A	
  

streptococcus,	
   a	
   common	
   cause	
   of	
   pharyngitis,	
   can	
   lead	
   to	
   increased	
   viral	
   lytic	
   replication	
  

and	
  hence	
  increased	
  salivary	
  viral	
  shedding	
  (Ueda	
  et	
  al.	
  2014).	
  	
  

	
  

In	
  vitro,	
  EBV	
  can	
  transform	
  B	
  cells	
  to	
  produce	
  lymphoblastoid	
  cell	
  lines	
  (LCLs),	
  which	
  express	
  

latency	
   III	
   EBV	
   gene	
   products.	
   It	
   is	
   thought	
   that	
   EBV	
   drives	
   B	
   cells	
   to	
   proliferate	
   as	
  

lymphoblasts	
  but	
   they	
  are	
  unable	
   to	
  differentiate	
   further	
   in	
   vitro	
   and	
  hence	
   full	
   latency	
   III	
  

expression	
  remains.	
  More	
  recently	
  it	
  has	
  been	
  shown	
  that	
  EBV	
  infection	
  in	
  vitro	
  leads	
  to	
  an	
  

initial	
   hyper-­‐proliferative	
   phase	
   in	
   the	
   first	
   few	
  days	
   after	
   infection,	
   possibly	
   equivalent	
   to	
  

the	
  hyper-­‐proliferation	
  seen	
  within	
  germinal	
  centres	
  (see	
  section	
  1.2	
  on	
  B	
  cell	
  development),	
  

with	
   induction	
   of	
   cellular	
   genes	
   involved	
   in	
   proliferation,	
   such	
   as	
   MYC.	
   Cellular	
   genes	
  

responsible	
   for	
   limiting	
   DNA	
   damage	
   are	
   also	
   activated.	
   This	
   phase	
   is	
   then	
   followed	
   by	
   a	
  

phase	
  of	
  slower	
  proliferation	
  resulting	
  in	
  establishment	
  of	
  LCLs	
  (Nikitin	
  et	
  al.	
  2010).	
  	
  	
  

	
  

Infection	
   of	
   epithelial	
   cells	
   by	
   EBV	
   in	
   vitro	
   is	
  more	
   difficult	
   to	
   achieve,	
   although	
   has	
   been	
  

successfully	
   demonstrated	
   by	
   Shannon-­‐Lowe	
   et	
   al	
   using	
   direct	
   transfer	
   of	
   virus	
   from	
   the	
  

surface	
  of	
  recently	
  infected	
  B	
  cells	
  (Shannon-­‐Lowe	
  et	
  al.	
  2009).	
  Although	
  the	
  epithelial	
  cells	
  

were	
  infected	
  by	
  this	
  method,	
  infection	
  was	
  not	
  maintained,	
  and	
  in	
  fact	
  the	
  EBV	
  genome	
  was	
  

gradually	
   lost	
   from	
   the	
   initially	
   infected	
   cells	
   during	
   successive	
   cellular	
   replications,	
  

suggesting	
   that	
   EBV	
   infection	
   does	
   not	
   provide	
   a	
   growth	
   advantage	
   in	
   epithelial	
   cells	
  

(Shannon-­‐Lowe	
  et	
  al.	
  2009).	
  	
  

	
  

There	
  is	
  also	
  recent	
  evidence	
  that	
  one	
  of	
  the	
  earliest	
  viral	
  products	
  of	
  lytic	
   infection,	
  BZLF1	
  

(see	
   section	
  1.1.8	
  on	
   lytic	
   replication),	
   is	
   also	
   transiently	
   expressed	
  early	
   after	
   infection	
  of	
  

naïve	
  B	
  cells	
  and	
  helps	
  to	
  drive	
  the	
  initial	
  proliferation	
  of	
  B	
  cells,	
  without	
  inducing	
  lytic	
  viral	
  

replication	
   at	
   this	
   stage;	
   in	
   addition	
   other	
   lytic	
   genes	
   are	
   transiently	
   expressed	
   early	
   after	
  

infection	
  (Kalla	
  et	
  al.	
  2010,	
  Kalla	
  and	
  Hammerschmidt	
  2012).	
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1.1.5	
  Classification	
  and	
  structure	
  of	
  EBV	
  

EBV	
   is	
  a	
  member	
  of	
   the	
  Herpesviridae,	
  of	
  which	
   there	
  are	
  eight	
  viruses	
   infecting	
  humans,	
  

designated	
   Human	
   herpesviruses	
   (HHV)	
   1-­‐8;	
   EBV	
   is	
   also	
   known	
   as	
   human	
   herpesvirus	
   4	
  

(HHV-­‐4).	
   Herpesviruses	
   are	
   generally	
   found	
   ubiquitously,	
   with	
   a	
   high	
   seroprevalence	
   in	
  

adults.	
   They	
   are	
   mostly	
   acquired	
   in	
   childhood	
   and	
   result	
   in	
   persistent	
   infection	
   for	
   the	
  

lifetime	
  of	
  the	
  host.	
  These	
  infections	
  are	
  usually	
  asymptomatic	
  in	
  immunocompetent	
  hosts	
  

but	
  can	
  cause	
  severe	
  disease	
  in	
  immune-­‐compromised	
  hosts.	
  	
  

	
  

The	
   Herpesviridae	
   are	
   subdivided	
   into	
   three	
   subfamilies,	
   the	
   alpha,	
   beta	
   and	
   gamma	
  

herpesvirinae,	
  based	
  on	
  their	
  biological	
  properties.	
  EBV	
   is	
  a	
  gamma-­‐herpesvirus;	
   these	
  are	
  

characterised	
   by	
   latency	
   in	
   lymphocytes	
   and	
   the	
   ability	
   to	
   induce	
   lympho-­‐proliferation.	
  

There	
  are	
  four	
  genera	
  within	
  the	
  gamma-­‐herpesvirinae,	
  of	
  which	
  only	
  two	
  contain	
  members	
  

that	
  infect	
  humans:	
  the	
  gamma-­‐1	
  or	
  Lymphocryptovirus	
  genus,	
  which	
  includes	
  EBV,	
  and	
  the	
  

gamma-­‐2	
  or	
  Rhadinovirus	
  genus,	
  which	
  includes	
  KSHV	
  (HHV-­‐8)	
  (Pellett	
  and	
  Roizman	
  2013).	
  	
  

	
  

Like	
  other	
  herpesviruses,	
   the	
  EBV	
  particle	
   consists	
  of	
   a	
   linear,	
  double-­‐stranded	
  DNA	
  core,	
  

enclosed	
   within	
   a	
   nucleocapsid	
   (containing	
   viral	
   capsid	
   antigen,	
   VCA),	
   which	
   is	
   in	
   turn	
  

surrounded	
  by	
  a	
  protein	
  tegument	
  and	
  then	
  an	
  outer	
  envelope	
  studded	
  with	
  glycoproteins	
  

(Longnecker	
  et	
  al.	
  2013).	
  These	
  glycoproteins	
  are	
  important	
  for	
  binding	
  to	
  and	
  fusion	
  with	
  

host	
  cellular	
  membranes,	
  for	
  example	
  gp350	
  which	
  binds	
  to	
  CR2	
  on	
  B	
  cells	
  and	
  gp42	
  which	
  

is	
  needed	
  for	
  fusion	
  between	
  the	
  virus	
  envelope	
  and	
  the	
  host	
  cell	
  membrane.	
  	
  

	
  

1.1.6	
  The	
  EBV	
  genome	
  

The	
  EBV	
  genome	
  is	
  approximately	
  172	
  kilobase	
  pairs	
  (kbp)	
  in	
  size	
  (see	
  fig.	
  1.2).	
  The	
  genome	
  

is	
   linear	
   within	
   the	
   virus	
   particle	
   but	
   becomes	
   circularised	
   within	
   the	
   host	
   cell	
   as	
   an	
  

extrachromosomal	
   episome.	
   There	
   is	
   a	
   single	
   repeated	
   sequence	
   found	
   at	
   both	
   terminal	
  

regions	
  of	
  the	
  linear	
  genome,	
  the	
  terminal	
  repeat	
  (TR),	
  and	
  also	
  a	
  3	
  kbp	
  tandemly	
  repeated	
  

sequence	
  within	
   the	
   genome,	
   the	
   internal	
   repeat	
   (IR1).	
   There	
   are	
   usually	
   6-­‐12	
   repeats	
   of	
  

IR1;	
  this	
  is	
  of	
  significance	
  as	
  it	
  contains	
  the	
  W	
  promoter	
  (Wp).	
  	
  

	
  

By	
   16-­‐20	
   hours	
   post-­‐infection	
   in	
   B	
   cells,	
   the	
   viral	
   genome	
   becomes	
   circularised	
   and	
   then	
  

transcription	
  of	
  viral	
  genes	
  commences.	
  The	
  first	
  transcripts,	
  initiated	
  at	
  Wp,	
  are	
  EBNA2	
  and	
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EBNA-­‐LP;	
  these	
  are	
  followed	
  by	
  EBNA1.	
  Transcription	
  then	
  switches	
  to	
  the	
  C	
  promoter	
  (Cp)	
  

and	
  gives	
  rise	
  to	
  transcripts	
  coding	
  for	
  EBNA-­‐LP,	
  2,	
  3A,	
  3B,	
  3C	
  and	
  1	
  (see	
  fig.	
  1.2).	
  LMP1	
  and	
  

LMP2	
  are	
  subsequently	
  transcribed	
  from	
  a	
  promoter	
  responding	
  to	
  EBNA2	
  (Bornkamm	
  and	
  

Hammerschmidt	
  2001).	
  The	
  Cp	
  and	
  Wp	
  promoters	
  drive	
  transcription	
  of	
  the	
  six	
  EBNA	
  genes,	
  

and	
   their	
   function	
   is	
  mutually	
   exclusive	
   (Woisetschlaeger	
  et	
   al.	
   1989);	
   after	
   infection	
  of	
  B	
  

cells	
  by	
  EBV,	
  Wp	
  is	
  used	
  initially	
  and	
  then	
  Cp	
  is	
  up-­‐regulated.	
  	
  

	
  

	
  

Figure	
  1.2:	
  Schematic	
  diagram	
  of	
  the	
  circularised	
  EBV	
  episome	
  	
  

The	
  location	
  of	
  the	
  latent	
  genes	
  and	
  their	
  promoters,	
  as	
  well	
  as	
  immediate	
  early	
  lytic	
  genes,	
  are	
  shown.	
  OriP	
  =	
  

origin	
  of	
  plasmid	
  replication,	
  oriLyt	
  =	
  origin	
  of	
  lytic	
  replication.	
  IR1	
  =	
  internal	
  repeat	
  region.	
  Wp,	
  Cp	
  and	
  Qp	
  are	
  

alternative	
  promoters.	
  The	
  immediate	
  early	
  genes,	
  BZLF1	
  and	
  BHRF1,	
  are	
  shown	
  in	
  yellow.	
  Adapted	
  from	
  (Kalla	
  

and	
  Hammerschmidt	
  2012).	
  

	
  

1.1.7	
  EBV	
  latent	
  gene	
  products	
  

The	
   latency-­‐associated	
   viral	
   gene	
   products	
   and	
   their	
   functions	
   will	
   now	
   be	
   described	
   in	
  

more	
  detail;	
  not	
  all	
  are	
  absolutely	
  required	
  for	
  B	
  cell	
  transformation.	
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1.1.7.1	
  EBV	
  nuclear	
  antigens	
  

EBNA1	
  	
  

EBNA1	
   is	
   expressed	
   in	
   all	
   forms	
   of	
   latency,	
   as	
   well	
   as	
   all	
   EBV-­‐associated	
   tumours,	
   and	
  

maintains	
   the	
   viral	
   genome	
   in	
   its	
   episomal	
   state	
   through	
   sequence-­‐specific	
   binding	
   to	
   the	
  

plasmid	
  origin	
  of	
  viral	
  replication	
  (OriP).	
   It	
  enhances	
  transcription	
  from	
  Cp	
  and	
  also	
   inhibits	
  

transcription	
   from	
   Qp,	
   hence	
   contributing	
   to	
   transcriptional	
   regulation	
   of	
   the	
   EBNAs	
  

(including	
   EBNA1	
   itself)	
   and	
   LMP1	
   (Young	
   and	
   Rickinson	
   2004).	
   It	
   also	
   tethers	
   the	
   EBV	
  

genome	
  to	
  host	
  cell	
   chromosomes	
   in	
  metaphase,	
  ensuring	
  partitioning	
  of	
   the	
  EBV	
  genome	
  

during	
  cell	
  division	
  (Kanda	
  et	
  al.	
  2001).	
  	
  

	
  

EBNA2	
  

EBNA2	
   is	
  one	
  of	
   the	
   first	
  proteins	
  expressed	
  after	
  virus	
  entry	
   into	
  B	
  cells	
  and	
   is	
  absolutely	
  

required	
   for	
  B	
  cell	
   transformation	
  to	
  LCLs	
   (Cohen	
  et	
  al.	
  1989,	
  Hammerschmidt	
  and	
  Sugden	
  

1989).	
   It	
   binds	
   to	
   the	
   host	
   DNA-­‐binding	
   protein	
   recombination	
   signal	
   binding	
   protein	
   for	
  

immunoglobulin	
  kappa	
  J	
  region	
  (RBP-­‐Jκ),	
  also	
  known	
  as	
  C-­‐promoter	
  binding	
  factor	
  1	
  (CBF1),	
  a	
  

downstream	
  component	
  of	
  the	
  Notch	
  signalling	
  pathway	
  (Waltzer	
  et	
  al.	
  1994,	
  Zimber-­‐Strobl	
  

et	
   al.	
   1994,	
   Zimber-­‐Strobl	
   and	
   Strobl	
   2001).	
   It	
   transactivates	
   both	
   viral	
   and	
   cellular	
   genes,	
  

including	
   the	
   viral	
   latency	
   genes	
   LMP1	
   and	
   LMP2A	
   and	
   the	
   cellular	
   genes	
  CD21	
   and	
  CD23	
  

(Bornkamm	
  and	
  Hammerschmidt	
  2001).	
  It	
  also	
  activates	
  MYC	
  (Kaiser	
  et	
  al.	
  1999).	
  EBNA2	
  also	
  

drives	
   the	
   switch	
   from	
   Wp	
   to	
   Cp	
   usage	
   that	
   occurs	
   early	
   after	
   B	
   cell	
   infection	
  

(Woisetschlaeger	
  et	
  al.	
  1991).	
  	
  

	
  

Two	
  types	
  of	
  EBV	
  have	
  been	
  identified,	
  types	
  1	
  and	
  2	
  (or	
  A	
  and	
  B),	
  according	
  to	
  differences	
  

in	
   the	
   EBNA2	
   protein	
   (Dambaugh	
   et	
   al.	
   1984).	
   There	
   are	
   also	
   sequence	
   variations	
   in	
  

EBNA3A,	
  EBNA3B	
  and	
  EBNA3C	
  and	
  EBNA-­‐LP	
  between	
  the	
  two	
  types	
  (Rowe	
  et	
  al.	
  1989).	
  Type	
  

1	
  is	
  more	
  efficient	
  at	
  B	
  cell	
  transformation	
  than	
  type	
  2	
  in	
  vitro	
  (Rickinson	
  et	
  al.	
  1987),	
  due	
  to	
  

a	
  stronger	
  and	
  faster	
  induction	
  of	
  LMP1	
  (Cancian	
  et	
  al.	
  2011).	
  Type	
  1	
  is	
  thought	
  to	
  be	
  more	
  

common	
  in	
  most	
  populations,	
  although	
  the	
  frequency	
  of	
  type	
  2	
  is	
  increased	
  in	
  Central	
  Africa	
  

and	
  New	
  Guinea	
  such	
  that	
  the	
  two	
  types	
  have	
  similar	
  frequencies	
  in	
  these	
  regions	
  (Young	
  et	
  

al.	
  1987).	
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The	
  EBNA3	
  proteins	
  

EBNA3A,	
  EBNA3B	
  and	
  EBNA3C	
  are	
  each	
  composed	
  of	
  over	
  900	
  amino	
  acids	
  and	
  are	
  encoded	
  

by	
   a	
   short	
   5’	
   exon	
   and	
   a	
   long	
   3’	
   exon,	
   arranged	
   in	
   tandem	
  within	
   the	
   EBV	
   genome.	
   Their	
  

transcripts	
  are	
  alternatively	
   spliced	
   from	
  very	
   long	
  mRNAs	
   initiated	
  at	
  Cp	
  or	
  Wp	
   (Bodescot	
  

and	
   Perricaudet	
   1986,	
   Bornkamm	
   and	
   Hammerschmidt	
   2001).	
   Full	
   determination	
   of	
   the	
  

secondary	
  structure	
  of	
   the	
  EBNA3	
  proteins	
  has	
  proved	
  elusive,	
  but	
   they	
  all	
  have	
  a	
  proline-­‐

rich	
  domain	
  (Yenamandra	
  et	
  al.	
  2009).	
  They	
  share	
  approximately	
  40%	
  amino	
  acid	
  sequence	
  

homology,	
   suggesting	
   they	
  have	
   evolved	
   from	
  gene	
  duplication	
   events	
   (Yenamandra	
   et	
   al.	
  

2009).	
  

	
  

The	
  EBNA3	
  proteins	
  cannot	
  bind	
  to	
  DNA	
  directly	
  but	
  interact	
  with	
  RBP-­‐Jκ,	
  which	
  itself	
  binds	
  

to	
  DNA.	
  Hence	
  the	
  EBNA3	
  proteins	
  act	
  as	
  transcriptional	
  regulators,	
  modulating	
  expression	
  

of	
   both	
   viral	
   and	
   cellular	
   genes.	
   They	
   compete	
   with	
   EBNA2	
   for	
   binding	
   to	
   RBP-­‐Jκ	
   and	
  

therefore	
  antagonise	
  the	
  activity	
  of	
  EBNA2	
  in	
  transient	
  assays	
  (Waltzer	
  et	
  al.	
  1996).	
  EBNA3A	
  

and	
   EBNA3C,	
   but	
   not	
   EBNA3B,	
   were	
   originally	
   thought	
   to	
   be	
   essential	
   for	
   B	
   cell	
  

transformation/immortalisation	
   (Tomkinson	
   et	
   al.	
   1993);	
   however,	
   it	
   has	
   recently	
   been	
  

shown	
   that	
   EBNA3A	
   can	
  be	
   dispensed	
  with	
   in	
   immortalisation,	
   although	
   the	
   outgrowth	
  of	
  

cells	
   is	
   less	
   efficient	
   and	
   requires	
   the	
   presence	
   of	
   feeder	
   cells	
   (Hertle	
   et	
   al.	
   2009).	
   EBNA3	
  

proteins	
   are	
   targets	
   for	
   EBV-­‐specific	
   CD8	
   T	
   cells	
   responses	
   and	
   are	
   highly	
   immunogenic	
  

(Murray	
   et	
   al.	
   1992),	
   with	
   those	
   CD8+	
   T	
   cells	
   reactive	
   against	
   latent	
   antigens	
   being	
  

predominantly	
  directed	
  against	
  the	
  EBNA3	
  proteins	
  (Hislop	
  et	
  al.	
  2007).	
  

	
  

EBNA3C	
  was	
  first	
  demonstrated	
  to	
  be	
  a	
  transcriptional	
  regulator	
  in	
  the	
  early	
  1990s,	
  when	
  it	
  

was	
  shown	
  to	
  up-­‐regulate	
  CD21	
  and	
  LMP1	
  expression	
  (Wang	
  et	
  al.	
  1990a,	
  Allday	
  et	
  al.	
  1993).	
  

It	
  was	
  subsequently	
  shown	
  that	
  it	
  does	
  not	
  bind	
  directly	
  to	
  the	
  CD21	
  promoter	
  (Radkov	
  et	
  al.	
  

1997)	
  and	
  thus	
  was	
   thought	
  not	
   to	
  bind	
  directly	
   to	
  DNA	
  but	
   instead	
  to	
  exert	
   its	
  effects	
  on	
  

transcriptional	
  activity	
  indirectly	
  via	
  interactions	
  with	
  DNA	
  binding	
  proteins	
  such	
  as	
  PU1	
  and	
  

RBP-­‐Jκ	
   (Robertson	
   et	
   al.	
   1995,	
   Zhao	
   and	
   Sample	
   2000).	
   EBNA3C	
   interacts	
   with	
   several	
  

transcriptional	
   co-­‐activators	
   and	
   co-­‐repressors,	
   including	
   p300	
   and	
   histone	
   deacetylases	
  

(HDAC)	
   (Radkov	
   et	
   al.	
   1999,	
   Subramanian	
   et	
   al.	
   2002),	
   and	
   to	
   bind	
   the	
   co-­‐repressor	
   of	
  

transcription	
   C-­‐terminal	
   binding	
   protein	
   (CtBP)	
   (Touitou	
   et	
   al.	
   2001,	
   Skalska	
   et	
   al.	
   2010).	
  

EBNA3C	
  has	
  also	
  been	
  shown	
  to	
  have	
  oncogenic	
  functions	
  by	
  cooperating	
  with	
  activated	
  Ras	
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to	
   immortalise	
   rat	
   embryonic	
   fibroblasts	
   (Parker	
   et	
   al.	
   1996).	
   Furthermore,	
   EBNA3C	
  

deregulates	
   cell	
   cycle	
   checkpoints	
   (Parker	
   et	
   al.	
   2000,	
   Krauer	
   et	
   al.	
   2004).	
   EBV	
   infection	
  

induces	
   the	
   DNA-­‐damage	
   response	
   early	
   after	
   B	
   cell	
   infection	
   in	
   vitro,	
   and	
   EBNA3C	
   is	
  

important	
  in	
  limiting	
  this	
  response	
  and	
  thus	
  allowing	
  survival	
  of	
  the	
  infected	
  cells	
  (Nikitin	
  et	
  

al.	
  2010).	
  	
  

	
  

EBNA3A	
  was	
  also	
  subsequently	
  shown	
  to	
  bind	
  to	
  CtBP	
  and	
  cooperate	
  with	
  Ras	
  to	
  transform	
  

rat	
   embryonic	
   fibroblasts	
   (Hickabottom	
   et	
   al.	
   2002).	
   EBNA3A	
   and	
   EBNA3C	
   cooperate	
   to	
  

down-­‐regulate	
   BIM,	
   a	
   pro-­‐apoptotic	
   protein	
   important	
   in	
   the	
   pathogenesis	
   of	
   Burkitt	
  

lymphoma	
  (Anderton	
  et	
  al.	
  2008,	
  Paschos	
  et	
  al.	
  2009),	
  and	
  they	
  also	
   interact	
  with	
  CtBP	
  to	
  

repress	
  p16INK4A,	
  hence	
  allowing	
  the	
  proliferation	
  of	
  LCLs	
  (Maruo	
  et	
  al.	
  2006,	
  Skalska	
  et	
  al.	
  

2010,	
  Maruo	
  et	
   al.	
   2011,	
   Skalska	
  et	
   al.	
   2013).	
   In	
   fact,	
   extensive	
   cooperation	
  between	
   the	
  

EBNA3	
  proteins	
  in	
  regulation	
  of	
  cellular	
  genes	
  has	
  been	
  shown	
  in	
  a	
  global	
  exome	
  microarray	
  

analysis,	
  with	
  390	
  out	
  of	
  1201	
  differentially	
  regulated	
  genes	
  requiring	
  more	
  than	
  one	
  of	
  the	
  

EBNA3s	
  for	
  their	
  regulation	
  [www.epstein-­‐barrvirus.org.uk	
  (White	
  et	
  al.	
  2010)].	
  	
  	
  

	
  

EBNA3B	
   is	
   completely	
   dispensable	
   for	
   B	
   cell	
   transformation,	
   yet	
   it	
   has	
   not	
   been	
   selected	
  

against	
  during	
  the	
  course	
  of	
  evolution,	
  suggesting	
   it	
  has	
  a	
  role	
   in	
  vivo.	
   It	
  has	
  recently	
  been	
  

demonstrated	
   to	
   act	
   as	
   a	
   tumour	
   suppressor	
   in	
   a	
   humanised	
  mouse	
  model	
   (White	
   et	
   al.	
  

2012).	
  A	
  case	
  of	
  a	
  highly	
  aggressive	
  PTLD	
  in	
  vivo	
  has	
  been	
  reported	
  in	
  which	
  the	
  virus	
  had	
  an	
  

EBNA3B	
  deletion,	
  further	
  supporting	
  the	
  tumour	
  suppressor	
  effect	
  of	
  EBNA3B	
  (Gottschalk	
  et	
  

al.	
   2001).	
   Thus	
   it	
   is	
   thought	
   to	
   counteract	
   the	
   oncogenic	
   properties	
   of	
   other	
   EBV	
   latent	
  

antigens,	
  ensuring	
  survival	
  of	
  the	
  host	
  in	
  order	
  to	
  transmit	
  infection	
  to	
  others.	
  	
  

	
  

EBNA-­‐LP	
  

EBV	
  leader	
  protein	
  (EBNA-­‐LP)	
  is	
  highly	
  expressed,	
  along	
  with	
  EBNA2,	
  early	
  after	
  EBV-­‐induced	
  

B	
   cell	
   transformation.	
   It	
   is	
   transcribed	
   from	
  multiple	
   copies	
   of	
  Wp,	
   since	
  Wp	
   is	
   contained	
  

within	
   the	
   internal	
   repeat	
   (IR1)	
   region	
   of	
   the	
   EBV	
   genome	
   (see	
   fig.	
   1.2).	
   Hence	
   multiple	
  

different-­‐sized	
  isoforms	
  of	
  EBNA-­‐LP	
  are	
  initially	
  expressed	
  during	
  B	
  cell	
  transformation.	
  Then,	
  

as	
   immortalisation	
   becomes	
   established,	
   transcription	
   occurs	
   increasingly	
   from	
   Cp	
   rather	
  

than	
  Wp	
  and	
  hence	
  the	
  expression	
  of	
  EBNA-­‐LP	
  decreases	
  (Nitsche	
  et	
  al.	
  1997)	
  (see	
  fig.1.2).	
  

EBNA-­‐LP	
   is	
   a	
   potent	
   co-­‐activator	
   of	
   EBNA2,	
   activating	
   EBNA2-­‐mediated	
   transcriptional	
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activation	
  of	
  viral	
  and	
  cellular	
  genes,	
  and	
  is	
  therefore	
  important	
  for	
  B	
  cell	
  transformation,	
  for	
  

instance	
   it	
   enhances	
   the	
   transactivation	
  of	
   LMP1	
  by	
   EBNA2	
   (Nitsche	
  et	
   al.	
   1997).	
   EBNA-­‐LP	
  

causes	
   the	
   relocation	
   of	
   HDAC4	
   and	
   HDAC5	
   from	
   EBNA2-­‐responsive	
   promoters	
   to	
   the	
  

cytoplasm	
  (Portal	
  et	
  al.	
  2006)	
  and	
  displaces	
  the	
  transcriptional	
  co-­‐repressor	
  nuclear	
  receptor	
  

co-­‐repressor	
   (NCoR),	
   which	
   would	
   otherwise	
   inhibit	
   RBP-­‐Jκ,	
   from	
   EBNA2-­‐responsive	
  

promoters,	
  thus	
  enhancing	
  the	
  effect	
  of	
  EBNA2	
  which	
  acts	
  to	
  increase	
  transcription	
  via	
  RBP-­‐

Jκ	
  (Portal	
  et	
  al.	
  2011).	
  

	
  

1.1.7.2	
  Latent	
  membrane	
  proteins	
  

LMP1	
  

It	
  was	
  originally	
  thought	
  that	
  LMP1	
  was	
  absolutely	
  required	
  for	
  B	
  cell	
  transformation	
  (Kaye	
  

et	
  al.	
  1993)	
  and	
  for	
  continued	
  growth	
  of	
  established	
  LCLs	
  (Kilger	
  et	
  al.	
  1998).	
  In	
  the	
  absence	
  

of	
   EBNA2,	
   LMP1	
   was	
   not	
   able	
   to	
   maintain	
   proliferation	
   but	
   did	
   increase	
   B	
   cell	
   survival	
  

(Zimber-­‐Strobl	
   et	
   al.	
   1996).	
   Subsequent	
   work	
   by	
   Wolfgang	
   Hammerschmidt’s	
   group,	
  

however,	
   has	
   shown,	
   using	
   LCLs	
   with	
   conditional	
   expression	
   of	
   LMP1,	
   that	
   when	
   LMP1	
  

expression	
  was	
  very	
  low,	
  the	
  cells	
  were	
  able	
  to	
  survive	
  but	
  unable	
  to	
  proliferate	
  (Kilger	
  et	
  al.	
  

1998).	
  Members	
   of	
   this	
   group	
  have	
   successfully	
  managed	
   to	
  produce	
   LCLs	
  with	
   LMP1	
  KO	
  

virus,	
  but	
  at	
  markedly	
  reduced	
  frequency	
  compared	
  to	
  wild-­‐type,	
  and	
  only	
  in	
  the	
  presence	
  

of	
   irradiated	
   fibroblast	
   feeder	
   cells	
   (Dirmeier	
   et	
   al.	
   2003),	
   confirming	
   that	
   LMP1	
   is	
   not	
  

absolutely	
   required	
   for	
   transformation	
   but	
   the	
   efficiency	
   of	
   this	
   is	
   extremely	
   reduced	
  

without	
  LMP1	
  expression.	
  	
  	
  

	
  

LMP1	
   is	
   a	
  membrane	
  protein	
   of	
   386	
   amino	
   acids,	
  with	
   six	
   transmembrane	
  domains	
   and	
   a	
  

200-­‐amino-­‐acid	
   cytoplasmic	
   domain,	
   containing	
   two	
   C-­‐terminal	
   activation	
   regions,	
   CTAR1	
  

and	
   CTAR2,	
   which	
   are	
   essential	
   for	
   its	
   signalling	
   functions.	
   CTAR1	
   associates	
   with	
   tumour	
  

necrosis	
   factor	
   (TNF)-­‐receptor	
   activating	
   factors	
   (TRAFs),	
   and	
   CTAR2	
   associates	
   with	
   TNF-­‐

receptor-­‐associated	
   death	
   domain	
   proteins	
   (TRADD),	
   both	
   activating	
   the	
   nuclear	
   factor	
  

kappa-­‐B	
  (NFκB)	
  pathway	
  (Huen	
  et	
  al.	
  1995).	
  The	
  TRAFs	
  interact	
  with	
  other	
  kinases,	
  resulting	
  

in	
   activation	
   of	
   other	
   signalling	
   pathways	
   including	
   NFκB,	
   phosphoinositide-­‐3	
   kinase	
   (PI3-­‐

K)/Akt,	
   extracellular	
   signal-­‐regulated	
   kinase/mitogen-­‐activated	
   protein	
   kinase	
   (ERK/MAPK)	
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and	
   Janus	
   kinase/signal	
   transducers	
   and	
   activators	
   of	
   transcription	
   (JAK/STAT)	
   (Young	
   and	
  

Rickinson	
  2004).	
  

	
  

LMP1	
   thus	
   functions	
   as	
   a	
   constitutively	
   active	
   member	
   of	
   the	
   TNF-­‐receptor	
   superfamily,	
  

providing	
  growth	
  and	
  survival	
  signals	
  to	
  B	
  cells	
  by	
  mimicking	
  the	
  CD40	
  interaction	
  with	
  CD40	
  

ligand	
  on	
  T	
  cells	
  (Kilger	
  et	
  al.	
  1998,	
  Uchida	
  et	
  al.	
  1999).	
  LMP1	
  expression	
  in	
  EBV-­‐negative	
  B	
  

cell	
  lines	
  results	
  in	
  expression	
  of	
  adhesion	
  molecules	
  (e.g.	
  ICAM-­‐1,	
  LFA-­‐1	
  and	
  LFA-­‐3)	
  and	
  cell	
  

clumping,	
   as	
   well	
   as	
   up-­‐regulation	
   of	
   the	
   B	
   cell	
   activation	
  markers	
   CD23,	
   CD40	
   and	
   CD44	
  

(Wang	
  et	
  al.	
  1990a).	
  LMP1	
  also	
  down-­‐regulates	
  BLIMP1-­‐α,	
  thus	
  disrupting	
  differentiation	
  to	
  

plasma	
  cells	
  (Vrzalikova	
  et	
  al.	
  2011).	
  

	
  

LMP1	
  is	
  oncogenic	
  both	
  in	
  vitro,	
  transforming	
  rodent	
  fibroblasts	
  (Wang	
  et	
  al.	
  1985),	
  and	
  in	
  

vivo,	
  where	
   its	
  expression	
  results	
   in	
   lymphomas	
   in	
   transgenic	
  mice	
   (Kulwichit	
  et	
  al.	
  1998).	
  

Furthermore,	
  LMP1	
  expression	
  is	
  protective	
  against	
  apoptosis,	
  by	
  up-­‐regulation	
  of	
  the	
  anti-­‐

apoptotic	
  protein	
  BCL2	
   in	
  B	
  cells	
   (Henderson	
  et	
  al.	
  1991),	
  as	
  well	
  as	
  by	
   induction	
  of	
  other	
  

anti-­‐apoptotic	
  proteins,	
  via	
  NFκB	
   [reviewed	
   in	
   (Allday	
  2009)]	
   (see	
  section	
  1.5.3	
   for	
   further	
  

explanation	
   of	
   apoptotic	
   pathways).	
   By	
  mimicking	
   CD40,	
   leading	
   to	
   activation	
   of	
   NFκB,	
   it	
  

induces	
  cFLIP	
  expression,	
  inhibiting	
  extrinsic	
  apoptosis	
  pathways	
  [reviewed	
  in	
  (Spender	
  and	
  

Inman	
   2011)].	
   LMP1	
   also	
   inhibits	
   BAX	
   promoter	
   activity,	
   another	
   means	
   of	
   preventing	
  

apoptosis	
   (Grimm	
   et	
   al.	
   2005).	
   In	
   addition,	
   it	
   prevents	
   senescence	
   in	
   mouse	
   embryonic	
  

fibroblasts	
  by	
  inhibiting	
  induction	
  of	
  the	
  cdk	
  inhibitor	
  p16INK4B	
  (Yang	
  et	
  al.	
  2000).	
  

	
  

LMP2A	
  and	
  LMP2B	
  

LMP2A	
  and	
  LMP2B	
  are	
  related	
   integral	
  membrane	
  proteins,	
  each	
  with	
  12	
   transmembrane	
  

domains	
  and	
  a	
  cytoplasmic	
  tail,	
  which	
  are	
  not	
  required	
  for	
  in	
  vitro	
  immortalisation	
  of	
  B	
  cells	
  

(Longnecker	
  et	
  al.	
  1993b,	
  Speck	
  et	
  al.	
  1999).	
  The	
  LMP2	
  gene	
  encodes	
  2	
  mRNA	
  isoforms,	
  with	
  

exons	
  2-­‐9	
   common	
   to	
  both	
   LMP2A	
  and	
   LMP2B,	
  but	
   a	
  unique	
  5’	
   exon	
   for	
   each;	
   exon	
  1	
  of	
  

LMP2B	
  is	
  non-­‐coding	
  whereas	
  that	
  of	
  LMP2A	
  encodes	
  the	
  cytoplasmic	
  N-­‐terminal	
  sequence,	
  

through	
   which	
   signalling	
   occurs	
   (Rechsteiner	
   et	
   al.	
   2008).	
   The	
   exons	
   encoding	
   the	
   LMP2	
  

proteins	
  are	
  found	
  at	
  both	
  ends	
  of	
  the	
  linear	
  EBV	
  genome	
  and	
  the	
  promoters	
  of	
  both	
  share	
  

a	
  bidirectional	
  EBNA2	
  response	
  element	
  (Harada	
  and	
  Kieff	
  1997)	
  (see	
  fig.	
  1.2).	
  The	
  LMP2A	
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promoter	
  is	
  used	
  to	
  transcribe	
  exon	
  1	
  of	
  LMP2A,	
  whereas	
  all	
  the	
  other	
  exons	
  are	
  transcribed	
  

from	
  the	
  LMP2B	
  promoter.	
  

	
  

LMP2A	
  can	
  act	
  as	
  a	
  constitutively	
  active	
  B	
  cell	
  receptor	
  (BCR)	
  mimic	
  and	
  hence	
  can	
  drive	
  the	
  

proliferation	
   and	
   survival	
   of	
   B	
   cells	
   in	
   the	
   absence	
   of	
   BCR	
   signalling	
   (Mancao	
   and	
  

Hammerschmidt	
  2007).	
  Thus	
  it	
  is	
  able	
  to	
  rescue	
  cells	
  lacking	
  strong	
  BCR	
  stimulation	
  due	
  to	
  

low	
  affinity	
  for	
  antigen,	
  which	
  would	
  otherwise	
  die,	
  enabling	
  survival	
  of	
  EBV-­‐infected	
  cells.	
  

The	
  cytoplasmic	
  N-­‐terminal	
  domain	
  of	
  LMP2A	
  contains	
  an	
  immune-­‐receptor	
  tyrosine-­‐based	
  

activation	
  motif	
  (ITAM).	
  In	
  B	
  cells,	
  LMP2A	
  recruits	
  the	
  Src	
  family	
  kinase	
  Lyn	
  to	
  its	
  N-­‐terminal	
  

region,	
  leading	
  to	
  constitutive	
  phosphorylation	
  of	
  multiple	
  tyrosine	
  residues,	
  including	
  in	
  the	
  

ITAM	
  (Fruehling	
  and	
  Longnecker	
  1997).	
  This	
   in	
   turn	
   leads	
   to	
   recruitment,	
  phosphorylation	
  

and	
   consequent	
   activation	
   of	
   Syk,	
   resulting	
   in	
   constitutive	
   activation	
   of	
   PI3K/Akt,	
   which	
  

promotes	
  B	
  cell	
  survival	
  (Portis	
  and	
  Longnecker	
  2004).	
  LMP2A	
  also	
  activates	
  other	
  signalling	
  

pathways	
   including	
   NFκB	
   and	
   MAPK	
   (Swanson-­‐Mungerson	
   et	
   al.	
   2005,	
   Anderson	
   and	
  

Longnecker	
  2008).	
  LMP2A	
  protects	
  B	
  cells	
  from	
  apoptosis	
  by	
  several	
  mechanisms	
  including	
  

induction	
   of	
   anti-­‐apoptotic	
   BCL-­‐XL	
   and	
   survivin	
   (Portis	
   et	
   al.	
   2003,	
   Portis	
   and	
   Longnecker	
  

2004,	
   Bultema	
   et	
   al.	
   2009)	
   (see	
   section	
   1.5.3	
   for	
   details	
   on	
   apoptosis).	
   In	
   a	
   murine	
  

transgenic	
  model,	
  LMP2A	
  protects	
  from	
  apoptosis	
  by	
  induction	
  of	
  NFκB	
  and	
  BCL2	
  (Swanson-­‐

Mungerson	
   et	
   al.	
   2010).	
   Furthermore,	
   EBV	
   increases	
   proteasomal	
   degradation	
   of	
   pro-­‐

apoptotic	
  BIM	
  via	
  activation	
  of	
  the	
  MAPK/ERK	
  pathway,	
  and	
  this	
  is	
  likely	
  to	
  occur	
  via	
  LMP2A	
  

[(Clybouw	
  et	
  al.	
  2005),	
  reviewed	
  in	
  (Allday	
  2009)].	
  	
  	
  

	
  

The	
  function	
  of	
  LMP2B	
  in	
  B	
  cells	
   is	
  not	
  entirely	
  understood,	
  although	
  it	
  has	
  been	
  shown	
  to	
  

bind	
   to	
   LMP2A,	
   blocking	
   its	
   phosphorylation	
   and	
   activation,	
   hence	
   regulating	
   its	
   activity	
  

(Rovedo	
  and	
  Longnecker	
  2007).	
  	
  

	
  

1.1.7.3	
  EBV-­‐encoded	
  RNAs	
  and	
  microRNAs	
  

As	
  well	
   as	
   latent	
  proteins,	
   latent	
   EBV	
  also	
  expresses	
   a	
  number	
  of	
  non-­‐coding	
  RNAs.	
   These	
  

include	
  the	
  EBV-­‐encoded	
  small	
  RNAs	
   (EBERs),	
  EBER1	
  and	
  EBER2,	
  which	
  are	
  of	
  167	
  and	
  172	
  

nucleotides	
   respectively,	
   first	
   described	
   in	
   1981	
   [(Lerner	
   et	
   al.	
   1981)	
   and	
   reviewed	
   in	
  

(Swaminathan	
  2008)]	
   (see	
   fig.	
   1.2).	
   They	
  are	
  produced	
  abundantly	
   in	
   all	
   EBV-­‐infected	
   cells	
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and	
  expressed	
  in	
  all	
  latency	
  types,	
  suggesting	
  that	
  they	
  have	
  an	
  important	
  function.	
  Although	
  

they	
   are	
   not	
   essential	
   for	
   B	
   cell	
   transformation	
   (Swaminathan	
   et	
   al.	
   1991),	
   EBERs	
   induce	
  

oncogenic	
  properties	
  in	
  EBV-­‐negative	
  Akata	
  cells,	
  including	
  up-­‐regulation	
  of	
  BCL2	
  leading	
  to	
  

resistance	
  to	
  apoptosis	
  (Komano	
  et	
  al.	
  1999)	
  and	
  enhance	
  proliferation	
  in	
  EBV-­‐negative	
  BJAB	
  

BL	
   cells	
   (Yamamoto	
   et	
   al.	
   2000).	
   However,	
   their	
   functions	
   are	
   still	
   not	
   completely	
  

understood.	
  	
  

	
  

EBV	
   also	
   produces	
   microRNAs	
   (miRNAs),	
   which	
   are	
   functional	
   but	
   non-­‐coding	
   RNAs	
   of	
  

around	
  21-­‐25	
  nucleotides	
  in	
  length.	
  miRNAs	
  bind	
  to	
  specific	
  mRNA	
  sequences,	
  usually	
  within	
  

their	
  3’	
  untranslated	
  regions	
  (UTR),	
   leading	
  to	
  reduced	
  translation	
  or	
  enhanced	
  destruction	
  

of	
  the	
  target	
  mRNA.	
  They	
  are	
  increasingly	
  recognised	
  as	
  being	
  produced	
  by	
  several	
  different	
  

viruses	
  including	
  herpesviruses,	
  and	
  regulate	
  both	
  viral	
  and	
  host	
  gene	
  expression	
  [reviewed	
  

in	
  (Grundhoff	
  and	
  Sullivan	
  2011)].	
  EBV	
  expresses	
  44	
  of	
  these	
  mature	
  miRNAs	
  (Grundhoff	
  and	
  

Sullivan	
   2011),	
   which	
   are	
   expressed	
   from	
   two	
   regions	
   of	
   the	
   EBV	
   genome,	
   the	
   	
  BamHI	
   A	
  

region	
   and	
   the	
   BamHI	
   H	
   region.	
   These	
   miRNAs	
   are	
   known	
   as	
   the	
   BamHI	
   A	
   rightward	
  

transcript	
   (BART)	
   miRNAs	
   and	
   the	
   BHRF1	
   miRNAs	
   respectively.	
   The	
   two	
   groups	
   are	
  

differentially	
  expressed	
   in	
  cell	
   lines:	
  BART	
  miRNAs	
  are	
   strongly	
  expressed	
   in	
  NPC	
  cell	
   lines,	
  

but	
  not	
  EBV-­‐infected	
  primary	
  epithelial	
   cell	
   lines	
   (Shannon-­‐Lowe	
  et	
  al.	
  2009),	
   and	
  are	
  only	
  

weakly	
  expressed	
  in	
  LCLs	
  and	
  EBV-­‐infected	
  BL	
  cell	
  lines.	
  The	
  BHRF1	
  miRNAs	
  are	
  expressed	
  in	
  

LCLs	
  and	
  latency	
  III-­‐expressing	
  BL	
  cell	
  lines	
  but	
  undetectable	
  in	
  NPC	
  cell	
  lines	
  (Cai	
  et	
  al.	
  2006).	
  

EBV	
  miRNAs	
  can	
  regulate	
  both	
  viral	
  and	
  host	
  cellular	
  gene	
  expression.	
  	
  

	
  

It	
   is	
   increasingly	
   recognised	
   that	
   miRNAs	
   expressed	
   by	
   oncogenic	
   herpesviruses	
   can	
  

contribute	
   to	
  oncogenesis	
   (Grundhoff	
   and	
   Sullivan	
  2011).	
   In	
   the	
   case	
  of	
   EBV,	
   for	
   example,	
  

miR-­‐BART5	
   has	
   been	
   shown	
   to	
   target	
   the	
   pro-­‐apoptotic	
   protein	
   PUMA,	
   hence	
   leading	
   to	
  

resistance	
  to	
  apoptosis	
  in	
  epithelial	
  cells	
  (Choy	
  et	
  al.	
  2008)	
  and	
  the	
  BART	
  miRNAs	
  can	
  protect	
  

BL	
  cells	
   from	
  apoptosis,	
  probably	
  by	
   inhibiting	
  caspase	
  3	
   (Vereide	
  et	
  al.	
  2013).	
   In	
  addition,	
  

the	
   BHRF1-­‐3	
  miRNAs	
   inhibit	
   apoptosis	
   and	
   promote	
   cell	
   cycle	
   progression	
   early	
   after	
   EBV	
  

infection	
  of	
  primary	
  B	
  cells	
  (Seto	
  et	
  al.	
  2010).	
   It	
   is	
   likely	
  that	
  further	
  oncogenic	
  functions	
  of	
  

EBV-­‐associated	
  miRNAs	
  will	
  be	
  identified	
  in	
  future.	
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1.1.8	
  Lytic	
  infection	
  

During	
  lytic	
  viral	
  replication,	
  multiple	
  viral	
  genes	
  are	
  expressed.	
  The	
  first	
  event	
  in	
  a	
  sequence	
  

is	
  the	
  expression	
  of	
  immediate	
  early	
  (IE)	
  genes	
  BZLF1	
  (also	
  known	
  as	
  ZEBRA,	
  Zta	
  or	
  EB1)	
  and	
  

BRLF1	
  (also	
  known	
  as	
  Rta)	
  (see	
  fig.	
  1.2).	
  These	
  in	
  turn	
  transactivate	
  viral	
  early	
  genes,	
  leading	
  

to	
   expression	
   of	
   early	
   antigens	
   including	
   early	
   antigen	
   diffuse	
   component	
   EA-­‐D,	
   which	
   is	
  

regulated	
   by	
   the	
   BMRF1	
   promoter	
   (Holley-­‐Guthrie	
   et	
   al.	
   1990).	
   Then	
   late	
   genes	
   are	
  

expressed,	
  resulting	
  in	
  the	
  structural	
  components	
  of	
  the	
  virions,	
  which	
  can	
  then	
  be	
  released	
  

from	
  the	
  host	
  cell,	
  acquiring	
  the	
  envelope	
  by	
  budding	
  through	
  the	
  host	
  cell	
  membrane,	
  and	
  

usually	
   killing	
   the	
   host	
   cell	
   in	
   the	
   process.	
   When	
   EBV	
   infects	
   epithelial	
   cells,	
   it	
   generally	
  

causes	
   lytic	
   replication,	
  whereas	
   infection	
  of	
  B	
  cells	
  eventually	
   results	
   in	
  persistent	
   (latent)	
  

infection,	
   although	
   lytic	
   replication	
   is	
   again	
   initiated	
   when	
   differentiation	
   to	
   plasma	
   cells	
  

occurs	
  (Laichalk	
  and	
  Thorley-­‐Lawson	
  2005,	
  Longnecker	
  et	
  al.	
  2013).	
  	
  

	
  

In	
   a	
   persistently	
   infected	
   host,	
   the	
   majority	
   of	
   infected	
   B	
   cells	
   contain	
   latent	
   virus,	
   but	
  

intermittently	
  the	
  virus	
  can	
  reactivate	
  to	
  the	
  lytic	
  form	
  in	
  occasional	
  cells.	
  This	
  is	
  thought	
  to	
  

occur	
  in	
  response	
  to	
  B	
  cell	
  stimulation	
  by	
  other	
  antigens,	
  due	
  to	
  stimulation	
  of	
  the	
  BCR.	
  	
  In	
  

vitro,	
   lytic	
   replication	
   can	
   be	
   induced	
   by	
   several	
   mechanisms	
   including	
   anti-­‐Ig,	
   12-­‐O-­‐

tetradecanoylphorbol-­‐13-­‐acetate	
   (TPA),	
   transforming	
   growth	
   factor	
   beta	
   (TGFβ),	
   histone	
  

deacetylase	
  (HDAC)	
   inhibitors	
  and	
  DNA	
  methyl	
   transferase	
  (DNMT)	
   inhibitors,	
  although	
  the	
  

ability	
  of	
  these	
  agents	
  to	
  induce	
  lytic	
  replication	
  varies	
  between	
  cell	
  lines	
  (zur	
  Hausen	
  et	
  al.	
  

1978,	
  Ben-­‐Sasson	
  and	
  Klein	
  1981,	
   Takada	
  1984,	
  di	
  Renzo	
  et	
   al.	
   1994,	
  Chang	
  and	
   Liu	
  2000,	
  

Fahmi	
   et	
   al.	
   2000,	
   Inman	
   et	
   al.	
   2001,	
   Countryman	
   et	
   al.	
   2008,	
   Ghosh	
   et	
   al.	
   2012).	
   These	
  

signals	
  act	
  on	
  the	
  two	
  viral	
   IE	
  promoters	
  Zp	
  and	
  Rp	
  to	
  increase	
  their	
  activity,	
  resulting	
  in	
  IE	
  

gene	
  expression.	
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1.2	
  Normal	
  B	
  cell	
  development	
  and	
  function	
  

1.2.1	
  Antibody	
  production	
  

B	
   cells	
   are	
   the	
   main	
   effectors	
   of	
   the	
   humoral	
   immune	
   response,	
   being	
   responsible	
   for	
  

antibody	
  production.	
  The	
  antigen	
  specificity	
  of	
  the	
  B	
  cell	
  is	
  provided	
  by	
  a	
  surface	
  receptor,	
  

the	
   B	
   cell	
   receptor	
   (BCR),	
   which	
   binds	
   to	
   a	
   particular	
   epitope	
   of	
   an	
   antigen.	
   Every	
   B	
   cell	
  

produced	
  has	
  a	
  unique	
  antigen	
  specificity,	
  although	
  all	
   the	
  BCRs	
  on	
  one	
  cell	
  are	
   identical.	
  

The	
  BCR	
  can	
  subsequently	
  be	
  secreted	
  by	
  a	
  B	
  cell	
  as	
  antibody.	
  There	
  are	
  five	
  main	
  classes	
  of	
  

antibody:	
  IgM,	
  IgD,	
  IgG,	
  IgE	
  and	
  IgA,	
  which	
  all	
  have	
  different	
  effector	
  functions.	
  An	
  antibody	
  

is	
   a	
   Y-­‐shaped	
   immunoglobulin	
  molecule	
   (fig.	
   1.3)	
   consisting	
   of	
   two	
   identical	
   heavy	
   chains	
  

and	
   two	
   identical	
   light	
   chains,	
  bound	
   together	
  by	
  disulphide	
  bonds.	
   The	
   light	
   chains	
  have	
  

two	
   domains,	
   the	
   variable	
   domain	
   VL	
   at	
   the	
   N-­‐terminal	
   end	
   and	
   the	
   C-­‐terminal	
   constant	
  

domain	
  CL.	
  The	
  heavy	
  chains	
  each	
  have	
  a	
  variable	
  domain	
  VH	
  at	
  the	
  N-­‐terminal	
  end	
  and	
  at	
  

least	
   three	
   (depending	
   on	
   the	
   antibody	
   class)	
   constant	
   domains	
   (fig.	
   1.3).	
   The	
   variable	
  

regions	
  of	
  both	
  heavy	
  and	
  light	
  chains	
  are	
  therefore	
  adjacent	
  on	
  each	
  ‘arm’	
  of	
  the	
  molecule,	
  

and	
   this	
   is	
   the	
   region	
   that	
   binds	
   to	
   an	
   epitope	
   of	
   a	
   particular	
   antigen.	
   The	
   stem	
   of	
   the	
  

molecule,	
   known	
   as	
   the	
   Fc	
   portion,	
   consists	
   of	
   the	
   heavy	
   chain	
   constant	
   regions	
   and	
   its	
  

structure	
  varies	
  according	
  to	
  the	
  antibody	
  class.	
  This	
  region	
  performs	
  the	
  effector	
  functions	
  

of	
  the	
  antibody,	
  or	
  is	
  bound	
  to	
  the	
  B	
  cell	
  surface	
  membrane	
  in	
  the	
  form	
  of	
  the	
  BCR.	
  There	
  

are	
   five	
  main	
   types	
  of	
  heavy	
  chain	
  constant	
   region,	
  γ,	
  μ,	
  δ,	
  α	
  and	
  ε,	
  which	
  determine	
   the	
  

class	
   (or	
   istoype)	
   of	
   the	
   antibody	
   produced,	
   which	
   are	
   IgG,	
   IgM,	
   IgD,	
   IgA	
   and	
   IgE	
  

respectively.	
  There	
  are	
  two	
  isotypes	
  of	
  light	
  chain,	
  κ	
  and	
  λ.	
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Figure	
  1.3:	
  Schematic	
  diagram	
  of	
  antibody	
  structure	
  	
  

An	
  antibody	
  or	
  immunoglobulin	
  (Ig)	
  molecule	
  consists	
  of	
  a	
  pair	
  of	
  heavy	
  chains	
  (blue)	
  and	
  a	
  pair	
  of	
  light	
  chains	
  

(red)	
   joined	
  by	
  disulphide	
  bonds	
   (shown	
  as	
   fine	
  blue	
   lines).	
   The	
   light	
   chain	
   consists	
   of	
   a	
   variable	
   (VL)	
   and	
   a	
  

constant	
   (CL)	
   light	
  chain	
  domain.	
  The	
  heavy	
  chain	
  consists	
  of	
  a	
  variable	
   (VH)	
  and	
  at	
   least	
   three	
  constant	
   (CH)	
  

domains,	
  CH1,	
  CH2	
  and	
  CH3.	
  CH2	
  and	
  CH3	
  comprise	
  the	
  Fc	
  region,	
  which	
  performs	
  the	
  effector	
  functions	
  of	
  the	
  

antibody	
   and	
   varies	
   according	
   to	
   the	
   class	
   (isotype).	
   The	
   unique	
   antigen	
   binding	
   regions	
   are	
   made	
   by	
   VH	
  

combined	
  with	
  VL	
  at	
  the	
  N-­‐termini.	
  	
  	
  

	
  	
  

The	
   diverse	
   repertoire	
   of	
   antigen	
   specificities	
   is	
   enabled	
   by	
   the	
   variable	
   regions	
   of	
   heavy	
  

and	
   light	
   chains.	
   The	
   human	
   heavy	
   chain	
   gene	
   locus,	
   on	
   chromosome	
   14,	
   consists	
   of	
  

multiple	
  gene	
  segments	
  including	
  40	
  variable	
  (V)	
  gene	
  segments,	
  25	
  diversity	
  (D)	
  segments	
  

and	
  6	
  joining	
  (J)	
  segments	
  (see	
  fig.	
  1.4).	
  When	
  a	
  B	
  cell	
  makes	
  its	
  heavy	
  chain,	
  one	
  of	
  the	
  D	
  

segments	
   is	
   chosen	
   at	
   random	
  and	
   joined	
   to	
   one	
  of	
   the	
   J	
   segments,	
   in	
   the	
  process	
   of	
  DJ	
  

rearrangement.	
  Then	
  the	
  DJ	
  segment	
  is	
  joined	
  to	
  a	
  V	
  segment,	
  i.e.	
  VDJ	
  rearrangement.	
  The	
  

resulting	
  VDJ	
  is	
  then	
  joined	
  to	
  the	
  appropriate	
  constant	
  region	
  segment	
  depending	
  on	
  which	
  

isotype	
  of	
  antibody	
  is	
  to	
  be	
  made.	
  The	
  light	
  chain	
  loci	
  each	
  consist	
  of	
  multiple	
  V	
  and	
  J	
  (but	
  

not	
  D)	
  segments	
  and	
  thus	
  VJ	
  rearrangements	
  are	
  made	
  in	
  a	
  similar	
  way	
  to	
  create	
  diversity	
  of	
  

the	
   light	
   chains.	
   The	
   recombination	
   of	
   the	
   gene	
   segments	
   is	
   catalysed	
   by	
   the	
   V(D)J	
  

recombinase	
   enzyme	
   complex,	
   which	
   includes	
   the	
   proteins	
   RAG1	
   and	
   RAG2	
   encoded	
   by	
  

recombination	
   activating	
   genes	
   RAG1	
   and	
   RAG2.	
   Each	
   gene	
   segment	
   is	
   flanked	
   by	
   a	
  

recombination	
   signal	
   sequence,	
   and	
   the	
   RAG	
   proteins	
   introduce	
   double	
   strand	
   breaks	
  

(DSBs)	
  in	
  the	
  DNA	
  between	
  the	
  gene	
  segments	
  to	
  be	
  joined	
  and	
  their	
  recombination	
  signal	
  

sequences	
  (Murphy	
  2011).	
  RAG	
  then	
  recruits	
  DNA	
  repair	
  enzymes	
  to	
  join	
  the	
  segments.	
   In	
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this	
  process,	
  a	
  small	
  number	
  of	
  nucleotides	
  may	
  be	
   lost	
  or	
  gained	
  between	
  the	
  segments,	
  

and	
  this	
  adds	
  to	
  the	
  diversity	
  generated	
  on	
  the	
  antibody	
  variable	
  region.	
  	
  	
  

	
  

	
  
Figure	
  1.4:	
  The	
  human	
  heavy	
  chain	
  locus	
  

The	
  human	
  heavy	
  chain	
  gene	
   locus	
  on	
  chromosome	
  14	
  consists	
  of	
  40	
  variable	
  (V)	
  segments,	
  25	
  diversity	
   (D)	
  

segments,	
  6	
  joining	
  (J)	
  segments	
  and	
  then	
  the	
  constant	
  (C)	
  segments	
  which	
  encode	
  the	
  five	
  different	
  classes	
  of	
  

heavy	
  chain,	
  IgM,	
  IgD,	
  IgG,	
  IgE	
  and	
  IgA	
  respectively.	
  Adapted	
  from	
  (Alberts	
  et	
  al.	
  2008).	
  

	
  

1.2.2	
  B	
  cell	
  development	
  within	
  the	
  bone	
  marrow	
  

B	
   cells	
   develop	
   initially	
   in	
   the	
   bone	
  marrow	
   (BM)	
   from	
   CD34+	
   haematopoietic	
   stem	
   cells	
  

(HSCs),	
  which	
  give	
  rise	
  to	
  all	
  haematopoietic	
  cells.	
  During	
  this	
  maturation	
  process	
  within	
  the	
  

BM,	
  which	
  is	
  antigen-­‐independent,	
  the	
  B	
  cells	
  gradually	
  migrate	
  towards	
  the	
  central	
  sinus,	
  

remaining	
  in	
  contact	
  with	
  stromal	
  cells.	
  HSCs	
  differentiate	
  first	
   into	
  the	
  common	
  lymphoid	
  

progenitor	
  cell,	
  which	
  can	
  give	
  rise	
  to	
  T	
  or	
  B	
  cells	
   (Pieper	
  et	
  al.	
  2013).	
  Once	
  committed	
  to	
  

the	
  B	
  cell	
   lineage,	
  the	
  cell	
  develops	
  through	
  the	
  pro-­‐B	
  then	
  pre-­‐B	
  cell	
  stages	
  (see	
  fig.	
  1.5).	
  

During	
  the	
  process	
  of	
  B	
  cell	
  maturation,	
  immunoglobulin	
  genes	
  are	
  rearranged	
  in	
  turn.	
  First	
  

the	
  IgH	
  (Ig	
  heavy	
  chain)	
  locus,	
  with	
  D-­‐J	
  rearrangement	
  occurring	
  in	
  the	
  early	
  pro-­‐B	
  cell,	
  and	
  

then	
   V-­‐DJ	
   rearrangement	
   in	
   the	
   late	
   pro-­‐B	
   stage.	
   In	
   the	
   subsequent	
   pre-­‐B	
   cell	
   stage	
   the	
  

light-­‐chain	
  genes	
  are	
  rearranged.	
  Once	
  at	
  the	
  immature	
  B	
  cell	
  stage,	
  IgH	
  VDJ	
  and	
  light	
  chain	
  

VJ	
  having	
  been	
  rearranged,	
  IgM	
  is	
  now	
  expressed	
  on	
  the	
  cell	
  surface	
  (Murphy	
  2011).	
  At	
  this	
  

stage	
   the	
   cell	
   exits	
   the	
   BM	
   into	
   peripheral	
   blood,	
   and	
   also	
   starts	
   to	
   express	
   surface	
   IgD.	
  

These	
   mature	
   naïve,	
   non-­‐proliferating,	
   B	
   cells	
   now	
   migrate	
   via	
   the	
   blood	
   to	
   secondary	
  

lymphoid	
  organs	
   (the	
   spleen,	
   lymph	
  nodes,	
   or	
  mucosa-­‐associated	
   lymphoid	
   tissue,	
  MALT)	
  

and	
  continue	
  to	
  circulate	
  through	
  these	
  until	
  either	
  they	
  encounter	
  the	
  relevant	
  antigen	
  or	
  

die.	
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Figure	
  1.5:	
  Stages	
  of	
  development	
  of	
  B	
  cells	
  within	
  the	
  bone	
  marrow	
  

B	
   cells	
   are	
   originally	
   derived	
   from	
   haematopoietic	
   stem	
   cells	
   (HSCs),	
   which	
   differentiate	
   into	
   a	
   common	
  

lymphoid	
   progenitor	
   (CLP).	
   The	
   earliest	
   stage	
   of	
   commitment	
   to	
   the	
   B	
   cell	
   lineage	
   is	
   the	
   pro-­‐B	
   cell.	
   In	
   this	
  

stage,	
   RAG	
   genes	
   are	
   expressed	
   and	
   rearrangements	
   of	
   the	
   D-­‐J	
   segments	
   of	
   the	
   heavy	
   chain	
   locus	
   occur,	
  

followed	
   by	
   V-­‐DJ	
   rearrangement.	
   Once	
   this	
   has	
   successfully	
   occurred,	
   a	
   complete	
   Ig	
   μ	
   heavy	
   chain	
   is	
  

expressed,	
  bound	
  to	
  a	
  surrogate	
  light	
  chain	
  as	
  the	
  pre-­‐BCR	
  which	
  is	
  briefly	
  expressed	
  on	
  the	
  cell	
  surface.	
  The	
  

cell	
  then	
  differentiates	
  into	
  a	
  pre-­‐B	
  cell,	
  which	
  initially	
  proliferates	
  and	
  production	
  of	
  the	
  surrogate	
  light	
  chain	
  

stops.	
  The	
  cell	
   then	
  stops	
  dividing,	
   the	
  RAG	
  genes	
  are	
  re-­‐expressed	
  and	
   light	
  chain	
  V-­‐J	
  gene	
  rearrangements	
  

occur.	
   Once	
   a	
   light	
   chain	
   has	
   successfully	
   been	
   produced,	
   the	
   complete	
   IgM	
  molecule	
   is	
   expressed	
   at	
   the	
  

surface	
  and	
  the	
  cell	
  is	
  released	
  from	
  the	
  bone	
  marrow	
  as	
  an	
  immature	
  B	
  cell.	
  	
  

	
  
	
  

1.2.3	
  Further	
  B	
  cell	
  development	
  within	
  secondary	
  lymphoid	
  tissue	
  

B	
   cells	
   encounter	
   antigens	
   bound	
   to	
   follicular	
   dendritic	
   cells	
   (FDCs)	
   within	
   secondary	
  

lymphoid	
  tissues.	
  If	
  an	
  antigen	
  presented	
  by	
  FDCs	
  is	
  recognised	
  by	
  the	
  BCR,	
  the	
  BCR-­‐antigen	
  

complex	
  is	
  endocytosed,	
  processed	
  by	
  the	
  B	
  cell	
  and	
  presented	
  on	
  the	
  surface	
  in	
  association	
  

with	
  major	
   histocompatibility	
   complex	
   (MHC)	
   class	
   II	
  molecules,	
   allowing	
   recognition	
   and	
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help	
  by	
  antigen-­‐specific	
  CD4+	
  T-­‐helper	
  (TH)	
  cells.	
  The	
  binding	
  of	
  BCR	
  by	
  antigen	
  stimulates	
  

further	
   development	
   of	
   the	
   B	
   cell,	
   which	
   becomes	
   activated,	
   differentiates	
   into	
   a	
  

centroblast	
  which	
  proliferates	
  and	
  initiates	
  a	
  germinal	
  centre	
  (GC)	
  reaction	
  within	
  the	
  lymph	
  

node	
   (or	
   other	
   lymphoid	
   tissue).	
   The	
   GC	
   reaction	
   is	
   a	
   means	
   of	
   further	
   increasing	
   the	
  

specificity	
  of	
  antibody	
  and	
  producing	
  immune	
  effector	
  cells	
  in	
  the	
  form	
  of	
  plasma	
  cells	
  and	
  

memory	
  B	
   cells	
   (see	
   fig.	
   1.6).	
   By	
   light	
  microscopy,	
  GCs	
  have	
   two	
   zones,	
   a	
  dark	
   zone	
   (DZ),	
  

consisting	
   of	
   rapidly	
   proliferating	
   B	
   cells,	
   and	
   a	
   light	
   zone	
   (LZ),	
   in	
   which	
   B	
   cells	
   are	
  

interspersed	
  with	
  T	
  cells	
  (mainly	
  CD4+)	
  and	
  FDCs	
  (Klein	
  and	
  Dalla-­‐Favera	
  2008).	
  Within	
  the	
  

GC,	
   the	
   centroblast	
   undergoes	
   rapid	
   proliferation	
   (dividing	
   every	
   6-­‐12	
   hours),	
   and	
   the	
  

enzyme	
   activation-­‐induced	
   cytidine	
   deaminase	
   (AID)	
   is	
   up-­‐regulated.	
   	
   This	
   enzyme	
  

deaminates	
   cytosine	
   to	
   uracil,	
   resulting	
   in	
   a	
   G:U	
  mismatch,	
  which	
   is	
   recognised	
   by	
   uracil	
  

DNA	
   glycosylase	
   or	
   processed	
   by	
   one	
   of	
   several	
   DNA	
   repair	
   pathways,	
   leading	
   to	
   the	
  

formation	
  of	
  single	
  nucleotide	
  changes	
  within	
  the	
  variable	
  regions	
  of	
  heavy	
  and	
  light	
  chain	
  

genes	
  (Klein	
  and	
  Dalla-­‐Favera	
  2008).	
  This	
  process,	
  known	
  as	
  somatic	
  hypermutation	
  (SHM),	
  

combined	
   with	
   rapid	
   proliferation,	
   leads	
   to	
   multiple	
   variants	
   with	
   differing	
   affinity	
   for	
  

antigen	
  (Fear	
  2013).	
  From	
  these	
  variants,	
  any	
  with	
  enhanced	
  affinity	
  for	
  the	
  antigen	
  will	
  be	
  

selected	
  but	
  the	
  remainder	
  (the	
  majority)	
  will	
  die.	
  Interleukin-­‐4	
  (IL-­‐4)	
  produced	
  by	
  TH2	
  cells	
  

enhances	
  proliferation/survival	
  of	
  B	
  cells,	
  plus	
  promotes	
  Ig	
  isotype	
  switching	
  to	
  IgG1	
  and	
  IgE	
  

(Snapper	
  et	
  al.	
  1988,	
  King	
  and	
  Mohrs	
  2009).	
  

	
  
The	
  proliferating	
  centroblasts	
  differentiate	
  into	
  centrocytes	
  and	
  at	
  the	
  same	
  time	
  migrate	
  to	
  

the	
  LZ	
  of	
   the	
  GC.	
  Centrocytes	
  with	
   the	
  highest	
  affinity	
   for	
  antigen	
  receive	
  survival	
   signals,	
  

leading	
  to	
  down-­‐regulation	
  of	
  pro-­‐apoptotic	
  genes.	
  However,	
  in	
  the	
  absence	
  of	
  such	
  survival	
  

signals	
   the	
  default	
  position	
  of	
   centrocytes	
   is	
   to	
  die	
  by	
  apoptosis.	
  GC	
  B	
   cells	
   are	
   therefore	
  

generally	
   pro-­‐apoptotic:	
   BCL6,	
   a	
   transcriptional	
   repressor	
   essential	
   for	
   GC	
   formation,	
   is	
  

selectively	
   up-­‐regulated	
   in	
  GC	
  B	
   cells	
   and	
   silences	
   anti-­‐apoptotic	
   BCL2	
   (Saito	
   et	
   al.	
   2009),	
  

and	
  GC	
  B	
   cells	
   express	
  high	
   levels	
   of	
   FAS,	
   part	
   of	
   the	
   extrinsic	
   pathway	
  of	
   apoptosis	
   (see	
  

section	
   1.5.3).	
   In	
   addition,	
   BCL6	
   represses	
   p53	
   (Phan	
   and	
   Dalla-­‐Favera	
   2004),	
   which	
   is	
  

normally	
  responsible	
  for	
  DNA	
  damage	
  responses,	
  and	
  thus	
  allows	
  the	
  GC	
  B	
  cells	
  to	
  tolerate	
  

the	
  DNA	
  damage	
  induced	
  by	
  the	
  SHM	
  process.	
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MYC	
  is	
  a	
  highly	
  important	
  DNA-­‐binding	
  transcription	
  factor	
  which	
  regulates	
  multiple	
  genes	
  

including	
   those	
   regulating	
   cell	
   cycle	
   progression,	
   apoptosis	
   and	
   senescence.	
   Expression	
  of	
  

MYC	
  is	
  increased	
  in	
  LZ	
  B	
  cells	
  but	
  then	
  repressed	
  in	
  DZ	
  B	
  cells	
  by	
  a	
  direct	
  action	
  of	
  BCL6	
  on	
  

the	
  MYC	
  promoter.	
  In	
  addition,	
  MYC	
  expression	
  is	
  required	
  for	
  maintenance	
  of	
  GCs	
   in	
  vivo	
  

(Dominguez-­‐Sola	
   et	
   al.	
   2012).	
   In	
   those	
   cells	
   that	
   receive	
   survival	
   signals,	
   heavy	
   chain	
  

(isotype)	
   class	
   switching	
   occurs,	
   in	
   order	
   to	
   produce	
   IgG,	
   IgA	
   or	
   IgE.	
   This	
   process	
   is	
   also	
  

dependent	
   upon	
   AID,	
   and	
   involves	
   deletion	
   of	
   all	
   coding	
   sequences	
   between	
   the	
   VDJ	
  

segment	
  and	
  the	
  relevant	
  C	
  segment	
  (for	
  example,	
  Cα	
  if	
   IgA	
   is	
  to	
  be	
  made;	
  see	
  fig.	
  1.4),	
  a	
  

process	
  known	
  as	
  class	
  switch	
  recombination	
  (CSR).	
  

	
  

Victora	
  and	
  Nussenzweig	
  have	
  recently	
  proposed	
  an	
  updated	
  model	
  for	
  the	
  GC	
  reaction,	
  in	
  

which	
  the	
  driving	
  force	
  behind	
  B	
  cell	
  affinity	
  maturation	
  and	
  selection	
  is	
  competition	
  for	
  T	
  

cell	
  help,	
  with	
  signals	
  received	
  through	
  BCR	
  being	
  essential	
  for	
  survival.	
   It	
  has	
  been	
  shown	
  

that	
  the	
  functional	
  distinction	
  between	
  the	
  DZ	
  and	
  LZ	
  is	
  less	
  marked	
  than	
  previously	
  thought	
  

and	
  that	
  cells	
  migrate	
  cyclically	
  through	
  the	
  LZ	
  and	
  DZ	
  compartments,	
  rather	
  than	
  passing	
  

through	
   sequentially.	
   Nevertheless,	
   proliferation	
   occurs	
  mainly	
   in	
   the	
  DZ	
   and	
   selection	
   in	
  

the	
   LZ,	
   but	
   these	
   authors	
   propose	
   that	
   the	
   DZ	
   and	
   LZ	
   cells	
   represent	
   the	
   same	
   cell	
  

population	
   in	
   different	
   states	
   of	
   activation	
   (Victora	
   et	
   al.	
   2012,	
   Victora	
   and	
   Nussenzweig	
  

2012).	
  	
  

	
  

The	
  mature	
   activated	
   B	
   cells	
  which	
   survive	
   the	
   GC	
   reaction	
   can	
   then	
   develop	
   into	
   either	
  

long-­‐term	
  memory	
  B	
  cells	
  (which	
  comprise	
  approximately	
  40%	
  of	
  the	
  B	
  cell	
  population)	
  or	
  

plasma	
  cells,	
  which	
  stay	
  within	
  lymph	
  nodes	
  or	
  migrate	
  to	
  the	
  BM	
  and	
  continue	
  to	
  produce	
  

antibody	
   (Murphy	
   2011).	
   The	
   long-­‐term	
   memory	
   B	
   cells,	
   with	
   high	
   affinity	
   antibody,	
  

continue	
  to	
  circulate	
  around	
  the	
  body	
   for	
  many	
  years,	
  and	
   if	
   their	
  antigen	
   is	
  encountered	
  

again	
  they	
  are	
  primed	
  to	
  differentiate	
  rapidly	
  into	
  plasma	
  cells	
  and	
  secrete	
  large	
  amounts	
  of	
  

high	
   affinity	
   antibody,	
   resulting	
   in	
   a	
   secondary	
   immune	
   response	
  which	
   has	
   a	
   shorter	
   lag	
  

time	
  and	
  a	
  greater	
  amount	
  of	
  antibody	
  production	
  than	
  seen	
  in	
  the	
  primary	
  response.	
  	
  Such	
  

immunological	
  memory	
  can	
  remain	
  for	
  the	
  lifetime	
  of	
  the	
  host,	
  even	
  if	
  the	
  original	
  antigen	
  

was	
  encountered	
  many	
  years	
  previously,	
  and	
  is	
  the	
  basis	
  for	
  vaccination.	
  Memory	
  B	
  cells	
  re-­‐

join	
  the	
  pool	
  of	
  continuously	
  circulating	
  B	
  cells.	
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Figure	
  1.6:	
  Schematic	
  diagram	
  of	
  the	
  traditional	
  model	
  of	
  the	
  germinal	
  centre	
  reaction	
  

Resting	
   naïve	
   mature	
   B	
   cells,	
   expressing	
   IgM	
   and	
   IgD,	
   continuously	
   circulate	
   through	
   blood	
   and	
   lymphoid	
  

tissue.	
  When	
  the	
  cell	
  meets	
  its	
  antigen	
  (Ag),	
  it	
  differentiates	
  into	
  a	
  centroblast	
  and	
  starts	
  to	
  proliferate	
  rapidly.	
  

During	
   this	
   proliferation,	
   somatic	
   hypermutation	
   (SHM),	
   occurs,	
   catalysed	
   by	
   activation-­‐induced	
   cytidine	
  

deaminase	
  (AID),	
  to	
  introduce	
  single	
  base-­‐pair	
  changes	
  into	
  the	
  VDJ	
  regions	
  of	
  the	
  rearranged	
  genes	
  encoding	
  

the	
  heavy	
  and	
   light	
   Ig	
  chains.	
  This	
   takes	
  place	
  mostly	
  within	
   the	
  dark	
  zone	
  of	
   the	
  GC.	
  The	
  centroblasts	
   then	
  

differentiate	
  into	
  centrocytes	
  and	
  migrate	
  to	
  the	
  light	
  zone,	
  where	
  antigen	
  is	
  presented	
  by	
  FDCs	
  and	
  T	
  cell	
  help	
  

occurs,	
  in	
  order	
  to	
  select	
  cells	
  with	
  high	
  affinity	
  for	
  antigen.	
  Cells	
  with	
  high	
  affinity	
  bind	
  to	
  antigen	
  and	
  receive	
  

survival	
   signals,	
  whereas	
   the	
  default	
  position	
   is	
   for	
  cells	
   to	
  die	
  by	
  apoptosis	
   if	
   such	
  signals	
  are	
  not	
   received.	
  

Those	
   cells	
  which	
   survive	
   can	
   then	
  undergo	
   further	
  differentiation	
   into	
  memory	
  B	
   cells	
  or	
  plasma	
  cells	
  with	
  

class	
  switch	
  recombination	
  (CSR)	
  occurring,	
  also	
  catalysed	
  by	
  AID,	
  to	
  enable	
  to	
  cell	
  to	
  produce	
  IgG,	
  IgA	
  or	
  IgE	
  

antibody.	
   The	
   resulting	
   memory	
   B	
   cells	
   or	
   plasma	
   cells	
   can	
   then	
   leave	
   the	
   lymph	
   node	
   and	
   continue	
   to	
  

circulate	
  around	
  the	
  body.	
  Adapted	
  from	
  (Klein	
  and	
  Dalla-­‐Favera	
  2008).	
  	
  

	
  

1.3	
  EBV-­‐associated	
  lymphomas	
  

EBV	
   is	
   associated	
   with	
   several	
   different	
   types	
   of	
   lymphoma,	
   predominantly	
   B	
   cell	
  

lymphomas	
  but	
  also	
   some	
  T	
  cell	
   lymphomas;	
  only	
   the	
  B	
  cell	
   lymphomas	
  will	
  be	
  discussed	
  

here.	
  Each	
  type	
  of	
   lymphoma	
  is	
  thought	
  to	
  arise	
  from	
  a	
  particular	
  type	
  of	
  cell	
  along	
  the	
  B	
  

cell	
  differentiation	
  pathway,	
  with	
  different	
  tumours	
  expressing	
  different	
  latent	
  proteins	
  (see	
  

table	
  1.1).	
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Latency	
  type	
   Viral	
  proteins	
  expressed	
   Cell/tumour	
  type	
  

0	
  (latency)	
   None	
   None	
  identified	
  

I	
   EBNA1	
   BL	
  (group	
  I)	
  

II	
  (default	
  programme)	
   EBNA1,	
  LMP1,	
  LMP2	
   Hodgkin	
  lymphoma,	
  NPC	
  

III	
  (growth	
  programme)	
   EBNA1,	
  EBNA2,	
  EBNA-­‐LP,	
  

EBNA3A,	
  EBNA3B,	
  EBNA3C,	
  

LMP1,	
  LMP2A,	
  LMP2B	
  

PTLD,	
  HIV-­‐associated	
  

immunoblastic	
  lymphoma	
  

LCLs	
  

Table	
  1.1:	
  Viral	
  proteins	
  expressed	
  in	
  the	
  different	
  EBV	
  latency	
  types	
  and	
  their	
  corresponding	
  tumours	
  	
  

In	
   latent	
   infection	
   EBV	
   expresses	
   nine	
   latent	
   proteins,	
   the	
   EBV	
   nuclear	
   antigens	
   EBNA1,	
   EBNA2,	
   EBNA3A,	
  

EBNA3B,	
  EBNA3C	
  and	
  EBNA-­‐leader	
  protein	
  (EBNA-­‐LP)	
  as	
  well	
  as	
  three	
  latent	
  membrane	
  proteins	
  LMP1,	
  LMP2A	
  

and	
  LMP2B.	
  EBV-­‐associated	
  tumours	
  have	
  characteristic	
  expression	
  of	
  these	
  latent	
  proteins,	
  thought	
  to	
  reflect	
  

their	
  cell	
  of	
  origin.	
  	
  

	
  

1.3.1	
  Immunodeficiency-­‐associated	
  lymphomas	
  

EBV-­‐associated	
   lympho-­‐proliferative	
  disorders	
  occur	
  with	
   increased	
   frequency	
   in	
   immuno-­‐

compromised	
   individuals,	
   including	
   as	
   a	
   result	
   of	
   solid	
   organ	
  or	
   haematopoietic	
   stem	
   cell	
  

transplants	
   (known	
   as	
   post-­‐transplant	
   lymphoproliferative	
   disorders	
   or	
   PTLD),	
   in	
   HIV	
  

infection	
   or	
   due	
   to	
   other	
   congenital	
   or	
   acquired	
   immune	
   deficiencies.	
   Early-­‐onset	
   PTLD,	
  

occurring	
   in	
   the	
   first	
   year	
   after	
   transplant,	
   are	
   usually	
   EBV-­‐positive	
   and	
   express	
   the	
   full	
  

complement	
   of	
   latent	
   proteins	
   (latency	
   III).	
   This	
   suggests	
   that	
   they	
   are	
   virus-­‐transformed	
  

cells	
  that	
  are	
  able	
  to	
  grow	
  out	
  due	
  to	
  the	
  lack	
  of	
  effective	
  T	
  cell	
  surveillance;	
  the	
  EBNA3s	
  in	
  

particular	
  are	
  highly	
  immunogenic	
  such	
  that	
  these	
  cells	
  would	
  normally	
  be	
  quickly	
  destroyed	
  

in	
  the	
  presence	
  of	
  functional	
  T	
  cells	
  (Murray	
  et	
  al.	
  1992,	
  Hislop	
  et	
  al.	
  2007).	
  As	
  a	
  result,	
  such	
  

tumours	
   respond	
  well	
   to	
   adoptively	
   transferred	
   cytotoxic	
   T	
   cell	
   therapy	
   (Gottschalk	
   et	
   al.	
  

2005).	
   PTLD	
   encompasses	
   a	
   spectrum	
   of	
   disease,	
   from	
   a	
   polyclonal	
   lympho-­‐proliferation	
  

resembling	
  IM,	
  through	
  polymorphic	
  PTLD	
  to	
  a	
  monomorphic	
  lymphoma	
  resembling	
  diffuse	
  

large	
   B	
   cell	
   lymphoma	
   (DLBCL)	
   or	
   another	
   B	
   cell	
   lymphoma	
   such	
   as	
   BL	
   (Swerdlow	
   et	
   al.	
  

2008).	
  	
  

	
  

EBV-­‐positive	
   tumours	
   occurring	
   in	
   the	
   setting	
   of	
   advanced	
   HIV	
   infection,	
   in	
   contrast,	
   are	
  

aggressive	
   B	
   cell	
   lymphomas	
   and	
   are	
   always	
   monoclonal.	
   These	
   tumours	
   are	
   most	
  

commonly	
   immunoblastic	
   lymphomas,	
   a	
   morphological	
   subtype	
   of	
   DLBCL,	
   and	
   include	
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primary	
   central	
   nervous	
   system	
   lymphoma	
   (Swerdlow	
  et	
   al.	
   2008).	
   EBV-­‐positive	
  DLBCL	
   of	
  

the	
  elderly	
  is	
  a	
  recently	
  defined	
  EBV-­‐positive	
  clonal	
  proliferation	
  that	
  occurs	
  in	
  patients	
  aged	
  

over	
  50	
  years,	
  without	
  any	
  known	
  predisposing	
  immunodeficiency,	
  with	
  increased	
  incidence	
  

in	
   Japan	
   compared	
   to	
   Western	
   countries	
   (Oyama	
   et	
   al.	
   2003,	
   Oyama	
   et	
   al.	
   2007).	
   It	
   is	
  

believed	
  to	
  develop	
  as	
  a	
  result	
  of	
  the	
  gradual	
  decline	
  in	
  function	
  of	
  the	
  cellular	
  branch	
  of	
  the	
  

immune	
  system	
  occurring	
  with	
  increasing	
  age.	
  

	
  

1.3.2	
  Hodgkin	
  Lymphoma	
  

Classical	
  Hodgkin	
  lymphoma	
  (HL)	
  is	
  characterised	
  by	
  the	
  presence	
  of	
  occasional	
  large	
  mono-­‐	
  

or	
  multinucleated	
   tumour	
   cells,	
   called	
  Hodgkin	
   and	
   Reed-­‐Sternberg	
   (HRS)	
   cells,	
  within	
   an	
  

abundant	
   heterogeneous	
   mixture	
   of	
   non-­‐neoplastic	
   cells.	
   The	
   neoplastic	
   HRS	
   cells	
   of	
  

Classical	
  HL	
  are	
  EBV-­‐positive	
  in	
  around	
  40%	
  of	
  cases	
  overall,	
  with	
  variations	
  in	
  EBV-­‐positivity	
  

between	
  different	
  histological	
  subtypes	
  and	
  depending	
  on	
  the	
  clinical	
  setting.	
  The	
  subtypes	
  

include	
  lymphocyte-­‐rich,	
  nodular	
  sclerosis,	
  mixed	
  cellularity	
  and	
  lymphocyte-­‐depleted,	
  with	
  

EBV	
  associated	
  mainly	
  with	
   the	
   latter	
   two	
   subtypes.	
   In	
   tropical	
   regions	
  up	
   to	
  100%	
  of	
  HL	
  

cases	
  are	
  EBV-­‐positive	
  (Swerdlow	
  et	
  al.	
  2008).	
   	
  HL	
  also	
  occurs	
  with	
   increased	
  frequency	
   in	
  

HIV-­‐infected	
  individuals,	
  where	
  almost	
  all	
  cases	
  are	
  EBV-­‐positive	
  (Swerdlow	
  et	
  al.	
  2008).	
  In	
  

EBV-­‐positive	
   cases	
   the	
  neoplastic	
  HRS	
   cells	
   express	
   the	
   latency	
   II	
   set	
  of	
   viral	
   proteins,	
   i.e.	
  

EBNA1,	
   LMP1	
   and	
   LMP2A.	
   Isolated	
   HRS	
   cells	
   have	
   been	
   shown	
   to	
   have	
   clonal	
  

immunoglobulin	
  gene	
  rearrangements	
  with	
  a	
  high	
  degree	
  of	
  SHM,	
  suggesting	
  that	
  they	
  are	
  

derived	
  from	
  GC	
  B	
  cells	
  which	
  have	
  acquired	
  a	
  crippling	
  mutation	
  rendering	
  them	
  unable	
  to	
  

exit	
   from	
   the	
   GC	
   and	
   complete	
   differentiation	
   to	
   memory	
   B	
   cells	
   (Kanzler	
   et	
   al.	
   1996).	
  

LMP2A	
  is	
  able	
  to	
  rescue	
  GC	
  B	
  cells	
  that	
  would	
  otherwise	
  undergo	
  apoptosis,	
  by	
  performing	
  

the	
   pro-­‐survival	
   functions	
   of	
   the	
   BCR	
   (Mancao	
   et	
   al.	
   2005,	
  Mancao	
   and	
   Hammerschmidt	
  

2007).	
  

	
  

1.3.3	
  Burkitt	
  Lymphoma	
  

BL	
   is	
   an	
   extremely	
   rapidly-­‐growing	
   tumour	
   of	
   B	
   cells	
   which	
   is	
   characterised	
   by	
   a	
  

chromosomal	
   translocation	
   involving	
   the	
   MYC	
   proto-­‐oncogene	
   with	
   one	
   of	
   the	
   genes	
  

encoding	
   the	
   immunoglobulin	
   heavy	
   or	
   light	
   chains.	
   This	
   leads	
   to	
   aberrant	
   constitutive	
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expression	
   of	
   MYC,	
   resulting	
   in	
   uncontrolled	
   proliferation	
   but	
   also	
   a	
   lower	
   threshold	
   for	
  

induction	
  of	
  apoptosis.	
  	
  

	
  

BL	
   can	
   be	
   divided	
   into	
   three	
   forms:	
   endemic,	
   which	
   is	
   always	
   EBV-­‐positive	
   and	
   occurs	
   in	
  

association	
  with	
  malaria	
   in	
   children	
   in	
   equatorial	
   Africa	
   and	
   Papua	
  New	
  Guinea;	
   sporadic,	
  

which	
  occurs	
  throughout	
  the	
  world	
  in	
  adults	
  with	
  no	
  apparent	
  underlying	
  predisposition	
  and	
  

is	
  EBV-­‐positive	
   in	
  around	
  30%	
  of	
  cases;	
  and	
  immunodeficiency	
  (usually	
  HIV)	
  -­‐	
  associated,	
   in	
  

which	
  around	
  40%	
  of	
  cases	
  are	
  EBV-­‐positive.	
  HIV-­‐associated	
  BL	
  usually	
  occurs	
  with	
  a	
  higher	
  

CD4	
   count	
   than	
   other	
   HIV-­‐associated	
   malignancies,	
   thought	
   to	
   reflect	
   the	
   importance	
   of	
  

chronic	
  antigenic	
  B	
  cell	
  stimulation	
  rather	
  than	
  immunosuppression	
  in	
  its	
  pathogenesis	
  [(Kirk	
  

et	
  al.	
  2001),	
  reviewed	
  in	
  (Molyneux	
  et	
  al.	
  2012,	
  Gloghini	
  et	
  al.	
  2013)].	
  	
  

	
  

It	
   is	
   thought	
   that	
   the	
   BL	
   tumour	
   cell	
   derives	
   from	
   a	
   post-­‐GC	
   cell	
   which	
   continues	
   to	
  

proliferate	
  due	
  to	
  deregulation	
  of	
  MYC.	
  Double	
  strand	
  breaks	
  (DSB),	
  created	
  by	
  AID,	
  are	
  a	
  

necessary	
  intermediate	
  in	
  the	
  process	
  of	
  CSR,	
  with	
  the	
  MYC	
  promoter	
  region	
  being	
  essential	
  

for	
  the	
  recruitment	
  of	
  AID	
  in	
  order	
  to	
  initiate	
  DSB	
  [reviewed	
  in	
  (Fear	
  2013)].	
  Although	
  AID	
  

can	
  also	
  induce	
  mutations	
  in	
  many	
  other	
  B	
  cell	
  genes	
  (Liu	
  et	
  al.	
  2008),	
  these	
  are	
  repaired	
  by	
  

different	
   mechanisms	
   which	
   are	
   less	
   subject	
   to	
   error,	
   for	
   example	
   the	
   p53,	
   ataxia	
  

telangiectasia	
  mutated	
   (ATM)	
  and	
  p14ARF	
  pathways	
   that	
  protect	
  against	
  DNA	
  damage	
  and	
  

oncogenic	
  stress.	
  AID	
  activity	
  is	
  therefore	
  essential	
  for	
  the	
  DSBs	
  that	
  allow	
  translocation	
  of	
  

MYC	
  to	
  IgH	
  (Robbiani	
  et	
  al.	
  2008).	
  Point	
  mutations	
  of	
  the	
  translocated	
  MYC	
  can	
  also	
  occur	
  in	
  

BL,	
  resulting	
  from	
  the	
  action	
  of	
  AID.	
  These	
  can	
  lead	
  to	
  loss	
  of	
  the	
  ability	
  of	
  MYC	
  to	
  induce	
  

BIM,	
   thus	
   the	
   mutants	
   retain	
   ability	
   to	
   promote	
   proliferation,	
   but	
   lose	
   ability	
   to	
   induce	
  

apoptosis	
  (Hemann	
  et	
  al.	
  2005).	
  

	
  

The	
   exact	
   role	
   of	
   EBV	
   in	
   pathogenesis	
   is	
   still	
   unclear,	
   but	
   it	
   has	
   been	
   proposed	
   that	
   EBV	
  

promotes	
  development	
  of	
  BL	
  by	
  causing	
  other	
  changes	
  in	
  cellular	
  genes	
  which	
  enable	
  the	
  cell	
  

to	
   tolerate	
   dysregulated	
   MYC	
   without	
   undergoing	
   apoptosis	
   or	
   senescence,	
   roughly	
  

equivalent	
   to	
   the	
  MYC	
  mutants	
   described	
   above	
   (Thorley-­‐Lawson	
   and	
   Allday	
   2008,	
   Allday	
  

2009).	
  EBNA3A	
  and	
  EBNA3C	
  cooperate	
  to	
  down-­‐regulate	
  pro-­‐apoptotic	
  BIM,	
  thus	
  again	
  MYC-­‐

induced	
   proliferation	
   can	
   occur	
   without	
   induction	
   of	
   apoptosis	
   (Anderton	
   et	
   al.	
   2008,	
  

Thorley-­‐Lawson	
  and	
  Allday	
  2008,	
  Allday	
  2009,	
  Paschos	
  et	
  al.	
  2009).	
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Although	
  MYC	
   translocations	
  are	
  the	
  hallmark	
  of	
  BL,	
   they	
  are	
  not	
  sufficient	
   to	
  cause	
   it,	
  as	
  

the	
  presence	
  of	
  the	
  translocation	
  has	
  been	
  identified	
  in	
  normal	
  individuals	
  (Janz	
  et	
  al.	
  2003)	
  

and	
  can	
  occur,	
  at	
  lower	
  frequency,	
  in	
  DLBCL	
  or	
  in	
  the	
  related	
  category	
  described	
  in	
  the	
  2008	
  

WHO	
   Classification	
   ‘B	
   cell	
   lymphoma,	
   unclassifiable,	
   with	
   features	
   intermediate	
   between	
  

diffuse	
  large	
  B	
  cell	
  lymphoma	
  and	
  Burkitt	
  lymphoma’	
  (Swerdlow	
  et	
  al.	
  2008,	
  Lin	
  et	
  al.	
  2012).	
  

The	
  gene	
  expression	
  profile	
  of	
  BL	
  has	
  been	
  identified	
  to	
  be	
  distinct	
  from	
  that	
  of	
  DLBCL	
  (Dave	
  

et	
   al.	
   2006,	
   Hummel	
   et	
   al.	
   2006)	
   and	
   recently	
   several	
   groups	
   have	
   demonstrated	
   the	
  

involvement	
   of	
   recurrent	
   gene	
   mutations	
   in	
   BL,	
   particularly	
   ID3	
   which	
   acts	
   as	
   a	
   tumour	
  

suppressor	
  (Love	
  et	
  al.	
  2012,	
  Richter	
  et	
  al.	
  2012,	
  Schmitz	
  et	
  al.	
  2012).	
  	
  

	
  

1.4	
  Systems	
  for	
  studying	
  the	
  effects	
  of	
  EBV	
  in	
  vitro	
  and	
  in	
  vivo	
  

Early	
   investigations	
   of	
   the	
   effects	
   of	
   specific	
   EBV	
   latent	
   proteins	
   were	
   performed	
   using	
  

naturally	
  occurring	
  EBV-­‐positive	
  BL	
   cell	
   lines	
   in	
  which	
   the	
  virus	
   lacks	
  expression	
  of	
  one	
  or	
  

more	
   latent	
   proteins,	
   such	
   as	
   P3HR1-­‐BL	
  or	
  Daudi,	
  which	
  both	
   lack	
   full	
   EBNA2	
  expression.	
  

However,	
   in	
  order	
  to	
  prove	
  that	
   the	
  phenotypic	
  effects	
  of	
   this	
  were	
  due	
  to	
  EBNA2,	
   it	
  was	
  

necessary	
   to	
   reinsert	
   the	
   EBNA2	
   gene	
   into	
   these	
   cells	
   by	
   transfection	
   in	
   order	
   to	
   show	
  

reversal	
  of	
  the	
  phenotype	
  [for	
  example	
  (Cordier	
  et	
  al.	
  1990)].	
  Therefore	
  it	
  was	
  necessary	
  to	
  

develop	
  a	
  system	
  for	
   rationally	
   investigating	
   the	
  effects	
  of	
  other	
   latent	
  proteins	
   for	
  which	
  

naturally	
  occurring	
  mutants	
  were	
  not	
  available.	
  	
  	
  

	
  

Due	
  to	
  the	
  large	
  size	
  of	
  the	
  EBV	
  genome,	
  it	
  was	
  not	
  possible	
  to	
  adequately	
  study	
  the	
  effects	
  

of	
  mutant	
  EBV	
  using	
  conventional	
  cloning	
  techniques.	
  Therefore,	
  the	
  EBV	
  bacterial	
  artificial	
  

chromosome	
  (BAC)	
  system	
  was	
  developed	
  by	
  Delecluse	
  et	
  al	
  in	
  the	
  late	
  1990s.	
  They	
  cloned	
  

the	
  complete	
  B95.8	
  EBV	
  genome,	
  along	
  with	
  a	
  green	
  fluorescent	
  protein	
  (GFP)	
  reporter	
  and	
  

a	
  hygromycin	
  resistance	
  cassette,	
   into	
  an	
  F-­‐factor	
  based	
  replicon	
  in	
  E.	
  coli	
  (Delecluse	
  et	
  al.	
  

1998).	
  This	
  enabled	
  creation	
  of	
  recombinant	
  EBV,	
  which	
  could	
  be	
   inserted	
  by	
  homologous	
  

recombination.	
   A	
   shuttle	
   vector	
   system	
   was	
   then	
   used	
   to	
   introduce	
   the	
   BAC	
   into	
   a	
   293	
  

eukaryotic	
   producer	
   cell	
   line.	
   Recombinant	
   BAC-­‐containing	
   producer	
   cells	
   could	
   then	
   be	
  

selected	
   for	
  by	
  addition	
  of	
  hygromycin,	
  which	
   is	
   toxic	
   to	
  BAC-­‐negative	
   cells.	
   The	
   cells	
   can	
  

then	
   be	
   induced	
   to	
   lytic	
   replication	
   so	
   that	
   recombinant	
   infectious	
   virions	
   are	
   produced	
  

(Delecluse	
  et	
  al.	
  1998,	
  Feederle	
  et	
  al.	
  2010).	
  The	
  recombinant	
  viruses	
  obtained	
  can	
  then	
  be	
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used	
   to	
   infect	
   primary	
   B	
   cells	
   or	
   EBV-­‐negative	
   BL	
   cell	
   lines	
   in	
   order	
   to	
   investigate	
   the	
  

phenotypic	
  effects	
  of	
  deletion	
  of	
  individual	
  latent	
  genes.	
  	
  

	
  

Studies	
   investigating	
   the	
   effects	
   of	
   EBV	
   early	
   after	
   B	
   cell	
   infection	
   have	
   been	
   done	
   using	
  

purified	
  B	
  cells	
  extracted	
  from	
  peripheral	
  blood	
  or	
  occasionally	
  from	
  other	
  lymphoid	
  organs,	
  

such	
  as	
  extracted	
  tonsils,	
  or	
  in	
  some	
  case	
  peripheral	
  blood	
  mononuclear	
  cells	
  (PBMCs).	
  LCLs	
  

are	
  established	
   in	
  vitro	
  by	
  infecting	
  resting	
  B	
  cells	
  or	
  PBMCs	
  with	
  EBV,	
  following	
  which	
  the	
  

cells	
  develop	
  into	
  a	
  continuously	
  proliferating	
  immortalised	
  cell	
  line.	
  In	
  this	
  way,	
  the	
  effects	
  

of	
  EBV	
   infection	
  on	
  the	
  cellular	
  phenotype	
  can	
  be	
   investigated.	
  LCLs	
  express	
  markers	
  of	
  B	
  

cell	
  activation,	
  such	
  as	
  CD23	
  (Thorley-­‐Lawson	
  and	
  Mann	
  1985).	
  	
  

	
  

BL	
  cell	
  lines	
  have	
  generally	
  been	
  established,	
  as	
  in	
  the	
  initial	
  case	
  by	
  Epstein,	
  by	
  setting	
  up	
  a	
  

suspension	
  culture	
  using	
  free-­‐floating	
  cells	
  from	
  a	
  fresh	
  human	
  biopsy	
  sample	
  (Epstein	
  and	
  

Barr	
  1964).	
   Subsequently,	
   cell	
   lines	
  were	
  established	
   in	
  a	
   similar	
  manner	
   from	
  samples	
  of	
  

EBV-­‐negative	
  BL	
  (including	
  BL2	
  and	
  BL31	
  as	
  used	
  in	
  this	
  study)	
  and	
  it	
  was	
  shown	
  that	
  these	
  

could	
   be	
   successfully	
   infected	
   with	
   the	
   prototypic	
   wild-­‐type	
   EBV	
   strain	
   B95.8	
   in	
   vitro	
   to	
  

produce	
   a	
   continuously	
   proliferating	
   EBV-­‐positive	
   cell	
   line	
   (Calender	
   et	
   al.	
   1987).	
  

Phenotypically,	
  BL	
  generally	
  correspond	
  to	
  resting	
  B	
  cells,	
  being	
  small	
  and	
  round,	
  whereas	
  

LCLs	
   have	
   a	
   phenotype	
   more	
   like	
   activated	
   B	
   blasts,	
   with	
   increased	
   cell	
   size,	
   more	
  

voluminous	
  cytoplasm	
  and	
  ruffling	
  of	
  the	
  cell	
  membrane.	
  	
  

	
  

There	
   are	
   advantages	
   and	
   disadvantages	
   to	
   studying	
   the	
   effects	
   of	
   EBV	
   using	
   primary	
   B	
  

cells/LCLs	
   and	
   in	
   vitro	
   infection	
   of	
   EBV-­‐negative	
   BL.	
   The	
   main	
   problem	
   with	
   LCLs	
   is	
   that	
  

several	
  of	
  the	
  EBV	
  latent	
  antigens	
  are	
  needed	
  for	
  establishment	
  and	
  continued	
  proliferation	
  

of	
   the	
   LCL	
   itself,	
   and	
   therefore	
   it	
   is	
   not	
   possible	
   to	
   directly	
   investigate	
   the	
   effects	
   of	
  

deletion/mutation	
  of	
   these	
  genes.	
  Using	
  EBV-­‐negative	
  BL	
   infected	
  with	
  recombinant	
  virus,	
  

on	
  the	
  other	
  hand,	
  it	
  is	
  possible	
  to	
  investigate	
  the	
  effects	
  of	
  deletion	
  of	
  individual	
  EBV	
  latent	
  

antigens,	
   since	
   this	
   should	
   not	
   affect	
   the	
   proliferation	
   of	
   the	
   cell	
   lines	
   themselves.	
   The	
  

disadvantage	
  of	
  BL,	
  however,	
   is	
  that	
  they	
  are	
  already	
  highly	
  dysregulated,	
  having	
  acquired	
  

multiple	
  mutations	
  and/or	
  epigenetic	
  changes	
   in	
  order	
   to	
  develop	
   into	
   tumour	
  cells.	
  They	
  

therefore	
  match	
  the	
  situation	
  in	
  the	
  normal	
  EBV	
  life	
  cycle	
  in	
  humans	
  less	
  closely	
  than	
  LCLs.	
  

Furthermore,	
   any	
   cell	
   line	
   propagated	
   in	
   vitro	
   is	
   subject	
   to	
   continuous	
   selection	
   during	
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repeated	
   passage;	
   for	
   instance	
   it	
   has	
   been	
   shown	
   that	
   changes	
   in	
   expression	
   in	
  multiple	
  

genes	
  occur	
  between	
  early	
  and	
  late	
  passage	
  LCLs	
  (Lee	
  et	
  al.	
  2010).	
  

	
  	
  	
  	
  

Since	
  EBV	
  is	
  a	
  human-­‐only	
  pathogen,	
  there	
  is	
  no	
  direct	
  animal	
  model	
  of	
  EBV	
  with	
  which	
  to	
  

study	
   its	
   effects	
   in	
   vivo.	
   However,	
   immunodeficient	
   mice	
   have	
   had	
   components	
   of	
   the	
  

human	
  immune	
  system	
  incorporated,	
  in	
  order	
  to	
  create	
  a	
  humanised	
  mouse	
  model	
  of	
  EBV	
  

infection	
  (Yajima	
  et	
  al.	
  2008).	
  A	
  similar	
  model	
  has	
  recently	
  been	
  used	
  to	
  study	
  the	
  effects	
  of	
  

recombinant	
  EBV	
  in	
  vivo,	
  for	
  example	
  in	
  (White	
  et	
  al.	
  2012).	
  

	
  

1.4.1	
  Cell	
  lines	
  established	
  from	
  EBV-­‐positive	
  BL	
  

EBV-­‐positive	
  BL	
  can	
  be	
  divided	
  into	
  groups	
  I-­‐III	
  based	
  on	
  their	
  phenotype,	
  according	
  to	
  their	
  

degree	
   of	
   phenotypic	
   change	
   towards	
   that	
   of	
   LCLs	
   and	
   their	
   expression	
   of	
   EBV	
   latent	
  

proteins,	
   with	
   group	
   I	
   expressing	
   EBNA1	
   only,	
   group	
   II	
   expressing	
   EBNA2	
   and	
   LMP1,	
   and	
  

group	
  III	
  expressing	
  the	
  full	
  set	
  of	
  nine	
  latent	
  proteins.	
  However,	
  some	
  BL	
  have	
  been	
  shown	
  

to	
   express	
   EBNA2	
   without	
   LMP1	
   (Rowe	
   et	
   al.	
   1987).	
   When	
   EBV-­‐positive	
   BL	
   are	
   initially	
  

cultured	
   from	
   a	
   fresh	
   biopsy,	
   they	
   usually	
   express	
   CD10,	
   but	
   are	
   negative	
   for	
   CD23,	
   and	
  

express	
  type	
  I	
  latency	
  EBV	
  antigens.	
  However,	
  in	
  continued	
  culture	
  they	
  show	
  a	
  phenotypic	
  

shift	
   to	
   type	
   III	
   latency	
   expression,	
   along	
   with	
   expression	
   of	
   B	
   cell	
   activation	
   markers	
  

including	
  CD23,	
   and	
   loss	
  of	
  CD10	
  expression,	
   accompanied	
  by	
  a	
   change	
   in	
  morphology	
   to	
  

more	
  closely	
  resemble	
  LCLs	
  as	
  well	
  as	
  cell	
  clumping	
  (Rowe	
  et	
  al.	
  1987).	
  	
  

	
  

Group	
  I	
  BL	
  use	
  the	
  Q	
  promoter	
  (Qp)	
  for	
  EBNA1	
  expression,	
  whereas	
  in	
  latency	
  III	
  (LCLs)	
  the	
  

promoters	
   Wp	
   and	
   Cp	
   are	
   used	
   (see	
   fig.	
   1.2).	
   A	
   subset	
   of	
   BL	
   has	
   more	
   recently	
   been	
  

identified	
   in	
  which	
  the	
   latency	
   III-­‐associated	
  promoter	
  Wp,	
  rather	
  than	
   latency-­‐I	
  associated	
  

Qp,	
  is	
  active	
  but	
  in	
  which	
  a	
  deletion	
  of	
  EBNA2	
  results	
  in	
  lack	
  of	
  expression	
  of	
  LMP1,	
  LMP2A	
  

and	
   LMP2B	
   and	
   lack	
   of	
   activity	
   of	
   Cp	
   (Kelly	
   et	
   al.	
   2002).	
   These	
   Wp-­‐restricted	
   BL,	
   which	
  

express	
  EBNA1,	
  EBNA3A,	
  EBNA3B,	
  EBNA3C	
  and	
  a	
  truncated	
  EBNA-­‐LP,	
  but	
  no	
  EBNA2	
  or	
  LMPs,	
  

are	
  relatively	
  protected	
  from	
  apoptosis	
  induced	
  by	
  anti-­‐IgM	
  and	
  ionomycin	
  when	
  compared	
  

to	
   type	
   I	
   BL	
   (which	
   express	
   only	
   EBNA1)	
   (Kelly	
   et	
   al.	
   2005).	
   The	
   naturally	
   occurring	
   EBV-­‐

positive	
   BL	
  which	
   lack	
   full	
   EBNA2	
   expression,	
   including	
   Daudi	
   and	
   P3HR1-­‐BL	
   (as	
   described	
  

above),	
  as	
  well	
  as	
  BAC-­‐derived	
  recombinant	
  EBNA2	
  KO-­‐infected	
  BL,	
  were	
  similarly	
  resistant	
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to	
  apoptosis	
  induced	
  by	
  these	
  agents	
  (Kelly	
  et	
  al.	
  2005).	
  MYC,	
  which	
  is	
  overexpressed	
  in	
  BL,	
  

generally	
  makes	
  them	
  prone	
  to	
  apoptosis,	
  and	
  thus	
  the	
  resistance	
  to	
  apoptosis	
  seen	
  in	
  Wp-­‐

restricted	
   BL	
   provides	
   a	
   survival	
   advantage.	
   This	
   suggests	
   that	
   the	
   addition	
   of	
   the	
   EBNA3	
  

proteins	
   gives	
   the	
  Wp-­‐restricted	
  BL	
   an	
   advantage	
   in	
   terms	
  of	
   protection	
   against	
   apoptosis	
  

induced	
  by	
  several	
  agents.	
  Indeed	
  this	
  has	
  been	
  shown,	
  as	
  for	
  instance	
  EBNA3A	
  and	
  EBNA3C	
  

cooperate	
  to	
  down-­‐regulate	
  pro-­‐apoptotic	
  BIM	
  (Anderton	
  et	
  al.	
  2008,	
  Paschos	
  et	
  al.	
  2009).	
  

The	
  EBNA3	
  proteins	
  are	
  normally	
  highly	
  immunogenic	
  (Murray	
  et	
  al.	
  1992);	
  however,	
  these	
  

Wp-­‐restricted	
  BL	
  were	
  not	
  recognised	
  by	
  EBV-­‐specific	
  CD8-­‐positive	
  T	
  cells.	
  LMP1	
  expression	
  

enhances	
  antigen-­‐processing	
  activity	
  and	
  expression	
  of	
  human	
  leucocyte	
  antigen	
  (HLA)	
  class	
  I	
  

molecules	
  (Rowe	
  et	
  al.	
  1995,	
  Brooks	
  et	
  al.	
  2009),	
  and	
  thus	
  it	
  was	
  proposed	
  that	
  the	
  lack	
  of	
  

LMP1	
   expression	
   in	
   Wp-­‐restricted	
   BL	
   allows	
   them	
   to	
   avoid	
   T	
   cell	
   recognition	
   in	
   spite	
   of	
  

expressing	
  EBNA3	
  proteins	
  (Kelly	
  et	
  al.	
  2002).	
  	
  	
  	
  

	
  

1.5	
  Mechanisms	
  of	
  lymphoma	
  development	
  

Lymphoma	
   is	
   a	
   form	
  of	
   cancer,	
   i.e.	
   a	
   clonal	
   proliferation	
  of	
   abnormal	
   lymphoid	
   cells.	
   Cell	
  

division	
   and	
   differentiation	
   are	
   normally	
   tightly	
   controlled,	
   but	
   loss	
   of	
   control	
   over	
   such	
  

processes	
   can	
   lead	
   to	
   cancer	
   development.	
   Loss	
   of	
   control	
   can	
   generally	
   be	
   acquired	
   by	
  

either	
  abnormal	
  over-­‐activation	
  of	
   regulatory	
  genes	
  which	
  control	
  proliferation,	
  known	
  as	
  

oncogenes,	
  or	
  by	
  loss	
  of	
  expression	
  of	
  genes	
  which	
  normally	
  control	
  processes	
  such	
  as	
  cell	
  

division,	
  differentiation	
  and	
  apoptosis.	
  Such	
  genes	
  are	
  known	
  as	
  tumour	
  suppressor	
  genes	
  

(TSGs).	
  	
  

	
  

Haematopoietic	
  tumours	
  including	
  lymphoma	
  typically	
  develop	
  as	
  a	
  result	
  of	
  a	
  series	
  of	
  such	
  

changes,	
  and	
  arise	
  originally	
  within	
  a	
  single	
  cell.	
  As	
  the	
  cell	
  proliferates	
  abnormally,	
  further	
  

changes	
  can	
  be	
  acquired	
  leading	
  to	
  a	
  more	
  abnormal	
  phenotype.	
  The	
  dysregulation	
  of	
  gene	
  

expression	
   may	
   occur	
   in	
   a	
   number	
   of	
   ways,	
   including	
   by	
   genetic	
   mutation	
   (i.e.	
   altered	
  

genetic	
   sequence),	
   chromosomal	
   abnormalities	
   such	
   as	
   translocations,	
   deletions	
   or	
  

inversions,	
   or	
   by	
   changes	
   which	
   alter	
   the	
   expression	
   of	
   genes	
   without	
   altering	
   the	
  

underlying	
   DNA	
   sequence,	
   known	
   as	
   epigenetic	
   changes;	
   these	
   will	
   now	
   be	
   discussed	
  

further.	
   TSGs	
   include	
   genes	
   which	
   regulate	
   progression	
   through	
   the	
   cell	
   cycle,	
   or	
   which	
  

control	
  apoptosis;	
  these	
  processes	
  will	
  be	
  discussed	
  further	
  later	
  in	
  this	
  section.	
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1.5.1	
  Epigenetic	
  modifications	
  

Epigenetic	
  modifications	
  affect	
  the	
  expression	
  of	
  genes	
  without	
  altering	
  the	
  underlying	
  DNA	
  

sequence	
  (Berger	
  et	
  al.	
  2009).	
  They	
  include	
  covalent	
  histone	
  modifications	
  and	
  methylation	
  

of	
   CpG	
   dinucleotides	
   of	
   DNA.	
   These	
   changes	
   can	
   result	
   in	
   transcriptional	
   silencing	
   or	
  

activation	
  of	
  genes,	
  can	
  be	
  heritable	
  and	
  are	
   increasingly	
   recognised	
  as	
  being	
   important	
   in	
  

the	
  development	
  of	
  cancer	
  [reviewed	
  in	
  (Esteller	
  2007)].	
  

	
  

1.5.1.1	
  Histone	
  modifications	
  

In	
  eukaryotic	
   cells,	
  DNA	
  within	
  chromosomes	
   is	
  packaged	
  by	
   interactions	
  with	
  histone	
  and	
  

non-­‐histone	
   proteins	
   to	
   form	
   chromatin.	
   The	
   basic	
   unit	
   of	
   chromatin	
   packaging	
   is	
   the	
  

nucleosome,	
  consisting	
  of	
  an	
  octamer	
  of	
  histone	
  proteins	
   (two	
  each	
  of	
  histones	
  H2A,	
  H2B,	
  

H3	
  and	
  H4)	
  forming	
  a	
  protein	
  core	
  around	
  which	
  DNA	
  is	
  wound	
  (Luger	
  et	
  al.	
  1997).	
  Histones	
  

can	
  undergo	
  reversible	
  covalent	
  modifications	
  of	
  their	
  N-­‐terminal	
  tails,	
  resulting	
  in	
  changes	
  

in	
  the	
  transcriptional	
  activity	
  of	
  particular	
  genes.	
  Such	
  modifications	
  include,	
  among	
  others,	
  

methylation	
  and	
  acetylation	
  of	
  lysines.	
  Generally,	
  acetylation	
  of	
  histones,	
  for	
  example	
  lysine	
  

9	
  of	
  histone	
  H3	
  (H3K9Ac),	
  is	
  associated	
  with	
  transcriptional	
  activation,	
  as	
  is	
  trimethylation	
  of	
  

lysine	
   4	
   of	
   histone	
   H3	
   (H3K4Me3),	
   whereas	
   trimethylation	
   of	
   lysine	
   27	
   of	
   histone	
   H3	
  

(H3K27Me3)	
  is	
  associated	
  with	
  transcriptional	
  repression	
  (Kouzarides	
  2007).	
  	
  

	
  

The	
   polycomb	
   group	
   (PcG)	
   proteins	
   are	
   a	
   group	
   of	
   proteins	
   that	
   were	
   first	
   described	
   in	
  

Drosophila	
   and	
   are	
   vitally	
   important	
   for	
   embryonic	
   development	
   and	
   cell	
   differentiation.	
  

They	
  have	
  also	
  been	
  shown	
  to	
  be	
  necessary	
  for	
  maintenance	
  of	
  identities	
  of	
  stem,	
  progenitor	
  

and	
   differentiated	
   cells	
   (Pietersen	
   and	
   van	
   Lohuizen	
   2008).	
   They	
   function	
   within	
   groups	
  

called	
   polycomb	
   repressive	
   complexes	
   (PRC)	
   and	
   are	
   involved	
   in	
   chromatin	
   modifications	
  

leading	
  to	
  gene	
  repression.	
  PRC2	
  consists	
  of	
  the	
  histone	
  methyltransferase	
  enzyme	
  enhancer	
  

of	
   zeste	
   homologue	
   2	
   (EZH2),	
   embryonic	
   ectoderm	
   development	
   (EED)	
   and	
   suppressor	
   of	
  

zeste	
   12	
   homologue	
   (SUZ12)	
   (Kirmizis	
   et	
   al.	
   2004)	
   (see	
   fig.	
   1.7).	
   EZH2	
   performs	
   H3K27	
  

trimethylation	
   (Cao	
  et	
  al.	
  2002).	
  Until	
   recently	
   this	
  was	
   thought	
   to	
   result	
   in	
   recruitment	
  of	
  

PRC1;	
  however,	
   there	
   is	
   increasing	
  evidence	
   that	
  H3K27Me3	
  may	
  not	
  always	
   recruit	
  PRC1,	
  

since	
   some	
   PRC1	
   complexes	
   lack	
   the	
   site	
   necessary	
   for	
   H3K27Me3	
   binding;	
   instead,	
   PRC1	
  

may	
   be	
   recruited	
   by	
   other	
  means,	
   especially	
   in	
  mammalian	
   cells	
   (reviewed	
   in	
   (Simon	
   and	
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Kingston	
  2013).	
  PRC1	
  catalyses	
  the	
  ubiquitylation	
  of	
  histone	
  H2A	
  on	
  K119	
  (Cao	
  et	
  al.	
  2005)	
  

which	
   contributes	
   to	
  maintenance	
  of	
   the	
   created	
   repressive	
   chromatin	
   state,	
   although	
   the	
  

mechanism	
  of	
  this	
  is	
  not	
  currently	
  understood	
  (Simon	
  and	
  Kingston	
  2013).	
  EZH2	
  also	
  recruits	
  

DNA	
   methyltransferases	
   hence	
   marking	
   genes	
   for	
   DNA	
   methylation	
   (Vire	
   et	
   al.	
   2006,	
  

Schlesinger	
  et	
  al.	
  2007).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  1.7:	
  Schematic	
  diagram	
  of	
  polycomb	
  repressive	
  complex	
  2	
  (PRC2)	
  

The	
  core	
  components	
  of	
  PRC2	
  are	
  enhancer	
  of	
  zeste	
  homologue	
  2	
  (EZH2),	
  embryonic	
  ectoderm	
  development	
  

(EED),	
  suppressor	
  of	
  zeste	
  12	
  homologue	
  (SUZ12)	
  and	
  the	
  histone	
  binding	
  proteins,	
  Retinoblastoma	
  associated	
  

proteins	
  46	
  and	
  48	
   (RbAp46/48).	
  PRC2	
  has	
  histone	
  methyltransferase	
  activity	
  specific	
   for	
   lysine	
  27	
  of	
  histone	
  

H3,	
  resulting	
  in	
  transcriptional	
  repression	
  by	
  trimethylation	
  (H3K27Me3)	
  (Kuzmichev	
  et	
  al.	
  2002,	
  Kirmizis	
  et	
  al.	
  

2004).	
  	
  	
  

	
  

It	
  has	
  been	
  shown	
  that	
  some	
  genes	
  have	
  both	
  active	
  (H3K4Me3)	
  and	
  repressive	
  (H3K27Me3)	
  

chromatin	
   marks	
   simultaneously;	
   these	
   are	
   known	
   as	
   bivalent	
   domains	
   (Bernstein	
   et	
   al.	
  

2006).	
  It	
  is	
  thought	
  that	
  in	
  this	
  way	
  the	
  genes	
  are	
  ‘poised’	
  for	
  either	
  activation	
  or	
  inactivation	
  

in	
  preparation	
  for	
  differential	
  expression	
  during	
  cell	
  differentiation,	
  suggesting	
  that	
  bivalency	
  

allows	
   postponement	
   of	
   the	
   decision	
   as	
   to	
   whether	
   the	
   gene	
   should	
   be	
   activated	
   or	
  

repressed	
   (Pietersen	
   and	
   van	
   Lohuizen	
   2008).	
   These	
   genes	
   tend	
   to	
   be	
   important	
   in	
  

developmental	
  control	
  and	
  are	
  often	
  epigenetically	
  silenced	
  by	
  promoter	
  DNA	
  methylation	
  in	
  

cancer	
  (Ohm	
  et	
  al.	
  2007).	
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1.5.1.2	
  DNA	
  methylation	
  

A	
   further	
   type	
   of	
   epigenetic	
   modification	
   is	
   methylation	
   of	
   cytosine	
   bases	
   in	
   CpG	
  

dinucleotides	
  within	
  genomic	
  DNA.	
  Within	
  the	
  genome	
  there	
  are	
   fewer	
  CpG	
  dinucleotides	
  

than	
  would	
  be	
  expected,	
   assuming	
  an	
  equal	
  distribution	
  of	
   all	
   nucleotides.	
   Those	
  present	
  

are	
  also	
  not	
  evenly	
  distributed	
  along	
  the	
  genome,	
  being	
  concentrated	
  in	
  particular	
  regions	
  

known	
   as	
   ‘CpG	
   islands’,	
   which	
   are	
   often	
   around	
   1kbp	
   in	
   length	
   and	
   found	
   within	
   the	
  

promoter	
  regions	
  of	
  around	
  60-­‐70%	
  of	
  human	
  genes.	
  Although	
  CpGs	
  outside	
  of	
  CpG	
  islands	
  

are	
  generally	
  methylated,	
  the	
  DNA	
  within	
  CpG	
  islands	
  is	
  normally	
  unmethylated,	
  and	
  genes	
  

where	
  this	
  occurs	
  are	
  transcriptionally	
  active.	
  However,	
  CpG	
  methylation	
  within	
  CpG	
  islands	
  

leads	
   to	
   transcriptional	
   silencing	
   of	
   the	
   relevant	
   gene.	
   When	
   CpGs	
   are	
   methylated,	
   this	
  

modification	
   is	
   heritable	
   and	
   hence	
   epigenetic.	
   DNA	
   methylation	
   is	
   important	
   in	
  

malignancies,	
   where	
   hypermethylation	
  within	
   gene	
   promoters	
   often	
   leads	
   to	
   silencing	
   of	
  

tumour	
  suppressor	
  genes	
  (Esteller	
  2007).	
  	
  

	
  

1.5.2	
  The	
  cell	
  cycle	
  

The	
  cell	
   cycle	
   is	
   a	
   regulated	
   series	
  of	
  events	
  enabling	
   the	
  cell	
   to	
  divide.	
   It	
   consists	
  of	
   two	
  

active	
   phases,	
   the	
   S	
   (or	
   DNA	
   synthesis)	
   phase,	
   in	
   which	
   DNA	
   replication	
   occurs,	
   and	
   the	
  

mitosis	
  (M)	
  phase,	
  which	
  is	
  followed	
  by	
  cytokinesis.	
  In	
  between	
  these	
  phases	
  are	
  two	
  resting	
  

(Gap)	
  phases,	
  G1	
  and	
  G2	
  (fig.	
  1.8).	
  Cells	
  can	
  also	
  exit	
  the	
  cell	
  cycle	
  completely	
  from	
  G1	
  for	
  a	
  

longer	
   time,	
   entering	
   a	
   resting	
   phase,	
   G0.	
   Senescence	
   is	
   a	
   permanent	
   exit	
   from	
   the	
   cell	
  

cycle.	
  	
  

	
  

Progression	
  through	
  the	
  cell	
  cycle	
  is	
  tightly	
  controlled	
  by	
  a	
  set	
  of	
  cyclin-­‐dependent	
  kinases	
  

(CDK),	
  whose	
  kinase	
  activity	
   is	
   in	
  turn	
  dependent	
  on	
  binding	
  by	
  cyclins,	
  which	
  are	
  positive	
  

regulators	
  and	
  determine	
  the	
  specificity	
  of	
  the	
  CDK.	
  Cyclins	
  are	
  classified	
  into	
  four	
  groups,	
  

the	
  A,	
  B,	
  D	
  and	
  E	
  cyclins.	
  Specific	
  cyclins	
  are	
  expressed	
  at	
  specific	
  times	
  during	
  the	
  cell	
  cycle	
  

and	
   thus	
   regulate	
   the	
   activity	
   of	
   the	
   CDKs,	
   with	
   the	
   levels	
   of	
   cyclin	
   expression	
   being	
  

controlled	
  by	
  synthesis	
  and	
  degradation.	
  Expression	
  of	
  specific	
  CDKs	
  also	
  occurs	
  at	
  specific	
  

times	
  within	
  the	
  cycle,	
  with	
  CDKs	
  2,	
  4	
  and	
  6	
  acting	
  in	
  interphase	
  and	
  CDK1	
  acting	
  in	
  mitosis.	
  

D	
   cyclins	
   are	
   expressed	
   early	
   in	
   G1	
   and	
   bind	
   to	
   CDK4	
   and	
   CDK6,	
   allowing	
   progression	
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through	
  G1;	
  cyclin	
  E	
  expression	
  then	
  activates	
  CDK2	
  to	
  allow	
  progression	
   into	
  the	
  S	
  phase	
  

(fig.	
  1.8).	
  	
  	
  

	
  

	
  
Figure	
  1.8:	
  Cell	
  cycle	
  regulation	
  

The	
  cell	
   cycle	
   consists	
  of	
   the	
  S	
  phase,	
   in	
  which	
  DNA	
  synthesis	
  occurs,	
   the	
  M	
  phase	
   for	
  mitosis	
   and	
   two	
  gap	
  

phases,	
  G1	
   and	
  G2.	
   Progression	
  between	
   stages	
   is	
   controlled	
  by	
   cyclin-­‐dependent	
   kinases	
   (CDKs)	
  which	
   are	
  

expressed	
  at	
  distinct	
  stages.	
  These	
  are	
  controlled	
  by	
  binding	
  to	
  specific	
  cyclins.	
  The	
  CDKs	
  are	
  regulated	
  by	
  two	
  

families	
   of	
   CDK	
   inhibitors,	
   the	
   INK	
   and	
   the	
   CIP/KIP	
   families.	
   The	
   restriction	
   point	
   R	
   controls	
   entry	
   to	
   the	
   S	
  

phase,	
   and	
   the	
   cell	
   is	
   committed	
   to	
   DNA	
   replication	
   once	
   R	
   has	
   been	
   passed.	
   Adapted	
   from	
   (Dehay	
   and	
  

Kennedy	
  2007).	
  

	
  

There	
   are	
   also	
  CDK	
   inhibitors	
   (CDKIs)	
  which	
  modulate	
   the	
   activity	
   of	
   CDKs;	
   these	
   fall	
   into	
  

two	
   groups:	
   the	
   CIP/KIP	
   family	
   (p21CIP1/WAF1,	
   p27KIP1	
   and	
   p57KIP2)	
   and	
   the	
   INK4	
   family	
  

(p15INK4B,	
   p16INK4A,	
   p18INK4C	
   and	
   p19INK4D).	
   p15INK4B	
   is	
   encoded	
   by	
  CDKN2B,	
   which	
   is	
   found	
  

close	
   to	
   the	
   genes	
   for	
   two	
   other	
   tumour	
   suppressors,	
   p14ARF	
   and	
   p16INK4a	
   at	
   the	
  

INK4a/ARF/INK4b	
   locus,	
  which	
   is	
   frequently	
   deleted	
   in	
   cancer.	
   Both	
   p15INK4B	
   and	
   p16INK4A	
  

bind	
  to	
  and	
  inactivate	
  CDK4/6,	
  which	
  promote	
  proliferation;	
  thus	
  expression	
  of	
  p15INK4B	
  or	
  

p16INK4A	
  result	
  in	
  cell	
  cycle	
  arrest.	
  p14ARF	
  inhibits	
  MDM2,	
  leading	
  to	
  the	
  stabilisation	
  of	
  p53	
  

(Kim	
  and	
  Sharpless	
  2006).	
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The	
  INK4	
  CDKIs	
  bind	
  specifically	
  to	
  CDK4/6,	
  preventing	
  their	
  association	
  with	
  cyclin	
  D.	
  The	
  

CIP/KIP	
   CDKIs	
   interact	
  with	
   cyclin	
  D-­‐CDK4/6	
   and	
  with	
   cyclin	
   E-­‐CDK2	
   (fig.	
   1.8).	
   Progression	
  

through	
  the	
  cell	
  cycle	
   is	
   regulated	
  at	
  certain	
  checkpoints:	
   the	
  G1	
  checkpoint	
  or	
   restriction	
  

point	
   R	
   (see	
   fig.	
   1.8),	
   which	
   controls	
   entry	
   to	
   the	
   S	
   phase,	
   a	
   G2/M	
   checkpoint,	
   and	
   a	
  

checkpoint	
  at	
   the	
  metaphase-­‐anaphase	
   transition.	
  These	
  checkpoints	
  serve	
   to	
  ensure	
   that	
  

conditions,	
  both	
  intracellular	
  and	
  in	
  the	
  environment,	
  are	
  suitable	
  for	
  the	
  cell	
  to	
  replicate	
  its	
  

DNA	
   and	
   divide.	
   They	
   are	
   controlled	
   mainly	
   by	
   the	
   CDKIs.	
   The	
   G1	
   restriction	
   point	
   R	
   is	
  

particularly	
  important	
  as,	
  once	
  this	
  is	
  passed,	
  the	
  cell	
  is	
  committed	
  to	
  DNA	
  replication.	
  	
  	
  

	
  

Retinoblastoma	
   protein	
   (Rb)	
   is	
   another	
   tumour	
   suppressor	
   gene	
  which	
   controls	
   cell	
   cycle	
  

progression.	
  During	
  the	
  cell	
  cycle	
  it	
  is	
  progressively	
  phosphorylated	
  and	
  dephosphorylated.	
  

It	
   is	
  hypophosphorylated	
   in	
  non-­‐cycling	
  cells,	
  and	
   in	
   this	
   state	
   it	
  binds	
  proteins	
  of	
   the	
  E2F	
  

family,	
  inhibiting	
  transcription	
  of	
  E2F	
  target	
  genes.	
  When	
  Rb	
  is	
  phosphorylated,	
  the	
  binding	
  

to	
  E2F	
  is	
  disrupted,	
  allowing	
  E2F	
  to	
  activate	
  transcription	
  of	
  its	
  target	
  genes,	
  which	
  generally	
  

promote	
   cell	
   cycle	
   progression,	
   DNA	
   replication	
   and	
   mitosis	
   [reviewed	
   in	
   (Polager	
   and	
  

Ginsberg	
  2008)].	
  	
  	
  

	
  

If	
  a	
  cell	
  detects	
  unfavourable	
  conditions,	
  including	
  DNA	
  damage	
  or	
  mutation,	
  then	
  arresting	
  

in	
  G1,	
   for	
   instance,	
  allows	
  time	
  for	
  the	
  problem	
  to	
  be	
  repaired,	
   if	
  possible.	
  Disturbance	
  of	
  

these	
  checkpoints	
  are	
  frequently	
  found	
  in	
  cancer,	
  often	
  due	
  to	
  mutations	
  of	
  CDKIs.	
  This	
  can	
  

result	
  in	
  replication	
  of	
  damaged	
  or	
  mutated	
  DNA	
  and/or	
  uncontrolled	
  proliferation.	
  If	
  these	
  

checkpoints	
  are	
  disrupted,	
  and	
  thus	
  replication	
  of	
  mutated	
  or	
  damaged	
  DNA	
  occurs,	
  this	
  can	
  

lead	
   to	
   secondary	
  mutations	
   or	
   genomic	
   instability,	
   allowing	
   progression	
   towards	
   tumour	
  

development.	
  When	
  DNA	
  damage	
  or	
  mutation	
   is	
  detected,	
  or	
   there	
  are	
  other	
  particularly	
  

unfavourable	
  conditions	
  that	
  cannot	
  be	
  rectified,	
  the	
  cell	
  can	
  also	
  undergo	
  apoptosis,	
  which	
  

will	
  now	
  be	
  described.	
  	
  

	
  

1.5.3	
  Apoptosis	
  

Apoptosis	
   is	
   a	
   form	
  of	
   programmed	
   cell	
   death,	
   leading	
   to	
   destruction	
   of	
   the	
   cell	
  without	
  

causing	
  any	
  inflammatory	
  response.	
  It	
  results	
  in	
  characteristic	
  phenotypic	
  changes,	
  including	
  

nuclear	
   and	
   cytoplasmic	
   condensation	
   and	
   nuclear	
   fragmentation	
   (Kerr	
   et	
   al.	
   1972).	
   It	
   is	
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used	
   extensively	
   to	
   destroy	
   cells	
   which	
   are	
   no	
   longer	
   required,	
   for	
   example	
   during	
  

embryonic	
   development	
   and	
   in	
   removal	
   of	
   auto-­‐reactive	
   B	
   or	
   T	
   cells	
   during	
   their	
  

development	
  in	
  the	
  immune	
  system.	
  	
  

	
  

There	
  are	
   two	
  distinct	
   apoptotic	
   signalling	
  pathways,	
   the	
  extrinsic	
   and	
   intrinsic	
  pathways,	
  

which	
   nevertheless	
   show	
   some	
   degree	
   of	
   overlap	
   (see	
   fig.	
   1.9).	
   Both	
   pathways	
   involve	
  

activation	
  of	
  a	
  series	
  of	
  caspase	
  enzymes,	
  found	
  as	
  inactive	
  procaspases	
  which	
  are	
  activated	
  

by	
  proteolytic	
  cleavage.	
  The	
  initial	
  members	
  activated	
  are	
  the	
  ‘initiator’	
  caspases,	
  which	
  in	
  

turn	
   activate	
   downstream	
   caspases	
   including	
   ‘effector’	
   or	
   ‘executioner’	
   caspases,	
   which	
  

carry	
   out	
   the	
   specific	
   functions	
   leading	
   to	
   cellular	
   breakdown.	
   The	
   extrinsic	
   and	
   intrinsic	
  

pathways	
  converge	
  at	
  the	
  level	
  of	
  effector	
  caspases,	
  but	
  require	
  different	
  initiator	
  caspases:	
  

the	
  extrinsic	
  system	
  needs	
  caspase	
  8	
  whereas	
  the	
  intrinsic	
  pathway	
  requires	
  caspase	
  9	
  for	
  

initiation	
  [reviewed	
  in	
  (Strasser	
  2005)].	
  The	
  effector	
  caspases	
   include	
  caspase	
  3,	
  caspase	
  6	
  

and	
  caspase	
  7.	
  

	
  

The	
  extrinsic	
  apoptotic	
  pathway	
  is	
  triggered	
  by	
  the	
  binding	
  of	
  extracellular	
  ligands	
  belonging	
  

to	
  the	
  tumour	
  necrosis	
  factor	
  (TNF)	
  family	
  to	
  specific	
  cell-­‐surface	
  death	
  receptors,	
  which	
  are	
  

in	
  turn	
  members	
  of	
  the	
  TNF	
  receptor	
  family.	
  The	
  ligands	
  include	
  TNFα,	
  FAS-­‐ligand	
  and	
  TNF-­‐

related	
  apoptosis	
  inducing	
  ligand	
  (TRAIL),	
  among	
  others,	
  and	
  the	
  receptors	
  include	
  FAS.	
  The	
  

cytoplasmic	
   portion	
   of	
   the	
   transmembrane	
   death	
   receptor,	
   known	
   as	
   the	
   death	
   domain,	
  

recruits	
  intracellular	
  proteins	
  forming	
  the	
  death-­‐inducing	
  signalling	
  complex	
  (DISC),	
  resulting	
  

in	
  pro-­‐apoptotic	
  conditions	
  within	
  the	
  cell.	
  Caspase	
  8,	
  the	
  initiator	
  caspase	
  of	
  the	
  extrinsic	
  

pathway,	
   is	
   recruited	
   into	
  DISC.	
  Once	
   activated	
   it	
   then	
   cleaves	
   the	
   executioner	
   caspase	
  3	
  

(Danial	
  and	
  Korsmeyer	
  2004).	
  

	
  

The	
  alternative,	
  intrinsic,	
  apoptotic	
  pathway	
  is	
  initiated	
  from	
  within	
  the	
  cell	
   in	
  response	
  to	
  

DNA	
  damage,	
  hypoxia	
  or	
  a	
   lack	
  of	
  extracellular	
  survival	
   signals.	
  The	
   initiation	
  of	
  apoptosis	
  

via	
   this	
   pathway	
   is	
   largely	
   regulated	
   by	
   the	
   balance	
   between	
   pro-­‐apoptotic	
   and	
   anti-­‐

apoptotic	
  members	
   of	
   the	
  BCL2	
  protein	
   family	
   [reviewed	
   in	
   (Danial	
   and	
   Korsmeyer	
   2004,	
  

Volkmann	
  et	
  al.	
  2014)].	
   	
  The	
  anti-­‐apoptotic	
  members	
  contain	
   four	
  highly	
  conserved	
  BCL2-­‐

homology	
  (BH)	
  domains	
  1-­‐4	
  and	
  include	
  BCL2	
  itself,	
  BCL-­‐XL,	
  BFL1	
  (also	
  known	
  as	
  BCL2A1,	
  or	
  

simply	
  A1)	
  and	
  MCL-­‐1.	
  The	
  pro-­‐apoptotic	
  members	
  are	
  divided	
  into	
  two	
  subgroups	
  based	
  on	
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their	
  structure:	
  the	
  first	
  group	
  share	
  homology	
  in	
  the	
  BH1-­‐3	
  domains	
  and	
  include	
  BAX	
  and	
  

BAK,	
  and	
  the	
  second	
  group,	
  the	
  ‘BH3	
  only’	
  proteins	
  (so	
  called	
  as	
  they	
  have	
  homology	
  with	
  

BCL2	
  only	
  in	
  the	
  BH3	
  domain),	
  includes	
  BAD,	
  BIK,	
  BIM,	
  BID,	
  PUMA	
  and	
  NOXA.	
  	
  

	
  

BAX	
  and/or	
  BAK	
  are	
  required	
  for	
  intrinsic	
  apoptosis	
  induced	
  by	
  the	
  BH3-­‐only	
  proteins,	
  thus	
  

functioning	
  downstream	
  of	
   the	
  BH3-­‐only	
  proteins;	
  although	
   the	
  process	
   is	
  not	
  completely	
  

understood,	
   BAX	
   and	
   BAK	
   are	
   thought	
   to	
   be	
   redundant.	
   BAK	
   is	
   localised	
   to	
   the	
   outer	
  

mitochondrial	
  membrane,	
  whereas	
  BAX	
   is	
   found	
  within	
   the	
  cytosol.	
  When	
  activated,	
   they	
  

create	
   pores	
   in	
   the	
   outer	
   mitochondrial	
   membrane,	
   allowing	
   release	
   into	
   the	
   cytosol	
   of	
  

proteins	
  which	
  execute	
  apoptosis,	
  leading	
  to	
  activation	
  of	
  caspase	
  9;	
  once	
  the	
  mitochondrial	
  

membrane	
   is	
   permeable	
   the	
   process	
   leading	
   to	
   cell	
   death	
   is	
   irreversible	
   (Volkmann	
   et	
   al.	
  

2014).	
   The	
   activity	
   of	
   BAX/BAK	
   is	
   tightly	
   regulated	
   by	
   the	
   balance	
   between	
   the	
   anti-­‐

apoptotic	
  BH3-­‐only	
  proteins.	
  BIM,	
  BID	
  and	
  PUMA	
  are	
  direct	
  activators	
  of	
  BAX/BAK,	
  thought	
  

to	
   bind	
   directly	
   to	
   BAX/BAK.	
   BID,	
   BIM	
   and	
   PUMA	
   can	
   also	
   form	
   heterodimers	
   with	
   anti-­‐

apoptotic	
   BCL2	
   family	
  members,	
   inhibiting	
   their	
   activity.	
   The	
   anti-­‐apoptotic	
   BH3	
   proteins	
  

such	
  as	
  BCL2	
  and	
  BCL-­‐XL	
  can	
  antagonise	
  BAX/BAK	
  and	
  can	
  also	
  sequester	
  the	
  pro-­‐apoptotic	
  

members	
  (such	
  as	
  BIM	
  and	
  PUMA),	
  thus	
  preventing	
  their	
  action	
  (Volkmann	
  et	
  al.	
  2014).	
  	
  

	
  

The	
   intrinsic	
  pathway	
   involves	
  release	
  from	
  mitochondria	
  of	
  cytochrome	
  c,	
  which	
  binds	
  to	
  

the	
   cytosolic	
   protein	
   apoptotic	
   protease	
   activating	
   factor	
   1	
   (APAF1),	
   leading	
   to	
   a	
  

conformational	
   change	
   and	
   activation	
   of	
   APAF1,	
   which	
   then	
   interacts	
   with	
   caspase	
   9	
  

forming	
  a	
  protein	
  complex	
  termed	
  the	
  apoptosome,	
  resulting	
   in	
  activation	
  of	
  downstream	
  

effector	
  caspases	
  [(Li	
  et	
  al.	
  1997),	
  reviewed	
  in	
  (Wurstle	
  et	
  al.	
  2012)].	
  

	
  

One	
  of	
  the	
  BH3-­‐only	
  proteins,	
  BID,	
  is	
  activated	
  by	
  caspase	
  8,	
  being	
  cleaved	
  into	
  a	
  pro-­‐death	
  

C-­‐terminal	
  fragment,	
  tBID,	
  which,	
  along	
  with	
  BIM	
  and	
  PUMA,	
  can	
  in	
  turn	
  activate	
  BAX/BAK	
  

or	
  inhibit	
  the	
  anti-­‐apoptotic	
  proteins	
  such	
  as	
  BCL-­‐XL.	
  BID	
  therefore	
  provides	
  a	
  link	
  between	
  

the	
  extrinsic	
  and	
  intrinsic	
  pathways	
  (Volkmann	
  et	
  al.	
  2014).	
  Other	
  proteins	
  that	
  can	
  inhibit	
  

activation	
  of	
  executioner	
  caspases	
  are	
  the	
  Inhibitor	
  of	
  apoptosis	
  (IAP)	
  family,	
  which	
  inhibit	
  

caspases	
  3,	
  7	
  and	
  9	
  (Deveraux	
  et	
  al.	
  1997,	
  Deveraux	
  et	
  al.	
  1998).	
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Figure	
  1.9:	
  Schematic	
  diagram	
  of	
  the	
  intrinsic	
  and	
  extrinsic	
  pathways	
  of	
  apoptosis	
  

The	
   extrinsic	
   pathway,	
   shown	
   on	
   the	
   right,	
   is	
   activated	
   by	
   extracellular	
   death	
   ligands,	
   which	
   bind	
   to	
   the	
  

transmembrane	
   death	
   receptor,	
   leading	
   to	
   activation	
   of	
   intracellular	
   caspase	
   8	
   which	
   in	
   turn	
   can	
   activate	
  

effector	
  caspases	
  leading	
  to	
  the	
  processes	
  of	
  apoptosis.	
  Apoptosis	
  can	
  also	
  be	
  initiated	
  from	
  inside	
  the	
  cell,	
  the	
  

intrinsic	
   pathway	
   (shown	
   on	
   the	
   left),	
   in	
   response	
   to	
   hypoxia,	
   DNA	
   damage	
   or	
   lack	
   of	
   survival	
   signals.	
  

Activation	
  of	
  this	
  pathway	
  is	
  regulated	
  by	
  the	
  BCL2	
  family	
  of	
  proteins,	
   including	
  both	
  pro-­‐apoptotic	
  and	
  anti-­‐

apoptotic	
  members.	
   The	
   pro-­‐apoptotic	
  members	
   such	
   as	
   BIM	
   and	
   PUMA	
   cause	
   activation	
   of	
   BAX	
   and	
   BAK	
  

which	
  interact	
  with	
  the	
  mitochondrion,	
  causing	
  release	
  of	
  cytochrome	
  c.	
  This	
  in	
  turn	
  interacts	
  with	
  APAF1	
  and	
  

activated	
  caspase	
  9	
  to	
  form	
  the	
  apoptosome	
  complex,	
  which	
  also	
  activates	
  effector	
  caspases.	
  The	
  extrinsic	
  and	
  

intrinsic	
  pathways	
  share	
  cross-­‐talk	
  via	
  pro-­‐apoptotic	
  BID.	
  	
  See	
  main	
  text	
  for	
  further	
  details	
  of	
  these	
  pathways.	
  	
  	
  

	
  

1.5.3.1	
  Apoptosis	
  mechanisms	
  within	
  the	
  germinal	
  centre	
  

Within	
   the	
   GC,	
   when	
   a	
   BCR	
   binds	
   to	
   an	
   antigen	
   with	
   high	
   affinity,	
   T	
   cell	
   help	
   leads	
   to	
  

signalling	
  through	
  CD40/CD40	
  ligand	
  (CD40L).	
  This	
  leads	
  to	
  induction	
  of	
  anti-­‐apoptotic	
  BCL-­‐

XL	
   and	
   hence	
   promotes	
   survival	
   of	
   cells	
   expressing	
   a	
   high	
   affinity	
   BCR;	
   without	
   the	
  

CD40/CD40L	
  interaction,	
  BCR	
  stimulation	
  leads	
  to	
  down-­‐regulation	
  of	
  BCL-­‐XL	
  (Tuscano	
  et	
  al.	
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Pro=caspase&8&
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1996).	
  CD40	
  signalling	
  via	
  NFκB	
  induces	
  c-­‐FLIP	
  expression,	
  thus	
  rendering	
  cells	
  which	
  receive	
  

CD40	
  signals	
  resistant	
  to	
  FAS-­‐induced	
  apoptosis	
  (van	
  Eijk	
  et	
  al.	
  2001).	
  

	
  

The	
   extrinsic	
   pathway	
   of	
   apoptosis	
   is	
   also	
   thought	
   to	
   be	
   important	
   in	
   apoptosis	
   of	
   low-­‐

affinity	
  B	
  cells	
   in	
  the	
  GC,	
  which	
  do	
  not	
  receive	
  the	
  survival	
  signal	
  CD40	
  ligand	
  from	
  T	
  cells.	
  

FAS	
  is	
  required	
  for	
  apoptosis	
  in	
  GC	
  B	
  cells	
  lacking	
  T	
  cell	
  help	
  (Takahashi	
  et	
  al.	
  2001).	
  In	
  these	
  

cells,	
   a	
   preformed	
   FAS	
   DISC	
   is	
   present,	
   which	
   does	
   not	
   require	
   ligand	
   binding	
   for	
   its	
  

activation.	
   The	
   cellular	
   homologue	
   of	
   FLICE-­‐inhibitory	
   protein,	
   c-­‐FLIP,	
   normally	
   interferes	
  

with	
   DISC	
   formation,	
   but	
   is	
   lost	
   from	
   GC	
   B	
   cells	
   lacking	
   the	
   CD40L	
   survival	
   signal,	
   thus	
  

allowing	
  DISC	
  to	
  become	
  active,	
  resulting	
  in	
  apoptosis	
  via	
  activation	
  of	
  caspase	
  8	
  (Hennino	
  

et	
  al.	
  2001).	
  	
  

	
  

In	
  GC	
  B	
  cells,	
  signalling	
  via	
  the	
  BCR,	
  in	
  the	
  absence	
  of	
  the	
  CD40/CD40L	
  interaction	
  as	
  a	
  result	
  

of	
  T	
  cell	
  help,	
  also	
  contributes	
  to	
  the	
  default	
  apoptotic	
  state	
  via	
   induction	
  of	
  BIK	
  and	
  BIM.	
  

BIM	
   [BCL2-­‐interacting	
   mediator	
   of	
   cell	
   death,	
   encoded	
   by	
   the	
   gene	
   BCL2-­‐like-­‐protein	
   11	
  

(BCL2L11)]	
   binds	
  with	
  high	
   affinity	
   to	
   all	
   the	
  pro-­‐survival	
   BCL2	
   family	
  members,	
   inhibiting	
  

their	
   function,	
   and	
   is	
   thus	
  an	
  extremely	
  potent	
   inducer	
  of	
   apoptosis.	
  BIM	
   is	
  expressed	
  by	
  

most	
  lymphoid	
  cells	
  and	
  is	
  essential	
  for	
  deletion	
  of	
  autoreactive	
  T	
  and	
  B	
  cells	
  [reviewed	
  in	
  

(Strasser	
  2005)].	
  BIM	
  is	
  an	
  important	
  tumour	
  suppressor	
  in	
  B	
  cells,	
  with	
  even	
  loss	
  of	
  a	
  single	
  

allele	
  accelerating	
  lymphomagenesis	
  in	
  an	
  Eμ	
  Myc	
  mouse	
  model	
  (Egle	
  et	
  al.	
  2004).	
  	
  

	
  

In	
  GC	
  B	
  cells	
  (centroblasts),	
  transforming	
  growth	
  factor	
  β	
  (TGFβ)	
  also	
  induces	
  apoptosis	
  by	
  

autocrine	
  signalling,	
  leading	
  to	
  SMAD3/4-­‐dependent	
  induction	
  of	
  BIK	
  and	
  PUMA	
  along	
  with	
  

down-­‐regulation	
  of	
  BCL-­‐XL,	
  thus	
  contributing	
  to	
  the	
  default	
  apoptotic	
  state,	
  along	
  with	
  FAS	
  

(Spender	
   et	
   al.	
   2009,	
   Spender	
   et	
   al.	
   2013).	
   This	
   TGFβ-­‐induced	
   apoptotic	
   pathway	
   occurs	
  

independently	
  of	
  both	
  FAS	
  and	
  TRAIL	
  and	
  thus	
  uses	
  the	
  intrinsic	
  pathway	
  (Inman	
  and	
  Allday	
  

2000a).	
   Phosphorylation	
   of	
   SMAD2,	
   showing	
   that	
   TGFβ	
   signalling	
   is	
   active,	
   has	
   been	
  

demonstrated	
   by	
   immunohistochemistry	
   in	
   both	
   the	
   LZ	
   and	
   DZ	
   of	
   GCs	
   in	
   normal	
   human	
  

tonsil	
  tissue	
  (Spender	
  et	
  al.	
  2009).	
  BAK/BAK	
  are	
  also	
  needed	
  for	
  TGFβ-­‐induced	
  apoptosis	
  in	
  

GCs,	
  as	
  BL	
  deficient	
  in	
  these	
  resist	
  TGFβ-­‐induced	
  apoptosis,	
  for	
  example	
  the	
  EBV-­‐negative	
  BL	
  

cell	
   line	
  CA46	
  does	
  not	
   undergo	
   apoptosis	
  with	
   TGFβ,	
   and	
   lacks	
  BAX	
  expression	
   (Spender	
  

and	
  Inman	
  2009a).	
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1.6	
  Transforming	
  growth	
  factor	
  β	
  and	
  bone	
  morphogenetic	
  protein	
  signalling	
  

1.6.1	
  Overview	
  of	
  TGFβ	
  and	
  bone	
  morphogenetic	
  protein	
  (BMP)	
  signalling	
  

TGFβ	
  was	
  first	
  discovered	
  in	
  the	
  early	
  1980s,	
  when	
  it	
  was	
  initially	
  characterised	
  by	
  its	
  ability	
  

to	
   induce	
   a	
   transformed	
   phenotype	
   in	
   fibroblasts	
   (Anzano	
   et	
   al.	
   1983),	
   hence	
   its	
   name.	
  	
  

However,	
   it	
   has	
   subsequently	
   been	
   found	
   to	
  be	
   important	
   in	
  many	
  processes,	
   controlling	
  

cell	
  proliferation,	
  differentiation,	
  apoptosis,	
  developmental	
  fate	
  and	
  immune	
  regulation.	
  In	
  

addition,	
   TGFβ	
   modulates	
   human	
   haematopoiesis	
   by	
   selectively	
   regulating	
   growth	
   of	
  

immature	
  haematopoietic	
  cells,	
  but	
  not	
  more	
  differentiated	
  cells	
  (Sing	
  et	
  al.	
  1988)	
  and	
  has	
  

recently	
  been	
   shown	
   to	
   restore	
  quiescence	
  of	
  HSCs	
   following	
   recovery	
  of	
  haematopoiesis	
  

after	
  myelosuppressive	
  chemotherapy	
  (Brenet	
  et	
  al.	
  2013).	
  

	
  

Subsequently,	
   the	
   discovery	
   of	
   many	
   related	
   ligands	
   and	
   their	
   receptors	
   has	
   led	
   to	
   the	
  

definition	
   of	
   a	
   TGFβ	
   signalling	
   superfamily	
   which	
   also	
   includes	
   the	
   bone	
   morphogenetic	
  

proteins	
   (BMPs)	
   as	
   well	
   as	
   other	
   related	
   ligands.	
   This	
   superfamily	
   is	
   characterised	
   by	
   a	
  

signalling	
   pathway	
   consisting	
   of	
   extracellular	
   ligand,	
   type	
   I	
   and	
   type	
   II	
   transmembrane	
  

receptors	
  which	
  possess	
  serine/threonine	
  kinases,	
  and	
  downstream	
  signalling	
  by	
  a	
  group	
  of	
  

Smad	
  proteins.	
  	
  

	
  

Generally	
  in	
  the	
  TGFβ	
  superfamily,	
  a	
  ligand	
  homodimer	
  binds	
  to	
  and	
  brings	
  together	
  a	
  dimer	
  

of	
   type	
   I	
  and	
  a	
  dimer	
  of	
   type	
   II	
   receptors	
  on	
   the	
  cell	
   surface,	
   resulting	
   in	
  phosphorylation	
  

and	
  activation	
  of	
   the	
   type	
   I	
   receptors	
  by	
   the	
   type	
   II	
   receptors	
   (see	
   fig.	
   1.10).	
   This	
   in	
   turn	
  

leads	
   to	
   recruitment	
   and	
   phosphorylation	
   of	
   a	
   receptor-­‐regulated	
   Smad	
   protein,	
   which	
  

forms	
   a	
   complex	
   with	
   Smad4	
   (the	
   common	
   mediator	
   Smad).	
   The	
   Smad	
   complex	
   then	
  

accumulates	
  in	
  the	
  nucleus,	
  where	
  the	
  Smads	
  regulate	
  gene	
  expression	
  by	
  interacting	
  with	
  

transcription	
  factors	
  and/or	
  binding	
  directly	
  to	
  DNA	
  (reviewed	
  in	
  Shi	
  and	
  Massague	
  2003).	
  

TGFβ	
  superfamily	
  signalling	
  influences	
  a	
  large	
  number	
  of	
  genes	
  and	
  the	
  effects	
  are	
  specific	
  

to	
  both	
  cell	
   type	
  and	
  extracellular	
  conditions.	
  As	
  well	
  as	
   type	
   I	
  and	
   II	
   receptors,	
   there	
  are	
  

also	
  co-­‐receptors	
   (or	
  accessory	
   receptors;	
   see	
   table	
  1.5)	
  which	
  can	
  bind	
  TGFβ	
  superfamily	
  

ligands	
   and	
   regulate	
   ligand	
   binding	
   to	
   the	
   corresponding	
   ligand	
   receptors.	
   The	
   main	
  

components	
  of	
  TGFβ	
  superfamily	
  signalling	
  will	
  all	
  be	
  described	
  in	
  further	
  detail	
  below.	
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Figure	
  1.10:	
  Simple	
  overview	
  of	
  the	
  TGFβ	
  and	
  BMP	
  signalling	
  pathways	
  

A	
   TGFβ1	
   ligand	
   dimer	
   binds	
   to	
   a	
   homodimer	
   of	
   TGFβR2.	
   Ligand	
   binding	
   causes	
   association	
   of	
   TGFβR2	
  with	
  

TGFβR1	
  (also	
  as	
  a	
  homodimer).	
  TGFβR2	
  then	
  phosphorylates	
  and	
  activates	
  TGFβR1,	
  leading	
  to	
  the	
  recruitment,	
  

phosphorylation	
   and	
   activation	
   of	
   the	
   receptor-­‐mediated	
   or	
   R-­‐SMAD,	
   SMAD2	
   or	
   SMAD3.	
   Generally	
   two	
  

phosphorylated	
  R-­‐SMADs	
   then	
   form	
  a	
   trimeric	
  complex	
  with	
   the	
  common	
  mediator	
  SMAD,	
  SMAD4,	
  and	
   the	
  

complex	
  accumulates	
  in	
  the	
  nucleus.	
  In	
  the	
  nucleus	
  the	
  SMAD	
  complex	
  binds	
  directly	
  to	
  DNA	
  or	
  interacts	
  with	
  

transcription	
  factors,	
  as	
  well	
  as	
  co-­‐activators	
  or	
  co-­‐repressors,	
  to	
  regulate	
  expression	
  of	
  multiple	
  target	
  genes.	
  

The	
   BMP	
   signalling	
   pathway	
   (shown	
   on	
   the	
   right	
   of	
   the	
   figure)	
   is	
   similar,	
   but	
   the	
   canonical	
   R-­‐SMADs	
   are	
  

SMAD1,	
  SMAD5	
  and	
  SMAD8.	
  The	
  co-­‐receptor	
  TGFβR3	
  facilitates	
  ligand	
  binding	
  to	
  TGFβR2.	
  	
  

	
  

1.6.2	
  TGFβ	
  superfamily	
  ligands	
  	
  

The	
   TGFβ	
   superfamily	
   is	
   a	
   large	
   group	
  of	
   cytokines	
   characterised	
  by	
  having	
   six	
   conserved	
  

cysteine	
   residues.	
   The	
   family	
   is	
   divided	
   into	
   two	
   subfamilies,	
   according	
   to	
   both	
   sequence	
  

similarity	
   and	
   their	
   downstream	
   signalling	
   pathways.	
   These	
   are	
   the	
   TGFβ/activin/nodal	
  

subfamily	
   and	
   the	
   bone	
   morphogenetic	
   protein	
   (BMP)/GDF	
   (growth	
   and	
   differentiation	
  

factor)/MIS	
   (Müllerian	
   inhibiting	
   substance,	
   also	
   known	
   as	
   anti-­‐Müllerian	
   hormone	
   AMH)	
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subfamily	
   (Shi	
   and	
   Massague	
   2003).	
   Within	
   the	
   subfamilies	
   there	
   are	
   several	
   different	
  

ligands,	
   some	
   of	
   which	
   have	
   alternative	
   names,	
   as	
   shown	
   in	
   tables	
   1.2A	
   and	
   B.	
   The	
   two	
  

subfamilies	
  of	
  ligand	
  differ	
  in	
  their	
  receptor-­‐binding	
  characteristics:	
  the	
  TGFβ/activin	
  family	
  

ligands	
   have	
   a	
   high	
   affinity	
   for	
   type	
   II	
   receptors	
   and	
   only	
   bind	
   to	
   type	
   I	
   receptors	
   in	
   the	
  

presence	
  of	
  type	
  II	
  receptors.	
  The	
  BMP	
  subfamily	
  members,	
  on	
  the	
  other	
  hand,	
  have	
  a	
  high	
  

affinity	
  for	
  the	
  type	
  I	
  receptors	
  and	
  a	
  lower	
  affinity	
  for	
  type	
  II	
  receptors	
  (Shi	
  and	
  Massague	
  

2003).	
  	
  	
  

	
  

The	
   active	
   form	
   of	
   ligand	
   is	
   a	
   dimer	
   stabilised	
   by	
   hydrophobic	
   interactions	
   (Shi	
   and	
  

Massague	
   2003).	
   TGFβ	
   ligands	
   are	
   secreted	
   in	
   an	
   inactive	
   form,	
   requiring	
   proteolytic	
  

cleavage	
  before	
  they	
  are	
  available	
  for	
  binding	
  to	
  their	
  receptors,	
  whereas	
  other	
  ligands	
  are	
  

secreted	
   in	
   active	
   form	
   but	
   then	
   bound	
   by	
   locally	
   secreted	
   antagonists	
   (ligand	
   binding	
  

traps),	
  hence	
  regulating	
  their	
  availability	
  for	
  binding	
  to	
  receptors	
  (de	
  Caestecker	
  2004).	
  	
  

	
  

1.6.3	
  BMP	
  Signalling	
  

BMPs	
  have	
  roles	
  in	
  formation	
  of	
  bone	
  and	
  cartilage,	
  control	
  of	
  haematopoiesis	
  and	
  immune	
  

regulation.	
   Members	
   can	
   be	
   pro-­‐proliferative	
   or	
   anti-­‐proliferative,	
   depending	
   on	
   the	
   cell	
  

type	
   and	
   general	
   context.	
   They	
   promote	
   growth	
   and	
   differentiation	
   in	
   osteoblasts,	
   and	
  

promote	
   differentiation	
   in	
   early	
   haematopoietic	
   progenitors,	
   whereas	
   they	
   are	
   anti-­‐

proliferative	
  in	
  mature	
  B	
  cells	
  (Kersten	
  et	
  al.	
  2005,	
  Larsson	
  and	
  Karlsson	
  2005).	
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Table	
  1.2:	
  Ligands	
  of	
  the	
  TGFβ	
  superfamily	
  	
  

(A):	
   TGFβ/activin/nodal	
   subfamily	
   (B):	
   BMP/GDF/MIS	
   subfamily.	
   Alternative	
   names	
   are	
   shown,	
   where	
   they	
  

exist.	
  

	
  

1.6.4	
  TGFβ	
  receptors	
  

1.6.4.1	
  Type	
  I	
  and	
  type	
  II	
  receptors	
  

There	
  are	
  two	
  main	
  types	
  of	
  receptor	
  for	
  all	
  ligands	
  in	
  the	
  TGFβ	
  signalling	
  superfamily:	
  type	
  I	
  

(which	
  propagate	
  signal)	
  and	
  type	
  II	
  (which	
  activate	
  the	
  type	
  I	
  receptors).	
  In	
  humans	
  there	
  

A	
   TGFβ	
   Activins	
   Nodal	
  

	
   Gene	
   Other	
  name	
   Gene	
   Other	
  names	
   Gene	
  

	
   TGFB1	
   TGFβ1	
   INHA	
   Inhibin	
  α	
   NODAL	
  

	
   TGFB2	
   TGFβ2	
   INHBA	
   Inhibin	
  β	
  A,	
  activin	
  A	
   	
  

	
   TGFB3	
   TGFβ3	
   INHBB	
   Inhibin	
  β	
  B,	
  activin	
  AB	
   	
  

	
   	
   	
   INHBC	
   Inhibin	
  β	
  C	
   	
  

	
   	
   	
   INHBE	
   Inhibin	
  β	
  E,	
  activin	
   	
  

	
   	
  

	
  

	
  
	
   	
  

	
  

B	
   BMPs	
   GDFs	
   AMH	
  

	
   Gene	
   Other	
  name(s)	
   Gene	
   Other	
  name(s)	
   Gene	
   Other	
  name	
  

	
   BMP2	
   	
   GDF1	
   	
   AMH	
   MIS	
  

	
   BMP3	
   osteogenin	
   GDF2	
   BMP9	
   	
   	
  

	
   BMP4	
   	
   GDF3	
   	
   	
   	
  

	
   BMP5	
   	
   GDF5	
   BMP14	
   	
   	
  

	
   BMP6	
   	
   GDF6	
   BMP13	
   	
   	
  

	
   BMP7	
   OP-­‐1	
   GDF7	
   BMP12	
   	
   	
  

	
   BMP8B	
   BMP-­‐8,	
  OP-­‐2	
   GDF9	
   	
   	
   	
  

	
   BMP10	
   	
   GDF10	
   BMP3b	
   	
   	
  

	
   BMP15	
   	
   GDF11	
   BMP11	
   	
   	
  

	
   	
   	
   GDF15	
   	
   	
   	
  

	
   	
   	
   MSTN	
   GDF8,	
  myostatin	
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are	
  seven	
  type	
  I	
  and	
  five	
  type	
  II	
  receptors.	
  Type	
  I	
  receptors	
  are	
  called	
  activin	
  receptor-­‐like	
  

kinases	
  (ALK)	
  1-­‐7;	
  many	
  have	
  alternative	
  names	
  reflecting	
  the	
  ligand(s)	
  they	
  bind	
  (see	
  table	
  

1.3).	
  Both	
  types	
  of	
  receptor	
  consist	
  of	
  an	
  N-­‐terminal	
  extracellular	
  ligand-­‐binding	
  domain,	
  a	
  

single-­‐pass	
  transmembrane	
  domain	
  and	
  a	
  cytoplasmic	
  C-­‐terminal	
  domain	
  which	
  contains	
  a	
  

serine/threonine	
  kinase	
  (Shi	
  and	
  Massague	
  2003).	
  Type	
  I	
  receptors	
  also	
  have	
  a	
  characteristic	
  

GS	
  domain,	
  consisting	
  of	
  the	
  specific	
  amino	
  acid	
  sequence	
  SGSGSG,	
   immediately	
  at	
  the	
  N-­‐

terminal	
  side	
  of	
  the	
  kinase	
  domain.	
  This	
  GS	
  domain	
  is	
  phosphorylated	
  by	
  the	
  constitutively	
  

active	
   type	
   II	
   receptor,	
  hence	
  activating	
   the	
   type	
   I	
   receptor.	
  Phosphorylation	
  of	
   the	
   type	
   I	
  

receptor	
   by	
   the	
   type	
   II	
   receptor	
   leads	
   to	
   a	
   conformational	
   change:	
   in	
   the	
   absence	
   of	
  

phosphorylation	
  by	
  the	
  type	
  II	
  receptor,	
  the	
  type	
  I	
  receptor	
  binds	
  the	
  protein	
  FK506-­‐binding	
  

protein	
   FKBP12,	
   silencing	
   the	
   type	
   I	
   receptor’s	
   kinase	
   activity,	
   whereas	
   once	
   the	
   type	
   I	
  

receptor	
  becomes	
  phosphorylated	
  this	
  protein	
   is	
  released	
  and	
  the	
  receptor	
   is	
  able	
  to	
  bind	
  

Smads	
  (Huse	
  et	
  al.	
  2001).	
  

	
  

Type	
   I	
   receptors	
   also	
   have	
   a	
   nine	
   amino	
   acid	
   L45	
   loop,	
   within	
   the	
   kinase	
   domain,	
   which	
  

determines	
   the	
   recruitment	
   of	
   the	
   appropriate	
   Smads	
   and	
   the	
   signalling	
   specificity,	
   by	
  

binding	
   to	
   the	
  L3	
   loop	
  of	
   the	
  R-­‐Smad	
   (Feng	
  and	
  Derynck	
  1997);	
   for	
   instance,	
  TGFβR1	
  and	
  

ALK4	
   have	
   identical	
   L45	
   sequences,	
   for	
   interactions	
  with	
   Smad2/3,	
   whereas	
   BMPRIA	
   and	
  

BMPRIB	
  share	
  a	
  different	
  L45	
  sequence,	
  as	
  they	
  bind	
  to	
  Smad1/5/8	
  (Chen	
  et	
  al.	
  1998).	
  When	
  

not	
  bound	
  to	
  ligand,	
  both	
  type	
  I	
  and	
  type	
  II	
  receptors	
  are	
  found	
  as	
  homodimers	
  on	
  the	
  cell	
  

surface.	
  On	
   binding	
   of	
   ligand,	
   a	
   complex	
   forms	
   between	
   a	
   ligand	
   dimer,	
   a	
   homodimer	
   of	
  

type	
  I	
  receptors	
  and	
  a	
  homodimer	
  of	
  type	
  II	
  receptors,	
  resulting	
   in	
  activation	
  of	
  the	
  type	
  I	
  

receptors	
  which	
  then	
  signal	
  to	
  the	
  cytoplasmic	
  Smad	
  proteins.	
  	
  

	
  

Type	
  I	
  receptors	
  differ	
  in	
  their	
  specificity	
  for	
  both	
  ligands	
  and	
  other	
  receptors.	
  For	
  example,	
  

TGFβR1	
  can	
  only	
  bind	
  to	
  TGFβ	
  ligands	
  (TGFβ1,	
  2	
  and	
  3)	
  and	
  only	
  binds	
  to	
  TGFβR2,	
  whereas	
  

others,	
  such	
  as	
  ALK2,	
  can	
  bind	
  several	
  different	
   ligands	
  and/or	
  type	
  II	
  receptors	
  (Feng	
  and	
  

Derynck	
  2005).	
  Type	
  II	
  receptors	
  also	
  differ	
  in	
  their	
  specificity	
  for	
  both	
  type	
  I	
  receptors	
  and	
  

ligands	
  (see	
  table	
  1.4).	
   In	
  addition,	
   ligands	
  vary	
   in	
  their	
  binding	
  capabilities:	
  TGFβ1,	
  TGFβ3	
  

and	
  activins	
  can	
  bind	
  to	
  their	
  type	
  II	
  receptors	
  without	
  needing	
  a	
  type	
  I	
  receptor,	
  whereas	
  

BMP2,	
   BMP4	
   and	
   BMP7	
   bind	
   primarily	
   to	
   their	
   type	
   I	
   receptors,	
   BMPRIA	
   or	
   BMPRIB	
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(Derynck	
   and	
   Zhang	
   2003).	
   TGFβ2,	
   on	
   the	
   other	
   hand,	
   can	
   interact	
   only	
  with	
   pre-­‐formed	
  

type	
  II-­‐type	
  I-­‐receptor	
  complexes.	
  	
  

	
  

1.6.4.2	
  TGFβR2	
  

The	
  TGFβR2	
  gene	
  on	
  chromosome	
  3	
  (Mathew	
  et	
  al.	
  1994)	
  encodes	
  a	
  592-­‐amino	
  acid	
  protein	
  

which,	
  like	
  other	
  type	
  II	
  receptors,	
  consists	
  of	
  an	
  extracellular	
  domain	
  (including	
  the	
  ligand	
  

binding	
  domain),	
  a	
  transmembrane	
  domain	
  and	
  an	
  intracellular	
  domain,	
  which	
  contains	
  the	
  

serine/threonine	
  kinase.	
  TGFβR2	
  binds	
  only	
  TGFβ	
  ligands,	
  but	
  can	
  bind	
  to	
  the	
  BMP	
  receptors	
  

ALK1	
  and	
  ALK2	
   in	
  addition	
  to	
  TGFβR1	
  (de	
  Caestecker	
  2004).	
  TGFβ	
   ligands	
  bind	
  to	
  TGFβR2,	
  

resulting	
  in	
  conformational	
  changes	
  within	
  the	
  extracellular	
  domain	
  (Hart	
  et	
  al.	
  2002).	
  This	
  

results	
   in	
   recruitment,	
   binding	
   and	
   phosphorylation	
   of	
   TGFβR1,	
   which	
   then	
   induces	
  

phosphorylation	
  of	
   Smad2	
  and	
   Smad3.	
   TGFβR2	
   can	
  bind	
   ligand	
  without	
   requiring	
   TGFβR1	
  

(Lin	
   et	
   al.	
   1992),	
   but	
   can	
  only	
   signal	
  when	
   it	
   forms	
   a	
   complex	
  with	
   TGFβR1	
   (Wrana	
  et	
   al.	
  

1992).	
   TGFβR1	
   and	
   TGFβR2	
   bind	
   TGFβ1	
   and	
   TGFβ3	
   with	
   higher	
   affinity	
   than	
   TGFβ2,	
  

especially	
  in	
  cells	
  lacking	
  TGFβR3	
  (Cheifetz	
  et	
  al.	
  1990).	
  	
  

	
  

The	
  human	
  TGFβR2	
  promoter	
  has	
  been	
  fairly	
  well	
  characterised	
  (fig.	
  1.11),	
  and	
  lacks	
  a	
  TATA	
  

box	
   or	
   CAAT	
   box	
   near	
   its	
   transcription	
   start	
   site	
   (TSS)	
   (Humphries	
   et	
   al.	
   1994,	
   Bae	
   et	
   al.	
  

1995).	
  It	
  has	
  several	
  Sp1	
  binding	
  sites,	
  at	
  positions	
  -­‐25,	
  -­‐59,	
  -­‐102	
  and	
  -­‐143	
  relative	
  to	
  the	
  TSS	
  

(Bae	
  et	
  al.	
  1995,	
  Jennings	
  et	
  al.	
  2001),	
  with	
  Sp1	
  binding	
  being	
  necessary	
  for	
  basal	
  activity	
  of	
  

the	
  promoter	
  (Jennings	
  et	
  al.	
  2001).	
  DNA	
  methylation	
  at	
  Sp1	
  binding	
  sites,	
  resulting	
  in	
  lack	
  

of	
  Sp1	
  binding,	
  has	
  been	
  shown	
  to	
  inhibit	
  transcription	
  of	
  TGFβR2	
  (Zhao	
  et	
  al.	
  2005,	
  Chen	
  et	
  

al.	
  2007).	
  HDAC1	
  interacts	
  with	
  Sp1	
  leading	
  to	
  transcriptional	
  repression	
  (Doetzlhofer	
  et	
  al.	
  

1999)	
   and	
   this	
   mechanism	
   has	
   been	
   shown	
   to	
   repress	
   TGFβR2	
   transcription	
   in	
   human	
  

pancreatic	
  carcinoma	
  cells	
  (Zhao	
  et	
  al.	
  2003).	
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Figure	
  1.11:	
  Schematic	
  diagram	
  of	
  the	
  TGFβR2	
  promoter	
  region	
  

The	
  predicted	
  transcription	
  start	
  site	
  (TSS)	
  for	
  transcript	
  variant	
  1	
  is	
  shown	
  at	
  position	
  +1.	
  The	
  5’	
  UTR	
  is	
  shown	
  

as	
  a	
  grey	
  box,	
  with	
   the	
  ATG	
  start	
   codon	
   shown	
  and	
   the	
   coding	
   region	
  of	
  exon	
  1	
   shown	
  as	
  a	
  black	
  box.	
   The	
  

locations	
  and	
  sizes	
  of	
  CpG	
  islands	
  are	
  also	
  shown.	
  	
  	
  

	
  

1.6.4.3	
  TGFβR3	
  (betaglycan)	
  

TGFβR3,	
  also	
  known	
  as	
  betaglycan,	
  is	
  a	
  co-­‐receptor	
  for	
  TGFβ	
  signalling.	
  It	
  is	
  found	
  in	
  higher	
  

numbers	
  on	
  the	
  cell	
  surface	
  than	
  TGFβR1	
  or	
  TGFβR2,	
  and	
  is	
  expressed	
  on	
  virtually	
  every	
  cell	
  

type	
  except	
  endothelial	
   cells	
   (Cheifetz	
   et	
   al.	
   1990)	
   and	
  haematopoietic	
  progenitor	
   cells	
   in	
  

mice	
  (Ohta	
  et	
  al.	
  1987).	
  TGFβR3	
  is	
  an	
  851	
  amino-­‐acid	
  proteoglycan	
  which	
  possesses	
  a	
  large	
  

extracellular	
  domain,	
  a	
  single	
  transmembrane	
  domain	
  and	
  a	
  short	
  cytoplasmic	
  domain	
  of	
  43	
  

amino	
  acids,	
  which	
   lacks	
  a	
  kinase	
   (Lopez-­‐Casillas	
  et	
  al.	
  1991,	
  Wang	
  et	
  al.	
  1991);	
   like	
  other	
  

TGFβRs	
  it	
  exists	
  as	
  a	
  homodimer.	
  Its	
  glycosylation	
  by	
  the	
  addition	
  of	
  glycosaminoglycans	
  is	
  

thought	
  to	
  be	
  important	
  for	
  its	
  function.	
  The	
  cytoplasmic	
  domain	
  of	
  TGFβR3	
  is	
  necessary	
  for	
  

promotion	
  of	
  TGFβ	
  signalling	
  (Blobe	
  et	
  al.	
  2001b).	
  

	
  

TGFβR3	
   directly	
   binds	
  multiple	
   ligands,	
   including	
   TGFβ1,	
   TGFβ2,	
   TGFβ3	
   (all	
   of	
  which	
   bind	
  

with	
  high	
  affinity),	
   inhibin,	
  BMP2,	
  BMP4,	
  BMP7,	
  and	
  GDF5,	
  and	
   facilitates	
   their	
  binding	
   to	
  

the	
  relevant	
  type	
  II	
  receptors,	
  hence	
  enhancing	
  TGFβ	
  and	
  BMP	
  signalling	
  (Gatza	
  et	
  al.	
  2010).	
  

TGFβR3	
   can	
   also	
   present	
   BMP2	
   to	
   the	
   type	
   I	
   receptors	
   BMPRIA	
   or	
   BMPRIB,	
   increasing	
  

signalling	
  by	
  BMP2	
   (Kirkbride	
  et	
  al.	
   2008).	
   In	
  addition,	
   certain	
   ligands	
   (inhibin	
  and	
  TGFβ2)	
  

require	
  TGFβR3	
  for	
  their	
  binding	
  to	
  type	
  II	
  receptors	
  (Gatza	
  et	
  al.	
  2010).	
  By	
  facilitating	
  the	
  

binding	
  of	
  inhibin	
  to	
  both	
  activin	
  receptor	
  II	
  and	
  BMPR2,	
  TGFβR3	
  can	
  mediate	
  the	
  inhibition	
  

of	
  both	
  activin	
  and	
  BMP	
  signalling	
  by	
  inhibin	
  (Lewis	
  et	
  al.	
  2000,	
  Wiater	
  and	
  Vale	
  2003).	
  	
  

	
  

TGFβR3	
  undergoes	
  shedding	
  of	
   its	
  ectodomain	
  by	
  proteolytic	
  cleavage	
  at	
  a	
  site	
  within	
  the	
  

extracellular	
  domain,	
  resulting	
   in	
  the	
  presence	
  of	
  soluble	
  TGFβR3	
  (sTGFβR3)	
  (Andres	
  et	
  al.	
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1989,	
  Lopez-­‐Casillas	
  et	
  al.	
  1991);	
  the	
  levels	
  of	
  this	
  soluble	
  form	
  appear	
  to	
  correlate	
  with	
  that	
  

on	
  the	
  cell	
  surface,	
  suggesting	
  that	
  it	
  is	
  constitutively	
  shed	
  (Gatza	
  et	
  al.	
  2010).	
  sTGFβR3	
  can	
  

bind	
  to	
  TGFβ	
  ligands	
  in	
  extracellular	
  fluid,	
  sequestering	
  them	
  and	
  preventing	
  their	
  binding	
  to	
  

cell	
  surface	
  TGFβRs,	
  hence	
  negatively	
  regulating	
  TGFβ	
  and	
  BMP	
  signalling	
  (Lopez-­‐Casillas	
  et	
  

al.	
  1994).	
  However,	
  at	
  low	
  TGFβ	
  concentrations,	
  sTGFβR3	
  can	
  conversely	
  enhance	
  binding	
  of	
  

TGFβ	
  ligands	
  to	
  cell	
  surface	
  receptors	
  (Fukushima	
  et	
  al.	
  1993).	
  	
  

	
  

TGFβR3	
  can	
  also	
  form	
  a	
  complex	
  with	
  β-­‐arrestin2	
  and	
  BMPRIB	
  resulting	
  in	
  internalisation	
  of	
  

BMPRIB,	
  which	
  enhances	
  BMP	
  signalling	
   (Lee	
  et	
  al.	
  2009).	
  The	
  cytoplasmic	
  PDZ	
  domain	
  of	
  

TGFβR3	
  can	
  bind	
   to	
  GAIP-­‐interacting	
  protein,	
  C-­‐terminus	
   (GIPC),	
   stabilising	
  TGFβR3	
  at	
   the	
  

cell	
  surface	
  and	
  hence	
  enhancing	
  TGFβ	
  signalling	
  (Blobe	
  et	
  al.	
  2001a).	
  Phosphorylation	
  of	
  a	
  

cytoplasmic	
  domain	
  of	
  TGFβR3	
  by	
  TGFβR2	
   leads	
   to	
  binding	
  of	
  TGFβR3	
   to	
  β-­‐arrestin2.	
  The	
  

subsequent	
   complex	
   formation	
   between	
   TGFβR3:β-­‐arrestin2	
   and	
   GIPC	
   leads	
   to	
   ligand-­‐

independent	
  endocytosis	
  of	
  the	
  whole	
  TGFβ	
  signalling	
  receptor	
  complex	
  and	
  hence	
  down-­‐

regulation	
  of	
  TGFβ	
  signalling	
  (Chen	
  et	
  al.	
  2003,	
  Finger	
  et	
  al.	
  2008a).	
  TGFβR3	
  therefore	
  has	
  

dual	
  roles	
  in	
  modulating	
  both	
  TGFβ	
  signalling	
  and	
  BMP	
  signalling	
  depending	
  on	
  the	
  context	
  

and,	
  in	
  addition,	
  inhibits	
  activin	
  signalling.	
  

	
  

TGFβ1	
   binds	
   to	
   TGFβR3	
   with	
   much	
   lower	
   affinity	
   than	
   to	
   TGFβR1	
   and	
   TGFβR2.	
   TGFβR3	
  

associates	
   with	
   TGFβR2	
   only	
   in	
   the	
   presence	
   of	
   ligand,	
   without	
   binding	
   to	
   TGFβR1.	
   It	
  

presents	
  TGFβ1	
  to	
  TGFβR2,	
  forming	
  a	
  stable	
  ligand	
  transfer	
  complex,	
  and	
  thus	
  increases	
  the	
  

affinity	
  of	
  TGFβR2	
  for	
  TGFβ1.	
  It	
  markedly	
  increases	
  the	
  affinity	
  of	
  TGFβ2	
  ligand	
  for	
  TGFβR2	
  

such	
  that	
  in	
  the	
  presence	
  of	
  TGFβR3,	
  TGFβ2	
  is	
  nearly	
  as	
  potent	
  as	
  TGFβ1	
  in	
  certain	
  cell	
  types	
  

(Lopez-­‐Casillas	
  et	
   al.	
   1993).	
  Murine	
  hematopoietic	
  progenitor	
   cells	
  which	
   lack	
  TGFβR3	
  are	
  

fairly	
   resistant	
   to	
   TGFβ2	
   (Ohta	
   et	
   al.	
   1987),	
   whereas	
   cells	
   expressing	
   TGFβR3	
   are	
   more	
  

responsive	
   to	
   TGFβ2.	
   TGFβR3	
   is	
   not	
   essential	
   for	
   TGFβ	
   signalling.	
   However,	
   it	
   has	
   been	
  

shown	
   to	
   be	
   essential	
   for	
   haematopoiesis,	
   as	
   TGFβR3	
   knockout	
   mice	
   show	
   embryonic	
  

lethality	
  due	
  to	
  ineffective	
  erythropoiesis	
  (Stenvers	
  et	
  al.	
  2003).	
  	
  

	
  

The	
  gene	
  encoding	
  TGFβR3	
  is	
  on	
  chromosome	
  1	
  and	
  includes	
  16	
  exons	
  transcribed	
  from	
  two	
  

promoters,	
  proximal	
  and	
  distal	
   (Hempel	
  et	
  al.	
  2008,	
  Gatza	
  et	
  al.	
  2010).	
  The	
  gene	
  contains	
  

three	
  non-­‐coding	
  exons	
  in	
  its	
  5’	
  region	
  (fig.	
  1.12).	
  Two	
  TGFβR3	
  mRNA	
  transcripts	
  have	
  been	
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identified	
   which	
   differ	
   in	
   their	
   5’	
   UTR	
   regions,	
   in	
   keeping	
   with	
   the	
   existence	
   of	
   two	
  

promoters	
   (Hempel	
   et	
   al.	
   2008).	
   The	
   proximal	
   promoter	
   is	
   approximately	
   25kb	
   from	
   the	
  

translational	
  ATG	
   start	
   codon,	
  with	
   the	
  distal	
   promoter	
   being	
   45kb	
   from	
   the	
   start	
   codon.	
  

The	
  proximal	
  promoter	
  is	
  located	
  between	
  base	
  pairs	
  -­‐165	
  to	
  -­‐75	
  from	
  the	
  proximal	
  TSS;	
  this	
  

region	
   contains	
   an	
   Sp1	
   site,	
   conserved	
   across	
   rat,	
   mouse	
   and	
   human	
   TGFβR3,	
   plus	
   an	
  

upstream	
  GC-­‐rich	
  region.	
  The	
  sequence	
  of	
  the	
  proximal	
  promoter	
  in	
  humans	
  is	
  identical	
  to	
  

the	
  rat	
  and	
  mouse	
  TGFβR3	
  promoters	
  (Wang	
  et	
  al.	
  1991,	
  Ji	
  et	
  al.	
  1999,	
  Lopez-­‐Casillas	
  et	
  al.	
  

2003,	
  Hempel	
  et	
  al.	
  2008).	
  The	
  distal	
  promoter	
  has	
  been	
  found	
  to	
  be	
  highly	
  methylated	
  in	
  

several	
   cell	
   lines,	
   suggesting	
   that	
   the	
   proximal	
   promoter	
   is	
   generally	
  more	
   active	
   in	
  most	
  

tissue	
  types	
  (Hempel	
  et	
  al.	
  2008).	
  

	
  

	
  

	
  
Figure	
  1.12:	
  Schematic	
  diagram	
  of	
  the	
  TGFβR3	
  promoters	
  

The	
  TGFβR3	
  gene	
  has	
  two	
  alternative	
  promoters,	
  distal	
  and	
  proximal,	
  with	
  the	
  transcriptional	
  start	
  sites	
  (TSS)	
  

shown	
  for	
  each.	
  Published	
  TGFβR3	
  mRNA	
  transcripts	
  differ	
  in	
  their	
  5’	
  UTRs	
  (untranslated	
  exons	
  shown	
  as	
  grey	
  

boxes),	
  either	
  having	
  exons	
  C	
  and	
  B,	
  or	
  alternatively	
  exon	
  A,	
  and	
  then	
  share	
  a	
  common	
  exon	
  in	
  which	
  the	
  ATG	
  

start	
  codon	
  is	
  found	
  (translated	
  region	
  shown	
  in	
  black).	
  Also	
  shown	
  are	
  the	
  predicted	
  CpG	
  islands	
  around	
  the	
  

promoter	
  regions	
  (Dis=distal;	
  Prox=proximal).	
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Gene	
   Other	
  
name	
  

Ligand(s)	
   Type	
  II	
  receptor	
  (s)	
   Smads	
  

ACVRL1	
   ALK1	
   TGFβ,	
  Activin	
  A,	
  BMP9,	
  BMP10	
   TGFβR2;	
  ActRII,	
  ActRIIB	
   1/5/8	
  

ACVR1	
   ALK2,	
  	
  

ACVR1A	
  

BMP	
   6/7,	
   BMP9,	
   Activin	
   A,	
  

AMH,	
  TGFβ	
  

ActRII,	
   ActRIIB,	
   AMHRII,	
  

TGFβR2	
  

1/5/8	
  

BMPR1A	
   ALK3	
   BMP2,	
  BMP4,	
  BMP6,	
  BMP7	
   BMPRII,	
   ActRII,	
   ActRIIB,	
  

AMHRII	
  

1/5/8	
  

ACVR1B	
   ALK4,	
  	
  

ActRIB	
  

Nodal,	
  Activin	
  A,	
  GDF1,	
  GDF11	
   ActRII,	
  ActRIIB	
   2/3	
  

TGFBR1	
   ALK5,	
  

TGFβR1	
  

TGFβ1,2,3	
   TGFβR2	
   2/3	
  

BMPR1B	
   ALK6	
   BMP2,	
   BMP4,	
   BMP6,	
   BMP7,	
  

GDF-­‐5,6,9b,	
  AMH	
  

BMPRII,	
   ActRII,	
   ActRIIB,	
  

AMHRII	
  

1/5/8	
  

ACVR1C	
   ALK7	
   Nodal,	
  activins	
   ActRII,	
  ActRIIB	
   2/3	
  

Table	
  1.3:	
  Type	
  I	
  receptors	
  of	
  the	
  TGFβ	
  superfamily	
  

The	
  ligands	
  and	
  Smads	
  which	
  bind	
  to	
  the	
  receptors	
  are	
  shown	
  (de	
  Caestecker	
  2004,	
  Mueller	
  and	
  Nickel	
  2012).	
  

ALK=activin-­‐like	
  receptor	
  kinase;	
  ActR=activin	
  receptor.	
  

	
  

Gene	
   Other	
  
name	
  

Ligands	
   Type	
  I	
  receptors	
  

TGFBR2	
   TGFβR2	
   TGFβ1,2,3	
   TGFβR1,	
  ALK1,	
  ALK2	
  

ACVR2A	
   ActRII	
   Activins/inhibins,	
   nodal;	
   GDF1,	
   5,	
  	
  

8,	
  9b,	
  11;	
  	
  BMPs	
  2,	
  6,	
  7,	
  9	
  

ALK1,	
   ALK2,	
   BMPRIA,	
   ALK4,	
  

BMPRIB,	
  ALK7	
  

ACVR2B	
   ActRIIB	
   Activins/inhibins;	
  nodal;	
  GDF1,	
  5,	
  8,	
  

9b,	
  11;	
  BMPs	
  2,	
  6,	
  7,	
  9	
  

ALK1,	
   ALK2,	
   BMPRIA,	
   ALK4,	
  

BMPRIB,	
  ALK7	
  

BMPR2	
   BMPRII	
   BMPs	
  2,4,6,7,9;	
  GDF-­‐5,6,	
  9b;	
  

inhibin	
  A	
  

BMPR1A,	
  BMPR1B	
  

AMHR2	
   AMHRII,	
  

MISRII	
  

AMH/MIS	
   ALK2,	
  BMPRIA,	
  BMPRIB	
  

Table	
  1.4:	
  Type	
  II	
  receptors	
  of	
  the	
  TGFβ	
  superfamily	
  

The	
  ligands	
  and	
  type	
  I	
  receptors	
  which	
  bind	
  are	
  shown	
  (de	
  Caestecker	
  2004,	
  Mueller	
  and	
  Nickel	
  2012).	
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Gene	
   Other	
  name	
   Ligands	
  
TGFBR3	
   TGFβR3,	
  Betaglycan	
   TGFβ1,	
  2	
  and	
  3;	
  Inhibin,	
  BMP2,	
  BMP4,	
  BMP7,	
  GDF5	
  

ENG	
   Endoglin	
   BMP2,	
  BMP7,	
  BMP9,	
  activin;	
  TGFβ1,	
  TGFβ3	
  

TDGF1	
   Cripto	
   Nodal,	
  GDF1,3	
  

Table	
  1.5:	
  Co-­‐receptors	
  (accessory	
  receptors)	
  of	
  the	
  TGFβ	
  superfamily	
  

Alternative	
  names	
  and	
  ligands	
  are	
  shown	
  (de	
  Caestecker	
  2004,	
  Mueller	
  and	
  Nickel	
  2012).	
  

	
  

1.6.5	
  Smads	
  

The	
   downstream	
   intracellular	
   signals	
   from	
   TGFβ	
   and	
   BMP	
   receptors	
   are	
   propagated	
   by	
  

Smad	
   proteins.	
   There	
   are	
   8	
   Smad	
   proteins	
   separated	
   into	
   three	
   families:	
   the	
   receptor-­‐

activated	
  or	
  R-­‐Smads	
   (Smad1,	
   Smad2,	
   Smad3,	
   Smad5	
  and	
   Smad8,	
   also	
   known	
  as	
   Smad9),	
  

the	
   common-­‐mediator	
   or	
   co-­‐Smad	
   (Smad4)	
   and	
   two	
   inhibitory	
   or	
   I-­‐Smads	
   (Smad6	
   and	
  

Smad7).	
   	
   Only	
   the	
   R-­‐Smads	
   can	
   be	
   directly	
   phosphorylated	
   and	
   activated	
   by	
   the	
   type	
   I	
  

receptor	
   kinases.	
   Canonical	
   signalling	
   by	
   the	
   TGFβ	
   subfamily	
   occurs	
   through	
   Smad2	
   and	
  

Smad3,	
  whereas	
  the	
  BMP	
  superfamily	
  ligands	
  signal	
  through	
  Smad1,	
  Smad5	
  and	
  Smad8	
  (see	
  

fig.	
  1.10).	
  The	
  I-­‐Smads	
  compete	
  with	
  R-­‐Smads	
  for	
  receptor	
  and	
  co-­‐Smad	
  binding	
  and	
  target	
  

the	
  receptors	
  for	
  degradation.	
  	
  

	
  

The	
   Smad	
   proteins	
   are	
   all	
   approximately	
   500	
   amino	
   acids	
   in	
   length	
   and	
   consist	
   of	
   two	
  

conserved	
  domains,	
  the	
  N-­‐terminal	
  MAD	
  homology	
  1	
  (MH1)	
  and	
  C-­‐terminal	
  MAD	
  homology	
  

2	
  (MH2)	
  domains,	
  separated	
  by	
  a	
  more	
  divergent	
  linker	
  domain.	
  The	
  C-­‐terminus	
  of	
  R-­‐Smads	
  

has	
   a	
   characteristic	
   SXS	
   motif,	
   the	
   two	
   serines	
   of	
   which	
   are	
   phosphorylated	
   by	
   type	
   I	
  

receptors	
   resulting	
   in	
   Smad	
   activation.	
   The	
  MH2	
   domain	
   contains	
   the	
   L3	
   loop	
   region	
   for	
  

interaction	
  with	
  the	
  L45	
  loop	
  on	
  type	
  I	
  receptors	
  and	
  a	
  region	
  for	
  oligomerisation	
  with	
  other	
  

Smads,	
  whereas	
  the	
  MH1	
  domain	
  enables	
  the	
  Smad	
  to	
  bind	
  to	
  DNA	
  and	
  interact	
  with	
  other	
  

DNA	
  binding	
  proteins	
  (Attisano	
  and	
  Wrana	
  2000).	
  Smad2	
  and	
  Smad3	
  share	
  an	
   identical	
  L3	
  

loop,	
  and	
  Smad1/5/8	
  share	
  an	
  alternative	
  identical	
  L3	
  loop,	
  thus	
  ensuring	
  specificity	
  of	
  the	
  

type	
  I	
  receptors	
  for	
  R-­‐Smads.	
  	
  

	
  

In	
   the	
   inactive	
   state,	
   the	
   R-­‐Smads	
   are	
   located	
   primarily	
   in	
   the	
   cytoplasm,	
   the	
   co-­‐Smad	
  

(Smad4)	
   in	
   the	
  cytoplasm	
  and	
  nucleus,	
  and	
  the	
   I-­‐Smads	
  predominantly	
   in	
   the	
  nucleus	
   (Shi	
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and	
  Massague	
  2003).	
   	
  R-­‐Smads	
  undergo	
  constant	
  nucleo-­‐cytoplasmic	
  shuttling	
  even	
  in	
  the	
  

absence	
  of	
  signalling.	
  Phosphorylation	
  of	
  the	
  R-­‐Smad	
  at	
  the	
  C-­‐terminal	
  SXS	
  motif	
  by	
  type	
  I	
  

receptors	
   results	
   in	
   a	
   conformational	
   change	
   leading	
   to	
   its	
  dissociation	
   from	
   the	
   receptor	
  

and	
   allowing	
   the	
   R-­‐Smad	
   to	
   form	
   a	
   complex	
  with	
   other	
   Smads	
   including	
   Smad4	
   (Derynck	
  

and	
   Zhang	
   2003).	
   Activated	
   R-­‐Smads	
   can	
   form	
   a	
   dimer	
  with	
   Smad4	
   or	
   a	
   trimer	
  with	
   one	
  

Smad4	
  molecule	
  and	
  one	
  other	
  R-­‐Smad	
  (Inman	
  and	
  Hill	
  2002),	
  although	
  more	
  recently	
  the	
  

existence	
   of	
   mixed	
   R-­‐Smad	
   complexes,	
   in	
   some	
   cases	
   not	
   including	
   Smad4,	
   have	
   been	
  

demonstrated	
   (Daly	
   et	
   al.	
   2008,	
   Gronroos	
   et	
   al.	
   2012).	
   Formation	
   of	
   an	
   activated	
   Smad	
  

complex	
  promotes	
  its	
  accumulation	
  in	
  the	
  nucleus,	
  a	
  process	
  facilitated	
  by	
  the	
  interaction	
  of	
  

the	
   Smad	
  MH2	
  domain	
  with	
   nucleoporins.	
   R-­‐Smad	
   shuttling	
   continues	
   in	
   the	
  presence	
  of	
  

signal,	
   by	
   continuous	
   receptor-­‐mediated	
   phosphorylation	
   in	
   the	
   cytoplasm	
   and	
   de-­‐

phosphorylation	
   by	
   R-­‐Smad	
   phosphatases	
   in	
   the	
   nucleus.	
   This	
   enables	
   the	
   R-­‐Smads	
   to	
  

monitor	
   receptor	
   activity	
   (Inman	
   et	
   al.	
   2002).	
   	
   Smad4	
   accumulates	
   in	
   the	
   nucleus	
   once	
  

bound	
   to	
   activated	
   R-­‐Smads,	
   but	
   also	
   undergoes	
   nucleo-­‐cytoplasmic	
   shuttling	
  

independently	
   of	
   signalling.	
   It	
   is	
   thought	
   that	
   a	
   nuclear	
   export	
   signal	
   in	
   the	
   Smad4	
   linker	
  

region	
   is	
   hidden	
   when	
   Smad4	
   is	
   bound	
   to	
   R-­‐Smad	
   (Watanabe	
   et	
   al.	
   2000).	
   Nucleo-­‐

cytoplasmic	
   shuttling	
   is	
   halted	
   by	
   blocking	
   of	
   the	
   nucleoporin	
   interaction	
   by	
  

phosphorylation	
  of	
   the	
  Smad1	
   linker	
   region	
  and	
  binding	
  of	
   the	
  E3	
  ubiquitin	
   ligase	
  Smurf1	
  

(Sapkota	
  et	
  al.	
  2007).	
  	
  

	
  

Stimulation	
   of	
   a	
   cell	
   with	
   TGFβ	
   ligand	
   results	
   in	
   simultaneous	
   changes	
   in	
   expression	
   of	
  

hundreds	
  of	
   genes,	
   some	
  being	
  positively	
  and	
  others	
  negatively	
   regulated.	
  These	
  changes	
  

depend	
  on	
  the	
  cell	
  type	
  and	
  other	
  conditions	
  of	
  the	
  cell	
  (Kang	
  et	
  al.	
  2003,	
  Massague	
  2012).	
  

Smads	
   cooperate	
   both	
   with	
   each	
   other	
   and	
   with	
   other	
   DNA	
   binding	
   proteins;	
   the	
  

transcription	
   factors	
   cooperating	
   with	
   Smads	
   include	
   those	
   from	
   multiple	
   families,	
   e.g.	
  

forkhead,	
  homeobox,	
  Jun/Fos,	
  and	
  Runx	
  [reviewed	
  in	
  (Attisano	
  and	
  Wrana	
  2000,	
  Feng	
  and	
  

Derynck	
   2005)].	
   Smad4	
   and	
   R-­‐Smads,	
  with	
   the	
   exception	
   of	
   Smad2,	
   bind	
   to	
   specific	
   DNA	
  

sequences,	
   called	
   Smad-­‐binding	
   elements	
   (SBEs),	
   within	
   the	
   promoters	
   of	
   target	
   genes.	
  

Smad3	
  and	
  Smad4	
  bind	
  to	
  SBEs	
  consisting	
  of	
  GTCT	
  and	
  its	
  palindrome	
  AGAC	
  (Dennler	
  et	
  al.	
  

1998,	
  Zawel	
  et	
  al.	
  1998),	
  found	
  within	
  promoters	
  of	
  certain	
  TGFβ	
  target	
  genes	
  such	
  as	
  JUNB	
  

and	
   SMAD7	
   (Jonk	
   et	
   al.	
   1998,	
   Nagarajan	
   et	
   al.	
   1999).	
   Smad1,	
   on	
   the	
   other	
   hand,	
   binds	
  

preferentially	
  to	
  the	
  GC-­‐rich	
  sequences	
  GCCGNC	
  or	
  GRCGNC,	
  found	
  within	
  the	
  promoters	
  of	
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BMP-­‐responsive	
  genes	
  such	
  as	
  ID1	
  and	
  SMAD6	
  (Ishida	
  et	
  al.	
  2000,	
  Lopez-­‐Rovira	
  et	
  al.	
  2002).	
  

These	
   sequences,	
   Smad1-­‐binding	
   elements,	
   are	
   often	
   found	
   near	
   Smad3/Smad4	
   binding	
  

elements	
   GTCT	
   or	
   AGAC,	
   so	
   that	
   Smad4	
   bound	
   to	
   Smad1	
   within	
   the	
   complex	
   can	
   also	
  

interact	
  with	
  the	
  DNA	
  (Ross	
  and	
  Hill	
  2008).	
  	
  

	
  

The	
  MH1	
  domain	
  of	
  Smad3	
  is	
  able	
  to	
  bind	
  to	
  SBEs,	
  but	
  Smad2	
  is	
  unable	
  to	
  bind	
  directly	
  to	
  

DNA	
   and	
   so	
   must	
   interact	
   with	
   DNA	
   indirectly	
   via	
   recruitment	
   of	
   transcription	
   factors.	
  

Smad2	
  and	
  Smad3	
  share	
  91%	
  amino	
  acid	
  homology	
  overall,	
  but	
  Smad2	
  has	
  an	
  additional	
  30-­‐

amino-­‐acid	
  sequence	
  within	
   its	
  MH1	
  domain,	
  transcribed	
  by	
  exon	
  3,	
  and	
  it	
   is	
  thought	
  that	
  

this	
  sterically	
  hinders	
  the	
  binding	
  of	
  Smad2	
  to	
  DNA,	
  since	
  a	
  mutated	
  form	
  of	
  Smad2,	
  lacking	
  

exon	
  3,	
  is	
  able	
  to	
  bind	
  DNA	
  (Yagi	
  et	
  al.	
  1999).	
  	
  

	
  

Although	
  canonical	
  TGFβ	
  signalling	
  induces	
  phosphorylation	
  of	
  Smad2	
  and	
  Smad3,	
  these	
  can	
  

have	
  different	
   functions	
  and	
  are	
   therefore	
  generally	
  non-­‐redundant,	
  although	
   the	
   relative	
  

importance	
   of	
   each	
   varies	
   between	
   cell	
   types	
   (Kretschmer	
   et	
   al.	
   2003,	
   Kim	
   et	
   al.	
   2005,	
  

Brown	
  et	
  al.	
  2007).	
  An	
  investigation	
  of	
  murine	
  embryonic	
  fibroblasts	
  with	
  knockout	
  (KO)	
  of	
  

Smad2	
   or	
   Smad3	
   showed	
   that	
   both	
   Smads	
   were	
   required	
   for	
   TGFβ-­‐mediated	
   growth	
  

inhibition,	
   whereas	
   the	
   induction	
   of	
   Smad7	
   and	
   auto-­‐induction	
   of	
   TGFβ1	
   only	
   required	
  

Smad3	
   expression.	
   Other	
   TGFβ	
   target	
   genes	
   required	
   one	
   or	
   other	
   Smad	
   specifically,	
   or	
  

neither	
   (Piek	
   et	
   al.	
   2001).	
   However,	
   in	
  murine	
  mammary	
   epithelial	
   cells,	
   Smad3	
  was	
   not	
  

required	
   for	
   TGFβ-­‐mediated	
   growth	
   inhibition	
   (Yang	
   et	
   al.	
   2002).	
   In	
   HaCaT	
   (human	
  

keratinocyte)	
   cells,	
   Smad3,	
   but	
   not	
   Smad2,	
   was	
   needed	
   for	
   TGFβ-­‐induced	
   growth	
   arrest,	
  

p21CIP1/WAF1	
  induction	
  and	
  c-­‐MYC	
  repression	
  (Kretschmer	
  et	
  al.	
  2003,	
  Kim	
  et	
  al.	
  2005).	
  A	
  DNA	
  

array	
  revealed	
  several	
  distinct	
  sets	
  of	
  TGFβ	
  target	
  genes:	
  (1)	
  those	
  that	
  specifically	
  required	
  

Smad2	
  or	
  Smad3,	
  (2)	
  those	
  requiring	
  either	
  Smad2	
  or	
  Smad3	
  in	
  a	
  redundant	
  fashion,	
  or	
  (3)	
  a	
  

set	
  that	
  were	
  entirely	
  independent	
  of	
  Smad2	
  and	
  Smad3	
  (Kretschmer	
  et	
  al.	
  2003).	
  	
  	
  

	
  

The	
  binding	
  of	
   Smads	
   to	
  DNA,	
  even	
   for	
   those	
   that	
  do	
  bind	
  directly,	
   is	
  of	
   low	
  affinity,	
   and	
  

thus	
   they	
   require	
   interaction	
   with	
   specific	
   transcription	
   factors	
   to	
   alter	
   transcription	
   of	
  

target	
   genes;	
   this	
   contributes	
   to	
   the	
   diversity	
   of	
   TGFβ	
   responses	
   in	
   different	
   cellular	
  

contexts.	
   The	
   accumulation	
   of	
   Smad	
   complexes	
   within	
   the	
   nucleus	
   as	
   either	
   dimers	
   or	
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trimers	
  (involving	
  two	
  R-­‐Smad	
  molecules	
  with	
  one	
  Smad4)	
  depends	
  on	
  which	
  transcription	
  

factor	
  is	
  involved	
  in	
  the	
  interaction	
  (Inman	
  and	
  Hill	
  2002).	
  

	
  

As	
   well	
   as	
   interacting	
   with	
   transcription	
   factors,	
   Smads	
   can	
   recruit	
   co-­‐activators	
   such	
   as	
  

CREB-­‐binding	
   protein	
   (CBP)	
   and	
   p300,	
   both	
   histone	
   acetyl	
   transferases,	
   which	
   bring	
  

sequence-­‐specific	
  transcription	
  factors	
  into	
  close	
  proximity	
  with	
  RNA	
  polymerase	
  II.	
  Smads	
  

can	
  also	
  recruit	
  co-­‐repressors,	
  such	
  as	
  Ski/SnoN,	
  which	
  repress	
  Smad-­‐induced	
  transcription.	
  	
  

	
  

1.6.6	
  Cross-­‐talk	
  between	
  TGFβ	
  and	
  BMP	
  signalling	
  pathways	
  

In	
  recent	
  years	
  the	
  concept	
  of	
  distinct	
  canonical	
  TGFβ	
  and	
  BMP	
  signalling	
  via	
  Smad2/3	
  and	
  

Smad1/5/8	
   respectively	
   has	
   been	
   increasingly	
   challenged.	
   First	
   it	
   was	
   demonstrated	
   in	
  

endothelial	
  cells	
  that	
  TGFβ	
  could	
  stimulate	
  phosphorylation	
  of	
  both	
  Smad2/3	
  and	
  Smad1/5.	
  

This	
   occurred	
   via	
   the	
   formation	
   of	
   heteromeric	
   receptor	
   complexes	
   containing	
   TGFβR1	
  

(which	
   activates	
   Smad2/3)	
   and	
   ALK1	
   (which	
   stimulates	
   Smad1/5/8)	
   and	
   required	
   the	
  

endothelial-­‐cell-­‐specific	
   co-­‐receptor	
   endoglin	
   (Goumans	
   et	
   al.	
   2002).	
   Initially	
   this	
   was	
  

thought	
   to	
   be	
   specific	
   to	
   endothelial	
   cells,	
   as	
   ALK1	
   is	
   not	
   expressed	
   in	
   other	
   cell	
   types.	
  

However,	
   it	
   was	
   subsequently	
   demonstrated	
   that	
   formation	
   of	
   similar	
   mixed	
   receptor	
  

complexes	
   and	
   mixed	
   R-­‐Smad	
   complexes,	
   leading	
   to	
   activation	
   of	
   both	
   Smad2/3	
   and	
  

Smad1/5/8	
   by	
   TGFβ,	
   occur	
   in	
   other	
   cell	
   types	
   including	
   epithelial	
   cells,	
   fibroblasts	
   and	
  

epithelial-­‐derived	
  tumour	
  cell	
   lines	
   (Daly	
  et	
  al.	
  2008).	
   In	
   this	
  case,	
   the	
  receptor	
  complexes	
  

included	
   a	
   dimer	
   of	
   TGFβR2	
   complexed	
   with	
   a	
   TGFβR1	
   monomer	
   and	
   a	
   BMP	
   receptor	
  

monomer,	
   either	
   ALK2	
   or	
   BMPRIA	
   (ALK3).	
   They	
   demonstrated	
   the	
   formation	
   of	
  mixed	
   R-­‐

Smad	
  complexes	
  consisting	
  of	
  a	
  phosphorylated	
  Smad2	
  or	
  3	
  with	
  a	
  phosphorylated	
  Smad1	
  

or	
  5,	
  without	
  a	
  Smad4	
  molecule,	
  and	
  proposed	
  that	
  these	
  mixed	
  R-­‐Smad	
  complexes	
  could	
  

themselves	
   accumulate	
   in	
   the	
   nucleus	
   and	
   alter	
   transcription	
   of	
   target	
   genes	
   (Daly	
   et	
   al.	
  

2008).	
  	
  

	
  

It	
  was	
  thought	
  that	
  in	
  order	
  for	
  TGFβ	
  to	
  stimulate	
  phosphorylation	
  of	
  the	
  ‘BMP-­‐type’	
  Smads	
  

1/5/8,	
  one	
  of	
  the	
  BMP	
  type	
  1	
  receptors	
  (ALK1,	
  ALK2,	
  ALK3	
  or	
  ALK6)	
  would	
  have	
  to	
  be	
  within	
  

the	
   receptor	
   complex.	
   However,	
   Wrighton	
   et	
   al	
   showed	
   that	
   TGFβ	
   could	
   induce	
  

phosphorylation	
  of	
  Smad1	
  independently	
  of	
  BMP	
  type	
  I	
  receptors	
  in	
  a	
  murine	
  mesenchymal	
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cell	
  line	
  and	
  a	
  human	
  hepatoma	
  cell	
  line	
  (Wrighton	
  et	
  al.	
  2009)	
  and	
  another	
  group	
  showed	
  

that	
   TGFβ	
   induced	
   phosphorylation	
   of	
   Smad1	
   in	
   a	
   murine	
   mammary	
   epithelial	
   cell	
   line,	
  

again	
   via	
   the	
   L45	
   loop	
   of	
   TGFβR1	
   (interacting	
   with	
   non-­‐canonical	
   Smads	
   1/5)	
   and	
  

independently	
  of	
  BMP	
  receptors	
   (Liu	
  et	
  al.	
  2009).	
  Thus	
  the	
  requirement	
   for	
  BMP	
  receptor	
  

involvement	
   in	
   TGFβ-­‐induced	
   phosphorylation	
   of	
   Smad1/5	
   appears	
   to	
   vary	
   between	
   cell	
  

lines	
  or	
  cell	
  types.	
  	
  

	
  

TGFβ-­‐induced	
   phosphorylation	
   of	
   Smad1/5	
   has	
   now	
   been	
   demonstrated	
   in	
   endothelial,	
  

epithelial	
  cells,	
  fibroblasts	
  and	
  B	
  cells	
  (Goumans	
  et	
  al.	
  2002,	
  Daly	
  et	
  al.	
  2008,	
  Liu	
  et	
  al.	
  2009,	
  

Wrighton	
  et	
  al.	
  2009,	
  Rai	
  et	
  al.	
  2010,	
  Jiang	
  and	
  Aguiar	
  2014).	
  In	
  B	
  cells	
  the	
  requirement	
  for	
  

TGFβR2	
  and	
  TGFβR1	
  was	
  consistently	
  shown,	
  whereas	
  BMP	
  receptors	
  ALK2/3	
  were	
  required	
  

only	
  in	
  one	
  of	
  the	
  DLBCL	
  lines	
  tested	
  (Rai	
  et	
  al.	
  2010).	
  Hill	
  and	
  colleagues	
  have	
  recently	
  gone	
  

on	
   to	
   show,	
   in	
   a	
   breast	
   cancer-­‐derived	
   epithelial	
   cell	
   line,	
   that	
   TGFβ	
   acts	
   via	
   TGFβR1	
   to	
  

induce	
  mixed	
  R-­‐Smad	
  complexes	
  containing	
  phosphorylated	
  Smad1/5	
  and	
  phosphorylated	
  

Smad3	
   (but	
   not	
   Smad2).	
   These	
   heteromeric	
   complexes	
   had	
   a	
   direct	
   inhibitory	
   effect	
   on	
  

BMP-­‐responsive	
  elements,	
  so	
  that	
  in	
  the	
  presence	
  of	
  both	
  TGFβ	
  and	
  BMP	
  ligands,	
  the	
  TGFβ	
  

signals	
   antagonised	
   BMP	
   signals,	
   with	
   Smad3	
   being	
   required	
   to	
   mediate	
   TGFβ-­‐induced	
  

repression	
  of	
  BMP-­‐induced	
  transcription	
  (Gronroos	
  et	
  al.	
  2012).	
  	
  

	
  

1.6.7	
  Regulation	
  of	
  TGFβ	
  and	
  BMP	
  signalling	
  pathways	
  

TGFβ	
  signalling	
  is	
  regulated	
  at	
  multiple	
  levels:	
  by	
  controlling	
  the	
  amount	
  of	
  ligand	
  available,	
  

cell	
  surface	
  expression	
  of	
  receptors,	
  availability	
  of	
  Smads,	
  degradation	
  of	
  signalling	
  pathway	
  

components,	
   and	
   by	
   inhibitory	
   molecules	
   including	
   the	
   inhibitory	
   Smads	
   (I-­‐Smads).	
   This	
  

regulation	
  is	
  important	
  for	
  ensuring	
  that	
  signalling	
  is	
  terminated	
  appropriately.	
  	
  

	
  

Internalisation	
  of	
  receptors	
  is	
  used	
  either	
  to	
  enhance	
  signalling	
  or	
  to	
  degrade	
  the	
  receptor,	
  

depending	
   on	
   the	
   mechanism	
   of	
   endocytosis	
   used.	
   Clathrin-­‐mediated	
   endocytosis	
   of	
  

receptor	
   complexes	
   to	
   early	
   endosomes	
   results	
   in	
   enhanced	
   signalling,	
   and	
   receptors	
   can	
  

return	
   from	
   there	
   to	
   the	
   cell	
   surface.	
   Clathrin-­‐independent	
   receptor	
   endocytosis	
   to	
  

caveolin-­‐positive	
   vesicles,	
   on	
   the	
   other	
   hand,	
   results	
   in	
   receptor	
   degradation	
   and	
   thus	
  

reduced	
  signalling	
  (Finger	
  et	
  al.	
  2008a).	
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As	
  described	
   in	
   section	
  1.6.5,	
   Smads	
  are	
   continuously	
   shuttled	
   from	
   the	
  cytoplasm	
   to	
   the	
  

nucleus	
   and	
  back	
   again,	
   although	
   in	
   the	
  presence	
  of	
   ligand	
   they	
   remain	
   for	
   longer	
   in	
   the	
  

nucleus,	
   due	
   to	
   masking	
   of	
   nuclear	
   export	
   signals	
   (Itoh	
   and	
   ten	
   Dijke	
   2007).	
   Smad	
  

phosphatases,	
  found	
  in	
  the	
  nucleus,	
  dephosphorylate	
  Smads,	
  hence	
  deactivating	
  them	
  and	
  

allowing	
  them	
  to	
  be	
  exported	
  from	
  the	
  nucleus	
  back	
  into	
  the	
  cytoplasm.	
  Smad	
  activity	
  can	
  

also	
  be	
  terminated	
  via	
  ubiquitin-­‐mediated	
  proteasomal	
  degradation.	
  

	
  

The	
  I-­‐Smads	
  6	
  and	
  7	
  inhibit	
  signalling	
  by	
  several	
  mechanisms.	
  Smad6	
  is	
  usually	
  more	
  specific	
  

to	
   BMP	
   signalling,	
   whereas	
   Smad7	
   inhibits	
   both	
   TGFβ	
   and	
   BMP	
   signalling	
   (Attisano	
   and	
  

Wrana	
  2000).	
  The	
   I-­‐Smads	
  compete	
  with	
  R-­‐Smads	
   for	
  binding	
   to	
  Smad4	
   (Moustakas	
  et	
  al.	
  

2001).	
   They	
   also	
   recruit	
   the	
   Smad	
   ubiquitin	
   regulatory	
   factors	
   Smurf1	
   and	
   Smurf2,	
  which	
  

ubiquitinate	
  activated	
  R-­‐Smads,	
  targeting	
  them	
  for	
  proteasome-­‐mediated	
  degradation	
  and	
  

hence	
   down-­‐regulating	
   signalling.	
   Smurf1	
   targets	
   Smads	
   1	
   and	
   5	
   and	
   therefore	
  

preferentially	
   inhibits	
   BMP	
   signalling	
   (Zhu	
   et	
   al.	
   1999),	
   whereas	
   Smurf2	
   targets	
   activated	
  

Smad2	
   and	
   thus	
   down-­‐regulates	
   TGFβ	
   signalling	
   (Zhang	
   et	
   al.	
   2001).	
   Smad7	
   also	
   leads	
   to	
  

dephosphorylation	
  and	
  inactivation	
  of	
  TGFβR1	
  (Ebisawa	
  et	
  al.	
  2001,	
  Shi	
  et	
  al.	
  2004).	
  TGFβ,	
  

activin	
  and	
  BMP	
  signalling	
  up-­‐regulate	
  transcription	
  of	
  the	
  I-­‐Smads,	
  thus	
  providing	
  a	
  means	
  

of	
  ensuring	
  the	
  transience	
  of	
  signalling	
  (Nakao	
  et	
  al.	
  1997)	
  via	
  a	
  negative	
  feedback	
  loop.	
  

	
  

Signalling	
  can	
  also	
  be	
  terminated	
  by	
  the	
  inhibition	
  of	
  	
  formation	
  of	
  complexes	
  between	
  type	
  

I	
  and	
  type	
  II	
  receptors,	
  such	
  as	
  by	
  the	
  decoy	
  type	
  1	
  receptor,	
  BMP	
  and	
  activin	
  membrane-­‐

bound	
  inhibitor	
  (BAMBI)	
  (Itoh	
  and	
  ten	
  Dijke	
  2007).	
  Co-­‐repressors	
  such	
  as	
  Ski/SnoN	
  are	
  also	
  

important	
   in	
   controlling	
   Smad	
   function,	
   as	
   they	
   inhibit	
   Smad-­‐induced	
   target	
   gene	
  

transcription.	
   In	
   addition,	
   SnoN	
   can	
   sequester	
   Smads	
   in	
   the	
   cytoplasm,	
   preventing	
   their	
  

activation	
   and	
   nuclear	
   accumulation.	
   Ski	
   and	
   SnoN	
   are	
   also	
   TGFβ	
   target	
   genes,	
   thus	
  

providing	
   another	
   negative	
   feedback	
   loop	
   mechanism	
   to	
   ensure	
   signalling	
   can	
   be	
  

terminated	
  (Itoh	
  and	
  ten	
  Dijke	
  2007).	
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1.6.8	
   Smad-­‐independent	
   TGFβ	
   signalling	
   pathways	
   and	
   TGFβ	
   receptor-­‐independent	
  

activation	
  of	
  Smads	
  

It	
  is	
  increasingly	
  recognised	
  that	
  TGFβ	
  can	
  also	
  activate	
  other	
  signalling	
  pathways,	
  via	
  both	
  

Smad-­‐dependent	
  and	
  Smad-­‐independent	
  mechanisms.	
  These	
   include	
  MAPK,	
  ERK,	
   JNK	
  and	
  

PI3K/Akt	
   pathways	
   [reviewed	
   in	
   (Massague	
   2012,	
   Mu	
   et	
   al.	
   2012)].	
   It	
   has	
   recently	
   been	
  

shown	
   that	
   TGFβR1	
   within	
   the	
   TGFβR	
   complex	
   also	
   interacts	
   with	
   and	
   activates	
   TNF-­‐

receptor-­‐associated	
  factor	
  6	
  (TRAF6),	
  causing	
  activation	
  of	
  TGFβ-­‐associated	
  kinase	
  1	
  (TAK1),	
  

in	
   epithelial	
   cells	
   [reviewed	
   in	
   (Landstrom	
   2010)].	
   This	
   process	
   is	
   Smad-­‐independent	
   and	
  

leads	
   to	
   activation	
   of	
   JNK	
   and	
   p38	
   MAP	
   kinases,	
   resulting	
   in	
   promotion	
   of	
   apoptosis	
  

(Sorrentino	
  et	
  al.	
  2008,	
  Yamashita	
  et	
  al.	
  2008a).	
  

	
  

In	
  addition,	
   it	
  has	
  been	
  shown	
  that	
  R-­‐Smads	
  can	
  be	
  phosphorylated,	
  at	
   the	
  C-­‐terminal,	
  by	
  

other	
   ligands	
   independently	
   of	
   TGFβRs	
   [reviewed	
   in	
   (Heldin	
   and	
   Moustakas	
   2012)],	
   for	
  

example	
   hepatocyte	
   growth	
   factor	
   (HGF)	
   can	
   phosphorylate	
   Smad2	
   independently	
   of	
  

TGFβRs;	
   the	
  receptor	
  kinase	
  responsible	
   for	
   this	
   is	
  not	
  known	
  (de	
  Caestecker	
  et	
  al.	
  1998).	
  

Furthermore,	
  ERK/MAP	
  kinases	
  can	
  phosphorylate	
  Smads	
   in	
   their	
   linker	
   regions,	
   inhibiting	
  

them	
  by	
  preventing	
  their	
  accumulation	
  in	
  the	
  nucleus;	
  p38	
  and	
  JNK	
  MAP	
  kinases,	
  as	
  well	
  as	
  

TAK1,	
  are	
  also	
  able	
  to	
  do	
  this	
  [reviewed	
  in	
  (Heldin	
  and	
  Moustakas	
  2012)].	
  BMPs	
  and	
  TGFβ	
  

can	
  also	
  lead	
  to	
  phosphorylation	
  of	
  the	
  linker	
  region	
  of	
  Smad1,	
  in	
  addition	
  to	
  activation	
  by	
  

MAP	
  kinases,	
  and	
  it	
   is	
  thought	
  that	
  this	
  may	
  represent	
  a	
  means	
  of	
   integrating	
   inputs	
  from	
  

various	
   sources,	
   controlling	
   the	
   accumulation	
   of	
   Smad1	
   in	
   the	
   nucleus,	
   as	
   linker	
  

phosphorylation	
   usually	
   prevents	
   its	
   nuclear	
   translocation	
   (Sapkota	
   et	
   al.	
   2007).	
   It	
   can	
  

therefore	
   be	
   seen	
   that,	
   as	
   more	
   is	
   discovered	
   about	
   TGFβ	
   signalling	
   pathways,	
   their	
  

complexity	
  seems	
  to	
  increase.	
  	
  

	
  

1.6.9	
  TGFβ	
  responses	
  	
  

TGFβ	
   signalling	
   is	
   generally	
   anti-­‐proliferative	
   and/or	
   pro-­‐apoptotic	
   in	
   most	
   cell	
   types,	
  

although	
  the	
  effect	
  varies	
  according	
  to	
  the	
  cell	
  type	
  and	
  the	
  context	
  [reviewed	
  in	
  (Massague	
  

2012)].	
  The	
  mechanisms	
  of	
  these	
  responses	
  in	
  different	
  cell	
  types	
  will	
  now	
  be	
  discussed	
  in	
  

more	
  detail.	
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1.6.9.1	
  TGFβ	
  responses	
  in	
  epithelial	
  cells	
  

In	
   epithelial	
   cells,	
   TGFβ	
   can	
   induce	
   cell	
   cycle	
   arrest	
   or	
   apoptosis.	
   TGFβ	
   induces	
   the	
   CDKIs	
  

p15INK4B	
  and	
  p21CIP1/WAF1	
  (hereafter	
  referred	
  to	
  as	
  p15	
  and	
  p21	
  respectively),	
  leading	
  to	
  cell	
  

cycle	
  arrest	
  in	
  the	
  G1	
  phase	
  (Hannon	
  and	
  Beach	
  1994,	
  Datto	
  et	
  al.	
  1995).	
  TGFβ	
  also	
  leads	
  to	
  

repressed	
   transcription	
   of	
   c-­‐Myc,	
   via	
   binding	
   of	
   Smad3	
   to	
   its	
   promoter	
   (Frederick	
   et	
   al.	
  

2004).	
   Smad3	
   therefore	
   seems	
   to	
   be	
   particularly	
   important	
   for	
   TGFβ-­‐induced	
   cell	
   cycle	
  

arrest.	
  The	
  repression	
  of	
  c-­‐Myc	
  is	
  required	
  for	
  induction	
  of	
  p15,	
  as	
  c-­‐Myc	
  normally	
  represses	
  

p15	
  by	
  binding	
  to	
   its	
  promoter	
  (Warner	
  et	
  al.	
  1999,	
  Seoane	
  et	
  al.	
  2001);	
  thus	
  TGFβ	
  and	
  c-­‐

Myc	
   functionally	
   oppose	
   each	
   other.	
   In	
   epithelial	
   cells,	
   TGFβ	
   causes	
   repression	
   of	
   Id	
  

proteins,	
  resulting	
  in	
  growth	
  arrest	
  (Ling	
  et	
  al.	
  2002).	
  	
  

	
  

The	
   mechanism	
   of	
   TGFβ-­‐induced	
   apoptosis	
   in	
   epithelial	
   cells	
   is	
   less	
   well	
   understood.	
  

Overexpression	
   of	
   Smad3,	
   or	
   to	
   a	
   lesser	
   extent	
   Smad2,	
   can	
   promote	
   apoptosis	
   in	
   lung	
  

epithelial	
   cells	
   (Yanagisawa	
  et	
  al.	
  1998)	
  and	
  a	
  dominant	
  negative	
  Smad3,	
  or	
  expression	
  of	
  

Smad7,	
  can	
  inhibit	
  TGFβ-­‐mediated	
  apoptosis	
  in	
  a	
  hepatoma	
  cell	
  line	
  (Yamamura	
  et	
  al.	
  2000).	
  

However,	
   Smad7	
  can	
  either	
  promote	
  or	
   inhibit	
   apoptosis	
   in	
  different	
   contexts	
   (Patil	
   et	
  al.	
  

2000,	
  Yamamura	
  et	
  al.	
  2000).	
  Smad3	
  is	
  required	
  for	
  TGFβ-­‐induced	
  apoptosis,	
  but	
  not	
  TGFβ-­‐

induced	
  arrest,	
  in	
  murine	
  mammary	
  epithelium	
  (Yang	
  et	
  al.	
  2002),	
  and	
  is	
  also	
  necessary	
  for	
  

TGFβ-­‐induced	
  apoptosis	
  in	
  a	
  rat	
  hepatoma	
  cell	
  line	
  (Kim	
  et	
  al.	
  2002).	
  

	
  

The	
   determinant	
   of	
   TGFβ	
   responses	
   in	
   epithelial	
   cells,	
   in	
   terms	
   of	
   apoptosis	
   or	
   cell	
   cycle	
  

arrest,	
   may	
   involve	
   cross-­‐talk	
   between	
   TGFβ	
   signalling	
   and	
   the	
   PI3K/Akt	
   pathway.	
   In	
  

hepatocytes,	
   activated	
   (phosphorylated)	
   Akt	
   can	
   interact	
   with	
   unphosphorylated	
   Smad3,	
  

sequestering	
   the	
   Smad3	
   so	
   that	
   it	
   is	
   unable	
   to	
   be	
   phosphorylated	
   and	
   accumulate	
   in	
   the	
  

nucleus.	
  Since	
  TGFβ-­‐induced	
  apoptosis	
  in	
  epithelial	
  cells	
  depends	
  on	
  Smad3	
  but	
  not	
  Smad2,	
  

this	
  prevents	
  TGFβ	
  from	
  inducing	
  apoptosis,	
  but	
  phosphorylation	
  and	
  nuclear	
  accumulation	
  

of	
   Smad2	
   can	
   continue	
   in	
   response	
   to	
   TGFβ,	
   which	
   can	
   thus	
   cause	
   TGFβ-­‐induced	
   arrest	
  

(Conery	
   et	
   al.	
   2004,	
   Remy	
   et	
   al.	
   2004).	
   Thus	
   it	
   has	
   been	
   proposed	
   that	
   the	
   ratio	
   of	
  

Smad3:Akt	
  expression	
  determines	
  whether	
  the	
  response	
  to	
  TGFβ	
  is	
  apoptosis	
  or	
  arrest,	
  i.e.	
  

a	
  ratio	
  above	
  a	
  certain	
  threshold	
  leads	
  to	
  apoptosis	
  whereas	
  below	
  this	
  threshold	
  cell	
  cycle	
  

arrest	
  occurs	
  (Conery	
  et	
  al.	
  2004).	
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1.6.9.2	
  TGFβ	
  responses	
  in	
  normal	
  B	
  cells	
  

TGFβ	
  can	
  also	
  induce	
  apoptosis	
  or	
  growth	
  arrest	
   in	
  mature	
  B	
  cells.	
  Primary	
  B	
  cells	
  purified	
  

from	
   peripheral	
   blood	
   or	
   umbilical	
   cord	
   blood	
   undergo	
   spontaneous	
   apoptosis,	
   which	
   is	
  

increased	
  with	
  TGFβ	
  treatment	
  (Douglas	
  et	
  al.	
  1997,	
  Lagneaux	
  et	
  al.	
  1998).	
  The	
  importance	
  

of	
   Smad3	
   for	
   apoptosis	
   is	
   less	
   understood	
   in	
   B	
   cells	
   than	
   epithelial	
   cells,	
   although	
   TGFβ-­‐

induced	
   apoptosis	
   occurs	
   via	
   Smad3	
   in	
  murine	
   B	
   cells	
   (Wildey	
   et	
   al.	
   2003),	
   and	
   a	
   recent	
  

study	
  has	
  demonstrated	
  a	
  specific	
  role	
  for	
  SMAD3	
  binding	
  to	
  the	
  PUMA	
  promoter	
  in	
  TGFβ-­‐

induced	
  apoptosis	
   in	
  human	
  BL	
  cells	
   (Spender	
  et	
  al.	
  2013).	
  However,	
   there	
   is	
  currently	
  no	
  

evidence	
  that	
  the	
  system	
  based	
  on	
  a	
  threshold	
  of	
  Smad3:Akt	
  determining	
  TGFβ	
  response,	
  as	
  

found	
  in	
  epithelial	
  cells,	
  occurs	
  in	
  B	
  cells.	
  	
  

	
  

GC	
  B	
  cells	
  are	
  primed	
  for	
  apoptosis,	
  with	
  increased	
  expression	
  of	
  FAS,	
  c-­‐Myc	
  and	
  BAX,	
  and	
  

decreased	
  expression	
  of	
  BCL2,	
  compared	
  to	
  naïve	
  or	
  memory	
  B	
  cells	
  (Martinez-­‐Valdez	
  et	
  al.	
  

1996).	
  TGFβ-­‐induced	
  apoptosis	
  is	
  also	
  important	
  in	
  GC	
  B	
  cells,	
  leading	
  to	
  ‘death	
  by	
  neglect’	
  

in	
  cells	
   lacking	
  high	
  affinity	
  receptors	
  for	
  antigen	
  (Spender	
  et	
  al.	
  2009,	
  Spender	
  and	
  Inman	
  

2011).	
   Purified	
   CD77+	
   centroblasts	
   undergo	
   spontaneous	
   apoptosis,	
   but	
   can	
   be	
   partly	
  

rescued	
   from	
   this	
  by	
   the	
  mitogen	
  phorbol	
  myristate	
  acetate	
   (PMA)	
   (Spender	
  et	
   al.	
   2009).	
  

Blocking	
   autocrine	
   TGFβ	
   signalling	
   with	
   the	
   TGFβR1	
   inhibitor	
   SB431542	
   also	
   led	
   to	
   a	
  

reduction	
   in	
   spontaneous	
   apoptosis,	
   confirming	
   that	
   autocrine/paracrine	
   signalling	
  

contributes	
   to	
   the	
   default	
   apoptotic	
   state	
   in	
   GC	
   B	
   cells.	
   This	
   was	
   shown	
   to	
   occur	
   via	
  

induction	
  of	
  BIK	
  and	
  down-­‐regulation	
  of	
  BCL-­‐XL	
  (Spender	
  et	
  al.	
  2009).	
  

	
  

The	
  majority	
  of	
  studies	
  on	
  the	
  anti-­‐proliferative	
  effects	
  of	
  TGFβ	
  in	
  normal	
  B	
  cells	
  have	
  been	
  

done	
  using	
  B	
  cells	
  isolated	
  and	
  purified	
  from	
  peripheral	
  blood	
  or	
  tonsil	
  extracts.	
  Since	
  these	
  

are	
   naturally	
   quiescent,	
   it	
   is	
   necessary	
   to	
   artificially	
   stimulate	
   them	
   to	
   proliferate	
   before	
  

treating	
  with	
  TGFβ,	
  generally	
  by	
  using	
  mitogens	
  such	
  as	
  PMA,	
  anti-­‐IgM,	
  or	
  cytokines	
  such	
  as	
  

IL-­‐4.	
  In	
  these	
  artificially	
  stimulated	
  B	
  cells,	
  TGFβ	
  induces	
  cell	
  cycle	
  arrest	
  in	
  G1	
  (Kehrl	
  et	
  al.	
  

1986,	
  Blomhoff	
  et	
  al.	
  1987,	
  Smeland	
  et	
  al.	
  1987).	
  TGFβ1	
  is	
  secreted	
  by	
  resting	
  B	
  cells,	
  with	
  

secretion	
   increased	
   upon	
   B	
   cell	
   activation,	
   thus	
   autocrine/paracrine	
   TGFβ1	
   production	
  

probably	
  limits	
  B	
  cell	
  proliferation	
  under	
  normal	
  circumstances	
  (Kehrl	
  et	
  al.	
  1986,	
  Kremer	
  et	
  

al.	
  1992).	
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More	
   recently	
   the	
  effects	
   of	
   TGFβ	
  have	
  been	
   investigated	
   in	
  human	
   centroblasts	
   isolated	
  

and	
  purified	
  (by	
  CD77	
  positive	
  selection)	
  from	
  human	
  tonsil	
  extracts	
  (Spender	
  et	
  al.	
  2009).	
  

CD77+	
  centroblasts	
  are	
  naturally	
  proliferating,	
  and	
  TGFβ	
  inhibits	
  their	
  proliferation	
  (Spender	
  

et	
  al.	
  2009).	
  Autocrine	
  TGFβ	
  signalling	
  via	
  TGFβR1	
  also	
  occurs	
  in	
  centroblasts.	
  	
  	
  

	
  

1.6.10	
  Dysregulation	
  of	
  TGFβ	
  signalling	
  in	
  malignancies	
  

1.6.10.1	
  Dysregulation	
  of	
  TGFβ	
  signalling	
  in	
  epithelial	
  cell	
  malignancies	
  

In	
  non-­‐haematopoietic	
  malignancies,	
  TGFβ	
  can	
  have	
  both	
  tumour	
  suppressive	
  and	
  tumour	
  

promoting	
   effects.	
   Often,	
   its	
   effects	
   are	
   tumour	
   suppressive	
   initially	
   but	
   then	
   it	
   becomes	
  

tumour	
  promoting	
   in	
   association	
  with	
  progression	
  of	
   the	
   tumour,	
   generally	
   in	
   association	
  

with	
   increased	
   production	
   of	
   TGFβ1	
   by	
   the	
   tumour	
   itself	
   (Bernabeu	
   et	
   al.	
   2009).	
   In	
   this	
  

tumour	
   promoting	
   stage	
   TGFβ	
   can	
   promote	
   epithelial	
   to	
   mesenchymal	
   transition,	
  

invasiveness	
   and	
  metastasis,	
   as	
   it	
   reduces	
   cell-­‐cell	
   adhesion	
   and	
   increases	
   cell	
  motility	
   of	
  

epithelial	
   cells	
   (Elliott	
   and	
  Blobe	
  2005,	
  Hannigan	
  et	
  al.	
   2010).	
   Increased	
  TGFβ1	
  expression	
  

and/or	
   secretion	
  correlate	
  with	
  adverse	
  prognosis	
   in	
  breast,	
  ovarian	
  and	
  prostate	
   cancers	
  

(Bristow	
  et	
  al.	
  1999,	
  Shariat	
  et	
  al.	
  2004,	
  Desruisseau	
  et	
  al.	
  2006).	
  	
  

	
  

Many	
   non-­‐haematopoietic	
   tumours	
   show	
   resistance	
   to	
   TGFβ	
   signalling,	
   often	
   associated	
  

with	
   mutations	
   or	
   reduced	
   expression	
   of	
   TGFβR2	
   or	
   TGFβR1,	
   or	
   abnormalities	
   of	
   other	
  

signalling	
   components	
   such	
   as	
   Smad4	
   mutations	
   (Elliott	
   and	
   Blobe	
   2005).	
   For	
   instance,	
  

TGFβR2	
  has	
  been	
   shown	
   to	
  be	
  mutated	
   in	
   colorectal	
   tumours	
   especially	
   those	
   associated	
  

with	
   microsatellite	
   instability	
   (Markowitz	
   et	
   al.	
   1995).	
   Loss	
   of	
   TGFβR2	
   expression,	
   in	
   the	
  

absence	
  of	
  somatic	
  mutation,	
  occurs	
  in	
  prostate	
  cancer	
  (Li	
  et	
  al.	
  2008),	
  and	
  CpG	
  methylation	
  

of	
  the	
  TGFβR2	
  promoter	
  is	
  found	
  in	
  lung	
  and	
  prostate	
  cancers	
  (Zhang	
  et	
  al.	
  2004,	
  Zhao	
  et	
  al.	
  

2005).	
  Changes	
  in	
  histone	
  acetylation,	
  as	
  well	
  as	
  CpG	
  methylation,	
  of	
  the	
  TGFβR2	
  promoter	
  

have	
   been	
   shown	
   in	
   lung	
   cancer	
   cell	
   lines,	
   correlating	
   with	
   loss	
   of	
   growth-­‐inhibitory	
  

response	
  to	
  TGFβ	
  (Osada	
  et	
  al.	
  2001).	
  TGFβR2	
  is	
  mutated	
  or	
  its	
  expression	
  also	
  low	
  in	
  gastric	
  

carcinoma	
  cells,	
  correlating	
  with	
  loss	
  of	
  sensitivity	
  to	
  TGFβ	
  (Park	
  et	
  al.	
  1994).	
  

	
  

TGFβR3	
  also	
   appears	
   to	
  have	
   tumour	
   suppressor	
   functions	
   in	
   several	
   non-­‐haematopoietic	
  

malignancies.	
  It	
  is	
  down-­‐regulated	
  in	
  renal,	
  endometrial,	
  prostate,	
  breast,	
  lung,	
  ovarian	
  and	
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pancreatic	
  carcinomas	
  (Florio	
  et	
  al.	
  2005,	
  Dong	
  et	
  al.	
  2007,	
  Hempel	
  et	
  al.	
  2007,	
  Turley	
  et	
  al.	
  

2007,	
  Finger	
  et	
  al.	
  2008b,	
  Gordon	
  et	
  al.	
  2008,	
  Margulis	
  et	
  al.	
  2008,	
  Cooper	
  et	
  al.	
  2010).	
  This	
  

loss	
   of	
   TGFβR3	
   expression	
   often	
   results	
   in	
   decreased	
   responsiveness	
   to	
   TGFβ	
   signalling	
  

(Cooper	
  et	
  al.	
  2010),	
  although	
  in	
  some	
  cases	
  the	
  effects	
  are	
  independent	
  of	
  canonical	
  TGFβ	
  

signalling,	
   for	
   instance	
   TGFβR3	
   signals	
   through	
   the	
  MAPK	
   pathway	
   to	
   cause	
   apoptosis	
   in	
  

renal	
  cell	
  carcinoma	
  cells	
  (Margulis	
  et	
  al.	
  2008).	
  	
  

	
  

1.6.10.2	
  Dysregulation	
  of	
  TGFβ	
  signalling	
  in	
  B	
  cell	
  malignancies	
  	
  

Unlike	
   in	
   carcinomas,	
   TGFβ	
   seems	
   to	
   only	
   have	
   tumour	
   suppressive	
   functions	
   in	
  

haematopoietic	
  cells,	
  since	
  although	
  increased	
  TGFβ	
  levels	
  are	
  seen	
  in	
  some	
  haematopoietic	
  

malignancies,	
   there	
   is	
   no	
   evidence	
   that	
   this	
   is	
   correlated	
   with	
   more	
   aggressive	
   disease	
  

(Dong	
  and	
  Blobe	
  2006).	
  	
  

	
  

Burkitt	
  Lymphoma	
  

Although	
  several	
  EBV-­‐negative	
  BL	
  lines,	
  including	
  Ramos	
  and	
  BL41,	
  undergo	
  apoptosis	
  after	
  

TGFβ	
   treatment	
   (Chaouchi	
   et	
   al.	
   1995),	
   TGFβ	
   can	
   also	
   induce	
   growth	
   arrest	
   in	
   BL.	
   Some	
  

studies	
  have	
   shown	
  both	
  TGFβ-­‐induced	
  G1	
  arrest	
  and	
  apoptosis	
  occurring	
   in	
   the	
   same	
  BL	
  

cell	
  lines	
  (MacDonald	
  et	
  al.	
  1996,	
  Schrantz	
  et	
  al.	
  1999).	
  However,	
  in	
  a	
  study	
  investigating	
  the	
  

effect	
   of	
   TGFβ	
   in	
   multiple	
   BL	
   lines,	
   the	
   majority	
   of	
   EBV-­‐negative	
   BL	
   underwent	
  

predominantly	
  apoptosis	
  rather	
  than	
  G1	
  arrest	
  (Inman	
  and	
  Allday	
  2000b).	
  	
  

	
  

TGFβ	
  can	
  induce	
  apoptosis	
  by	
  several	
  different	
  mechanisms	
  in	
  BL	
  cells,	
  including	
  activation	
  

of	
  caspase	
  3,	
  which	
  results	
   in	
  cleavage	
  of	
  poly	
  ADP-­‐ribose	
  polymerase	
  (PARP)	
  (Saltzman	
  et	
  

al.	
  1998,	
  Schrantz	
  et	
  al.	
  1999,	
  Inman	
  and	
  Allday	
  2000a).	
  TGFβ	
  also	
  induces	
  BIK,	
  a	
  BH3-­‐only	
  

pro-­‐apoptotic	
   protein,	
   and	
   represses	
   BCL-­‐XL,	
   a	
   pro-­‐survival	
   factor,	
   in	
   BL	
   (Saltzman	
   et	
   al.	
  

1998,	
  Spender	
  et	
  al.	
  2009).	
  A	
  more	
  recent	
  study	
  has	
  shown	
  that	
  TGFβ	
  can	
  also	
  induce	
  early	
  

apoptosis	
   in	
  BL	
  cells	
  via	
  up-­‐regulation	
  of	
  p53-­‐upregulated	
  modulator	
  of	
  apoptosis	
   (PUMA)	
  

(Spender	
  et	
  al.	
  2013).	
  Expression	
  of	
  CD20	
  is	
  required	
  for	
  survival	
  of	
  Ramos	
  cells,	
  and	
  TGFβ	
  

leads	
  to	
  reduced	
  expression	
  of	
  CD20,	
  thus	
  this	
  is	
  another	
  mechanism	
  by	
  which	
  TGFβ	
  induces	
  

apoptosis	
  in	
  BL	
  cells	
  (Kawabata	
  et	
  al.	
  2013).	
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The	
   EBV-­‐negative	
   BL	
   line	
   BL2	
   lacks	
   expression	
   of	
   BIM	
   but	
   still	
   undergoes	
   apoptosis	
   with	
  

TGFβ	
  treatment,	
  and	
  TGFβ	
  does	
  not	
  induce	
  expression	
  of	
  BIM	
  in	
  several	
  EBV-­‐negative	
  BL	
  cell	
  

lines,	
  suggesting	
  that	
  TGFβ-­‐induced	
  apoptosis	
  does	
  not	
  occur	
  via	
  BIM	
  in	
  these	
  cells	
  (Spender	
  

et	
   al.	
   2009).	
  However,	
   Bim	
   is	
   induced	
   by	
   TGFβ	
   in	
   the	
  murine	
   B	
   cell	
   lymphoma	
   line	
  WEHI	
  

(Wildey	
  et	
  al.	
  2003),	
  and	
  thus	
  human	
  and	
  murine	
  B	
  lymphoma	
  cell	
  lines	
  may	
  have	
  different	
  

mechanisms	
   of	
   TGFβ-­‐induced	
   apoptosis.	
   It	
   has	
   been	
   suggested	
   that	
   this	
   differential	
  

response	
   may	
   be	
   due	
   to	
   a	
   difference	
   in	
   sequence	
   of	
   the	
   BIK	
   promoter,	
   as	
   the	
   human	
  

promoter	
   has	
   a	
   SMAD	
   binding	
   element	
   whereas	
   the	
  murine	
   and	
   rat	
   promoters	
   lack	
   this	
  

sequence	
   (Spender	
   et	
   al.	
   2009).	
   Thus	
   Spender	
   and	
   Inman	
   hypothesise	
   that	
   TGFβ-­‐induced	
  

apoptosis	
   occurs	
   via	
   up-­‐regulation	
   of	
   Bim	
   in	
   the	
   mouse	
   but	
   via	
   up-­‐regulation	
   of	
   BIK	
   in	
  

human	
   BL	
   (Spender	
   et	
   al.	
   2009).	
   Bik	
   antagonises	
  MCL-­‐1,	
   which	
   in	
   turn	
   inhibits	
   BAX/BAK	
  

(Shimazu	
  et	
  al.	
  2007),	
  and	
  therefore	
  TGFβ-­‐mediated	
  induction	
  of	
  BIK	
  relieves	
  the	
  inhibition	
  

of	
  BAX/BAK,	
  resulting	
  in	
  apoptosis	
  via	
  the	
  intrinsic	
  pathway.	
  	
  	
  

	
  

In	
  BL	
   cells,	
   in	
  which	
   c-­‐Myc	
   is	
   deregulated,	
   the	
  mechanism	
  of	
   TGFβ-­‐induced	
  growth	
  arrest	
  

appears	
  to	
  be	
  different	
  from	
  that	
  in	
  epithelial	
  cells,	
  although	
  the	
  exact	
  mechanism	
  varies	
  for	
  

specific	
  cell	
  lines.	
  In	
  contrast	
  to	
  epithelial	
  cells,	
  where	
  TGFβ	
  down-­‐regulates	
  Id	
  expression,	
  in	
  

B	
   cells	
   TGFβ	
   induces	
   Id2	
   and	
   Id3	
   (Kee	
  et	
   al.	
   2001,	
   Sugai	
   et	
   al.	
   2003)	
   and	
   in	
  BL	
   cells	
   TGFβ	
  

causes	
  induction	
  of	
  Id1	
  and	
  Id2	
  (Spender	
  and	
  Inman	
  2009b).	
  	
  

	
  

The	
  EBV-­‐negative	
  BL	
  cell	
  line	
  CA46	
  responds	
  to	
  TGFβ	
  by	
  cell	
  cycle	
  arrest	
  but	
  not	
  apoptosis,	
  

despite	
  induction	
  of	
  BIK	
  (Inman	
  and	
  Allday	
  2000b,	
  Spender	
  et	
  al.	
  2009).	
  However,	
  these	
  cells	
  

also	
   fail	
   to	
   undergo	
   apoptosis	
   in	
   response	
   to	
   anti-­‐IgM	
   (Kaptein	
   et	
   al.	
   1996);	
   this	
  may	
   be	
  

explained	
  by	
  their	
  very	
  low	
  expression	
  of	
  Bim	
  (Clybouw	
  et	
  al.	
  2008)	
  and	
  in	
  particular	
  lack	
  of	
  

BAX	
   expression	
   (Spender	
   et	
   al.	
   2009).	
   The	
   mechanism	
   of	
   TGFβ-­‐induced	
   growth	
   arrest	
   in	
  

CA46	
   BL	
   cells	
   occurs	
   independently	
   of	
   c-­‐Myc	
   repression,	
   Id	
   repression	
   and	
   p15	
   and	
   p21	
  

induction;	
  instead	
  in	
  these	
  cells	
  TGFβ	
  represses	
  E2F1	
  leading	
  to	
  growth	
  arrest	
  (Spender	
  and	
  

Inman	
  2009b).	
  However,	
  TGFβ	
  induces	
  p21	
  in	
  Ramos,	
  an	
  EBV-­‐negative	
  BL	
  line	
  (Di	
  Bartolo	
  et	
  

al.	
  2008)	
  and	
  thus	
  the	
  mechanism	
  of	
  TGFβ-­‐induced	
  arrest	
  may	
  differ	
  between	
  BL	
  cell	
  lines.	
  	
  

The	
  down-­‐regulation	
  of	
  E2F1	
  by	
  TGFβ1	
  was	
  confirmed	
  in	
  a	
  human	
  B	
  lymphoma	
  RL	
  and	
  the	
  

CA46	
  BL	
  cell	
  lines	
  (Chen	
  et	
  al.	
  2012),	
  leading	
  to	
  reduced	
  levels	
  of	
  p14ARF,	
  in	
  turn	
  preventing	
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mutant	
  p53	
  from	
  inducing	
  p21	
  –	
  thus	
  this	
  is	
  another	
  mechanism	
  by	
  which	
  TGFβ	
  can	
  induce	
  

growth	
  arrest	
  in	
  B	
  lymphoma	
  cells	
  (Chen	
  et	
  al.	
  2012).	
  	
  

	
  

Chronic	
  lymphocytic	
  leukaemia	
  

B	
  cell	
  chronic	
  lymphocytic	
  leukaemia	
  (CLL)	
  is	
  an	
  accumulation	
  of	
  clonal	
  mature	
  B	
  cells	
  that	
  

are	
   largely	
   non-­‐cycling	
   in	
   vivo.	
   	
   B	
   cells	
   extracted	
   from	
   peripheral	
   blood	
   (PB)	
   of	
   healthy	
  

individuals,	
  or	
   from	
  umbilical	
   cord	
  blood,	
   show	
   increased	
  apoptosis	
  with	
  TGFβ	
   treatment,	
  

whereas	
   B	
   cells	
   extracted	
   from	
   peripheral	
   blood	
   of	
   CLL	
   patients	
   are	
   resistant	
   to	
   TGFβ-­‐

induced	
  apoptosis	
  (Douglas	
  et	
  al.	
  1997,	
  Lagneaux	
  et	
  al.	
  1998).	
  B	
  cells	
  extracted	
  from	
  PB	
  of	
  

healthy	
   individuals	
   are	
   not	
   able	
   to	
   survive	
   for	
   long	
   in	
   culture	
   and	
   do	
   not	
   proliferate;	
  

however,	
  they	
  will	
  proliferate	
  for	
  a	
  short	
  time	
  (a	
  few	
  days)	
  if	
  stimulated	
  with	
  certain	
  agents	
  

such	
  as	
  PMA,	
  IL2	
  or	
  anti-­‐Ig;	
  freshly	
  extracted	
  B	
  cells	
  from	
  CLL	
  patients	
  can	
  also	
  be	
  stimulated	
  

to	
  proliferate	
  by	
  these	
  agents,	
  and	
  in	
  some	
  cases	
  TGFβ	
  inhibits	
  their	
  proliferation,	
  whereas	
  

cells	
   from	
  other	
  patients	
   are	
   completely	
   resistant	
   to	
   the	
  anti-­‐proliferative	
  effects	
  of	
   TGFβ	
  

(Lotz	
  et	
  al.	
  1994,	
  DeCoteau	
  et	
  al.	
  1997,	
  Douglas	
  et	
  al.	
  1997,	
  Lagneaux	
  et	
  al.	
  1997,	
  Schiemann	
  

et	
  al.	
  2004).	
  This	
  TGFβ-­‐sensitivity	
  or	
  resistance	
  does	
  not	
  appear	
  to	
  obviously	
  correlate	
  with	
  

disease	
  stage,	
  although	
  the	
  numbers	
  of	
  patients	
  were	
  small	
  in	
  all	
  these	
  studies.	
  No	
  change	
  

in	
   expression	
   of	
   TGFβR2	
   has	
   been	
   detected	
   in	
   CLL	
   cells,	
   whereas	
   specific	
   decrease-­‐of-­‐

function	
  mutations	
  of	
  TGFβR1,	
  without	
  alteration	
  in	
  mRNA	
  expression,	
  have	
  been	
  identified	
  

in	
   TGFβ-­‐resistant	
   CLL	
   cases	
   (Schiemann	
   et	
   al.	
   2004).	
   Lagneaux	
   et	
   al	
   show	
   a	
   significant	
  

reduction	
  in	
  TGFβR	
  expression	
  in	
  TGFβ-­‐resistant	
  compared	
  to	
  TGFβ-­‐sensitive	
  CLL	
  cells,	
  but	
  it	
  

is	
  not	
   clear	
  which	
  TGFβR	
  were	
  being	
  measured	
   (Lagneaux	
  et	
  al.	
   1997).	
   In	
   some	
  cases	
  CLL	
  

cells	
  thus	
  develop	
  resistance	
  to	
  the	
  tumour	
  suppressive	
  effects	
  of	
  TGFβ	
  in	
  vitro,	
  presumably	
  

allowing	
  them	
  to	
  escape	
  immune	
  regulation	
  in	
  vivo;	
  nevertheless,	
  this	
  does	
  not	
  seem	
  to	
  be	
  

required	
  for	
  CLL	
  progression.	
  It	
  could	
  be	
  hypothesised	
  that	
  in	
  those	
  which	
  remain	
  sensitive	
  

to	
   TGFβ,	
   other	
   apoptotic	
   tumour	
   suppressor	
   pathways	
   are	
   de-­‐regulated,	
   for	
   instance	
  

deregulation	
  of	
  the	
  p53	
  pathway	
  as	
  a	
  result	
  of	
  deletions	
  on	
  the	
  short	
  arm	
  of	
  chromosome	
  

17	
  are	
  associated	
  with	
  a	
  particularly	
  poor	
  prognosis	
  in	
  CLL	
  (Swerdlow	
  et	
  al.	
  2008).	
  None	
  of	
  

the	
  quoted	
  studies	
  on	
  TGFβ	
  sensitivity	
  in	
  CLL	
  have	
  investigated	
  this.	
  	
  	
  	
  

	
  

B	
   cells	
   from	
   CLL	
   patients,	
   as	
   well	
   as	
   B	
   cells	
   extracted	
   from	
   blood	
   of	
   healthy	
   volunteers,	
  

express	
  TGFβ1	
  mRNA	
  and	
   secrete	
  TGFβ1,	
  with	
  TGFβ1	
  generally	
  detectable	
  within	
  plasma.	
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There	
  are	
  conflicting	
  results	
  for	
  whether	
  or	
  not	
  the	
  level	
  of	
  TGFβ1	
  is	
  increased	
  in	
  plasma	
  of	
  

CLL	
  patients	
  compared	
  to	
  normal	
  controls	
  (Kremer	
  et	
  al.	
  1992,	
  Lotz	
  et	
  al.	
  1994,	
  Douglas	
  et	
  

al.	
   1997).	
   However,	
   decreased	
   plasma	
   TGFβ1	
   levels	
   have	
   been	
   shown	
   to	
   correlate	
   with	
  

disease	
  progression	
  (Friedenberg	
  et	
  al.	
  1999).	
  

	
  

Two	
   studies	
   have	
   reported	
   increased	
   TGFβR3	
   expression	
   in	
   B	
   cells	
   from	
   CLL	
   patients	
  

compared	
  with	
   normal	
   or	
  memory	
  B	
   cells	
   on	
   gene	
   expression	
  profiling	
   (Klein	
   et	
   al.	
   2001,	
  

Jelinek	
  et	
  al.	
  2003),	
  although	
  the	
  mechanism	
  for	
  this	
  does	
  not	
  thus	
  far	
  appear	
  to	
  have	
  been	
  

further	
  explored.	
  

	
  

Diffuse	
  Large	
  B	
  cell	
  Lymphoma	
  

A	
  study	
  comparing	
  two	
  diffuse	
  large	
  B	
  cell	
  lymphoma	
  (DLBCL)	
  cell	
  lines	
  showed	
  that	
  one	
  was	
  

resistant	
  to	
  TGFβ	
  signalling	
  and	
  lacked	
  expression	
  of	
  TGFβR2	
  on	
  the	
  cell	
  surface	
  compared	
  

to	
  the	
  TGFβ-­‐responsive	
  line	
  (Chen	
  et	
  al.	
  2007).	
   In	
  the	
  TGFβ-­‐sensitive	
  line,	
  which	
  expressed	
  

TGFβR2,	
   TGFβ	
   induced	
   phosphorylation	
   of	
   Smad2	
   and	
   Smad3,	
   and	
   ectopically	
   expressed	
  

TGFβR2	
  also	
  led	
  to	
  TGFβ-­‐mediated	
  induction	
  of	
  phosphorylated	
  Smad2/3	
  (Chen	
  et	
  al.	
  2007).	
  

Therefore,	
   lack	
  of	
  TGFβR2	
  could	
  be	
  a	
  mechanism	
  contributing	
   to	
   tumour	
  development.	
   In	
  	
  

DLBCL	
   biopsy	
   samples,	
   TGFβR2	
   was	
   relatively	
   over-­‐expressed	
   in	
   activated	
   B	
   cell-­‐like	
  

(thought	
  to	
  be	
  derived	
  from	
  a	
  post-­‐GC	
  B	
  cell,	
  and	
  which	
  have	
  a	
  worse	
  prognosis)	
  compared	
  

to	
  GC-­‐like	
  subtype	
  (Alizadeh	
  et	
  al.	
  2000).	
  It	
  is	
  possible	
  that	
  in	
  those	
  with	
  TGFβR2	
  expression,	
  

other	
   apoptotic	
   pathways	
   had	
   been	
   deregulated,	
   which	
   if	
   required	
   for	
   chemotherapy-­‐

induced	
   apoptosis	
   could	
   lead	
   to	
   relative	
   chemotherapy	
   resistance	
   and	
   hence	
   a	
   worse	
  

prognosis.	
  	
  	
  

	
  

Multiple	
  Myeloma	
  	
  

In	
  multiple	
  myeloma,	
  both	
   the	
  myeloma	
  cells	
  and	
  surrounding	
  bone	
  marrow	
  stromal	
  cells	
  

secrete	
  more	
  TGFβ	
  than	
  normal	
  B	
  cells	
  (Urashima	
  et	
  al.	
  1996).	
  	
  More	
  recently,	
  TGFβR3	
  was	
  

shown	
  to	
  be	
  down-­‐regulated	
  in	
  multiple	
  myeloma,	
  with	
  its	
  restoration	
  leading	
  to	
  inhibition	
  

of	
  cell	
  growth	
  and	
  proliferation.	
  However,	
   the	
  mechanism	
  of	
   this	
  was	
  via	
  up-­‐regulation	
  of	
  

p21	
   and	
   p27	
   when	
   TGFβR3	
   was	
   expressed	
   rather	
   than	
   by	
   the	
   enhancement	
   of	
   ligand-­‐

presentation	
  by	
  TGFβR3	
  (Lambert	
  et	
  al.	
  2011).	
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1.6.11	
  BMP	
  signalling	
  in	
  normal	
  B	
  cells	
  and	
  malignancies	
  	
  

Relatively	
   little	
   is	
   known	
   about	
   the	
   effects	
   of	
   BMPs	
   in	
   B	
   cells.	
   BMP2,	
   BMP4	
   and	
   BMP7	
  

control	
   differentiation	
   of	
   haematopoietic	
   progenitors	
   (Bhatia	
   et	
   al.	
   1999,	
   Detmer	
   and	
  

Walker	
  2002,	
  Chadwick	
  et	
   al.	
   2003)	
   and	
  BMP2,	
  BMP4	
  and	
  BMP6	
   inhibit	
   differentiation	
  of	
  

mature	
  B	
  cells	
  into	
  plasma	
  cells	
  (Huse	
  et	
  al.	
  2011).	
  BMP6	
  inhibits	
  proliferation	
  of	
  B	
  lymphoid	
  

progenitors	
  (Kersten	
  et	
  al.	
  2006)	
  and	
  of	
  resting	
  B	
  cells	
  stimulated	
  to	
  proliferate	
  by	
  anti-­‐IgM	
  

(Kersten	
  et	
  al.	
  2005).	
  Resting	
  B	
  cells,	
   including	
  both	
  naïve	
  and	
  memory	
  B	
  cells,	
  express	
  the	
  

BMP	
  receptors	
  ALK2	
  and	
  BMPRIB	
  (ALK6).	
   In	
   these	
  cells,	
  BMP6	
   induced	
  phosphorylation	
  of	
  

Smad1/5/8	
  and	
  induction	
  of	
  Id1	
  (Kersten	
  et	
  al.	
  2005).	
  Another	
  study	
  showed	
  expression	
  of	
  

ALK2	
  and	
  BMPRIA	
  (ALK3)	
  in	
  memory	
  B	
  cells	
  (Seckinger	
  et	
  al.	
  2009).	
  Treatment	
  of	
  naïve	
  and	
  

memory	
  B	
  cells	
  with	
  CD40	
  ligand	
  and	
  IL-­‐21	
  led	
  to	
  induction	
  of	
  ALK2	
  expression,	
  which	
  would	
  

enhance	
  signalling	
  by	
  BMP6	
  and	
  BMP7	
  (Huse	
  et	
  al.	
  2011).	
  	
  

	
  

Although	
  BMPs	
  are	
  of	
  major	
  importance	
  in	
  the	
  regulation	
  of	
  bone	
  and	
  cartilage	
  formation,	
  

there	
   is	
   also	
   limited	
   evidence	
   to	
   suggest	
   they	
  may	
   be	
   important	
   in	
   development	
   of	
   non-­‐

haematopoietic	
   malignancies,	
   including	
   promotion	
   of	
   invasiveness	
   and	
   metastasis.	
  

However,	
   the	
   data	
   are	
   generally	
   conflicting,	
   with	
   several	
   studies	
   also	
   showing	
   tumour	
  

suppressive	
  properties	
   in	
  vitro	
  and	
   in	
  vivo	
  [reviewed	
  in	
  (Thawani	
  et	
  al.	
  2010)].	
  Few	
  studies	
  

have	
   investigated	
   the	
   effects	
   of	
   BMP	
   signalling	
   in	
   B	
   cell	
   malignancies;	
   these	
   have	
   been	
  

restricted	
   to	
   myeloma,	
   presumably	
   because	
   of	
   the	
   propensity	
   for	
   myeloma	
   to	
   alter	
   the	
  

processes	
  of	
  bone	
  formation	
  and	
  resorption,	
   leading	
  clinically	
   to	
   lytic	
  bone	
   lesions.	
  BMP2,	
  

BMP4,	
   BMP6	
   and	
   BMP7	
   have	
   been	
   shown	
   to	
   be	
   anti-­‐proliferative	
   and	
   pro-­‐apoptotic	
   in	
  

myeloma	
   cells	
   (Kawamura	
   et	
   al.	
   2000,	
   Hjertner	
   et	
   al.	
   2001,	
   Ro	
   et	
   al.	
   2004,	
   Fukuda	
   et	
   al.	
  

2006b,	
  Seckinger	
  et	
  al.	
  2009,	
  Holien	
  et	
  al.	
  2012).	
  In	
  myeloma	
  cell	
  lines	
  which	
  were	
  resistant	
  

to	
  the	
  growth-­‐inhibitory	
  effects	
  of	
  BMP2	
  and	
  BMP4,	
  due	
  to	
  a	
  lack	
  of	
  type	
  I	
  BMP	
  receptors	
  

ALK3	
   and	
   ALK6,	
   it	
   was	
   demonstrated	
   that	
   BMP5,	
   BMP6	
   and	
   BMP7	
   were	
   anti-­‐

proliferative/pro-­‐apoptotic	
  (Ro	
  et	
  al.	
  2004).	
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1.7	
  Effects	
  of	
  EBV	
  infection	
  on	
  TGFβ	
  signalling	
  

1.7.1	
  Effects	
  of	
  EBV	
  on	
  TGFβ-­‐induced	
  apoptosis	
  and	
  inhibition	
  of	
  proliferation	
  	
  

Many	
  studies	
  have	
  investigated	
  the	
  effects	
  of	
  EBV	
  on	
  TGFβ	
  signalling	
  in	
  B	
  cells;	
  however,	
  the	
  

majority	
  have	
  assessed	
  responses	
  to	
  TGFβ	
  rather	
  than	
  TGFβ	
  signalling	
  itself.	
  Several	
  studies	
  

have	
   measured	
   the	
   inhibition	
   of	
   proliferation	
   of	
   cells	
   by	
   TGFβ,	
   but	
   without	
   determining	
  

whether	
   this	
   occurs	
   via	
   increased	
   apoptosis	
   or	
   by	
   growth	
   arrest.	
   Apoptosis	
   and	
   growth	
  

arrest	
   are	
   both	
   regulated	
   by	
  multiple	
   pathways	
   (see	
   sections	
   1.5.2	
   and	
   1.5.3),	
   and	
   latent	
  

EBV	
   affects	
   many	
   components	
   of	
   these.	
   Furthermore,	
   these	
   studies	
   have	
   been	
   done	
   in	
  

many	
  different	
  cell	
  lines,	
  which	
  are	
  mostly	
  tumour-­‐derived,	
  and	
  therefore	
  characteristics	
  of	
  

the	
  particular	
  tumours	
  may	
  account	
  for	
  some	
  of	
  the	
  discrepancies	
  between	
  studies.	
  	
  	
  

	
  

Many	
  investigators	
  have	
  shown	
  that	
  the	
  presence	
  of	
  latency	
  III	
  EBV	
  in	
  B	
  cells	
  renders	
  them	
  

resistant	
  to	
  the	
  effects	
  of	
  TGFβ	
  (Kehrl	
  et	
  al.	
  1986,	
  Blomhoff	
  et	
  al.	
  1987,	
  Janssen	
  et	
  al.	
  1990,	
  

Altiok	
  et	
  al.	
  1991,	
  Kumar	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  1992,	
  Altiok	
  et	
  al.	
  1993,	
  Arvanitakis	
  et	
  al.	
  

1995,	
  MacDonald	
  et	
  al.	
  1996,	
  Inman	
  and	
  Allday	
  2000b).	
  In	
  some	
  cases,	
  TGFβ	
  even	
  appeared	
  

to	
   increase	
   the	
   proliferation	
   of	
   EBV-­‐infected	
   cells	
   (Blomhoff	
   et	
   al.	
   1987).	
   EBV-­‐negative	
   B	
  

cells,	
  and	
  B	
  cells	
  expressing	
   latency	
   I	
   (type	
   I	
  BL)	
  generally	
   remain	
  sensitive	
   to	
   the	
  growth-­‐

inhibitory	
  effects	
  of	
  TGFβ	
   (Blomhoff	
  et	
  al.	
  1987,	
  Smeland	
  et	
  al.	
  1987,	
   Janssen	
  et	
  al.	
  1990,	
  

Altiok	
  et	
  al.	
  1991,	
  Kumar	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  1993,	
  Arvanitakis	
  et	
  al.	
  1995,	
  Chaouchi	
  et	
  

al.	
  1995,	
  MacDonald	
  et	
  al.	
  1996,	
  Inman	
  and	
  Allday	
  2000b).	
  However,	
  there	
  have	
  been	
  some	
  

reported	
  exceptions,	
  for	
  example	
  Akata,	
  a	
  group	
  I	
  EBV-­‐positive	
  BL	
  cell	
  line,	
  was	
  resistant	
  to	
  

the	
   effects	
   of	
   TGFβ	
   (Fukuda	
   et	
   al.	
   2006a,	
   Chen	
   et	
   al.	
   2007).	
   There	
   are	
   also	
   some	
  

discrepancies	
   between	
   studies,	
   for	
   instance	
   Raji	
   cells	
   (type	
   III	
   BL)	
   were	
   sensitive	
   to	
   the	
  

effects	
  of	
  TGFβ	
  in	
  (Fukuda	
  et	
  al.	
  2006a),	
  but	
  resistant	
  in	
  (Wang	
  et	
  al.	
  2008)	
  and	
  in	
  the	
  EBV-­‐

negative	
  BL	
  line	
  Ramos	
  TGFβ	
  can	
  induce	
  apoptosis	
  (Chaouchi	
  et	
  al.	
  1995,	
  Inman	
  and	
  Allday	
  

2000b,	
  Di	
  Bartolo	
  et	
  al.	
  2008,	
  Kawabata	
  et	
  al.	
  2013),	
  cell	
  cycle	
  arrest	
  (Blomhoff	
  et	
  al.	
  1987,	
  

Altiok	
  et	
  al.	
  1993)	
  or	
  be	
  resistant	
  to	
  TGFβ	
  even	
  at	
  high	
  doses	
  (Wang	
  et	
  al.	
  2008).	
  	
  

	
  

Previous	
   studies	
   investigating	
   the	
   effect	
   of	
   individual	
   latent	
   proteins	
   on	
   TGFβ	
   responses	
  

have	
  largely	
  focussed	
  on	
  LMP1,	
  since	
  this	
  had	
  been	
  shown	
  to	
  be	
  transforming	
  in	
  rodent	
  cells	
  

and	
  nude	
  mice	
  (Wang	
  et	
  al.	
  1985).	
  These	
  studies	
  were	
  mostly	
  done	
  by	
  stable	
  transfection	
  of	
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EBV-­‐negative	
   BL	
   cell	
   lines	
   with	
   an	
   LMP1	
   expression	
   vector,	
   and	
   have	
   shown	
   discrepant	
  

results	
   for	
   whether	
   or	
   not	
   LMP1	
   expression	
   was	
   sufficient	
   for	
   resistance	
   to	
   the	
   growth-­‐

inhibitory	
  effects	
  of	
  TGFβ	
  (Wang	
  et	
  al.	
  1988,	
  Altiok	
  et	
  al.	
  1991,	
  Arvanitakis	
  et	
  al.	
  1995,	
  Inman	
  

and	
   Allday	
   2000b).	
   Expression	
   of	
   LMP1	
   alone	
   in	
   other	
   cell	
   types,	
   including	
   fibroblasts,	
  

epithelial	
  cells	
  and	
  hepatoma	
  cells,	
  however,	
  was	
  sufficient	
  for	
  resistance	
  to	
  TGFβ-­‐induced	
  

growth	
   inhibition	
   (Takanashi	
   et	
   al.	
   1999,	
   Lo	
  et	
   al.	
   2010).	
   Similarly,	
   LMP2A	
  expression	
   in	
   a	
  

gastric	
   carcinoma	
   cell	
   line	
   was	
   sufficient	
   to	
   completely	
   inhibit	
   TGFβ-­‐induced	
   apoptosis,	
  

whereas	
  in	
  the	
  EBV-­‐negative	
  BL	
  line	
  Ramos	
  LMP2A	
  expression	
  only	
  partially	
  blocked	
  TGFβ-­‐

induced	
  apoptosis	
   (Fukuda	
  and	
  Longnecker	
  2004).	
  Thus	
  although	
  LMP1	
  or	
  LMP2A	
  may	
  be	
  

sufficient	
  to	
  block	
  the	
  effects	
  of	
  TGFβ	
  in	
  epithelial	
  cells,	
  the	
  situation	
  in	
  B	
  cells	
  is	
  less	
  clear.	
  	
  

	
  

There	
  has	
  been	
  no	
  investigation	
  until	
  now	
  of	
  the	
  effect	
  of	
  expression	
  of	
  the	
  EBNA3	
  proteins	
  

on	
  sensitivity	
  to	
  TGFβ	
  or	
  TGFβR	
  expression,	
  even	
  though	
  EBNA3	
  proteins	
  are	
  expressed	
   in	
  

latency	
  III,	
  which	
  had	
  been	
  shown	
  to	
  confer	
  resistance	
  to	
  TGFβ.	
  	
  	
  

	
  

1.7.2	
  Effects	
  of	
  EBV	
  on	
  expression	
  of	
  TGFβR1	
  and	
  TGFβR2	
  

Relatively	
   few	
   studies	
   have	
   investigated	
   possible	
   mechanisms	
   of	
   the	
   resistance	
   to	
   TGFβ	
  

induced	
   by	
   full	
   latent	
   EBV	
   expression	
   in	
   B	
   cells.	
   Where	
   TGFβR	
   expression	
   has	
   been	
  

investigated,	
   there	
   have	
   again	
   been	
   discordant	
   results:	
   although	
   some	
   suggested	
   down-­‐

regulation	
  of	
  TGFβR2,	
  correlating	
  with	
  TGFβ	
  resistance,	
  in	
  group	
  III	
  BL	
  lines	
  and	
  LCLs	
  (Kehrl	
  

et	
  al.	
  1989,	
  Inman	
  and	
  Allday	
  2000b,	
  Fukuda	
  et	
  al.	
  2006a),	
  one	
  study	
  showed	
  reductions	
  in	
  

expression	
   of	
   both	
   TGFβR1	
   and	
   TGFβR2	
   in	
   TGFβ-­‐resistant	
   lines	
   (Kumar	
   et	
   al.	
   1991)	
   and	
  

others	
  investigated	
  only	
  for	
  TGFβR1	
  but	
  not	
  TGFβR2	
  expression	
  (Altiok	
  et	
  al.	
  1991,	
  Altiok	
  et	
  

al.	
  1993).	
  Yet	
  others	
  have	
  shown	
  no	
  difference	
  in	
  TGFβR	
  expression	
  between	
  TGFβ-­‐sensitive	
  

and	
   -­‐resistant	
   cell	
   lines	
   (Fukuda	
   and	
   Longnecker	
   2004)	
   or	
   have	
   claimed	
   to	
   show	
   no	
  

difference,	
   although	
   the	
   data	
   were	
   not	
   shown	
   (Arvanitakis	
   et	
   al.	
   1995,	
   Horndasch	
   et	
   al.	
  

2002).	
  Furthermore,	
  the	
  mechanism	
  of	
  decreased	
  TGFβR2	
  expression	
  by	
  EBV	
  in	
  B	
  cells,	
  if	
  it	
  

does	
  occur,	
  is	
  not	
  fully	
  established,	
  including	
  how	
  its	
  down-­‐regulation	
  occurs	
  and	
  which	
  EBV	
  

latent	
  proteins	
  are	
  responsible.	
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The	
   effect	
   of	
   EBV	
   on	
   expression	
   of	
   TGFβRs	
   has	
   been	
   investigated	
   in	
   other	
   cell	
   types.	
   In	
  

LMP1-­‐expressing	
  murine	
  fibroblasts,	
  TGFβR2	
  mRNA	
  expression	
  was	
  reported	
  to	
  be	
  similar	
  in	
  

a	
   TGFβ-­‐resistant	
   clone	
   and	
   a	
   TGFβ-­‐sensitive	
   clone,	
   although	
   the	
   data	
   were	
   not	
   shown	
  

(Takanashi	
   et	
   al.	
   1999).	
   In	
   human	
   gastric	
   carcinoma	
   and	
   normal	
   gastric	
   epithelial	
   cells,	
  

expression	
  of	
  TGFβR1	
  and	
  TGFβR2	
  were	
  similar	
  in	
  TGFβ-­‐responsive	
  and	
  resistant	
  cell	
  lines	
  by	
  

northern	
  and	
  western	
  blot;	
  however,	
  no	
  loading	
  controls	
  were	
  shown	
  for	
  their	
  western	
  blot,	
  

and	
  expression	
  of	
  the	
  housekeeping	
  gene	
  GAPDH	
  was	
  highly	
  variable	
  between	
  cell	
  lines	
  on	
  

the	
  northern	
  blot	
  (Fukuda	
  et	
  al.	
  2001).	
  In	
  a	
  further	
  study	
  by	
  the	
  same	
  group,	
  it	
  is	
  stated	
  that	
  

the	
   LMP1-­‐expressing	
   HSC39	
   human	
   gastric	
   carcinoma	
   cells,	
   which	
   were	
   resistant	
   to	
   the	
  

effects	
  of	
  TGFβ,	
  expressed	
  TGFβR1	
  and	
  TGFβR2,	
  although	
  no	
  details	
  are	
  given	
  of	
  the	
  method	
  

by	
  which	
  this	
  was	
  analysed	
  (Fukuda	
  et	
  al.	
  2002).	
  

	
  

1.7.3	
  Effects	
  of	
  EBV	
  on	
  TGFβ	
  signalling	
  

Few	
   studies	
   have	
   investigated	
   the	
   effects	
   of	
   EBV	
   on	
   TGFβ	
   signalling,	
   as	
   opposed	
   to	
   its	
  

growth	
   inhibitory	
   effects;	
   these	
   have	
   been	
   done	
   mostly	
   in	
   non-­‐lymphoid	
   cells.	
   LMP1	
  

expression	
  impaired	
  TGFβ	
  signalling,	
  as	
  detected	
  by	
  a	
  TGFβ-­‐responsive	
  reporter	
  plasmid,	
  in	
  

epithelial	
  cells	
  and	
  fibroblasts	
  (Prokova	
  et	
  al.	
  2002,	
  Mori	
  et	
  al.	
  2003).	
  LMP1	
  expression	
  was	
  

also	
  sufficient	
  to	
  block	
  induction	
  of	
  TGFβ	
  target	
  genes	
  p21	
  or	
  p15	
  in	
  epithelial	
  cells	
  (Fukuda	
  

et	
  al.	
  2002,	
  Mori	
  et	
  al.	
  2003,	
  Lo	
  et	
  al.	
  2010).	
  	
  

	
  

Some	
   studies	
   have	
   investigated	
   the	
   effect	
   of	
   EBV	
   or	
   its	
   latent	
   proteins	
   in	
   B	
   cells	
   on	
  

downstream	
  effects	
  of	
  TGFβ	
  including	
  ERK	
  phosphorylation,	
  p38	
  phosphorylation	
  (Fukuda	
  et	
  

al.	
   2006a)	
   and	
   junB	
   expression	
   (Arvanitakis	
   et	
   al.	
   1995).	
   However,	
   it	
  was	
   not	
   shown	
   that	
  

these	
   effects	
   occurred	
   via	
   Smad	
   pathways.	
   Indeed,	
   the	
   TGFβ-­‐mediated	
   activation	
   of	
   the	
  

MAPK/ERK	
   pathway	
   and	
   of	
   p38	
   are	
   thought	
   to	
   be	
   predominantly	
   Smad-­‐independent	
  

processes	
  (Derynck	
  and	
  Zhang	
  2003).	
  As	
  far	
  as	
  can	
  be	
  determined,	
  therefore,	
  no	
  published	
  

studies	
   have	
   investigated	
   the	
   effects	
   of	
   EBV	
   directly	
   on	
   TGFβ	
   signalling,	
   as	
   detected	
   by	
  

Smad2	
  or	
  Smad3	
  phosphorylation	
  or	
  a	
  TGFβ-­‐responsive	
  reporter,	
  in	
  B	
  cells.	
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1.7.4	
  Effects	
  of	
  EBV	
  on	
  TGFβ-­‐induced	
  immunoglobulin	
  production	
  

Another	
  important	
  function	
  of	
  TGFβ	
  in	
  the	
  immune	
  system	
  is	
  that	
  it	
  promotes	
  switching	
  to	
  

IgA	
   but	
   blocks	
   class	
   switching	
   to	
   all	
   other	
   isotypes	
   (van	
   Vlasselaer	
   et	
   al.	
   1992).	
   TGFβ	
  

treatment	
  inhibited	
  production	
  of	
  IgG	
  and	
  IgM	
  in	
  tonsillar	
  B	
  cells	
  treated	
  with	
  IL2	
  (Kehrl	
  et	
  

al.	
  1986)	
  and	
  in	
  B	
  cells	
  that	
  had	
  been	
  induced	
  to	
  secrete	
  	
  IgG	
  and	
  IgM	
  by	
  EBV	
  infection,	
  at	
  up	
  

to	
  30	
  days	
  post-­‐infection	
  (Machold	
  et	
  al.	
  1993).	
  However,	
  established	
  LCLs	
  are	
  resistant	
  to	
  

this	
  TGFβ-­‐mediated	
  inhibition	
  of	
  Ig	
  production	
  (Kehrl	
  et	
  al.	
  1986,	
  Altiok	
  et	
  al.	
  1994).	
  	
  

	
  

1.7.5	
  Induction	
  of	
  lytic	
  EBV	
  replication	
  by	
  TGFβ	
  and	
  BMP	
  signalling	
  	
  

In	
  EBV-­‐infected	
  BL	
  cell	
  lines	
  including	
  Raji,	
  Mutu	
  I,	
  Daudi	
  and	
  P3HR1-­‐BL,	
  TGFβ	
  promotes	
  EBV	
  

lytic	
  cycle	
  activation,	
  as	
  detected	
  by	
  expression	
  of	
  IE	
  genes	
  such	
  as	
  BZLF1.	
  This	
  was	
  reported	
  

to	
  occur	
  via	
  the	
  MAPK/ERK	
  pathway	
  (Fahmi	
  et	
  al.	
  2000).	
  TGFβ	
  also	
  induced	
  a	
  slight	
  increase	
  

in	
  EA	
  expression	
  in	
  Akata	
  cells	
  (di	
  Renzo	
  et	
  al.	
  1994),	
  whereas	
  another	
  study	
  demonstrated	
  

resistance	
  to	
  TGFβ-­‐induced	
  EBV	
  reactivation	
  in	
  Akata	
  (Fukuda	
  et	
  al.	
  2006a).	
  This	
  resistance	
  

correlated	
   with	
   lack	
   of	
   TGFβR2	
   expression	
   and	
   was	
   reversed	
   by	
   TGFβR2	
   overexpression,	
  

suggesting	
  TGFβ-­‐induced	
  lytic	
  reactivation	
  is	
  mediated	
  by	
  TGFβR2	
  (Fukuda	
  et	
  al.	
  2006a).	
  	
  

	
  

TGFβ	
   induces	
  both	
   apoptosis	
   and	
   lytic	
   cycle	
   induction	
   in	
   type	
   I	
   EBV-­‐infected	
  BL	
   cell	
   lines.	
  

However,	
  individual	
  cells	
  with	
  TGFβ-­‐induced	
  BZLF1	
  expression	
  were	
  protected	
  against	
  TGFβ-­‐

induced	
   apoptosis.	
   A	
   caspase	
   inhibitor	
   blocked	
   apoptosis	
   but	
   had	
   no	
   effect	
   on	
   lytic	
   gene	
  

induction,	
  suggesting	
  that	
  lytic	
  induction	
  and	
  apoptosis	
  occur	
  via	
  separate	
  pathways	
  (Inman	
  

et	
  al.	
  2001).	
  	
  

	
  

BMP2,	
   BMP6	
   and	
   BMP7	
   can	
   also	
   reactivate	
   EBV,	
   in	
   Mutu	
   I	
   (latency	
   I)	
   but	
   not	
   Mutu	
   III	
  

(latency	
  III)	
  BL	
  cells.	
  The	
  mechanism	
  for	
  resistance	
  to	
  BMP-­‐induced	
  EBV	
  reactivation	
  may	
  be	
  

via	
  miR-­‐155,	
  which	
  has	
  increased	
  expression	
  in	
  latency	
  III,	
  since	
  overexpression	
  of	
  miR-­‐155	
  

in	
  Mutu	
  I	
  cells	
  inhibited	
  BMP-­‐induced	
  EBV	
  lytic	
  reactivation	
  (Yin	
  et	
  al.	
  2010).	
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1.8	
  Specific	
  background	
  to	
  this	
  project	
  

Shortly	
  before	
  this	
  project	
  started,	
  members	
  of	
  the	
  laboratory	
  had	
  performed	
  a	
  microarray	
  

analysis	
  to	
  investigate	
  the	
  effect	
  of	
  the	
  EBNA3	
  proteins	
  on	
  expression	
  of	
  cellular	
  genes	
  in	
  B	
  

cells,	
   including	
   in	
   two	
   EBV-­‐negative	
   BL	
   cell	
   lines,	
   BL2	
   and	
   BL31,	
   as	
   well	
   as	
   in	
   EBNA3B	
  

knockout	
  versus	
  wild-­‐type	
  LCLs	
  [www.epstein-­‐barrvirus.org.uk	
  and	
  (White	
  et	
  al.	
  2010)].	
  This	
  

showed	
   that	
   in	
   BL	
   cells,	
   EBV	
   strongly	
   down-­‐regulated	
   TGFβR2	
   and	
   also	
   up-­‐regulated	
  

TGFβR3.	
  Using	
   cell	
   lines	
  with	
   deletions	
   of	
   individual	
   EBNA3	
  proteins,	
   it	
  was	
   shown	
   in	
   the	
  

microarray	
   that	
   EBNA3B	
   and	
   EBNA3C	
   both	
   appeared	
   to	
   be	
   necessary	
   for	
   the	
   effects	
   on	
  

TGFβR2	
  and	
  TGFβR3.	
  	
  

	
  

Relatively	
  little	
  was	
  known	
  about	
  the	
  effects	
  of	
  TGFβ	
  and,	
  in	
  particular,	
  BMP	
  signalling	
  in	
  B	
  

cells.	
  Although	
  many	
  previous	
  publications	
  had	
  shown	
  that	
  BL	
  cells	
  and	
  LCLs	
  expressing	
  the	
  

full	
   set	
   of	
   latent	
   proteins	
   were	
   resistant	
   to	
   the	
   anti-­‐proliferative	
   and/or	
   pro-­‐apoptotic	
  

effects	
  of	
   TGFβ,	
   few	
  had	
  addressed	
   the	
  mechanisms	
  of	
   this.	
   There	
  was	
   some	
  controversy	
  

about	
  whether	
  or	
  not	
  this	
  was	
  due	
  to	
  the	
  down-­‐regulation	
  of	
  TGFβR2	
  by	
  EBV	
  (Kehrl	
  et	
  al.	
  

1986,	
  Kehrl	
  et	
  al.	
  1989,	
  Altiok	
  et	
  al.	
  1991,	
  Kumar	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  1993,	
  Arvanitakis	
  et	
  

al.	
   1995,	
   Inman	
   and	
   Allday	
   2000b,	
   Horndasch	
   et	
   al.	
   2002,	
   Fukuda	
   and	
   Longnecker	
   2004,	
  

Fukuda	
  et	
  al.	
  2006a).	
   In	
  addition,	
  even	
   in	
   the	
  cases	
  where	
  EBV	
  had	
  been	
  shown	
  to	
  down-­‐

regulate	
  TGFβR2,	
  it	
  was	
  not	
  known	
  which	
  particular	
  latent	
  genes	
  were	
  responsible	
  for	
  these	
  

effects	
   or	
   the	
   mechanism	
   for	
   this	
   down-­‐regulation.	
   Furthermore,	
   recent	
   work	
   in	
   the	
  

laboratory	
   had	
   shown	
   that	
   the	
   repression	
   by	
   latent	
   EBV	
  of	
   two	
  other	
   tumour	
   suppressor	
  

genes,	
   BIM	
   and	
   p16INK4A,	
   occurred	
   via	
   polycomb-­‐mediated	
   transcriptional	
   repression.	
  

Therefore	
  it	
  was	
  hypothesised	
  that	
  the	
  repression	
  of	
  TGFβR2	
  by	
  EBV	
  may	
  occur	
  by	
  a	
  similar	
  

mechanism,	
  albeit	
  involving	
  cooperation	
  of	
  a	
  different	
  pair	
  of	
  EBNA3	
  proteins.	
  	
  

	
  

At	
  the	
  start	
  of	
  this	
  project,	
  no	
  studies	
  had	
  previously	
  investigated	
  the	
  effect	
  of	
  EBV	
  infection	
  

on	
   TGFβR3	
  expression,	
   and	
   the	
   consequences	
  of	
   its	
   up-­‐regulation	
  were	
  not	
   known.	
   Since	
  

TGFβR3	
   is	
   a	
   co-­‐receptor	
   for	
   BMP	
   signalling,	
   it	
  was	
   hypothesised	
   that	
   EBV	
  may	
   alter	
   BMP	
  

signalling	
  as	
  well	
  as	
  TGFβ	
  signalling,	
  and	
  that	
  this	
  could	
  also	
  have	
  important	
  consequences	
  

including	
  possible	
  promotion	
  of	
  lymphomagenesis.	
  At	
  the	
  time,	
  there	
  was	
  very	
  little	
  data	
  on	
  

BMP	
  signalling	
  in	
  B	
  cells,	
  as	
  discussed	
  above.	
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1.8.1	
  Aims	
  of	
  this	
  project	
  

The	
  specific	
  aims	
  of	
  this	
  project	
  were:	
  

1. To	
  investigate	
  the	
  effects	
  of	
  EBV	
  on	
  TGFβ	
  signalling,	
  as	
  distinct	
  from	
  TGFβ	
  responses	
  

2. To	
   investigate	
   the	
   mechanism	
   by	
   which	
   EBV	
   down-­‐regulates	
   TGFβR2,	
   including	
  

which	
   latent	
   proteins	
   are	
   responsible,	
   and	
   whether	
   this	
   occurs	
   via	
   polycomb-­‐

mediated	
  repression	
  

3. To	
  investigate	
  the	
  effects	
  of	
  EBV	
  on	
  expression	
  of	
  TGFβR3	
  

4. To	
   investigate	
   whether	
   the	
   up-­‐regulation	
   of	
   TGFβR3	
   by	
   EBV	
   results	
   in	
   changes	
   to	
  

BMP	
  signalling	
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  Materials	
  and	
  Methods	
  Chapter	
  2

	
  

All	
  chemical	
  grade	
  reagents	
  were	
  supplied	
  by	
  BDH	
  chemicals,	
  UK	
  and	
  were	
  of	
  AnalaR	
  grade	
  

purity	
  unless	
  otherwise	
  stated.	
  	
  

2.1	
  Solutions	
  and	
  Buffers	
   	
  

Unless	
  otherwise	
  stated,	
  all	
  solutions	
  were	
  prepared	
  in	
  ddH2O.	
  

	
  

6x	
  Agarose	
  gel	
  loading	
  buffer	
  

20%	
  (w/v)	
  sucrose	
  

0.1%	
  (w/v)	
  Bromophenol	
  blue	
  

10%	
  (v/v)	
  10	
  x	
  TBE	
  

	
  

Alkaline	
  SDS	
  

1%	
  SDS	
  

0.2	
  M	
  NaOH	
  

	
  

Blocking	
  solution	
  for	
  western	
  blots	
  

5%	
  (w/v)	
  skimmed	
  milk	
  powder	
  (Sigma	
  Aldrich,	
  UK)	
  in	
  TBS-­‐Tween	
  

For	
  certain	
  antibodies,	
  5%	
  BSA	
  (Sigma	
  Aldrich,	
  UK)	
  in	
  TBS-­‐Tween	
  	
  

	
  

β-­‐Estradiol	
  

1mM	
   (1000x)	
   stock	
  was	
   prepared	
   by	
   diluting	
   10mM	
  β-­‐Estradiol	
   (gift	
   from	
  Claudio	
   Elgueta	
  

Karstegl,	
  Paul	
  Farrell	
  laboratory)	
  in	
  95-­‐100%	
  ethanol,	
  stored	
  at	
  -­‐20oC.	
  

	
  

4-­‐hydroxytamoxifen	
  (4HT)	
  	
  

4mM	
  (10	
  000x)	
  stock	
  was	
  prepared	
  by	
  re-­‐suspending	
  5mg	
  of	
  4HT	
  (Sigma)	
  in	
  3.22	
  ml	
  of	
  95-­‐

100%	
  ethanol.	
  Aliquots	
  of	
  the	
  stock	
  were	
  stored	
  at	
  –20oC	
  in	
  the	
  dark.	
  

	
  

LB	
  Agar	
  	
  

1%	
  (w/v)	
  Bactotryptone	
  

1%	
  (w/v)	
  Yeast	
  extract	
  

0.5%	
  (w/v)	
  NaCl	
  

1.5%	
  (w/v)	
  Agar	
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Lysis	
  buffer	
  with	
  phosphatase	
  inhibitors	
  

Tris	
  pH	
  7.4	
  50mM	
  

NaCl	
  250mM	
  	
  

NP40	
  0.1%	
  	
  

EDTA	
  5mM	
  	
  

NaF	
  50mM	
  	
  

PMSF	
  1mM	
  

Protease	
  inhibitor	
  cocktail	
  1x	
  

	
  

PMSF	
  (phenylmethylsulfonylfluoride)	
  

Dissolved	
  at	
  100mM	
  in	
  isopropanol	
  and	
  stored	
  in	
  aliquots	
  at	
  –20°C	
   	
  

	
  

Protease	
  Inhibitor	
  Cocktail	
  Solution	
  	
  

Protease	
   inhibitor	
   cocktail	
   (Complete	
   tablets,	
   Roche)	
   was	
   made	
   up	
   to	
   25x	
   in	
   ddH2O	
   and	
  

stored	
  in	
  aliquots	
  at	
  -­‐20°C.	
  

	
  

10x	
  SDS	
  Running	
  Buffer	
  for	
  SDS-­‐PAGE	
  	
  

250mM	
  Tris	
   	
   	
  

1.92M	
  Glycine	
  

1%	
  (w/v)	
  SDS	
  

	
  

2x	
  SDS	
  Sample	
  Buffer	
  

100mM	
  Tris-­‐HCl	
  (pH	
  6.8)	
  

20%	
  (v/v)	
  Glycerol	
  

1%	
  (v/v)	
  β-­‐mercaptoethanol	
  

1%	
  (w/v)	
  SDS	
  

0.025%	
  (w/v)	
  Bromophenol	
  blue	
  

	
  

STET	
  

8%	
  Sucrose	
  

0.1%	
  Triton	
  x	
  100	
  

50mM	
  EDTA	
   	
   	
   	
   	
   	
  

50mM	
  Tris	
  pH8	
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Superbroth	
  	
  

1.2%	
  (w/v)	
  Bactotryptone	
  

2.4%	
  (w/v)	
  Yeast	
  extract	
  

0.4%	
  (v/v)	
  Glycerol	
  

5%	
  (v/v)	
  20x	
  KPB	
  (potassium	
  phosphate	
  buffer)	
  

	
  

10x	
  TBE	
  (Tris-­‐Borate-­‐EDTA)	
  Buffer	
  

89mM	
  Tris	
  

89mM	
  Boric	
  acid	
  

10mM	
  EDTA	
  

	
  

TBS-­‐Tween	
  (TBS-­‐T)	
  

20mM	
  Tris	
  	
  

140mM	
  NaCl	
  

0.1%	
  (v/v)	
  Tween-­‐20	
  (Sigma	
  Aldrich,	
  UK)	
  

	
  

TE	
  	
  

10mM	
  Tris-­‐HCl	
  pH	
  7.5	
  

1mM	
  EDTA	
  pH	
  8	
  

	
  

Transfer	
  Buffer	
  for	
  Western	
  Blots	
  

233ml	
  EtOH	
  

100ml	
  10	
  x	
  running	
  buffer	
  	
  

667	
  ml	
  ddH2O	
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2.2	
  Cell	
  culture	
  and	
  harvesting	
  

2.2.1	
  BL	
  cell	
  lines	
  and	
  LCLs	
  used	
  in	
  this	
  project	
  

The	
  cell	
  lines	
  used	
  were	
  infected	
  with	
  BAC-­‐derived	
  mutant	
  viruses	
  as	
  previously	
  used	
  in	
  the	
  

laboratory	
  (Anderton	
  et	
  al.	
  2008,	
  White	
  et	
  al.	
  2010,	
  White	
  et	
  al.	
  2012).	
  For	
  simplification	
  the	
  

panel	
  of	
  BL31,	
  BL2	
  and	
  LCL	
  cell	
  lines	
  are	
  named	
  throughout	
  the	
  report	
  as	
  shown	
  in	
  table	
  2.1.	
  

	
  

Cell	
  line	
  name	
  	
   Allday	
  lab.	
  name	
   Ref.	
   	
   Cell	
  line	
  name	
   Allday	
  lab.	
  name	
   Ref.	
  

BL31	
   BL31	
   1	
   	
   BL31	
  EBNA3C	
  rev	
   BL31-­‐3Crev-­‐2	
   2	
  

BL31	
  WT	
  (1)	
   BL31-­‐wtBAC-­‐2	
   2	
   	
   BL31	
  E3	
  KO	
  1	
   BL31-­‐E3KO-­‐2.1	
   3	
  

BL31	
  WT	
  2	
   BL31-­‐wtBAC-­‐4	
   3	
   	
   BL31	
  E3	
  KO	
  2	
   BL31-­‐E3KO-­‐3.2	
   3	
  

BL31	
  WT	
  3	
   BL31-­‐wtBAC-­‐3	
   3	
   	
   BL31	
  E3	
  rev	
   BL31-­‐E3rev-­‐2.1	
   3	
  

BL31	
  EBNA2	
  KO	
  (G)	
   BL31-­‐E2KO-­‐GK	
   4	
   	
   BL31	
  LMP1	
  KO	
   	
   	
   6	
  

BL31	
  EBNA2	
  KO	
  1	
   BL31-­‐E2KO-­‐1.1	
   5	
   	
   BL31	
  LMP1	
  KO	
  2	
   	
   6	
  

BL31	
  EBNA2	
  KO	
  2	
   BL31-­‐E2KO-­‐2.1	
   5	
   	
   BL31	
  LMP2A	
  KO	
  1	
   	
   6	
  

BL31	
  EBNA2	
  rev	
   BL31-­‐E2rev-­‐1.1	
   5	
   	
   BL31	
  LMP2A	
  KO	
  2	
   	
   6	
  

BL31	
  EBNA3A	
  KO	
  1	
   BL31-­‐3AKO-­‐4	
   3	
   	
   BL2	
   BL2	
   1	
  

BL31	
  EBNA3A	
  KO	
  2	
   BL31-­‐3AKO-­‐1.1	
   2	
   	
   BL2	
  WT	
   BL2-­‐wtBAC-­‐2.1	
   2	
  

BL31	
  EBNA3A	
  KO	
  3	
   BL31-­‐3AKO-­‐3	
   3	
   	
   BL2	
  EBNA2	
  KO	
  (G)	
   BL2-­‐E2KO-­‐GK	
   4	
  

BL31	
  EBNA3A	
  KO	
  4	
   BL31-­‐3AKO-­‐1.2	
   2	
   	
   LCL-­‐WT	
   LCL-­‐wtBAC-­‐D2.3	
   3	
  

BL31	
  EBNA3A	
  rev	
   BL31-­‐3Arev-­‐2	
   3	
   	
   LCL-­‐EBNA3B	
  KO	
  1	
   LCL-­‐3BKO-­‐D2.5	
   3	
  

BL31	
  EBNA3B	
  KO	
  1	
   BL31-­‐3BKO-­‐6.2	
   3	
   	
   LCL-­‐EBNA3B	
  KO	
  2	
   LCL-­‐3BKO-­‐D2.4	
   3	
  

BL31	
  EBNA3B	
  KO	
  2	
   BL31-­‐3BKO-­‐1	
   2	
   	
   LCL-­‐EBNA3B	
  rev	
   LCL-­‐3Brev-­‐D2.3	
   3	
  

BL31	
  EBNA3B	
  rev	
   BL31-­‐3Brev-­‐3	
   3	
   	
   LCL-­‐3CHT	
  	
   	
   7	
  

BL31	
  EBNA3C	
  KO	
  1	
   BL31-­‐3CKO-­‐5	
   3	
   	
   LCL-­‐3CHT	
  (p16-­‐null)	
   	
   7	
  

BL31	
  EBNA3C	
  KO	
  2	
   BL31-­‐3CKO-­‐3	
   2	
   	
   	
   	
   	
  

Table	
  2.1:	
  Cell	
  lines	
  used	
  in	
  this	
  project	
  

KO=knockout,	
  rev=revertant.	
  References:	
  1(Calender	
  et	
  al.	
  1987),	
  2(Anderton	
  et	
  al.	
  2008),	
  3(White	
  et	
  al.	
  2010),	
  
4(Kelly	
  et	
  al.	
  2005),	
   5(Ian	
  Groves,	
  unpublished),	
   6(this	
  project;	
  HEK293	
  producer	
   lines	
  a	
  kind	
  gift	
  of	
  Wolfgang	
  

Hammerschmidt,	
  Münich),	
  7(Skalska	
  et	
  al.	
  2013).	
  

	
  	
  

All	
   cells	
   were	
   grown	
   in	
   RPMI-­‐1640	
   medium	
   (Gibco),	
   all	
   supplemented	
   with	
   penicillin-­‐

streptomycin	
  100u/ml,	
  with	
   additional	
   supplementation	
  as	
   shown	
   in	
   table	
  2.2.	
   Cells	
  were	
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passaged	
  two	
  to	
  three	
  times	
  weekly	
  by	
  diluting	
  appropriately	
  in	
  fresh	
  warmed	
  medium.	
  All	
  

cells	
  were	
  cultured	
  at	
  37°C	
  in	
  a	
  humidified	
  incubator	
  with	
  10%	
  CO2.	
  	
  

	
  
Cell	
  line(s)	
   Medium	
  

Established	
  LCLs	
  (except	
  LCL-­‐3CHT	
  

and	
  EREB2.5),	
  Ramos,	
  Akata6,	
  

Akata31	
  

RPMI	
  +	
  10%	
  FCS	
  	
  

BL2,	
  BL31	
   RPMI	
  +	
  10%	
  FCS	
  +	
  sodium	
  pyruvate	
  1mM	
  (Sigma-­‐

Aldrich)	
  +	
  alpha-­‐thio-­‐glycerol	
  50µM	
  (Sigma-­‐Aldrich)	
  

BL2	
  and	
  BL31	
  infected	
  with	
  

recombinant	
  BACs	
  

RPMI	
  +	
  10%	
  FCS	
  +	
  sodium	
  pyruvate	
  1mM	
  (Sigma-­‐

Aldrich)	
  +	
  alpha-­‐thio-­‐glycerol	
  50µM	
  (Sigma-­‐Aldrich)	
  

+	
  hygromycin	
  B	
  100ug/ml	
  (Roche)	
  

LCL-­‐3CHT	
   RPMI	
  +	
  10%	
  FCS	
  +	
  400nM	
  4-­‐hydroxytamoxifen	
  (4HT,	
  

Sigma)	
  

EREB2.5	
   RPMI	
  +	
  10%	
  FCS	
  +	
  1µM	
  β-­‐estradiol	
  (gift	
  from	
  

Claudio	
  Elgueta	
  Karstegl)	
  

Newly	
  infected	
  primary	
  B	
  cells	
  (for	
  

first	
  month	
  after	
  infection)	
  

RPMI	
  +	
  15%	
  selected	
  FCS	
  +	
  L-­‐glutamine	
  2mM	
  

Table	
  2.2:	
  Media	
  used	
  to	
  culture	
  B	
  cell	
  lines	
  	
  

	
  

2.2.2	
  Freezing	
  and	
  thawing	
  cells	
  

For	
   long-­‐term	
  storage	
  of	
   cell	
   stocks,	
  5	
  x	
  106	
  cells	
  were	
  pelleted	
  and	
   re-­‐suspended	
   in	
  1	
  ml	
  

freezing	
  medium	
  (20%	
  FCS	
  and	
  10%	
  DMSO	
  in	
  RPMI).	
  The	
  cells	
  were	
  placed	
  in	
  cryovials	
  in	
  a	
  

freezing	
  container,	
  then	
  transferred	
  to	
  liquid	
  nitrogen	
  following	
  storage	
  at	
  -­‐80oC	
  overnight.	
  

To	
   recover	
   cells	
   from	
   liquid	
   nitrogen,	
   the	
   cryovial	
   was	
   thawed	
   at	
   37oC	
   then	
   the	
   cells	
  

promptly	
  re-­‐suspended	
  and	
  dripped	
  slowly	
  into	
  10ml	
  of	
  medium.	
  Cells	
  were	
  then	
  pelleted,	
  

the	
  medium	
  aspirated	
  and	
  then	
  re-­‐suspended	
  in	
  fresh	
  medium.	
  Cells	
  recovered	
  from	
  liquid	
  

nitrogen	
  were	
  generally	
  cultured	
  for	
  at	
  least	
  ten	
  days	
  before	
  the	
  start	
  of	
  any	
  experiment.	
  

	
  

2.2.3	
  Harvesting	
  cells	
  

For	
  all	
  experiments,	
  viable	
  cell	
  counts	
  were	
  performed	
  by	
  diluting	
  cells	
  1:1	
  with	
  0.4%	
  trypan	
  

blue	
   (Sigma	
  Aldrich)	
  and	
  placing	
  a	
  small	
  volume	
  on	
  a	
  haemocytometer.	
  Living	
  cells,	
  which	
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exclude	
   trypan	
   blue	
   dye,	
  were	
   counted	
   under	
   a	
   light	
  microscope.	
   Cells	
  were	
   seeded	
   at	
   a	
  

density	
  of	
  3	
  x	
  105/ml	
  living	
  cells	
  24	
  hours	
  before	
  harvesting	
  or	
  performing	
  any	
  experiment.	
  

For	
  RNA	
  and	
  protein	
  extraction,	
   cells	
  were	
  centrifuged	
  at	
  1300	
  x	
  g	
   for	
  4	
  minutes	
   (min)	
  at	
  

4oC,	
   the	
   media	
   was	
   aspirated	
   and	
   the	
   cell	
   pellet	
   washed	
   with	
   cold	
   PBS,	
   before	
   being	
  

centrifuged	
  again	
  at	
  1300	
  ×	
  g	
  for	
  4	
  min	
  at	
  4oC.	
  This	
  wash	
  was	
  repeated,	
  the	
  supernatant	
  was	
  

removed	
  again,	
  and	
  the	
  pellet	
  was	
  re-­‐suspended	
  in	
  1ml	
  of	
  cold	
  PBS	
  and	
  transferred	
  into	
  an	
  

Eppendorf.	
  The	
  cells	
  were	
  then	
  centrifuged	
  at	
  3000	
  ×	
  g	
  for	
  4	
  min,	
  the	
  supernatant	
  removed,	
  

and	
   the	
  dry	
   cell	
   pellet	
   then	
   snap	
   frozen	
  on	
  dry	
   ice	
  and	
   stored	
  at	
   -­‐80oC	
  before	
  extraction.	
  

When	
  the	
  pellet	
  was	
  to	
  be	
  harvested	
  for	
  RNA	
  extraction,	
  the	
  pellet	
  was	
  lysed	
  in	
  RLT	
  buffer	
  

(Qiagen)	
   containing	
  β-­‐mercapto-­‐ethanol	
  and	
   then	
   stored	
  at	
   -­‐80oC	
  before	
   subsequent	
  RNA	
  

extraction.	
  	
  

	
  

2.2.4	
  Adherent	
  cells	
  (HEK293)	
  	
  

Adherent	
  cells	
  were	
  grown	
  in	
  RPMI	
  +	
  10%	
  FCS,	
  supplemented	
  with	
  penicillin/streptomycin	
  

100U/ml,	
   additional	
   L-­‐glutamine	
   2mM	
   (Gibco),	
   and	
   hygromycin	
   B	
   100μg/ml	
   (Roche).	
   The	
  

cells	
  were	
  generally	
   split	
   twice	
  weekly	
  as	
   follows:	
  cells	
  were	
  washed	
  once	
   in	
  warmed	
  PBS	
  

and	
  then	
  incubated	
  with	
  an	
  appropriate	
  volume	
  of	
  0.05%	
  trypsin/EDTA	
  (Invitrogen)	
  at	
  37°C	
  

until	
   cells	
  detached	
   from	
   the	
   flasks.	
  An	
  equal	
   volume	
  of	
   fresh	
  medium	
  was	
  added	
   to	
  halt	
  

further	
  trypsinisation	
  and	
  cells	
  were	
  then	
  split	
  at	
  between	
  1:4	
  and	
  1:6	
  into	
  fresh	
  flasks.	
  The	
  

cell	
  lines	
  used	
  are	
  shown	
  in	
  table	
  2.3.	
  

	
  

Cell	
  line	
   Details	
   Source	
  

HEK293-­‐delLMP1	
  (G204)	
   maxi-­‐EBV	
   deltaLMP1	
   (clone	
  

2597.3)	
  

Kind	
  gift	
  of	
  Prof.	
  

Hammerschmidt	
  (ref	
  1)	
  

HEK293-­‐delLMP2A	
  (G212)	
   maxi-­‐EBV	
   deltaLMP2A	
   (clone	
  

2525.26)	
  

Kind	
  gift	
  of	
  Prof.	
  

Hammerschmidt	
  (ref	
  2)	
  

HEK293-­‐HB9I6	
   	
   Rob	
  White,	
  Allday	
  laboratory	
  

HEK293-­‐delEBNA3B	
  C14	
   	
   Rob	
  White,	
  Allday	
  laboratory	
  

HEK293-­‐r3B	
  M8	
   	
   Rob	
  White,	
  Allday	
  laboratory	
  

Table	
  2.3:	
  Adherent	
  cell	
  lines	
  used	
  in	
  this	
  project	
  	
  

1-­‐(Dirmeier	
  et	
  al.	
  2003),	
  2-­‐(Mancao	
  and	
  Hammerschmidt	
  2007)	
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2.2.5	
  Cytokine	
  stimulation	
  experiments	
  

Recombinant	
  Chinese	
  hamster	
  ovary	
  (CHO)-­‐derived	
  human	
  TGFβ1	
  (Peprotech)	
  was	
  made	
  up	
  

according	
   to	
   the	
   manufacturer’s	
   instructions,	
   diluted	
   in	
   sterile	
   BSA	
   2mg/ml	
   in	
   PBS,	
   and	
  

stored	
   in	
  aliquots	
  at	
   -­‐20oC	
  until	
  use.	
  Recombinant	
  human	
  BMP2,	
  BMP4,	
  BMP6,	
  BMP7	
  and	
  

BMP9	
  (all	
  R&D	
  systems)	
  were	
  made	
  up	
  according	
  to	
  the	
  manufacturer’s	
  instructions,	
  diluted	
  

in	
  sterile	
  0.5%	
  (w/v)	
  BSA	
  in	
  4mM	
  HCl	
  and	
  stored	
  in	
  aliquots	
  at	
  -­‐20oC	
  until	
  use.	
  

	
  

In	
  all	
  experiments	
  using	
  cytokines,	
  cells	
  were	
  seeded	
  at	
  3	
  x	
  105/ml	
  24	
  hours	
  prior	
  to	
  use.	
  At	
  

time	
   zero,	
   cells	
   were	
   re-­‐suspended	
   then	
   divided	
   into	
   equal	
   volumes	
   which	
   were	
   then	
  

treated	
   with	
   cytokine	
   (TGFβ1	
   5ng/ml	
   except	
   where	
   otherwise	
   specified;	
   BMP	
  

concentrations	
   as	
   shown	
   in	
   figures)	
   or	
   vehicle	
   (untreated;	
   BSA	
   2mg/ml	
   in	
   PBS	
   for	
   TGFβ1	
  

experiments	
  and	
  0.5%	
  BSA	
  in	
  4mM	
  HCl	
  for	
  BMP	
  experiments).	
  Cells	
  were	
  harvested	
  under	
  

identical	
  conditions	
  for	
  the	
  cytokine-­‐treated	
  and	
  untreated	
  at	
  the	
  time	
  points	
  shown;	
  cells	
  

harvested	
  at	
  time	
  zero	
  were	
  not	
  treated	
  with	
  vehicle.	
  

	
  

2.2.6	
  Extraction	
  and	
  purification	
  of	
  primary	
  B	
  cells	
  

PBL	
   for	
   infection	
  of	
  primary	
  B	
  cells	
  were	
   isolated	
   from	
  buffy	
  coat	
   residues	
   (UK	
  NHS	
  Blood	
  

and	
  Transplant)	
  by	
  density	
  gradient	
  centrifugation	
  using	
  Ficoll-­‐Paque.	
  Each	
  buffy	
  coat	
  was	
  

made	
  up	
   to	
  200ml	
  with	
   cold	
  PBS	
  and	
   the	
   solution	
   carefully	
   layered	
  onto	
  Ficoll-­‐Paque	
   (GE	
  

Healthcare)	
  at	
  a	
  ratio	
  of	
  1:1	
  in	
  50ml	
  Falcon	
  tubes.	
  These	
  were	
  then	
  centrifuged	
  at	
  1300	
  x	
  g	
  

for	
  30	
  min	
  at	
  room	
  temperature	
  with	
  the	
  brake	
  off.	
  Leukocytes	
  were	
  then	
  recovered	
  from	
  

the	
  cell-­‐plasma	
  interface	
  and	
  washed	
  twice	
  with	
  100ml	
  wash	
  buffer	
  (RPMI	
  +	
  1%	
  FCS)	
  before	
  

being	
  re-­‐suspended	
  in	
  wash	
  buffer	
  to	
  perform	
  a	
  cell	
  count.	
  

	
  

109	
  cells	
  were	
  then	
  transferred	
  to	
  a	
  fresh	
  Falcon	
  tube,	
  spun	
  at	
  1300	
  x	
  g	
  for	
  5	
  min	
  to	
  pellet	
  

the	
   cells,	
   then	
   re-­‐suspended	
   in	
   MACS	
   running	
   buffer	
   (PBS-­‐2mM	
   EDTA-­‐0.5%	
   BSA).	
   CD19	
  

microbeads	
  (Miltenyi	
  Biotech)	
  were	
  added	
  and	
  the	
  mix	
  left	
  for	
  15	
  min	
  at	
  4oC.	
  The	
  cells	
  were	
  

centrifuged	
   to	
   remove	
   unbound	
  microbeads,	
   then	
   re-­‐suspended	
   in	
  MACS	
   running	
   buffer	
  

before	
  being	
  subjected	
  to	
  separation	
  of	
  CD19	
  positive	
  cells	
  (i.e.	
  B	
  cells)	
  by	
  positive	
  selection	
  

using	
   the	
   AutoMACS	
   sorting	
   system	
   (Miltenyi	
   Biotec),	
   according	
   to	
   the	
   manufacturer’s	
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instructions.	
   The	
   cells	
   obtained	
   were	
   then	
   re-­‐suspended	
   in	
   culture	
   medium	
   at	
   2	
   x	
   106	
  

cells/ml	
  before	
  proceeding	
  to	
  virus	
  infection.	
  

	
  

A	
  small	
  sample	
  of	
  cells	
  was	
  removed	
  for	
  CD20	
  flow	
  cytometry	
  analysis	
  to	
  measure	
  the	
  purity	
  

of	
  the	
  B	
  cell	
  population	
  obtained	
  (see	
  section	
  2.7.3	
  for	
  details).	
  	
  

	
  

2.3	
   RNA	
  extraction,	
  reverse	
  transcription	
  and	
  quantitative	
  reverse-­‐transcriptase	
  PCR	
  	
  

RNA	
  extraction	
  from	
  cell	
  pellets	
  was	
  performed	
  using	
  the	
  RNeasy	
  mini	
  kit	
  (Qiagen)	
  according	
  

to	
  the	
  manufacturer’s	
   instructions,	
  using	
  additional	
  on-­‐column	
  DNAse	
  treatment	
   (Qiagen).	
  

RNA	
   was	
   quantified	
   using	
   the	
   Nanodrop	
   ND-­‐1000	
   spectrophotometer	
   and	
   appropriately	
  

diluted	
  in	
  RNAse-­‐free	
  water	
  (Qiagen)	
  before	
  performing	
  qRT-­‐PCR.	
  	
  

	
  

For	
  SYBR	
  green-­‐based	
  assays,	
  qRT-­‐PCR	
  was	
  performed	
  either	
  in	
  a	
  one-­‐step	
  assay,	
  using	
  the	
  

QuantiFast	
  SYBR	
  Green	
  RT-­‐PCR	
  kit	
  (Qiagen),	
  or	
  in	
  a	
  two-­‐step	
  process,	
  using	
  the	
  Superscript	
  

III	
   First-­‐Strand	
   Synthesis	
   Supermix	
   for	
   qRT-­‐PCR	
   (Invitrogen)	
   for	
   reverse	
   transcription,	
  

followed	
   by	
   the	
   Platinum	
   SYBR	
   Green	
   qPCR	
   SuperMix-­‐UDG	
   (Invitrogen).	
   Reverse	
  

transcription	
   was	
   performed	
   on	
   a	
   standard	
   quantity	
   of	
   RNA	
   (usually	
   750-­‐1000ng;	
   less	
   in	
  

primary	
  B	
   cell	
   infection	
   experiments,	
  where	
   a	
   limited	
   amount	
  was	
   available	
   at	
   early	
   time	
  

points),	
  according	
  to	
  the	
  manufacturer’s	
  instructions.	
  For	
  several	
  experiments,	
  analysis	
  was	
  

done	
  by	
   both	
   one-­‐step	
   and	
   two-­‐step	
   qRT-­‐PCR	
  methods	
   on	
   the	
   same	
   samples,	
   to	
   confirm	
  

that	
  the	
  same	
  results	
  were	
  obtained	
  with	
  both	
  methods.	
  

	
  

qRT-­‐PCR	
  analysis	
  was	
  performed	
  by	
  the	
  standard	
  curve	
  method,	
   in	
  each	
  experiment	
  using	
  

six	
   serial	
  5-­‐fold	
  dilutions	
  of	
  a	
  mixture	
  containing	
  all	
   template	
  RNA	
  or	
  cDNA	
  samples.	
  Each	
  

sample	
   was	
   run	
   in	
   triplicate	
   and	
   the	
   standard	
   deviation	
   (SD)	
   calculated.	
   Error	
   bars	
   in	
   all	
  

graphs	
   represent	
  +/-­‐	
   1	
   SD.	
  qRT-­‐PCR	
  was	
  performed	
  using	
   the	
  Applied	
  Biosystems	
  7900HT	
  

Fast	
   Real-­‐Time	
   PCR	
   system.	
   Product	
   specificity	
   was	
   confirmed	
   using	
   dissociation	
   curve	
  

analysis	
   in	
   each	
   qRT-­‐PCR	
   run,	
   with	
   agarose	
   gel	
   electrophoresis	
   used	
   initially	
   to	
   confirm	
  

product	
   specificity	
   for	
   each	
   primer	
   set.	
   No-­‐template	
   controls	
  were	
   also	
   included	
   on	
   each	
  

plate	
  to	
  exclude	
  contamination	
  or	
  primer-­‐dimer	
  formation.	
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The	
   PCR	
   settings	
  were	
   as	
   follows:	
   for	
   the	
   one-­‐step	
  QuantiFast	
   assay:	
   fast	
   (96-­‐well	
   plates	
  

only):	
  10	
  min	
  at	
  50°C	
  (reverse	
  transcription),	
  5	
  min	
  at	
  95°C	
  (activation),	
  then	
  10	
  sec	
  at	
  95°C	
  

alternating	
  with	
  30	
  sec	
  at	
  60°C	
  for	
  40	
  cycles;	
  standard	
  (384-­‐well	
  plates):	
  10	
  min	
  at	
  50°C,	
  5	
  

min	
  at	
  95°C,	
  then	
  15	
  sec	
  at	
  95°C	
  alternating	
  with	
  60	
  sec	
  at	
  60°C	
  for	
  40	
  cycles.	
  For	
  the	
  two-­‐

step	
  Platinum	
  SYBR	
  green	
  assay	
  using	
  cDNA	
  template:	
  2	
  min	
  at	
  50°C,	
  10	
  min	
  at	
  95°C,	
  then	
  15	
  

sec	
  at	
  95°C	
  and	
  60	
  sec	
  at	
  60°C	
  alternating	
  for	
  40	
  cycles.	
  
	
  

Primer	
  sequences	
  for	
  SYBR	
  green-­‐based	
  assays	
  were	
  as	
  shown	
  in	
  table	
  2.4.	
  All	
  primers	
  were	
  

supplied	
  as	
  standard	
  salt-­‐free	
  preparations	
  and	
  used	
  at	
  200nM	
  final	
  concentration	
  (Eurofins	
  

MWG	
  Operon	
   or	
   Sigma).	
   Primers	
   for	
   qRT-­‐PCR	
   for	
   GAPDH	
  were	
   from	
  Qiagen	
   (QuantiTect	
  

Primer	
  Assay).	
  	
  
	
  

Primer	
  	
   Forward	
  sequence	
   Reverse	
  sequence	
  

GNB2L1	
   GAGTGTGGCCTTCTCCTCTG	
   GCTTGCAGTTAGCCAGGTTC	
  

TGFβR1	
   CTATATCTGCCACAACCGCACTGTC	
   CGCCACTTTCCTCTCCAAACTTCTC	
  

TGFβR2	
   GGCTCAACCACCAGGGCA	
   CTCCCCGAGAGCCTGTCCAGA	
  

TGFβR3	
   TGTGTGCCTCCTGACGAAGC	
   AGGCTGCAAACGCAATGCCC	
  

SMAD1	
   CACAAACATGATGGCGCCT	
   TGTGGAGGAGGCATGGAACGC	
  

TGFβ1	
  	
   GATGTCACCGGAGTTGTGCG	
   GTGAACCCGTTGATGTCCACTT	
  

SMAD5	
   CTGCCTCTGACTTGACCCAAT	
   AGTCAGTGGCTACCGAAAGAA	
  

CDKN2B	
   ACTAGTGGAGAAGGTGCGAC	
   GCCCATCATCATGACCTGGA	
  

BMPR1A	
   TAAAGGTGACAGTACACAGGAACA	
   TCTATGATGGCAAAGCAATGTCC	
  

ID1	
   TGGTCGCTGTCTGTCTGAG	
   GCCGTTGAGGGTGCTGAG	
  

ID2	
   ACGACCCGATGAGCCTGCTA	
   TCCTGGAGCGCTGGTTCTG	
  

RPLPO	
   ACTCTGCATTCTCGCTTCCT	
   GGACTCGTTTGTACCCGTTG	
  

p21CIP1/WAF1	
   CTGGAGACTCTCAGGGTCGAA	
   GCGGATTAGGGCTTCCTCTT	
  

ALAS1	
   TCCACTGCAGCAGTACACTACCA	
   ACGGAAGCTGTGTGCCATCT	
  

CD23	
   TGGGACACCACACAGAGTCTAAA	
   CCGTGGTGGCTTTCCAAGT	
  

TUBB	
   CTTCGGCCAGATCTTCAGAC	
   AGAGAGTGGGTCAGCTGGAA	
  

Table	
  2.4:	
  Primer	
  sequences	
  for	
  qRT-­‐PCR	
  using	
  SYBR	
  green	
  	
  

Sequences	
  were	
  obtained	
  from	
  the	
  following	
  sources:	
  GNB2L1	
  (Zhang	
  et	
  al.	
  2005),	
  TGFβR1	
  (Bruno	
  et	
  al.	
  1998),	
  

TGFβR2	
   (Di	
   Bartolo	
   et	
   al.	
   2008),	
   TGFβR3	
   (Konrad	
   et	
   al.	
   2007).	
   p21,	
   ALAS1	
   and	
   RPLPO	
   –	
   Lenka	
   Skalska,	
   PhD	
  

thesis,	
  ID1	
  and	
  ID2	
  (Locklin	
  et	
  al.	
  2001),	
  BMPRIA	
  (Feeley	
  et	
  al.	
  2005),	
  TUBB	
  (Zhang	
  et	
  al.	
  2005),	
  CD23	
  –	
  Lenka	
  

Skalska.	
  The	
  remaining	
  primers	
  (SMAD1,	
  TGFβ1,	
  SMAD5,	
  CDKN2B)	
  were	
  designed	
  by	
  the	
  author	
  using	
  Primer-­‐

Blast	
  (Skaletsky	
  2000).	
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For	
   qRT-­‐PCR	
   using	
   the	
   Taqman	
   method,	
   cDNA	
   was	
   amplified	
   using	
   the	
   EfficienSee	
   FAST	
  

qPCR	
  MasterMix	
  Plus	
  dTTP	
  (Eurogentec),	
  with	
  primers	
  (Eurofins	
  MWG	
  Operon	
  or	
  Sigma)	
  at	
  

a	
  final	
  concentration	
  of	
  300nM	
  and	
  probes	
  (Eurogentec)	
  at	
  200nM.	
  The	
  qPCR	
  settings	
  were	
  

as	
  follows:	
  2	
  min	
  at	
  50oC,	
  10	
  min	
  at	
  95oC,	
  then	
  15	
  sec	
  at	
  95oC	
  alternating	
  with	
  60	
  sec	
  at	
  60oC	
  

for	
  40	
  cycles.	
  The	
  sequences	
  of	
  primers	
  and	
  probes	
  used	
  are	
  shown	
  in	
  table	
  2.5.	
  All	
  probes	
  

were	
  labelled	
  with	
  6-­‐carboxyfluorescein	
  phosphoramidite	
  (FAM)	
  reporter	
  dye	
  at	
  the	
  5ʹ′	
  end	
  

and	
  Black	
  hole	
  quencher	
  1	
  (BHQ-­‐1)	
  at	
  the	
  3ʹ′	
  end.	
  

	
  

Transcript	
   	
   Sequence	
  

LMP1	
   Exon	
  2	
  forward	
  primer	
   AATTTGCACGGACAGGCATT	
  

Exon	
  3	
  reverse	
  primer	
   AAGGCCAAAAGCTGCCAGAT	
  

Probe	
  (exon	
  2/3)	
   TCCAGATACCTAAGACAAGTAAGCACCCGAAGAT	
  

LMP2A	
  

	
  

Exon	
  1	
  forward	
  primer	
   CGGGATGACTCATCTCAACACATA	
  

Exon	
  2	
  reverse	
  primer	
   GGCGGTCACAACGGTACTAACT	
  

Probe	
  (exon	
  2)	
   CAGTATGCCTGCCTGTAATTGTTGCGC	
  

Table	
  2.5:	
  Primer	
  and	
  probe	
  sequences	
  for	
  Taqman	
  qRT-­‐PCR	
  	
  

Sequences	
  were	
  obtained	
  from	
  (Bell	
  et	
  al.	
  2006).	
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2.4	
   Protein	
  extraction,	
  SDS-­‐PAGE	
  and	
  Western	
  blotting	
  

Protein	
  was	
  extracted	
  from	
  thawed	
  or	
  freshly	
  harvested	
  cell	
  pellets	
  using	
  fresh	
  lysis	
  buffer	
  

with	
  phosphatase	
  inhibitors.	
  A	
  volume	
  approximately	
  equivalent	
  to	
  1-­‐2	
  times	
  the	
  size	
  of	
  the	
  

pellet	
  was	
  added,	
  mixed	
  by	
  pipetting	
  and	
  then	
  vortexed	
  to	
   lyse.	
  The	
  samples	
  were	
   left	
  on	
  

ice	
   for	
   5-­‐10	
   min	
   and	
   then	
   spun	
   at	
   21,000	
   x	
   g	
   for	
   15	
   min	
   at	
   4oC.	
   The	
   supernatant	
   was	
  

transferred	
   to	
   fresh	
   tubes	
   and	
   then	
   protein	
   quantified	
   using	
   the	
   DC	
   protein	
   assay	
   with	
  

bovine	
   serum	
   albumin	
   (BSA)	
   standard	
   (Bio-­‐Rad	
   Laboratories),	
   using	
   six	
   dilutions	
   for	
   the	
  

standard	
   curve	
   and	
   analysed	
   on	
   the	
   Helios	
   spectrophotometer	
   (Thermo	
   Scientific).	
   The	
  

protein	
  samples	
  were	
  then	
  diluted	
  appropriately	
  in	
  lysis	
  buffer	
  and	
  stored	
  at	
  -­‐80oC	
  until	
  use.	
  

For	
  SDS-­‐polyacrylamide	
  gel	
  electrophoresis	
  (SDS-­‐PAGE),	
  gels	
  were	
  made	
  according	
  to	
  table	
  

2.6	
  using	
   the	
  Bio-­‐Rad	
  mini-­‐Protean	
   II	
   system.	
  Generally	
   30µg	
  of	
   each	
  protein	
   sample	
  was	
  

mixed	
  with	
  an	
  equal	
  volume	
  of	
  2x	
  SDS	
  sample	
  buffer,	
  heated	
  at	
  100oC	
  for	
  7	
  min	
  to	
  denature	
  

proteins	
  and	
  then	
  loaded	
  into	
  SDS-­‐polyacrylamide	
  gels	
  of	
  an	
  appropriate	
  percentage.	
  	
  

	
  

Alternatively,	
  in	
  some	
  experiments	
  whole	
  cell	
  lysates	
  were	
  used,	
  as	
  follows:	
  cell	
  pellets	
  were	
  

directly	
  lysed	
  in	
  2x	
  SDS	
  protein	
  sample	
  buffer	
  and	
  then	
  sonicated	
  to	
  lyse	
  the	
  cells	
  (Bioruptor	
  

UCD-­‐200,	
  Diagenode)	
  on	
  high	
  setting	
  for	
  15	
  min	
  (intermittent	
  sonication	
  –	
  30	
  seconds	
  on,	
  

30	
  seconds	
  off).	
  In	
  this	
  case,	
  following	
  heating	
  at	
  100oC	
  for	
  7	
  min	
  an	
  equal	
  volume	
  of	
  each	
  

sample	
  was	
  loaded	
  into	
  the	
  SDS-­‐polyacrylamide	
  gel.	
  	
  

	
  

Electrophoresis	
  was	
  performed	
  at	
  150V	
  for	
  70	
  min	
  in	
  running	
  buffer,	
  followed	
  by	
  transfer	
  to	
  

nitrocellulose	
  membrane	
  (Whatman	
  GmbH,	
  Germany)	
  at	
  100V	
  constant	
  voltage	
  for	
  60	
  min	
  

in	
  transfer	
  buffer.	
  Membranes	
  were	
  washed	
  once	
  briefly	
  in	
  TBS-­‐T	
  then	
  blocked	
  in	
  blocking	
  

solution	
   for	
   60	
  min	
   at	
   room	
   temperature	
   (see	
   table	
   2.7	
   for	
   which	
   blocking	
   solution	
   was	
  

used).	
  Primary	
  antibodies	
  were	
  diluted	
  as	
  shown	
  in	
  table	
  2.7	
  in	
  5%	
  skimmed	
  milk	
  or	
  5%	
  BSA	
  

in	
   TBS-­‐T	
   and	
   left	
   to	
   incubate	
   at	
   4oC	
   overnight	
  with	
   shaking.	
  Membranes	
  were	
  washed	
   as	
  

follows:	
  two	
  changes	
  of	
  TBS-­‐T	
  followed	
  by	
  two	
  ten-­‐minute	
  washes,	
  and	
  then	
  incubated	
  with	
  

appropriate	
   HRP-­‐conjugated	
   secondary	
   antibodies	
   (table	
   2.8)	
   for	
   60	
  min	
   followed	
   by	
   the	
  

same	
   wash	
   procedure.	
   The	
   reaction	
   was	
   developed	
   using	
   enhanced	
   chemiluminescence	
  

(ECL)	
  Western	
  Blotting	
  detection	
  reagents	
  (GE	
  Healthcare,	
  UK)	
  and	
  exposed	
  on	
  Amersham	
  

Hyperfilm	
   MP	
   (GE	
   Healthcare).	
   The	
   size	
   of	
   proteins	
   detected	
   was	
   compared	
   to	
   protein	
  

markers,	
  depending	
  on	
  the	
  size	
  of	
  proteins	
  of	
   interest:	
  either	
  High-­‐Range	
  Rainbow	
  marker	
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(Amersham),	
   combined	
   1:1	
  with	
   2x	
   SDS	
   sample	
   buffer	
   and	
   boiled	
   for	
   7	
  min	
   before	
   being	
  

loaded,	
   or	
   Spectra	
   multicolour	
   broad	
   range	
   protein	
   marker	
   (Thermo	
   scientific)	
   loaded	
  

without	
  boiling,	
  according	
  to	
  the	
  manufacturer’s	
  instructions.	
  	
  

	
  

For	
   all	
  western	
   blots	
   using	
   antibodies	
   to	
   SMAD	
  and	
  phosphorylated	
   SMAD	
   (pSMAD),	
   gels	
  

were	
   prepared	
   in	
   multiples	
   and	
   loaded	
   with	
   the	
   same	
   samples.	
   This	
   enabled	
   direct	
  

comparison	
  between	
   the	
  SMAD	
  and	
   the	
   related	
  pSMAD	
  without	
   stripping	
   the	
  membrane,	
  

since	
  the	
  two	
  forms	
  of	
  the	
  protein	
  run	
  at	
  approximately	
  the	
  same	
  size	
  on	
  SDS-­‐PAGE.	
  Each	
  

membrane	
  was	
  re-­‐probed	
  with	
  anti-­‐γ-­‐tubulin	
  to	
  ensure	
  that	
  equal	
  amounts	
  of	
  each	
  sample	
  

had	
  been	
   loaded	
   into	
   the	
   gel.	
   In	
   all	
   figures	
   showing	
  multiple	
   antibodies,	
   a	
   representative	
  

anti-­‐γ-­‐tubulin	
  blot	
  is	
  shown.	
  	
  

	
  

Resolving	
  gels	
  

	
  

7.5%	
  

2	
  gels	
  

10%	
  

2	
  gels	
  

12.5%	
  

2	
  gels	
  

	
   Stacking	
  gels	
   2	
  gels	
  

Acrylamide/Bis	
   1.98	
  ml	
   2.64	
  ml	
   3.3	
  ml	
   	
   Acrylamide/Bis	
   828	
  μl	
  

Tris	
  pH	
  8.8	
   2.96	
  ml	
   2.96	
  ml	
   2.96	
  ml	
   	
   Tris	
  pH	
  6.8	
   620	
  μl	
  

10%	
  SDS	
   79.2	
  μl	
   79.2	
  μl	
   79.2	
  μl	
   	
   10%	
  SDS	
   49.6	
  μl	
  

ddH2O	
   2.96	
  ml	
   2.3	
  ml	
   1.64	
  ml	
   	
   ddH2O	
   3.47	
  ml	
  

APS	
   26.4	
  μl	
   26.4	
  μl	
   26.4	
  μl	
   	
   APS	
   24.8	
  μl	
  

TEMED	
   5.3	
  μl	
   5.3	
  μl	
   5.3	
  μl	
   	
   TEMED	
   5	
  μl	
  

Table	
  2.6:	
  Resolving	
  and	
  stacking	
  gels	
  for	
  SDS-­‐PAGE	
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Antibody	
   Species/type	
   Manufacturer	
   Dilution	
  

Anti-­‐SMAD1	
   Rabbit	
  polyclonal	
   Cell	
  Signaling	
  9743	
   1:1000	
  

Anti-­‐SMAD2	
   Rabbit	
  polyclonal	
   Invitrogen	
  51-­‐1300	
   1:200	
  

Anti-­‐SMAD2	
   Mouse	
  monoclonal	
   Cell	
  Signaling	
  3103	
   1:1000	
  

Anti-­‐SMAD5	
   Rabbit	
  polyclonal	
   Cell	
  Signaling	
  9517	
   1:1000	
  

Anti-­‐Phospho-­‐SMAD1	
  (ser	
  206)	
   Rabbit	
  polyclonal	
   Cell	
  Signaling	
  9553	
   1:500	
  

Anti-­‐Phospho-­‐SMAD5	
  (ser	
  463/465)	
  

[EP728(2)AY]	
  

Rabbit	
  monoclonal	
   Abcam	
  76296	
   1:1000	
  

Anti-­‐phospho-­‐SMAD1	
  (ser	
  463/465),	
  

5	
  (ser	
  463/465)	
  and	
  8	
  (ser	
  426/428)	
  

Rabbit	
  polyclonal	
   Cell	
  Signaling	
  9511	
   1:1000	
  

Anti-­‐phospho-­‐SMAD2	
  (ser	
  465/467)	
   Rabbit	
  polyclonal	
   Cell	
  Signaling	
  3101	
   1:1000	
  

Anti-­‐gamma-­‐tubulin	
  (GTU-­‐88)	
   Mouse	
  monoclonal	
   Sigma-­‐Aldrich	
  T6557	
   1:10,000	
  

Anti-­‐PARP	
   Rabbit	
  polyclonal	
   Boehringer	
  Mannheim	
  	
  

1	
  835	
  238	
  

1:5000	
  

Anti-­‐EBNA2	
  (clone	
  PE2)	
   Mouse	
  monoclonal	
   Dako	
  M7004	
  

(discontinued)	
  

1:500	
  

Anti-­‐EBNA2	
  (clone	
  PE2)	
   Mouse	
  monoclonal	
   Abcam	
  ab49498	
   1:500	
  

Anti-­‐EBNA3A	
   Sheep	
  polyclonal	
   Exalpha	
  F115p	
   1:1000	
  

Anti-­‐EBNA3B	
  3B(2)6C9	
   Rat	
  monoclonal	
   Allday	
  lab	
   1:10	
  

Anti-­‐EBNA3C	
  (A10)	
   Mouse	
  monoclonal	
   Gillian	
   Parker	
   (Allday	
  

lab)1	
  
1:10	
  

Anti-­‐LMP1	
  CS1-­‐4	
   Mouse	
  monoclonal	
   Dako	
  M0897	
   1:500	
  

Anti-­‐EBNA-­‐LP	
  4D3	
   Mouse	
  monoclonal	
   Yasushi	
  Kawaguchi2	
   1:1000	
  

Anti-­‐EBNA1	
   Human	
  serum	
  

(polyclonal)	
  

Prof.	
  Paul	
  Farrell	
   1:750	
  

Anti-­‐LMP2A	
  (14B7)	
   Rat	
  monoclonal	
   Abcam	
  ab59026	
   1:1000	
  

Anti-­‐TGFβR3	
  (D11G10)	
   Rabbit	
  monoclonal	
   Cell	
  Signaling	
  5544	
   1:1000	
   (in	
  

5%BSA)	
  

Table	
  2.7:	
  Primary	
  antibodies	
  for	
  western	
  blotting	
  	
  

All	
  were	
  diluted	
  in	
  5%	
  milk/TBS-­‐T	
  unless	
  otherwise	
  stated.	
  1-­‐(Maunders	
  et	
  al.	
  1994),	
  2-­‐(Shaku	
  et	
  al.	
  2005).	
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Antibody	
   Manufacturer	
   Dilution	
  

Polyclonal	
  goat	
  anti-­‐rabbit	
  Ig/HRP	
   Dako	
  P0448	
   1:2000	
  

Polyclonal	
  rabbit	
  anti-­‐rat	
  Ig/HRP	
   Dako	
  P0450	
   1:2000	
  

Rabbit	
  anti-­‐sheep	
  Ig/HRP	
   Dako	
  P0163	
   1:2000	
  

ECL	
  sheep	
  anti-­‐mouse	
  IgG	
  HRP	
   GE	
  Healthcare	
  NA931	
   1:2000	
  

Rabbit	
  anti-­‐human	
  (anti-­‐IgA,	
  -­‐IgG,	
  -­‐IgM,	
  -­‐κ/λ)	
  	
   Dako	
  P0212	
   1:2000	
  

Table	
  2.8:	
  Secondary	
  antibodies	
  for	
  western	
  blotting	
  

	
  All	
  secondary	
  antibodies	
  were	
  diluted	
  in	
  5%	
  milk/TBS-­‐T.	
  
	
  

2.5	
   Chromatin	
  immunoprecipitation	
  (ChIP)	
  

For	
  ChIP	
  analysis,	
  cells	
  were	
  seeded	
  at	
  3	
  x	
  105/ml	
  24	
  h	
  before	
  the	
  experiment	
  and	
  then	
  3.6	
  x	
  

106	
   cells	
  were	
   fixed	
   in	
   1%	
   formaldehyde	
   (Sigma-­‐Aldrich)	
   for	
   10	
  min	
  before	
  washing	
   three	
  

times	
  with	
  ice-­‐cold	
  1x	
  PBS	
  containing	
  phosphatase	
  inhibitors	
  [PMSF	
  1µM,	
  aprotinin	
  1µg/ml	
  

(Sigma-­‐Aldrich)	
   and	
   Pepstatin	
   A	
   1µg/ml	
   (Sigma-­‐Aldrich)	
   final	
   concentrations].	
   Cell	
   pellets	
  

were	
  snap	
  frozen	
  on	
  dry	
  ice	
  then	
  stored	
  at	
  -­‐80°C	
  until	
  the	
  assay	
  was	
  performed.	
  	
  

	
  

ChIP	
   was	
   performed	
   using	
   the	
   ChIP	
   assay	
   kit	
   (Millipore)	
   according	
   to	
   the	
  manufacturer’s	
  

instructions.	
   Sonication	
   (Bioruptor	
   UCD-­‐200,	
   Diagenode)	
   was	
   performed	
   for	
   12.5	
   min	
  

(intermittent	
  sonication	
  with	
  30	
  sec	
  on,	
  30	
  sec	
  off)	
  to	
  obtain	
  sheared	
  chromatin	
  with	
  DNA	
  of	
  

200-­‐1000bp	
   in	
   length	
   (Kostas	
   Paschos,	
   personal	
   communication).	
   The	
   adequacy	
   of	
  

sonication	
  was	
  assessed	
  by	
  running	
  the	
  sonicated	
  samples,	
  after	
  cross-­‐link	
  reversal,	
  on	
  a	
  2%	
  

agarose	
  gel.	
  The	
  antibodies	
  used	
  are	
  shown	
  in	
  table	
  2.9.	
  Rabbit	
  IgG	
  (Millipore)	
  was	
  used	
  as	
  a	
  

control	
  (2μl	
  per	
  ChIP).	
  

	
  

Antibody	
   Manufacturer	
   Species	
   Amount	
  per	
  ChIP	
  

Anti-­‐H3K27Me3	
   Millipore	
  17-­‐622	
   Rabbit	
   4µg	
  

Anti-­‐H3K9Ac	
   Millipore	
  17-­‐658	
   Rabbit	
   5µg	
  

Anti-­‐H3K4Me3	
   Millipore	
  17-­‐614	
   Rabbit	
   3µg	
  

Anti-­‐SUZ12	
   Abcam	
  ab12073	
   Rabbit	
   4µg	
  

Table	
  2.9:	
  Antibodies	
  used	
  for	
  chromatin	
  immunoprecipitation	
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Precipitated	
  DNA	
  was	
  purified	
  using	
   the	
  Qiaquick	
  gel	
   extraction	
  kit	
   (Qiagen),	
   according	
   to	
  

the	
  manufacturer’s	
  instructions.	
  DNA	
  was	
  eluted	
  in	
  ddH2O	
  and	
  then	
  stored	
  at	
  -­‐20°C	
  prior	
  to	
  

qPCR	
  analysis.	
  	
  

	
  

qPCR	
  was	
  performed	
  using	
  the	
  Platinum	
  SYBR	
  Green	
  qPCR	
  SuperMix-­‐UDG	
  (Invitrogen),	
  using	
  

dissociation	
  curve	
  analysis	
  to	
  check	
  the	
  specificity	
  of	
  product,	
  with	
  primer	
  sequences	
  shown	
  

in	
  table	
  2.10.	
  The	
  qPCR	
  settings	
  were	
  as	
  follows:	
  2	
  min	
  at	
  50°C,	
  10	
  min	
  at	
  95°C,	
  then	
  15	
  sec	
  

at	
   95°C	
   and	
   60	
   sec	
   at	
   60°C	
   alternating	
   for	
   40	
   cycles.	
   Once	
   standard	
   curves	
   had	
   been	
  

performed	
  initially	
  to	
  ensure	
  that	
  the	
  primer	
  sets	
  had	
  comparable	
  efficiencies,	
  analysis	
  was	
  

performed	
  in	
  triplicate	
  using	
  the	
  delta-­‐delta	
  Ct	
  method.	
  IgG	
  controls	
  were	
  also	
  used	
  in	
  every	
  

case;	
   however,	
   the	
   results	
   with	
   these	
   were	
   negligible	
   in	
   all	
   cases	
   and	
   hence	
   results	
   are	
  

expressed	
   as	
   fold	
   enrichment	
   relative	
   to	
   input.	
  All	
   samples	
  were	
   run	
   in	
   triplicate	
   and	
   the	
  

standard	
   deviation	
   calculated	
   (shown	
   as	
   error	
   bars	
   in	
   the	
   graphs).	
   For	
   marks	
   of	
   active	
  

transcription	
  (H3K4Me3	
  and	
  H3K9Ac),	
  actin	
  or	
  glyceraldehyde-­‐3-­‐phosphate	
  dehydrogenase	
  

(GAPDH)	
   were	
   used	
   as	
   positive	
   controls	
   and	
   γ-­‐globin	
   or	
   myoglobin	
   used	
   as	
   negative	
  

controls,	
   whereas	
   for	
   marks	
   of	
   repressed	
   transcription	
   (H3K27Me3	
   and	
   SUZ12),	
   actin	
   or	
  

GAPDH	
  were	
  used	
  as	
  negative	
  controls	
  and	
  γ-­‐globin	
  or	
  myoglobin	
  were	
  positive	
  controls.	
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   Forward	
  primer	
  sequence	
   Reverse	
  primer	
  sequence	
  

TGFβR2	
  set	
  1	
   AGCTTGGGTGCTAGGTGGAGCA	
   GGCAAGGGTTTGTGCCAGGGT	
  

TGFβR2	
  set	
  2	
   AAAATGTTTTTCTTTAGGTCGAAGT	
   CCAGGTGATCAATATGTACATTAAA	
  

TGFβR2	
  set	
  3	
   GAGAGAGCTAGGGGCTGG	
   CTCAACTTCAACTCAGCGCTGC	
  

TGFβR2	
  set	
  4	
   GGACCACTCACCCGACTTCT	
   CCGCTGCACATCGTCCTGT	
  

TGFβR2	
  set	
  5	
  	
   TCCTGGAGACGGCCACGCTT	
   TGCCAAGGCGTCAGTGGAGC	
  

TGFβR3	
  dis	
  1	
   CCCCACCAGCCTCACAGGGAT	
   GGGGCACTGTGCTCATCTCGC	
  

TGFβR3	
  dis	
  2	
   GCCTGAAGCTGCGCATGGTCT	
   TGCTTCCTTGTGTGTGCTGGC	
  

TGFβR3	
  prox1	
   AGGACGTCGCACAGGCACAG	
   TACCGGCGTTACCCGGAGGT	
  

TGFβR3	
  prox2	
   GGGGAGAGGGCAAGAGGCTGT	
   GGGGACTCGCTCCCTCAAACG	
  

TGFβR3	
  prox3	
   GCGTGACAGCTTCGGTGGGA	
   GAACGCAAACCGCGTCCGTG	
  

TGFβR3	
  prox4	
   TTCCTCAGCGGAGAGCGGCA	
   GCTGAAAGATGGGAGAAGATGCATGG	
  

SMAD1	
  A	
   GTGCGGGGGAGTTGGCATCA	
   TCGAGTAGGTAACCTTGTTGCTCCA	
  

SMAD1	
  B	
   AAGTCCGCTCCACCGGGACTAAA	
   CCCCACGCCCCGTTTCTTCCT	
  

SMAD1	
  C	
   CTCGTGCTCCCACACGGACG	
   TGGGACGCGGCATGAAGGGA	
  

SMAD1	
  D	
   CGGCCCCAGCAAGCCTCTTT	
   GAGACGCAGCGGGTGTAGGC	
  

SMAD1	
  E	
   GGGGAGGAGGAACAAATGCCTGC	
   GAAGGAACGCGCCTTTACTGGT	
  

Actin	
   TGCACTGTGCGGCGAAGC	
   TCGAGCCATAAAAGGCAA	
  

GAPDH	
   CGGCTACTAGCGGTTTTACG	
   AAGAAGATGCGGCTGACTGT	
  

γ-­‐globin	
   GCCTTGACCAATAGCCTTGACA	
   GAAATGACCCATGGCGTCTG	
  

Myoglobin	
   GGAGAAAGAAGGGGAATCACAT	
   GATAAATATAGCCAACGCCACA	
  

Table	
  2.10:	
  Primer	
  sequences	
  for	
  ChIP-­‐qPCR	
  

With	
   the	
   exception	
   of	
   TGFβR2	
   set	
   3	
   (see	
   below),	
   the	
   TGFβR2	
   and	
   TGFβR3	
   primers	
   were	
   designed	
   by	
   the	
  

author,	
  with	
  the	
  initial	
  help	
  of	
  Kostas	
  Paschos	
  (Allday	
  lab),	
  using	
  MethPrimer	
  (Li	
  and	
  Dahiya	
  2002)	
  and	
  Primer-­‐

Blast	
  (Skaletsky	
  2000).	
  The	
  SMAD1	
  primers	
  were	
  designed	
  by	
  the	
  author.	
  References	
  for	
  the	
  other	
  primer	
  sets	
  

are	
   as	
   follows:	
   TGFβR2	
   set	
   3	
   (Di	
   Bartolo	
   et	
   al.	
   2008),	
   actin	
   (He	
   and	
  Margolis	
   2002),	
   γ-­‐globin	
   (Bottardi	
   et	
   al.	
  

2003),	
  myoglobin	
  (Noer	
  et	
  al.	
  2009)	
  and	
  GAPDH	
  (Everett	
  et	
  al.	
  2007).	
  

	
  

2.5.1	
  Agarose	
  gel	
  electrophoresis	
  

Agarose	
  gels	
  were	
  made	
  with	
  1%	
  or	
  2%	
  agarose	
  dissolved	
  in	
  1x	
  TBE	
  depending	
  on	
  the	
  size	
  of	
  

the	
  DNA	
  fragment	
  of	
  interest.	
  Staining	
  SYBRsafe	
  (Invitrogen,	
  UK)	
  was	
  added	
  to	
  the	
  mixture.	
  

Samples	
  were	
  mixed	
  with	
   the	
  appropriate	
  volume	
  of	
  6x	
  agarose	
  gel	
   loading	
  buffer	
  before	
  

loading	
   and	
   running	
   in	
   1x	
   TBE	
   running	
   buffer	
   at	
   80V	
   for	
   approximately	
   1	
   hour	
   before	
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visualization	
  on	
  a	
  UV	
  trans-­‐illuminator.	
  In	
  all	
  cases	
  a	
  1kb	
  or	
  100bp	
  DNA	
  ladder	
  (New	
  England	
  

Biolabs,	
  UK)	
  was	
  used	
  as	
  a	
  marker	
  and	
  run	
  alongside	
  DNA	
  samples.	
  

	
  

2.6	
  	
   DNA	
  methylprecipitation	
  analysis	
  

Genomic	
   DNA	
  was	
   extracted	
   from	
   harvested	
   cell	
   pellets	
   using	
   the	
  Qiagen	
   Blood	
   and	
   Cell	
  

culture	
  Midi	
  kit,	
  according	
  to	
  the	
  manufacturer’s	
  protocol,	
  using	
  5	
  x	
  106	
  cells	
  per	
  sample	
  re-­‐

suspended	
   in	
   sterile	
   PBS	
   and	
  using	
  Qiagen	
  protease.	
   The	
  extracted	
  DNA	
  was	
  precipitated	
  

with	
  isopropanol,	
  washed	
  once	
  with	
  ice-­‐cold	
  70%	
  ethanol,	
  spun	
  at	
  >5000	
  x	
  g	
  for	
  10	
  min	
  at	
  

4oC,	
  the	
  supernatant	
  aspirated,	
  the	
  remainder	
  air-­‐dried	
  and	
  then	
  the	
  DNA	
  re-­‐suspended	
  in	
  

ddH2O.	
  The	
  DNA	
  concentration	
  was	
  checked	
  using	
  the	
  Nanodrop	
  spectrophotometer,	
  then	
  

all	
  samples	
  were	
  diluted	
  to	
  10ng/μl	
  in	
  ddH2O	
  for	
  sonication.	
  The	
  samples	
  were	
  sonicated	
  for	
  

12.5	
  min	
  on	
  high	
  setting,	
  as	
  before,	
  followed	
  by	
  analysis	
  on	
  a	
  2%	
  agarose	
  gel	
  to	
  check	
  the	
  

adequacy	
  of	
   sonication	
   to	
   fragments	
  of	
   <1000bp	
   in	
   size.	
   Precipitation	
  of	
  methylated	
  DNA	
  

was	
   performed	
   using	
   the	
   Methylcollector	
   Ultra	
   kit	
   (Active	
   Motif)	
   according	
   to	
   the	
  

manufacturer’s	
   instructions,	
   using	
   100ng	
   of	
   sonicated	
   DNA	
   per	
   sample.	
   Fully	
   in	
   vitro	
  

methylated	
  Jurkat	
  DNA	
  (Active	
  Motif)	
  was	
  used	
  as	
  a	
  positive	
  control.	
  Two	
  negative	
  controls	
  

were	
  used:	
  one	
  sonicated	
  genomic	
  DNA	
  extracted	
  from	
  PBMCs	
  extracted	
  from	
  the	
  blood	
  of	
  

a	
   healthy	
   donor,	
   which	
   are	
   known	
   to	
   be	
   unmethylated	
   [Kostas	
   Paschos,	
   personal	
  

communication	
  and	
  (Paschos	
  et	
  al.	
  2009)]	
  and	
  a	
  sample	
  in	
  which	
  ddH2O	
  was	
  added	
  instead	
  

of	
   the	
   His-­‐MBD2b	
   protein	
   complex.	
   The	
   samples	
   obtained	
   were	
   then	
   purified	
   using	
   the	
  

Qiaquick	
  gel	
  extraction	
  kit	
   (Qiagen),	
  according	
  to	
  the	
  manufacturer’s	
   instructions.	
  Samples	
  

were	
   eluted	
   in	
   ddH2O	
   then	
   stored	
   at	
   -­‐20oC	
   until	
   qPCR	
   could	
   be	
   performed.	
   qPCR	
   was	
  

performed	
  as	
  for	
  ChIP-­‐qPCR,	
  with	
  results	
  expressed	
  relative	
  to	
  input.	
  	
  

	
  

2.7	
   Flow	
  cytometry	
  

2.7.1	
  Propidium	
  iodide	
  (PI)	
  staining	
  	
  

Approximately	
  2	
  x	
  106	
  cells	
  were	
  harvested	
  per	
  condition	
  and	
  washed	
  three	
  times	
  in	
  ice-­‐cold	
  

1x	
  PBS.	
  Cells	
  were	
  then	
  re-­‐suspended	
  into	
  80%	
  ethanol,	
  which	
  had	
  been	
  pre-­‐chilled	
  to	
  -­‐20°C,	
  

and	
  mixed	
  by	
  vortexing.	
  Cells	
  were	
   then	
  stored	
  at	
   -­‐20°C	
   for	
  up	
   to	
  seven	
  days	
  before	
   flow	
  

cytometric	
  (FC)	
  analysis.	
  Prior	
  to	
  FC,	
  cells	
  were	
  centrifuged	
  at	
  900	
  x	
  g	
  for	
  4	
  min,	
  the	
  ethanol	
  

removed	
  and	
   then	
   the	
   cells	
   re-­‐suspended	
   in	
  1	
   x	
  PBS	
   containing	
  8μg/ml	
  RNase	
  A	
   (Qiagen)	
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and	
  18μg/ml	
  propidium	
   iodide	
   (Sigma-­‐Aldrich);	
  samples	
  were	
   left	
  on	
   ice	
   in	
  the	
  dark	
   for	
  at	
  

least	
  one	
  hour	
  before	
  proceeding	
  to	
  FC	
  analysis.	
  FC	
  was	
  performed	
  using	
  the	
  FACSCanto	
  II	
  

machine	
  (BD	
  Biosciences)	
  and	
  the	
  data	
  analysed	
  using	
  FlowJo	
  software	
  (Treestar,	
  Ashland,	
  

OR,	
  USA).	
  	
  	
  

	
  

2.7.2	
  Combined	
  Draq5	
  and	
  live-­‐dead	
  fixable	
  staining	
  

Approximately	
  1	
  x	
  106	
  cells	
  were	
  harvested	
  per	
  condition	
  and	
  washed	
  three	
  times	
  in	
  ice-­‐cold	
  

1x	
  PBS.	
  Cells	
  were	
  then	
  re-­‐suspended	
  into	
  ice-­‐cold	
  PBS	
  containing	
  Live/dead	
  Fixable	
  Violet	
  

Stain	
   1µl/ml	
   (Invitrogen)	
   and	
   left	
   on	
   ice	
   in	
   the	
   dark	
   for	
   30	
  min.	
   The	
   samples	
   were	
   then	
  

centrifuged,	
  washed	
  once	
  with	
  1x	
  PBS	
  and	
  once	
  with	
  1x	
  PBS	
  containing	
  1%	
  BSA	
  before	
  being	
  

re-­‐suspended	
  in	
  80%	
  ethanol	
  (pre-­‐chilled	
  to	
  -­‐20oC)	
  whilst	
  vortexing.	
  Samples	
  were	
  then	
  left	
  

on	
  ice	
  in	
  the	
  dark	
  for	
  60	
  minutes.	
  They	
  were	
  then	
  centrifuged	
  at	
  1500	
  x	
  g	
  for	
  5	
  min	
  at	
  4oC,	
  

the	
  ethanol	
  aspirated	
  and	
  the	
  cells	
  re-­‐suspended	
  in	
  1	
  x	
  PBS-­‐BSA	
  1%	
  and	
  left	
  for	
  10-­‐15	
  min	
  at	
  

room	
   temperature.	
   They	
   were	
   then	
   centrifuged,	
   PBS-­‐BSA	
   removed	
   and	
   the	
   cells	
   re-­‐

suspended	
  in	
  1x	
  PBS	
  containing	
  Draq5	
  2μl/ml	
  (Biostatus)	
  and	
  RNase	
  A	
  10μg/ml	
  (Qiagen),	
  left	
  

in	
   the	
  dark	
   at	
   room	
   temperature	
   for	
   30-­‐60	
  min	
  before	
  proceeding	
   to	
   FC	
   analysis.	
   FC	
  was	
  

performed	
  using	
  either	
   the	
  FACSCanto	
   II	
   or	
   the	
   LSR	
   II	
  machine	
   (both	
  BD	
  Biosciences)	
   and	
  

data	
  analysed	
  using	
  Flowjo	
  software,	
  as	
  above.	
  	
  

	
  

2.7.3	
  CD20	
  staining	
  for	
  analysis	
  of	
  purity	
  of	
  primary	
  B	
  cell	
  separation	
  

106	
   cells	
   were	
   removed	
   from	
   each	
   sample	
   of	
   purified	
   primary	
   B	
   cells,	
   centrifuged	
   then	
  

washed	
   once	
   with	
   ice-­‐cold	
   1x	
   PBS/0.5%	
   BSA	
   (PBS-­‐BSA)	
   before	
   re-­‐suspending	
   in	
   PBS-­‐BSA	
  

containing	
  10μg	
  of	
  human	
  IgG.	
  The	
  samples	
  were	
  left	
  on	
  ice	
  for	
  15	
  min	
  before	
  adding	
  anti-­‐

CD20	
  APC	
  5µl	
   per	
   sample	
   (eBioscience).	
   Samples	
  were	
   then	
   left	
   on	
   ice	
   in	
   the	
  dark	
   for	
   60	
  

min,	
  washed	
   twice	
  with	
  PBS-­‐BSA	
  before	
  being	
   re-­‐suspended	
   in	
  MACS	
   running	
  buffer	
   then	
  

proceeding	
   to	
   FC	
   analysis.	
   The	
   percentage	
   of	
   CD20+ve	
   cells	
   were	
   analysed	
   by	
   FC	
   on	
   the	
  

DAKO	
  CyanADP	
  cytometer.	
  	
  

	
  

2.8	
  Episomal	
  rescue	
  from	
  293	
  cells	
  to	
  verify	
  BACS	
  

HEK293	
  cells,	
  containing	
  recombinant	
  BACS,	
  were	
  established	
  and	
  selected	
  with	
  hygromycin	
  

(100μg/ml)	
  before	
  harvesting	
  cells	
  for	
  extraction	
  of	
  low-­‐molecular	
  weight	
  DNA	
  for	
  episomal	
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rescue	
   and	
   pulsed-­‐field	
   gel	
   analysis	
   of	
   BAC	
   restriction	
   digests,	
   in	
   order	
   to	
   verify	
   the	
   BAC	
  

constructs.	
  	
  

	
  

2.8.1	
  Low	
  molecular	
  weight	
  DNA	
  extraction	
  

293	
   cell	
   clones	
   were	
   grown	
   to	
   approximately	
   80%	
   confluence	
   in	
   a	
   flask,	
   washed	
   and	
  

trypsinised	
  whilst	
  re-­‐passaging,	
  as	
  described	
  previously,	
  and	
  then	
  the	
  cells	
  remaining	
  after	
  

passage	
  were	
  pelleted,	
  washed	
  in	
  PBS	
  and	
  then	
  the	
  pellet	
  snap	
  frozen	
  and	
  stored	
  at	
  -­‐80oC	
  

until	
  use.	
  The	
   frozen	
  cell	
  pellet	
  was	
   subsequently	
   thawed	
  and	
   then	
   re-­‐suspended	
   in	
  60	
  µl	
  

STET.	
   Cells	
  were	
   lysed	
   by	
   addition,	
  while	
   vortexing,	
   of	
   130	
  µl	
   alkaline	
   SDS.	
   This	
  was	
   then	
  

neutralised	
   by	
   the	
   addition,	
   while	
   vortexing,	
   of	
   110	
   µl	
   7.5M	
   ammonium	
   acetate.	
   The	
  

mixture	
  was	
  incubated	
  on	
  ice	
  for	
  5	
  min	
  before	
  centrifuging	
  at	
  18,000	
  x	
  g	
  for	
  30	
  min	
  at	
  4oC.	
  

The	
   cleared	
   lysate	
   was	
   transferred	
   to	
   fresh	
   Eppendorfs	
   in	
   order	
   to	
   proceed	
   to	
   phenol-­‐

chloroform	
  extraction.	
  	
  	
  

	
  

The	
  cleared	
  cell	
  lysate	
  was	
  transferred	
  to	
  a	
  1.5	
  ml	
  MaXtract	
  High	
  Density	
  Gel	
  tube	
  (Qiagen),	
  

200	
  µl	
   of	
   Phenol:Chloroform:Isoamyl	
   alcohol	
   (25:24:1;	
   Sigma)	
   added	
  and	
   the	
   tube	
   rapidly	
  

inverted	
  for	
  30	
  s	
  to	
  mix	
  before	
  centrifuging	
  at	
  9500	
  x	
  g	
  for	
  6	
  min.	
  The	
  upper	
  aqueous	
  layer	
  

was	
   then	
   transferred	
   to	
   a	
   new	
   MaXtract	
   Gel	
   tube,	
   using	
   a	
   cut-­‐off	
   tip,	
   and	
   200	
   µl	
   of	
  

chloroform	
  was	
   added.	
   The	
   tube	
  was	
   again	
   inverted	
   to	
  mix	
   and	
   centrifuged	
   for	
   6	
  min	
   at	
  

9500	
   x	
   g.	
   The	
   upper	
   aqueous	
   layer	
   was	
   transferred	
   to	
   a	
   fresh	
   Eppendorf	
   and	
   the	
   DNA	
  

precipitated	
   by	
   addition	
   of	
   670	
   µl	
   of	
   100%	
   ethanol,	
   followed	
   by	
   centrifugation	
   for	
   30	
  

minutes	
   at	
   maximum	
   speed,	
   then	
   washed	
   with	
   200	
   µl	
   of	
   70%	
   ethanol.	
   The	
   pellet	
   of	
  

episomal	
   DNA	
   was	
   allowed	
   to	
   air-­‐dry	
   for	
   15	
   min	
   before	
   being	
   re-­‐suspended	
   in	
   50	
   µl	
   TE	
  

containing	
  5	
  µg/ml	
  RNase	
  A.	
  

	
  

2.8.2	
  Transformation	
  	
  

1	
   µl	
   of	
   this	
   low	
   molecular	
   weight	
   DNA	
   preparation	
   was	
   added	
   to	
   20	
   µl	
   of	
   Electromax	
  

electrocompetent	
  DH10B	
  E.	
   coli	
   (Invitrogen)	
  on	
   ice.	
   This	
  was	
  electroporated	
  at	
  1.8	
   kV,	
  25	
  

µFD	
  and	
  200	
  Ω	
  using	
  a	
  Gene	
  pulser	
   (BioRad)	
  before	
  400	
  µl	
  of	
  SOC	
  (Invitrogen)	
  was	
  added	
  

and	
   the	
  mixture	
   placed	
   in	
   a	
   shaking	
   incubator	
   at	
   37oC	
   for	
   1	
   hour	
   to	
   recover.	
   The	
   entire	
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culture	
   volume	
   was	
   plated	
   onto	
   LB	
   agar	
   containing	
   chloramphenicol	
   and	
   incubated	
  

overnight	
  at	
  37oC.	
  Colonies	
  were	
  chosen	
  for	
  miniprep	
  DNA	
  isolation.	
  	
  

	
  

2.8.3	
  Small	
  scale	
  isolation	
  of	
  plasmid	
  DNA	
  (‘Minipreps’)	
  	
  

Single	
  bacterial	
  colonies	
  were	
  picked	
  into	
  1.5ml	
  superbroth	
  containing	
  chloramphenicol	
  12.5	
  

μg/ml	
   and	
   grown	
   overnight	
   at	
   37oC	
   in	
   a	
   shaking	
   incubator.	
   Samples	
   were	
   centrifuged	
   at	
  

1500	
  x	
  g	
  for	
  4	
  min	
  at	
  RT	
  to	
  pellet	
  the	
  bacteria.	
  The	
  supernatant	
  was	
  removed	
  by	
  aspiration.	
  

70μl	
  STET	
  was	
  added	
  to	
  the	
  pellet,	
  which	
  was	
  re-­‐suspended	
  by	
  vortexing.	
  200μl	
  of	
  alkaline	
  

SDS	
  was	
  added	
  while	
  vortexing.	
  While	
  still	
  vortexing	
  150μl	
  of	
  7.5M	
  ammonium	
  acetate	
  was	
  

added,	
   before	
   transferring	
   the	
   sample	
   immediately	
   to	
   ice.	
   Samples	
  were	
   left	
   on	
   ice	
   for	
   5	
  

minutes,	
   and	
   then	
   centrifuged	
  at	
   18,000	
   x	
  g	
   for	
   20	
  min	
   at	
   4oC	
   in	
   a	
  pre-­‐cooled	
   rotor.	
   The	
  

supernatant	
  was	
  then	
  poured	
  into	
  a	
  fresh	
  Eppendorf.	
  240μl	
  isopropanol	
  was	
  added	
  and	
  the	
  

DNA	
   precipitated	
   by	
   inversion.	
   The	
   sample	
   was	
   centrifuged	
   at	
   room	
   temperature	
   for	
   6	
  

minutes	
  at	
  9,500	
  x	
  g.	
  The	
  supernatant	
  was	
  discarded	
  and	
  the	
  pellet	
  washed	
  in	
  200μl	
  of	
  70%	
  

ethanol	
   and	
   then	
   centrifuged	
  at	
  9,500	
   x	
  g	
   for	
   a	
   further	
  3	
  min.	
   The	
   supernatant	
  was	
   then	
  

aspirated	
   and	
   the	
   pellet	
   air-­‐dried	
   for	
   approximately	
   15	
   min	
   before	
   the	
   DNA	
   was	
   re-­‐

suspended	
  in	
  50μl	
  TE	
  supplemented	
  with	
  5μg/ml	
  RNase	
  A.	
  The	
  samples	
  were	
  then	
  stored	
  at	
  

4oC	
  until	
  restriction	
  enzyme	
  digest	
  and	
  pulsed-­‐field	
  gel	
  electrophoresis	
  were	
  performed.	
  

	
  

2.8.4	
  Restriction	
  Enzyme	
  Digests	
  	
  

Restriction	
  enzyme	
  digests	
  were	
  carried	
  out	
  using	
  the	
  following	
  reagents,	
  made	
  up	
  to	
  15µl	
  

with	
  ddH2O:	
  

	
   5µl	
  DNA	
  

	
   1.5µl	
  10x	
  restriction	
  enzyme	
  buffer	
  

	
   0.75µl	
  20x	
  BSA	
  

To	
  this	
  was	
  added	
  a	
  small	
  amount	
  (<0.5µl)	
  of	
  appropriate	
  restriction	
  enzyme,	
  BamHI	
  or	
  NHeI	
  

(New	
  England	
  Biolabs)	
  and	
  the	
  digest	
  was	
  incubated	
  for	
  3	
  hours	
  at	
  37oC.	
  

	
  

2.8.5	
  Pulsed-­‐field	
  gel	
  electrophoresis	
  	
  

Pulsed-­‐field	
  gels	
  were	
  run	
  in	
  a	
  Bio-­‐Rad	
  CHEF	
  DR	
  II	
  system.	
  Gels	
  were	
  made	
  with	
  1%	
  agarose	
  

dissolved	
   in	
   0.5x	
   TBE	
   (without	
   Ethidium	
  Bromide)	
   and	
  were	
   run	
   in	
   2	
   L	
   of	
   0.5x	
   TBE.	
   A	
   1:1	
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mixture	
  of	
  λ	
  DNA-­‐BstEII	
  and	
  λ	
  DNA	
  mono	
  cut	
  mix	
  ladders	
  (New	
  England	
  Biolabs)	
  were	
  used	
  

as	
  size	
  markers	
  to	
  run	
  alongside	
  DNA	
  samples.	
  Both	
  DNA	
  samples	
  and	
  ladders	
  were	
  mixed	
  

with	
  an	
  appropriate	
  volume	
  of	
  6x	
  agarose	
  gel	
  loading	
  buffer	
  and	
  the	
  λ–based	
  ladders	
  were	
  

heated	
  at	
  50oC	
  for	
  10	
  min	
  prior	
  to	
  loading.	
  The	
  settings	
  for	
  pulsed-­‐field	
  gel	
  electrophoresis	
  

of	
  EBV-­‐BACs	
  were	
  as	
  follows:	
  

Initial	
  Sweep	
  Time	
  	
  	
   1	
  sec	
   	
   	
  

Final	
  Sweep	
  Time	
   	
   10	
  sec	
  

Voltage	
   	
   	
   6	
  V/cm	
  	
  

Running	
  time	
   	
   14	
  hours	
  

Running	
  temperature	
   14oC	
  

When	
  the	
  run	
  was	
  complete,	
  the	
  gel	
  was	
  stained	
  with	
  Ethidium	
  Bromide	
  at	
  a	
  concentration	
  

of	
   0.5	
   µg/ml	
   in	
   0.5x	
   TBE	
   for	
   45	
   min,	
   with	
   gentle	
   agitation,	
   before	
   visualisation	
   on	
   a	
   UV	
  

transilluminator.	
  

	
  

2.9	
  	
   Production	
  of	
  recombinant	
  virus	
  from	
  producer	
  lines	
  and	
  infection	
  of	
  cells	
  

Once	
   the	
   integrity	
   of	
   the	
   BAC	
   constructs	
   had	
   been	
   checked	
   as	
   described	
   above,	
   HEK293	
  

producer	
   cell	
   lines	
   were	
   induced	
   to	
   produce	
   virus	
   by	
   transient	
   transfection	
   of	
   BZLF1	
  

(Countryman	
  and	
  Miller	
  1985,	
  Hammerschmidt	
  and	
  Sugden	
  1988,	
  Delecluse	
  et	
  al.	
  1998)	
  and	
  

BALF4	
  (Neuhierl	
  et	
  al.	
  2002).	
  The	
  cells	
  were	
  seeded	
  in	
  a	
  10cm	
  dish.	
  Two	
  days	
  later,	
  each	
  dish	
  

was	
  transfected	
  with	
  0.5	
  µg	
  BZLF1	
  and	
  0.5	
  µg	
  BALF4	
  (1	
  µg	
  in	
  total)	
  by	
  the	
  LID	
  transfection	
  

method.	
  

	
  

2.9.1	
  Transfection	
  of	
  EBV-­‐BACs	
  into	
  293	
  cells	
  (LID	
  transfection	
  system)	
  	
  

The	
   LID	
   transfection	
   system	
   consists	
   of	
   Lipofectin	
   Reagent	
   (Invitrogen),	
   Integrin-­‐Targeting	
  

Peptide	
  6	
  (Hart	
  et	
  al.	
  1998)	
  and	
  DNA.	
  For	
  1	
  μg	
  of	
  plasmid	
  DNA,	
  0.75	
  μl	
  of	
  Lipofectin	
  Reagent	
  

(1	
  mg/ml)	
  was	
  combined	
  with	
  40	
  μl	
  Peptide	
  6	
  (0.1	
  mg/ml)	
  and	
  left	
  to	
  stand	
  for	
  5	
  min.	
  This	
  

solution	
  was	
  added	
   to	
  1	
  μg	
  of	
  plasmid	
  DNA	
   [made	
  up	
   to	
  100	
  μl	
   in	
  OptiMEM	
  (Invitrogen)]	
  

and	
   left	
   for	
   20	
  min.	
   The	
  medium	
  was	
   then	
   removed	
   from	
   the	
   cells	
   in	
   the	
   10cm	
  dish	
   and	
  

carefully	
  replaced	
  with	
  the	
  entire	
  LID	
  transfection	
  mixture	
  which	
  had	
  been	
  made	
  up	
  to	
  5	
  ml	
  

with	
   OptiMEM.	
   Cells	
   were	
   incubated	
   at	
   37oC	
   for	
   6	
   hours	
   after	
   which	
   the	
   transfection	
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mixture	
  was	
  replaced	
  with	
  4	
  ml	
  of	
  fresh	
  RPMI/10%	
  FCS	
  +	
  L-­‐glutamine.	
  This	
  was	
  then	
  left	
  to	
  

incubate	
  for	
  four	
  days	
  before	
  harvesting	
  the	
  supernatant.	
  	
  

	
  

The	
  virus-­‐containing	
  supernatant	
  was	
  then	
  harvested	
  and	
  filtered	
  through	
  a	
  0.45	
  µm	
  filter.	
  

Infectivity	
   of	
   the	
   supernatant	
   was	
   assayed	
   by	
   infection	
   of	
   Raji-­‐BL	
   cells	
   (Green	
   Raji	
   Units,	
  

GRU)	
  (Dirmeier	
  et	
  al.	
  2003).	
  Ten-­‐fold	
  dilutions	
  of	
  viral	
  supernatant	
  (1	
  ml,	
  0.1	
  ml	
  and	
  0.01	
  ml	
  

made	
  up	
  to	
  1	
  ml	
  volume	
  using	
  RPMI/10%	
  FCS)	
  were	
  used	
  to	
   infect	
  105	
  Raji	
  cells	
   in	
  0.5	
  ml	
  

RPMI/10%	
   FCS.	
   After	
   2	
   days,	
   0.5	
   ml	
   of	
   RPMI/10%	
   FCS	
   containing	
   20	
   nM	
   phorbol	
   12-­‐

tetradecanoate	
  13-­‐acetate	
  (TPA;	
  Sigma)	
  and	
  5	
  mM	
  sodium	
  n-­‐butyrate	
  (Sigma)	
  was	
  added	
  to	
  

the	
  cells,	
  in	
  order	
  to	
  enhance	
  GFP	
  expression.	
  The	
  next	
  day,	
  the	
  viral	
  titre	
  was	
  estimated	
  by	
  

counting	
  the	
  number	
  of	
  GFP-­‐positive	
  Raji	
  cells	
  in	
  various	
  dilutions	
  of	
  viral	
  supernatant	
  using	
  

fluorescence	
  microscopy.	
  

	
  

2.9.2	
  Infection	
  of	
  EBV-­‐negative	
  BL	
  cells	
  

The	
   EBV-­‐negative	
   BL	
   cell	
   line	
   BL31	
   was	
   infected	
   with	
   recombinant	
   and	
   wild-­‐type	
   EBV	
  

generated	
   from	
  EBV-­‐BACs.	
  500µl	
  of	
   viral	
   supernatant	
   from	
   the	
   relevant	
  293	
  producer	
   cell	
  

line	
  was	
  added	
  to	
  105	
  BL	
  cells	
  in	
  1ml	
  of	
  growth	
  medium,	
  in	
  duplicate	
  for	
  each	
  virus.	
  After	
  48	
  

hours,	
  cells	
  were	
  selected	
   in	
  Hygromycin	
  at	
  a	
  concentration	
  of	
  250µg/ml	
   to	
  produce	
  EBV-­‐

converted	
   BL	
   lines.	
   Cells	
  were	
  monitored	
   periodically	
   for	
   GFP	
   expression	
   by	
   fluorescence	
  

microscopy.	
  Once	
  cell	
  lines	
  were	
  established,	
  the	
  Hygromycin	
  concentration	
  was	
  reduced	
  to	
  

100µg/ml.	
   Expression	
  of	
   EBV	
   latent	
  proteins	
  was	
   validated	
  by	
  western	
  blotting	
  of	
   protein	
  

extracts.	
  

	
  

2.9.3	
  Infection	
  of	
  purified	
  primary	
  B	
  cells	
  

CD19-­‐purified	
  B	
  cells	
  were	
  seeded	
  at	
  2	
  x	
  106	
  cells/ml	
  in	
  5ml	
  of	
  medium	
  in	
  a	
  25cm2	
  flask,	
  then	
  

1.5-­‐2.0	
  x106	
  infectious	
  units	
  of	
  virus	
  (approx.	
  1x	
  105	
  units	
  for	
  wild-­‐type	
  virus)	
  were	
  added	
  to	
  

the	
  cultures.	
  When	
  cells	
  were	
  harvested	
  at	
  early	
  time	
  points,	
  the	
  volume	
  of	
  culture	
  removed	
  

was	
  replaced	
  with	
  an	
  equal	
  volume	
  of	
  fresh	
  medium.	
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  The	
  effects	
  of	
  EBV	
  infection	
  on	
  TGFβ	
  receptor	
  expression	
  Chapter	
  3

and	
  TGFβ	
  signalling	
  in	
  BL31	
  cells	
  

3.1	
  Introduction	
  

TGFβ	
  signalling	
  is	
  known	
  to	
  be	
  dysregulated	
  in	
  many	
  malignancies	
  (Elliott	
  and	
  Blobe	
  2005),	
  

and	
  EBV	
  infection	
  renders	
  B	
  cells	
  resistant	
  to	
  the	
  effects	
  of	
  TGFβ	
  (Kehrl	
  et	
  al.	
  1986,	
  Blomhoff	
  

et	
  al.	
  1987,	
  Janssen	
  et	
  al.	
  1990,	
  Altiok	
  et	
  al.	
  1991,	
  Kumar	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  1992,	
  Altiok	
  

et	
  al.	
  1993,	
  Arvanitakis	
  et	
  al.	
  1995,	
  MacDonald	
  et	
  al.	
  1996,	
  Inman	
  and	
  Allday	
  2000b).	
  It	
  has	
  

previously	
  been	
  shown	
  that	
  TGFβR2	
  is	
  down-­‐regulated	
  in	
  B	
  cell	
  lines	
  which	
  are	
  resistant	
  to	
  

the	
  effects	
  of	
  TGFβ	
   (Fukuda	
  et	
  al.	
  2006a,	
  Chen	
  et	
  al.	
  2007)	
   including	
  those	
  expressing	
  the	
  

latency	
   III	
   products	
   of	
   EBV	
   (Inman	
   and	
   Allday	
   2000b).	
   However,	
   other	
   studies	
   have	
  

investigated	
  only	
  TGFβR1	
  expression	
  (Altiok	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  1993),	
  have	
  shown	
  that	
  

both	
   TGFβR1	
   and	
   TGFβR2	
   expression	
   are	
   reduced	
   (Kumar	
   et	
   al.	
   1991)	
   or	
   that	
   TGFβR	
  

expression	
  appeared	
  not	
  to	
  be	
  altered	
  by	
  EBV	
  (Arvanitakis	
  et	
  al.	
  1995).	
  	
  

	
  

Exon	
  microarray	
   analyses	
   of	
   the	
   effect	
   EBNA3	
   proteins	
   have	
   on	
   cellular	
   gene	
   expression	
  

suggested	
  that	
  TGFβR2	
   is	
  down-­‐regulated	
  by	
  EBV	
   in	
  BL31	
  cells,	
  with	
  EBNA3B	
  and	
  EBNA3C	
  

apparently	
  cooperating	
  [www.epstein-­‐barrvirus.org.uk	
  and	
  (White	
  et	
  al.	
  2010)].	
  In	
  addition,	
  

other	
   work	
   by	
   this	
   group	
   had	
   shown	
   that	
   EBNA3	
   proteins	
   cooperate	
   to	
   regulate	
   many	
  

cellular	
  genes,	
  via	
  epigenetic	
  mechanisms	
  (Anderton	
  et	
  al.	
  2008,	
  Paschos	
  et	
  al.	
  2009,	
  White	
  

et	
   al.	
   2010,	
   Paschos	
   et	
   al.	
   2012,	
   Skalska	
   et	
   al.	
   2013).	
   TGFβR2	
   has	
   been	
   shown	
   to	
   be	
  

repressed	
   epigenetically	
   in	
   various	
   other	
   types	
   of	
   tumour	
   including	
   non-­‐small	
   cell	
   lung	
  

carcinoma,	
   prostate	
   carcinoma	
   and	
   primary	
   effusion	
   lymphoma	
   (PEL)	
   (Zhang	
   et	
   al.	
   2004,	
  

Zhao	
  et	
  al.	
  2005,	
  Di	
  Bartolo	
  et	
  al.	
  2008).	
  

	
  

Therefore,	
  the	
  detailed	
  mechanism	
  of	
  down-­‐regulation	
  of	
  TGFβR2	
  by	
  EBV	
  in	
  BL31	
  cells	
  was	
  

investigated	
  and	
  described	
   in	
   this	
  chapter,	
   including	
  which	
   latent	
  proteins	
  are	
   responsible	
  

and	
  whether	
  this	
  occurs	
  via	
  epigenetic	
  repression	
  of	
  gene	
  transcription.	
  The	
  effect	
  of	
  this	
  on	
  

TGFβ	
   signalling	
   was	
   also	
   investigated,	
   as	
   well	
   as	
   the	
   effect	
   on	
   the	
   expression	
   of	
   the	
   co-­‐

receptor	
  TGFβR3.	
  



Chapter	
  3.	
  Results	
  

	
  
	
  

114	
  

3.2	
  The	
  effect	
  of	
  EBV	
  latent	
  proteins	
  on	
  TGFβR2	
  transcription	
  in	
  the	
  context	
  of	
  latent	
  EBV	
  

infection	
  of	
  B	
  cells	
  

3.2.1	
  EBV	
  down-­‐regulates	
  TGFβR2	
  in	
  BL31	
  cells,	
  with	
  EBNA2,	
  EBNA3B	
  and	
  EBNA3C	
  being	
  

necessary	
  

Microarray	
   analysis	
   had	
   suggested	
   that	
   in	
   BL31	
   cells,	
   derived	
   from	
   an	
   EBV-­‐negative	
   BL,	
  

latent	
  EBV	
  down-­‐regulates	
  TGFβR2,	
  and	
  that	
  EBNA3B	
  and	
  EBNA3C	
  were	
  necessary	
  for	
  this	
  

[www.epstein-­‐barrvirus.org.uk	
  (White	
  et	
  al.	
  2010)].	
  Therefore	
  a	
  panel	
  of	
  uninfected,	
  B95.8-­‐

BAC	
  EBV	
  (here	
  called	
  wild-­‐type)	
  and	
  recombinant	
  virus-­‐infected	
  BL31	
  cells	
  was	
  investigated	
  

for	
  TGFβR2	
  expression	
  by	
  extracting	
  RNA	
  and	
  performing	
  qRT-­‐PCR.	
  This	
  confirmed	
  that	
  EBV	
  

latent	
  gene	
  expression	
  down-­‐regulates	
  TGFβR2	
  mRNA	
  in	
  BL31	
  cells	
  (fig.	
  3.1A).	
  	
  

	
  

When	
  EBNA3B	
  and	
  EBNA3C	
  were	
  deleted,	
  expression	
  was	
  partially	
  restored,	
  suggesting	
  that	
  

these	
   latent	
   proteins	
   cooperate	
   in	
   the	
   repression.	
   The	
   involvement	
   of	
   EBNA3A	
   was	
   less	
  

clear,	
   as	
   EBNA3A	
  KO	
  1	
   appeared	
   to	
  behave	
   like	
  wild-­‐type,	
   suggesting	
   that	
   EBNA3A	
   is	
   not	
  

necessary	
   for	
   the	
   repression,	
   whereas	
   in	
   EBNA3A	
   KO	
   2	
   partial	
   de-­‐repression	
   was	
   seen	
  

suggesting	
   that	
   in	
   this	
   case	
   EBNA3A	
  may	
   be	
   necessary	
   (fig.	
   3.1A).	
   This	
   will	
   be	
   discussed	
  

further	
   in	
  section	
  4.6.	
   In	
  all	
   the	
   revertants,	
   repression	
  was	
  again	
  seen,	
  similar	
   to	
   infection	
  

with	
  wild-­‐type	
  virus.	
  	
  

	
  

Surprisingly,	
  the	
  deletion	
  of	
  EBNA2	
  also	
  had	
  a	
  profound	
  effect,	
  with	
  partial	
  de-­‐repression	
  of	
  

TGFβR2,	
  suggesting	
  that	
  EBNA2	
  also	
  cooperates	
  with	
  EBNA3B	
  and	
  EBNA3C	
  in	
  the	
  repression	
  

of	
  TGFβR2	
  (fig.	
  3.1A).	
  Although	
  EBNA2	
  has	
  been	
  shown	
  to	
  cooperate	
  with	
  EBNA3	
  proteins	
  in	
  

regulating	
   cellular	
   gene	
   expression,	
   in	
   most	
   cases	
   these	
   genes	
   are	
   activated	
   by	
   EBNA2	
  

(Spender	
  et	
  al.	
  2002,	
  Maier	
  et	
  al.	
  2006,	
  Spender	
  et	
  al.	
  2006,	
  Zhao	
  et	
  al.	
  2006);	
  however,	
  in	
  

one	
  of	
  these	
  studies	
  EBNA2	
  was	
  shown	
  to	
  repress	
  a	
   limited	
  number	
  of	
  genes	
  (Maier	
  et	
  al.	
  

2006).	
  In	
  order	
  to	
  confirm	
  the	
  effect	
  of	
  EBNA2	
  deletion,	
  the	
  expression	
  of	
  TGFβR2	
  was	
  also	
  

investigated	
  in	
  cells	
  derived	
  from	
  a	
  different	
  BL,	
  BL2.	
  Again	
  EBV-­‐negative,	
  wild-­‐type	
  infected	
  

and	
   those	
   infected	
  with	
   EBNA2	
   KO	
   virus	
  were	
   compared.	
   This	
   also	
   showed	
   repression	
   of	
  

TGFβR2	
   by	
   wild-­‐type	
   EBV,	
   with	
   de-­‐repression	
   in	
   EBNA2	
   KO,	
   confirming	
   that	
   EBNA2	
   is	
  

necessary	
  for	
  TGFβR2	
  repression	
  (fig.	
  3.1B).	
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Despite	
   multiple	
   attempts	
   using	
   a	
   wide	
   variety	
   of	
   commercially	
   available	
   antibodies	
   to	
  

TGFβR2,	
  none	
  were	
  found	
  to	
  be	
  satisfactory	
  for	
  investigation	
  of	
  TGFβR2	
  protein	
  expression	
  

in	
  these	
  cell	
  lines.	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3.1:	
  Expression	
  of	
  TGFβR2	
  mRNA	
  in	
  panels	
  of	
  BL31	
  and	
  BL2	
  cell	
  lines	
  

(A)	
  qRT-­‐PCR	
  on	
  a	
  panel	
  of	
  BL31	
  cell	
   lines	
  including	
  uninfected	
  and	
  infected	
  with	
  wild-­‐type	
  or	
  mutant	
  virus	
  as	
  

indicated.	
  (B)	
  qRT-­‐PCR	
  for	
  TGFβR2	
  in	
  uninfected,	
  wild-­‐type	
  EBV-­‐infected	
  and	
  EBNA2	
  KO-­‐infected	
  BL2	
  cells.	
  The	
  

values,	
   also	
   shown	
   above	
   bars	
   for	
   clarification	
   in	
   figure	
   3.1A,	
   represent	
   the	
   ratio	
   of	
   expression	
   to	
   the	
  

endogenous	
  control	
  gene	
  GNB2L1.	
  Data	
  shown	
  are	
   from	
  an	
  experiment	
   in	
  which	
   the	
  pattern	
  of	
  variation	
  of	
  

values	
   for	
  uninfected,	
  knockout	
  and	
  wild-­‐type/revertant	
   infected	
  cell	
   lines	
   is	
   representative	
  of	
  at	
   least	
   three	
  

separate	
   experiments.	
   The	
   error	
   bars	
   represent	
   standard	
   deviations	
   from	
   triplicate	
   qPCR	
   reactions.	
   Despite	
  

multiple	
  attempts,	
  no	
  satisfactory	
  antibody	
  could	
  be	
  identified	
  for	
  quantifying	
  TGFβR2	
  by	
  western	
  blot.	
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3.2.2	
  The	
  down-­‐regulation	
  of	
  TGFβR2	
  occurs	
  via	
  polycomb-­‐mediated	
  repression	
  

It	
   had	
   been	
   previously	
   shown	
   that	
   EBNA3A	
   and	
   EBNA3C	
   cooperate	
   to	
   down-­‐regulate	
  

BCL2L11,	
  the	
  gene	
  coding	
  for	
  the	
  pro-­‐apoptotic	
  protein	
  BIM,	
   in	
  BL31	
  cells,	
  and	
  p16INK4A,	
   in	
  

LCLs	
   (Paschos	
   et	
   al.	
   2009,	
   Skalska	
   et	
   al.	
   2010,	
   Paschos	
   et	
   al.	
   2012).	
   Furthermore,	
   DNA	
  

hypermethylation	
  of	
   TGFβR2	
  has	
  been	
  demonstrated	
   in	
   response	
   to	
   induction	
  of	
   LANA,	
   a	
  

latent	
  nuclear	
  protein	
  of	
  KSHV,	
  in	
  association	
  with	
  reduction	
  in	
  histone	
  H4	
  acetylation	
  of	
  the	
  

TGFβR2	
  promoter	
  (Di	
  Bartolo	
  et	
  al.	
  2008).	
  Therefore	
  it	
  was	
  hypothesised	
  that	
  the	
  repression	
  

of	
  TGFβR2	
  by	
  EBV	
  may	
  occur	
  via	
  epigenetic	
  mechanisms.	
  	
  

	
  

Initially,	
  chromatin	
  immunoprecipitation	
  (ChIP)	
  was	
  performed	
  for	
  H3K9Ac,	
  a	
  mark	
  of	
  active	
  

transcription,	
   on	
   the	
   panel	
   of	
   BL31	
   cell	
   lines	
   including	
   uninfected	
   and	
   cells	
   infected	
  with	
  

wild-­‐type	
  or	
  mutant	
   EBV.	
  Analysis	
   of	
   the	
  precipitated	
  DNA	
  was	
  performed	
  by	
  qPCR	
  using	
  

several	
  sets	
  of	
  primers	
  across	
  the	
  TGFβR2	
  promoter	
  (fig.	
  3.2A).	
  H3K9Ac	
  was	
  shown	
  to	
  peak	
  

at	
   primer	
   set	
   4,	
   approximately	
   500	
   bases	
   downstream	
   from	
   the	
   TSS,	
   in	
   uninfected	
   BL31	
  

cells.	
   EBV	
   reduces	
   H3K9Ac,	
   and	
   this	
   was	
   partially	
   recovered	
   when	
   EBNA2,	
   EBNA3B	
   or	
  

EBNA3C	
   are	
   deleted,	
   and	
   reduced	
   again	
   in	
   revertants	
   (fig.	
   3.2B).	
   These	
   findings	
   were	
  

consistent	
  with	
  the	
  mRNA	
  data	
  (fig.	
  3.1A).	
  For	
  the	
  EBNA3A	
  KOs,	
  however,	
  the	
  involvement	
  is	
  

again	
   unclear;	
   in	
   this	
   case	
   both	
   cell	
   lines	
   seem	
   to	
   have	
   an	
   intermediate	
   phenotype	
   (fig.	
  

3.2B).	
  

	
  

ChIP	
  was	
   then	
  performed	
   for	
   the	
   repressive	
  mark	
  H3K27Me3.	
  This	
   showed	
  an	
   increase	
   in	
  

the	
  deposition	
  of	
  H3K27Me3	
   induced	
  by	
  EBV	
   infection,	
  with	
   similar	
   values	
  across	
   the	
   five	
  

primer	
  sets	
  suggesting	
  a	
  broader	
  peak	
  than	
  for	
  H3K9Ac	
  (fig.	
  3.2C).	
  When	
  EBNA2,	
  EBNA3B	
  or	
  

EBNA3C	
  were	
   deleted,	
  H3K27Me3	
  was	
   reduced	
   again,	
   although	
   in	
   both	
   EBNA3B	
   KO	
   lines	
  

and	
   EBNA3C	
   KO	
   2	
   the	
   reduction	
   was	
   not	
   to	
   the	
   same	
   level	
   as	
   in	
   uninfected	
   BL31.	
   Both	
  

EBNA3A	
  KO	
  lines	
  showed	
  an	
  intermediate	
  level	
  of	
  H3K27Me3.	
  The	
  revertant	
  virus-­‐infected	
  

cells	
  showed	
  levels	
  of	
  H3K27Me3	
  similar	
  to	
  those	
  infected	
  with	
  WT	
  EBV,	
  with	
  the	
  exception	
  

of	
  EBNA3C	
  revertant,	
  which	
  showed	
  reduced	
  levels	
  compared	
  to	
  wild-­‐type	
  in	
  this	
  particular	
  

experiment.	
  	
  

	
  

Since	
   H2K27Me3	
   is	
   deposited	
   by	
   polycomb	
   repressive	
   complex	
   2	
   (PRC2),	
   ChIP	
   was	
   then	
  

performed	
  for	
  SUZ12,	
  a	
  component	
  of	
  the	
  PRC2	
  complex	
  (fig.	
  3.2D).	
  This	
  showed	
  that	
  little	
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or	
  no	
  SUZ12	
  is	
  bound	
  in	
  uninfected	
  BL31	
  but	
  that	
  latent	
  EBV	
  increases	
  SUZ12	
  binding,	
  with	
  a	
  

peak	
  at	
  primer	
  set	
  4.	
  Levels	
  were	
  reduced	
  again	
  in	
  EBNA2	
  KO,	
  EBNA	
  3B	
  KO	
  2	
  and	
  EBNA3C	
  KO	
  

1,	
  and	
  recovered	
  in	
  the	
  revertants	
  with	
  similar	
  values	
  to	
  wild-­‐type	
  infected	
  cells.	
  The	
  other	
  

cell	
  lines	
  showed	
  intermediate	
  levels	
  of	
  SUZ12	
  binding.	
  For	
  both	
  EBNA3A	
  KO	
  cell	
  lines	
  used,	
  

SUZ12	
   levels	
   were	
   increased,	
   although	
   for	
   EBNA3A	
   KO	
   1	
   the	
   level	
   of	
   SUZ12	
   binding	
  was	
  

intermediate	
  (fig.	
  3.2D).	
  	
  	
  	
  

	
  

The	
   binding	
   of	
   SUZ12	
   generally	
   correlates	
   with	
   H3K27Me3,	
   in	
   turn	
   correlating	
   with	
  

repression	
  of	
  TGFβR2	
  mRNA	
  transcription.	
  Taken	
  together,	
  these	
  findings	
  suggest	
  that	
  EBV	
  

down-­‐regulates	
  TGFβR2	
  by	
  PRC2-­‐mediated	
  repression	
  leading	
  to	
  gene	
  silencing.	
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Figure	
  3.2:	
  ChIP	
  for	
  histone	
  modifications	
  at	
  the	
  TGFβR2	
  promoter	
  in	
  a	
  panel	
  of	
  BL31	
  cell	
  lines	
  

(A)	
   Schematic	
   diagram	
   of	
   the	
   TGFβR2	
   promoter	
   showing	
   the	
   location	
   of	
   products	
   of	
   primer	
   sets	
   used,	
   the	
  

putative	
   transcription	
   start	
   site	
   (TSS)	
   and	
   CpG	
   islands.	
   The	
   coloured	
   blocks	
   represent	
   the	
   primer	
   pairs	
   1-­‐5,	
  

shown	
  as	
  bars	
  from	
  left	
  to	
  right	
  for	
  each	
  cell	
  line	
  in	
  figs.	
  B-­‐D.	
  (B-­‐D)	
  qPCRs	
  showing	
  ratio	
  of	
  histone	
  modification	
  

to	
  input	
  DNA	
  at	
  the	
  TGFβR2	
  promoter	
  for	
  (B)	
  H3K9Ac	
  (C)	
  H3K27Me3	
  and	
  (D)	
  SUZ12.	
  Data	
  shown	
  are	
  from	
  an	
  

experiment	
   in	
   which	
   the	
   pattern	
   of	
   variation	
   of	
   values	
   for	
   uninfected,	
   knockout	
   and	
   wild-­‐type/revertant	
  

infected	
  cell	
   lines	
   is	
   representative	
  of	
  at	
   least	
   two	
  separate	
  experiments.	
  The	
  error	
  bars	
   represent	
   standard	
  

deviations	
  from	
  triplicate	
  qPCR	
  reactions	
  for	
  both	
  input	
  and	
  IP.	
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3.2.3	
  H3K4Me3	
  is	
  present	
  in	
  all	
  cell	
  lines,	
  suggesting	
  that	
  TGFβR2	
  is	
  a	
  bivalent	
  promoter	
  

ChIP	
   was	
   then	
   performed	
   for	
   H3K4Me3,	
   also	
   a	
   mark	
   of	
   active	
   transcription.	
   It	
   has	
   been	
  

shown	
  that	
  certain	
  genes,	
  particularly	
   those	
  which	
  are	
   important	
   in	
  embryonic	
  stem	
  cells,	
  

have	
   large	
   areas	
   of	
   H3K27Me3	
  with	
   smaller	
   areas	
   of	
   H3K4Me3	
  within.	
   It	
   is	
   thought	
   that	
  

these	
   ‘bivalent	
   domains’	
   are	
  poised	
   for	
   activation	
  or	
   repression	
   (Bernstein	
   et	
   al.	
   2006).	
   It	
  

was	
  hypothesised	
  that	
  TGFβR2,	
  being	
  important	
  in	
  embryonic	
  development,	
  may	
  be	
  such	
  a	
  

domain.	
  Although	
  H3K4Me3	
  does	
  appear	
   to	
  vary	
  according	
  to	
  the	
  presence	
  or	
  absence	
  of	
  

EBV,	
  even	
  in	
  the	
  presence	
  of	
  EBV	
  it	
  remains	
  (fig.	
  3.3).	
  In	
  those	
  cell	
  lines	
  in	
  which	
  the	
  level	
  of	
  

H3K4Me3	
  appears	
  to	
  be	
  reduced,	
  the	
  level	
  of	
  GAPDH	
  is	
  also	
  lower,	
  suggesting	
  the	
  reduction	
  

is	
  due	
  to	
  the	
  ChIP	
  rather	
  than	
  being	
  regulated	
  by	
  EBV	
  itself.	
  	
  

	
  

The	
  peak	
  of	
  H3K4Me3	
  is	
  around	
  primer	
  set	
  4,	
  as	
  seen	
  for	
  H3K9Ac	
  and	
  SUZ12	
  (figs.	
  3.3,	
  3.2B	
  

and	
  3.2D).	
  H3K27Me3,	
  however,	
  generally	
   shows	
  a	
  broad	
  peak	
  with	
  significant	
  deposition	
  

across	
  all	
  primer	
  sets	
  used	
  (fig.	
  3.2C).	
  Therefore,	
  in	
  EBV-­‐infected	
  BL31,	
  there	
  appears	
  to	
  be	
  a	
  

broad	
  deposition	
   of	
  H3K27Me3	
   across	
   the	
   promoter,	
  with	
   a	
   concomitant	
   smaller	
   peak	
   of	
  

H3K4Me3,	
   consistent	
   with	
   TGFβR2	
   being	
   a	
   bivalent	
   promoter.	
   An	
   Encyclopaedia	
   of	
   DNA	
  

elements	
  (ENCODE)	
  search	
  confirms	
  increased	
  deposition	
  of	
  both	
  of	
  these	
  epigenetic	
  marks	
  

around	
  the	
  TSS	
  for	
  TGFβR2	
  in	
  an	
  LCL,	
  GM12878	
  (http://genome.ucsc.edu/ENCODE).	
  This	
  is	
  

consistent	
  with	
  TGFβR2	
  being	
  important	
  in	
  embryonic	
  development.	
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Figure	
  3.3:	
  ChIP	
  for	
  H3K4Me3	
  at	
  the	
  TGFβR2	
  promoter	
  in	
  a	
  panel	
  of	
  BL31	
  cell	
  lines	
  

(A)	
   Schematic	
   diagram	
   of	
   the	
   TGFβR2	
   promoter	
   showing	
   the	
   location	
   of	
   products	
   of	
   primer	
   sets	
   used,	
   the	
  

putative	
   transcription	
   start	
   site	
   (TSS)	
   and	
   CpG	
   islands.	
   The	
   coloured	
   blocks	
   represent	
   the	
   primer	
   pairs	
   1-­‐5,	
  

shown	
  as	
  bars	
  from	
  left	
  to	
  right	
  for	
  each	
  cell	
  line	
  in	
  figure	
  B.	
  (B)	
  qPCR	
  showing	
  ratio	
  of	
  H3K4Me3	
  to	
  input	
  DNA	
  

at	
   the	
   TGFβR2	
   promoter,	
   using	
   the	
   five	
   primer	
   sets	
   as	
   shown	
   in	
   A,	
   and	
   control	
   promoter	
   primers	
   GAPDH	
  

(active)	
  and	
  globin	
  (repressed).	
  The	
  error	
  bars	
  represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions	
  for	
  

both	
  input	
  and	
  IP.	
  

	
  

3.2.4	
  In	
  BL31	
  cell	
  lines,	
  DNA	
  methylation	
  of	
  TGFβR2	
  does	
  not	
  occur	
  

H3K27Me3,	
   deposited	
   by	
   PRC2,	
   leads	
   to	
   gene	
   silencing.	
   This	
   in	
   turn	
   has	
   been	
   shown	
   to	
  

increase	
  the	
  likelihood	
  of	
  subsequent	
  DNA	
  methylation,	
  a	
  more	
  stable	
  repressive	
  epigenetic	
  

mark,	
  by	
  approximately	
  12-­‐fold	
  (Widschwendter	
  et	
  al.	
  2007).	
  Therefore	
  it	
  was	
  hypothesised	
  

that	
  CpG	
  methylation	
  of	
  TGFβR2	
  may	
  occur	
  in	
  some	
  EBV-­‐infected	
  cell	
  lines	
  in	
  which	
  TGFβR2	
  

is	
   repressed.	
   CpG	
  methylation	
  was	
   sought	
   using	
   a	
  method	
   based	
   on	
   the	
  methylated	
   CpG	
  

island	
  recovery	
  assay	
  (MIRA)	
  (Rauch	
  and	
  Pfeifer	
  2010),	
  using	
  a	
  histidine-­‐tagged	
  recombinant	
  

methyl-­‐binding	
  protein	
  complex	
  (MBD2b/MBD3L1)	
  that	
  specifically	
  binds	
  methylated	
  CpGs	
  

of	
  genomic	
  DNA	
  fragments,	
  followed	
  by	
  qPCR	
  using	
  primer	
  sets	
  2,	
  3	
  and	
  4	
  (see	
  fig.	
  3.2A).	
  As	
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a	
   positive	
   control,	
   fragmented	
  DNA	
   from	
   Jurkat	
   cells	
  which	
   had	
   been	
   fully	
  methylated	
   in	
  

vitro	
   was	
   used,	
   with	
   a	
   negative	
   control	
   in	
   which	
   only	
   the	
   magnetic	
   beads	
   were	
   added,	
  

without	
  any	
  His-­‐MBD2b/MBD3L1	
  protein	
  complex.	
  

	
  

This	
  showed	
  that	
  there	
  was	
  no	
  DNA	
  methylation	
  at	
   this	
   locus	
   in	
  any	
  of	
   the	
  BL31	
  cell	
   lines	
  

(fig.	
  3.4).	
  As	
  expected,	
  the	
  positive	
  control	
  showed	
  DNA	
  methylation	
  only	
  in	
  the	
  CpG	
  island,	
  

at	
  primer	
  sets	
  3	
  and	
  4	
  (see	
  fig.	
  3.2A).	
  The	
  lack	
  of	
  DNA	
  methylation	
  in	
  these	
  cell	
  lines	
  may	
  be	
  

because	
   they	
   have	
   been	
   infected	
   with	
   EBV	
   in	
   vitro	
   relatively	
   recently,	
   and	
   so	
   DNA	
  

methylation	
  has	
  not	
  yet	
  occurred,	
  or	
  because	
  PRC2	
  is	
  active	
  and	
  H3K4Me3	
  is	
  also	
  present.	
  

Similar	
  findings	
  were	
  seen	
  for	
  BIM	
  in	
  a	
  similar	
  panel	
  of	
  BL31	
  cells	
  infected	
  with	
  recombinant	
  

viruses	
  (Paschos	
  et	
  al.	
  2009).	
  	
  

	
  

	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3.4:	
  Methylated	
  DNA	
  precipitation	
  at	
  the	
  TGFβR2	
  promoter	
  in	
  a	
  panel	
  of	
  BL31	
  cell	
  lines	
  	
  

Methylated	
  DNA	
  was	
  precipitated	
  followed	
  by	
  qPCR	
  using	
  primer	
  sets	
  2,	
  3	
  and	
  4,	
  as	
  shown	
  in	
  figure	
  3.2A,	
  for	
  

the	
  cell	
  lines	
  shown,	
  as	
  a	
  well	
  as	
  a	
  positive	
  (POS)	
  and	
  a	
  negative	
  control	
  (NEG).	
  The	
  colours	
  of	
  the	
  bars	
  are	
  the	
  

same	
   as	
   those	
   of	
   the	
   blocks	
   in	
   the	
   schematic	
   diagram	
   of	
   the	
   TGFβR2	
   promoter	
   shown	
   in	
   figure	
   3.2A.	
   The	
  

positive	
  control	
  was	
  a	
  fully	
  in	
  vitro	
  methylated	
  Jurkat	
  cell	
  line.	
  Values	
  are	
  shown	
  as	
  ratios	
  to	
  input	
  DNA	
  and	
  are	
  

representative	
  of	
  two	
  separate	
  experiments.	
  The	
  error	
  bars	
  represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  

reactions.	
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3.2.5	
   In	
   some	
   B	
   cell	
   lines	
   showing	
   repression	
   of	
   TGFβR2,	
   DNA	
   methylation	
   of	
   TGFβR2	
  

occurs	
  and	
  may	
  replace	
  H3K27	
  trimethylation	
  

Since	
   DNA	
  methylation	
   of	
   BIM	
   had	
   been	
   demonstrated	
   in	
   other	
   cell	
   lines	
   including	
   EBV-­‐

positive	
  BL	
  (Paschos	
  et	
  al.	
  2009),	
  a	
  further	
  set	
  of	
  B	
  cell	
   lines	
  were	
  investigated	
  for	
  TGFβR2	
  

expression	
   and	
   DNA	
   methylation	
   of	
   TGFβR2.	
   Since	
   DNA	
   methylation	
   of	
   the	
   TGFβR2	
  

promoter	
  region	
  has	
  been	
  demonstrated	
  in	
  PEL	
  cell	
  lines	
  (Di	
  Bartolo	
  et	
  al.	
  2008)	
  and	
  a	
  TGFβ-­‐

resistant	
  DLBCL	
  cell	
  line	
  DB	
  as	
  well	
  as	
  Akata	
  (Chen	
  et	
  al.	
  2007),	
  it	
  was	
  hypothesised	
  that	
  in	
  

some	
  cell	
  lines	
  where	
  TGFβR2	
  was	
  repressed,	
  DNA	
  methylation	
  may	
  coexist	
  with,	
  or	
  possibly	
  

replace,	
  H3K27Me3.	
  	
  

	
  

TGFβR2	
  expression	
  was	
  repressed,	
  similar	
  to	
  BL31-­‐WT,	
  in	
  Akata6,	
  Akata31,	
  LCL-­‐WT	
  and	
  LCL-­‐

X50.7,	
   but	
  was	
   not	
   repressed	
   in	
   Ramos	
   (fig.	
   3.5A).	
   For	
   the	
   LCLs,	
   this	
  was	
   consistent	
  with	
  

previous	
  findings,	
  since	
  LCLs	
  are	
  known	
  to	
  resist	
  the	
  effects	
  of	
  TGFβ	
  and	
  in	
  which	
  TGFβR2	
  is	
  

repressed	
  [see	
  chapter	
  6,	
  fig.	
  6.1	
  and	
  (Kumar	
  et	
  al.	
  1991,	
  Inman	
  and	
  Allday	
  2000b)].	
  Ramos,	
  

an	
   EBV-­‐negative	
   BL	
   cell	
   line,	
   has	
   previously	
   been	
   shown	
   to	
   express	
   TGFβR2	
   (Inman	
   and	
  

Allday	
   2000b,	
   Fukuda	
   and	
   Longnecker	
   2004)	
   and	
   to	
   be	
   sensitive	
   to	
   the	
   effects	
   of	
   TGFβ	
  

(Blomhoff	
  et	
  al.	
  1987,	
  Altiok	
  et	
  al.	
  1993,	
  Chaouchi	
  et	
  al.	
  1995,	
  Saltzman	
  et	
  al.	
  1998,	
  Fukuda	
  

and	
  Longnecker	
  2004,	
  Di	
  Bartolo	
  et	
  al.	
  2008).	
  	
  

	
  

The	
  Akata	
  cell	
   line	
  was	
  originally	
  isolated	
  from	
  an	
  EBV-­‐positive	
  BL	
  from	
  a	
  Japanese	
  patient	
  

and	
   expressed	
   latency	
   I,	
   i.e.	
   EBNA1	
   only.	
   However,	
   after	
   serial	
   passage	
   in	
   vitro	
   selected	
  

clones	
   from	
   the	
   original	
   Akata	
   line	
   became	
   EBNA1-­‐negative,	
   i.e.	
   lost	
   the	
   EBV	
   episome,	
  

whereas	
   other	
   clones	
   remained	
   EBNA1-­‐positive	
   (Shimizu	
   et	
   al.	
   1994).	
   Akata6	
   is	
   an	
   EBV-­‐

positive	
   (latency	
   I)	
   clone	
   whereas	
   Akata31	
   is	
   an	
   EBV-­‐negative	
   clone,	
   having	
   lost	
   its	
   EBV	
  

episome	
  (Jenkins	
  et	
  al.	
  2000).	
  The	
  Akata	
  cell	
  line	
  has	
  previously	
  been	
  shown	
  to	
  be	
  resistant	
  

to	
  the	
  effects	
  of	
  TGFβ	
  and	
  have	
  reduced	
  expression	
  of	
  TGFβR2	
  (Inman	
  and	
  Allday	
  2000b).	
  

	
  

When	
   DNA	
   methylation	
   was	
   investigated,	
   it	
   was	
   found	
   that	
   of	
   those	
   cell	
   lines	
   in	
   which	
  

TGFβR2	
  was	
  repressed,	
  DNA	
  methylation	
  was	
  seen	
  in	
  both	
  Akata	
  cell	
   lines	
  and	
  in	
  the	
  long	
  

established	
   LCL	
   X50-­‐7,	
   but	
   not	
   in	
   BL31-­‐WT	
   (as	
   seen	
   also	
   in	
   figure	
   3.4)	
   or	
   in	
   the	
   recently	
  

made	
  LCL-­‐WT	
  (fig.	
  3.5B).	
   In	
  this	
  case,	
  DNA	
  extracted	
  from	
  PBMCs	
  was	
  included	
  as	
  another	
  

negative	
  control	
  (in	
  addition	
  to	
  beads	
  without	
  protein	
  complex),	
  as	
  these	
  are	
  known	
  to	
  be	
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unmethylated	
  [K.	
  Paschos,	
  personal	
  communication	
  and	
  (Paschos	
  et	
  al.	
  2009)].	
  As	
  expected	
  

this	
   showed	
   no	
   DNA	
   methylation	
   (fig.	
   3.5B).	
   In	
   BL31	
   and	
   Ramos,	
   in	
   which	
   TGFβR2	
   was	
  

expressed,	
  as	
  expected	
  DNA	
  methylation	
  did	
  not	
  occur	
  at	
  this	
  locus.	
  	
  

	
  

ChIP	
  for	
  H3K27Me3	
  was	
  performed	
  in	
  the	
  same	
  set	
  of	
  cell	
  lines.	
  This	
  showed	
  that,	
  of	
  those	
  

lines	
  with	
  repressed	
  TGFβR2,	
  H3K27Me3	
  was	
  seen	
  in	
  BL31-­‐WT	
  (as	
  before	
  in	
  fig.	
  3.2C),	
  LCL-­‐

WT	
  and	
  also	
   to	
   some	
  degree	
   in	
   LCL	
  X50-­‐7	
   (fig.	
   3.5C).	
  However,	
  no	
   increase	
   in	
  H3K27Me3	
  

was	
  seen	
  in	
  either	
  of	
  the	
  Akata	
  cell	
  lines	
  despite	
  repression	
  of	
  TGFβR2.	
  This	
  suggests	
  that	
  in	
  

the	
  Akata	
  cell	
   lines,	
  DNA	
  methylation	
  has	
  replaced	
  H3K27Me3	
  as	
  a	
  more	
  stable	
  repressive	
  

epigenetic	
   modification.	
   In	
   BL31-­‐WT	
   and	
   the	
   recently	
   established	
   LCL-­‐WT,	
   TGFβR2	
  

repression	
   is	
   associated	
   with	
   H3K27Me3	
   but	
   no	
   DNA	
  methylation,	
   whereas	
   in	
   LCL	
   X50-­‐7	
  

there	
  is	
  a	
  combination	
  of	
  H3K27Me3	
  and	
  DNA	
  methylation	
  associated	
  with	
  the	
  repression	
  of	
  

TGFβR2.	
   In	
  BL31	
  and	
  Ramos	
  H3K27Me3	
  was	
  not	
   increased,	
   consistent	
  with	
  TGFβR2	
  being	
  

expressed	
  in	
  these	
  cell	
  lines.	
  	
  

	
  

Since	
   Akata6	
   and	
   Akata31	
   showed	
   DNA	
  methylation	
   at	
   the	
   TGFβR2	
   promoter,	
   these	
   cell	
  

lines	
  were	
  further	
  investigated	
  using	
  the	
  full	
  set	
  of	
  primers	
  in	
  order	
  to	
  determine	
  which	
  part	
  

of	
  the	
  promoter	
  region	
  was	
  methylated.	
  This	
  showed	
  that	
  in	
  both	
  cell	
  lines,	
  like	
  the	
  in	
  vitro	
  

fully	
  methylated	
  Jurkat	
  DNA	
  positive	
  control,	
  CpG	
  methylation	
  occurs	
  at	
  both	
  predicted	
  CpG	
  

islands	
  and	
  not	
  in	
  the	
  other	
  regions	
  analysed.	
  The	
  peak	
  of	
  CpG	
  methylation	
  occurred	
  at	
  the	
  

region	
   covered	
   by	
   primer	
   set	
   4,	
   i.e.	
   towards	
   the	
   distal	
   end	
   of	
   the	
   largest	
   CpG	
   island	
   (fig.	
  

3.6A-­‐B).	
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Figure	
  3.5:	
  TGFβR2	
  mRNA	
  expression,	
  H3K27Me3	
  and	
  DNA	
  methylation	
  in	
  a	
  panel	
  of	
  B	
  cell	
  lines	
  	
  

(A)	
  qRT-­‐PCR	
  for	
  TGFβR2.	
  The	
  values	
  represent	
  the	
  ratio	
  of	
  expression	
  to	
  the	
  endogenous	
  control	
  gene	
  GNB2L1.	
  

Data	
  shown	
  are	
  representative	
  of	
  at	
  least	
  two	
  experiments.	
  The	
  error	
  bars	
  represent	
  standard	
  deviations	
  from	
  

triplicate	
   qPCR	
   reactions.	
   (B)	
  Methylated	
  DNA	
   precipitation	
   at	
   the	
   TGFβR2	
   promoter:	
  Methylated	
  DNA	
  was	
  

precipitated	
  followed	
  by	
  qPCR	
  using	
  primer	
  set	
  4,	
  as	
  shown	
  in	
  figure	
  3.2A,	
  for	
  the	
  cell	
  lines	
  shown,	
  as	
  a	
  well	
  as	
  

a	
  positive	
  and	
  a	
  negative	
  control.	
  The	
  positive	
  control	
  was	
  a	
  fully	
  in	
  vitro	
  methylated	
  Jurkat	
  cell	
  line.	
  Values	
  are	
  

shown	
  as	
  ratios	
  to	
  input	
  DNA.	
  The	
  error	
  bars	
  represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions.	
  (C)	
  

ChIP	
  for	
  H3K27Me3	
  at	
  the	
  TGFβR2	
  promoter.	
  The	
  coloured	
  bars	
  represent	
  the	
  values	
  at	
  primer	
  pairs	
  1-­‐5,	
  the	
  

locations	
  of	
  which	
  were	
  shown	
  in	
  figure	
  3.2A.	
  qPCR	
  showing	
  ratio	
  of	
  H3K27Me3	
  to	
  input	
  DNA	
  at	
  the	
  TGFβR2	
  

promoter	
  for	
  the	
  cell	
  lines	
  shown.	
  Data	
  shown	
  are	
  representative	
  of	
  at	
  least	
  two	
  experiments.	
  The	
  error	
  bars	
  

represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions	
  for	
  both	
  input	
  and	
  IP.	
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Figure	
  3.6:	
  Location	
  of	
  methylated	
  DNA	
  precipitation	
  at	
  the	
  TGFβR2	
  promoter	
  for	
  Akata6	
  and	
  Akata31	
  cell	
  

lines	
  	
  

(A)	
   Schematic	
   diagram	
   of	
   the	
   TGFβR2	
   promoter	
   showing	
   the	
   location	
   of	
   products	
   of	
   primer	
   sets	
   used,	
   the	
  

putative	
   transcription	
   start	
   site	
   (TSS)	
   and	
   CpG	
   islands.	
   The	
   coloured	
   blocks	
   represent	
   the	
   primer	
   pairs	
   1-­‐5,	
  

shown	
  as	
  bars	
  from	
  left	
  to	
  right	
  for	
  each	
  cell	
  line	
  in	
  figure	
  B.	
  (B)	
  Methylated	
  DNA	
  was	
  precipitated	
  followed	
  by	
  

qPCR	
  using	
  all	
  primer	
  sets	
  as	
  shown	
  in	
  (A),	
  for	
  Akata6	
  and	
  Akata31	
  as	
  a	
  well	
  as	
  a	
  positive	
  (POS)	
  and	
  a	
  negative	
  

control	
  (NEG).	
  The	
  positive	
  control	
  was	
  a	
  fully	
  in	
  vitro	
  methylated	
  Jurkat	
  cell	
  line.	
  Values	
  are	
  shown	
  as	
  ratios	
  to	
  

input	
  DNA,	
  with	
  error	
  bars	
  representing	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions.	
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3.3	
  The	
  effect	
  of	
  EBV	
  latency	
  on	
  TGFβ	
  signalling	
  

3.3.1	
  Latent	
  EBV	
  leads	
  to	
  suppression	
  of	
  signalling	
  in	
  response	
  to	
  TGFβ1;	
  EBNA2,	
  EBNA3B	
  

and	
  EBNA3C	
  are	
  necessary	
  

Canonical	
   signalling	
   in	
   response	
   to	
   TGFβ	
   occurs	
   via	
   TGFβR1	
   and	
   TGFβR2	
   and	
   results	
   in	
  

phosphorylation	
  of	
  SMAD2	
  and/or	
  SMAD3.	
  Since	
  EBV	
  down-­‐regulates	
  TGFβR2,	
  the	
  effect	
  of	
  

this	
  on	
  TGFβ	
  signalling	
  was	
  investigated	
  in	
  the	
  panel	
  of	
  BL31	
  cell	
  lines.	
  An	
  initial	
  time	
  course	
  

was	
   performed	
   in	
   which	
   BL31	
   and	
   BL31-­‐WT	
   were	
   treated	
   with	
   TGFβ1	
   5ng/ml	
   (hereafter	
  

referred	
   to	
   as	
   TGFβ)	
   and	
   samples	
   harvested	
   for	
   protein	
   extraction	
   at	
   intervals	
   up	
   to	
   48	
  

hours.	
  SDS-­‐PAGE	
  followed	
  by	
  western	
  blot	
  showed	
  phosphorylation	
  of	
  SMAD2	
  (pSMAD2)	
  in	
  

response	
  to	
  TGFβ	
  in	
  BL31,	
  seen	
  at	
  15	
  minutes	
  and	
  maintained	
  for	
  48	
  hours	
  after	
  treatment	
  

(fig	
  3.7A).	
  The	
  full	
  panel	
  of	
  cell	
  lines	
  was	
  therefore	
  treated	
  to	
  see	
  what	
  effect	
  EBV	
  infection,	
  

and	
   deletion	
   of	
   the	
   individual	
   latent	
   proteins,	
   had	
   on	
   TGFβ	
   signalling	
   as	
   detected	
   by	
  

pSMAD2.	
  

	
  

This	
   showed	
   that	
   when	
   infected	
   with	
   wild-­‐type	
   EBV,	
   TGFβ	
   did	
   not	
   induce	
   the	
  

phosphorylation	
  of	
  SMAD2	
  (pSMAD2),	
  i.e.	
  signalling	
  was	
  suppressed.	
  When	
  EBNA2,	
  EBNA3B	
  

or	
  EBNA3C	
  were	
  deleted,	
  pSMAD2	
  was	
  restored	
  (fig.	
  3.7B-­‐D).	
  These	
  findings	
  are	
  consistent	
  

with	
   the	
   repression	
  of	
   TGFβR2	
  mRNA	
   levels	
  by	
   the	
   cooperation	
  of	
   these	
   latent	
  proteins	
   -­‐	
  

EBNA2,	
   EBNA3B	
   and	
   EBNA3C	
   (fig.	
   3.1A).	
   Therefore,	
   these	
   proteins	
   cooperate	
   to	
   down-­‐

regulate	
  TGFβR2,	
  which	
  results	
  in	
  loss	
  of	
  TGFβ	
  signalling	
  via	
  the	
  canonical	
  SMAD2	
  pathway.	
  	
  

	
  

Id	
   proteins	
   are	
   downstream	
   targets	
   of	
   both	
   TGFβ	
   and	
   BMP	
   signalling,	
   for	
   example	
   TGFβ	
  

induces	
   Id2	
   and	
   Id3	
   in	
   pro-­‐B	
   cells,	
   inhibiting	
   their	
   growth	
   and	
   survival	
   (Kee	
   et	
   al.	
   2001).	
  

BMPs	
   induce	
   Id	
   expression	
   in	
   several	
   cell	
   types	
   (Katagiri	
   et	
   al.	
   2002,	
   Korchynskyi	
   and	
   ten	
  

Dijke	
  2002,	
   Lopez-­‐Rovira	
  et	
   al.	
   2002),	
   however	
   the	
  effect	
  of	
   TGFβ	
  on	
   Id	
  expression	
   varies	
  

according	
  to	
  the	
  cell	
  type	
  and	
  TGFβ	
  concentration	
  (Ruzinova	
  and	
  Benezra	
  2003).	
  In	
  epithelial	
  

cells,	
  TGFβ	
  represses	
  Id	
  proteins	
  (Ling	
  et	
  al.	
  2002)	
  but	
  in	
  BLs	
  it	
  induces	
  these	
  (Spender	
  and	
  

Inman	
  2009b).	
   The	
  effect	
   of	
   TGFβ	
  on	
  expression	
  of	
   ID1	
   and	
   ID2	
  was	
   investigated	
   in	
  BL31	
  

cells.	
  Both	
  ID1	
  and	
  ID2	
  were	
  induced	
  after	
  two	
  hours’	
  exposure	
  to	
  TGFβ,	
  but	
  not	
  by	
  vehicle	
  

alone.	
   However,	
   consistent	
   with	
   the	
   repression	
   of	
   TGFβR2	
   and	
   suppression	
   of	
   TGFβ	
  

signalling	
  by	
  EBV	
  in	
  BL31	
  cells,	
  ID1	
  and	
  ID2	
  were	
  not	
  induced	
  in	
  the	
  EBV-­‐infected	
  cells	
  (fig.	
  

3.8A-­‐B).	
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Figure	
  3.7:	
  The	
  effect	
  of	
  exogenous	
  TGFβ1	
  on	
  SMAD2	
  phosphorylation	
  in	
  BL31	
  cells	
  

(A)	
  Western	
  blot	
  analysis	
  showing	
  the	
  effect	
  of	
  exogenous	
  TGFβ1	
  treatment	
   (5ng/ml)	
  over	
   time	
  on	
   levels	
  of	
  

phosphorylated	
  SMAD2	
  (pSMAD2)	
  in	
  uninfected	
  BL31	
  cells.	
  (B-­‐D)	
  Western	
  blot	
  analysis	
  showing	
  the	
  effect	
  of	
  

48	
  hours’	
   treatment	
  with	
  exogenous	
  TGFβ1	
   (5ng/ml)	
  on	
   levels	
  of	
  phosphorylated	
  SMAD2	
   (pSMAD2)	
   in	
  BL31	
  

cells	
   infected	
  with	
  recombinant	
  EBV.	
  Levels	
  are	
  compared	
  to	
  those	
  at	
  time	
  0	
  without	
  any	
  treatment,	
  and	
  48	
  

hours	
  with	
  vehicle	
  (2mg/ml	
  BSA	
  in	
  PBS)	
  only.	
  SMAD2	
  levels	
  are	
  shown	
  for	
  comparison	
  and	
  γ-­‐tubulin	
  was	
  used	
  

as	
  a	
  loading	
  control.	
  	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3.8:	
  TGFβ1	
  leads	
  to	
  induction	
  of	
  ID1	
  and	
  ID2	
  two	
  hours	
  after	
  treatment	
  in	
  uninfected,	
  but	
  not	
  in	
  EBV-­‐

infected,	
  BL31	
  cells	
  

	
  qRT-­‐PCR	
   for	
   (A)	
   ID1	
   and	
   (B)	
   ID2	
   in	
   uninfected	
   and	
   EBV-­‐infected	
   BL31	
   cells	
   with	
   time	
   after	
   treatment	
  with	
  

TGFβ1	
   or	
   vehicle.	
   Values	
   are	
   expressed	
   as	
   ratios	
   to	
   the	
   endogenous	
   control	
   gene	
  GNB2L1,	
   with	
   error	
   bars	
  

representing	
  standard	
  deviations	
  of	
  triplicate	
  qPCR	
  reactions.	
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3.3.2	
   In	
   BL31	
   cells,	
   p15INK4B	
   is	
   not	
   induced	
   by	
   TGFβ;	
   however,	
   latent	
   EBV	
   infection	
  

increases	
  its	
  expression	
  

TGFβ	
  is	
  known	
  to	
   induce	
  p15INK4B	
  (hereafter	
  referred	
  to	
  as	
  p15)	
   in	
  epithelial	
  cells,	
  and	
  this	
  

results	
   in	
   growth	
   arrest	
   (Hannon	
   and	
   Beach	
   1994).	
   The	
   effect	
   of	
   TGFβ	
   treatment	
   on	
   p15	
  

expression	
  was	
  investigated	
  in	
  uninfected	
  and	
  wild-­‐type	
  EBV	
  infected	
  BL31	
  cells,	
  measuring	
  

p15	
  mRNA	
  by	
  qRT-­‐PCR.	
   This	
   showed	
   that,	
   although	
  wild-­‐type	
  EBV	
  appears	
   to	
  up-­‐regulate	
  

basal	
   p15	
   expression,	
   there	
   is	
   no	
   induction	
   of	
   p15	
   in	
   response	
   to	
   TGFβ	
   (fig.	
   3.9).	
   These	
  

samples	
  were	
  taken	
  at	
  the	
  same	
  time	
  as	
  protein	
  samples	
  taken	
  for	
  pSMAD2	
  analysis,	
  as	
  well	
  

as	
   RNA	
   for	
   ID1	
   and	
   ID2	
   expression	
   (fig.	
   3.8A-­‐B),	
   showing	
   that	
   TGFβ	
   was	
   active,	
   inducing	
  

pSMAD2,	
  ID1	
  and	
  ID2.	
  Thus,	
  although	
  p15	
  expression	
  is	
  markedly	
  repressed	
  in	
  BL31,	
  it	
  is	
  up-­‐

regulated	
   by	
   latent	
   EBV;	
   however,	
   consistent	
  with	
   other	
   studies	
   in	
   BL	
   cells	
   (Spender	
   and	
  

Inman	
   2009b),	
   p15	
   is	
   not	
   induced	
   by	
   TGFβ	
   in	
   BL31	
   cells.	
   p15	
   has	
   been	
   shown	
   to	
   be	
  

frequently	
  methylated	
  (and	
  hence	
  repressed)	
  in	
  BL	
  (Klangby	
  et	
  al.	
  1998).	
  The	
  effects	
  of	
  EBV	
  

on	
  p15	
  expression	
  will	
  be	
  discussed	
  in	
  more	
  detail	
  in	
  section	
  6.4.2.	
  

	
  

	
  
Figure	
  3.9:	
  TGFβ1	
  does	
  not	
  induce	
  p15INK4B	
  in	
  BL31	
  cells,	
  but	
  EBV	
  infection	
  increases	
  its	
  expression	
  

qPCR	
   for	
   p15INK4B	
   (CDKN2B)	
  with	
   time	
   after	
   treatment	
   in	
   uninfected	
   and	
  wild-­‐type	
   EBV	
   infected	
   BL31	
   cells.	
  

cDNA	
  samples	
  used	
  were	
  the	
  same	
  as	
  in	
  figure	
  3.8,	
  confirming	
  that	
  TGFβ1	
  did	
  induce	
  ID1	
  and	
  ID2	
  expression,	
  

but	
  not	
  p15,	
   in	
   these	
  cells.	
  Values	
  are	
  expressed	
  as	
   ratios	
   to	
  GNB2L1,	
  with	
  error	
  bars	
   representing	
  standard	
  

deviation	
  of	
  triplicate	
  qPCR	
  reactions.	
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3.3.3	
  EBV	
  does	
  not	
  significantly	
  alter	
  TGFβR1	
  expression	
  in	
  BL31	
  cells	
  

TGFβ	
   signalling	
   occurs	
   via	
   TGFβR2	
   and	
   TGFβR1.	
   Having	
   shown	
   that	
   EBV	
   down-­‐regulates	
  

TGFβR2	
  and	
  leads	
  to	
  ablation	
  of	
  TGFβ	
  signalling,	
  it	
  was	
  also	
  important	
  to	
  exclude	
  an	
  effect	
  

of	
   EBV	
   on	
   TGFβR1	
   expression.	
   Therefore	
   qRT-­‐PCR	
   was	
   performed	
   for	
   TGFβR1	
   in	
   the	
   full	
  

panel	
  of	
  BL31	
  cell	
  lines.	
  This	
  showed	
  very	
  little	
  variation	
  in	
  TGFβR1	
  expression	
  between	
  the	
  

cell	
  lines	
  (fig.	
  3.10).	
  Hence	
  EBV	
  does	
  not	
  significantly	
  alter	
  TGFβR1	
  expression,	
  and	
  thus	
  the	
  

effects	
  on	
  TGFβ	
  signalling	
  are	
  likely	
  to	
  occur	
  as	
  a	
  result	
  of	
  the	
  repression	
  of	
  TGFβR2.	
  	
  

	
  

	
  
	
  

Figure	
  3.10:	
  Expression	
  of	
  TGFβR1	
  mRNA	
  in	
  a	
  panel	
  of	
  BL31	
  cell	
  lines	
  	
  

qRT-­‐PCR	
   on	
   a	
   panel	
   of	
   BL31	
   cell	
   lines	
   including	
   uninfected	
   and	
   infected	
   with	
   wild-­‐type	
   or	
   mutant	
   virus	
   as	
  

indicated.	
  The	
  values	
  represent	
  the	
  ratio	
  of	
  expression	
  to	
  the	
  endogenous	
  control	
  gene	
  GNB2L1.	
  Data	
  shown	
  

are	
   from	
   an	
   experiment	
   in	
   which	
   the	
   pattern	
   of	
   variation	
   of	
   values	
   for	
   uninfected,	
   knockout	
   and	
   wild-­‐

type/revertant	
   infected	
   cell	
   lines	
   is	
   representative	
   of	
   at	
   least	
   two	
   separate	
   experiments.	
   The	
   error	
   bars	
  

represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions.	
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3.4	
  The	
  effects	
  of	
  EBV	
  and	
  its	
  latent	
  proteins	
  on	
  TGFβR3	
  expression	
  	
  

3.4.1	
   Latent	
   EBV	
   up-­‐regulates	
   TGFβR3	
   expression	
   in	
   BL31	
   cells;	
   EBNA2,	
   EBNA3B	
   and	
  

EBNA3C	
  are	
  necessary	
  

Microarray	
  analysis	
  had	
  suggested	
  that	
  EBV,	
  in	
  addition	
  to	
  repressing	
  TGFβR2,	
  up-­‐regulates	
  

TGFβR3	
   in	
   BL31	
   cells	
   [www.epstein-­‐barrvirus.org.uk	
   and	
   (White	
   et	
   al.	
   2010)].	
   Thus	
   the	
  

expression	
   of	
   TGFβR3	
  mRNA	
  was	
   investigated	
   by	
   qRT-­‐PCR	
   in	
   the	
   panel	
   of	
   BL31	
   cell	
   lines.	
  

This	
   confirmed	
   that	
   EBV	
   up-­‐regulates	
   TGFβR3	
   (fig.	
   3.11A).	
   When	
   EBNA2,	
   EBNA3B	
   and	
  

EBNA3C	
   are	
   deleted,	
   the	
   up-­‐regulation	
   is	
   reduced,	
   and	
   in	
   the	
   revertants	
   it	
   is	
   again	
   seen.	
  

Western	
   blots	
   were	
   also	
   performed	
   for	
   TGFβR3	
   protein	
   expression	
   on	
   extracts	
   from	
   the	
  

same	
  cell	
   lines.	
  This	
  confirmed	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  by	
  EBV,	
  with	
  EBNA2,	
  EBNA3B	
  

and	
  EBNA3C	
  apparently	
  being	
  necessary	
  for	
  the	
  up-­‐regulation	
  (fig.	
  3.11B).	
  	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3.11:	
  EBNA2,	
  EBNA3B	
  and	
  EBNA3C	
  cooperate	
  to	
  up-­‐regulate	
  TGFβR3	
  expression	
  in	
  BL31	
  cells	
  	
  

(A)	
  qRT-­‐PCR	
  for	
  TGFβR3	
  in	
  a	
  panel	
  of	
  BL31	
  cell	
  lines	
  including	
  uninfected	
  and	
  infected	
  with	
  wild-­‐type	
  or	
  mutant	
  

virus	
  as	
  indicated.	
  The	
  values,	
  also	
  shown	
  above	
  bars	
  for	
  clarification,	
  represent	
  the	
  ratio	
  of	
  expression	
  to	
  the	
  

endogenous	
  control	
  gene	
  GNB2L1.	
  Data	
  shown	
  are	
   from	
  an	
  experiment	
   in	
  which	
   the	
  pattern	
  of	
  variation	
  of	
  

values	
   for	
  uninfected,	
  knockout	
  and	
  wild-­‐type/revertant	
   infected	
  cell	
   lines	
   is	
   representative	
  of	
  at	
   least	
   three	
  

separate	
   experiments.	
   The	
   error	
   bars	
   represent	
   standard	
   deviations	
   from	
   triplicate	
   qPCR	
   reactions.	
   (B)	
  

Western	
   blot	
   for	
   TGFβR3	
   in	
   whole	
   cell	
   lysates	
   from	
   the	
   same	
   cell	
   lines,	
   with	
   γ-­‐tubulin	
   shown	
   as	
   a	
   loading	
  

control.	
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3.4.2	
  The	
  up-­‐regulation	
  of	
  TGFβR3	
  by	
  EBV	
  in	
  BL31	
  cells	
  is	
  also	
  epigenetically	
  mediated	
  

Having	
   shown	
   that	
   the	
   repression	
   of	
   TGFβR2	
   by	
   EBV	
   occurs	
   by	
   epigenetic	
   mechanisms	
  

involving	
   histone	
   modifications,	
   the	
   mechanism	
   of	
   up-­‐regulation	
   of	
   TGFβR3	
   was	
  

investigated	
   by	
   performing	
   qPCR	
   using	
   primers	
   across	
   the	
   TGFβR3	
   promoters,	
   using	
   the	
  

same	
   ChIP	
   samples	
   as	
   had	
   been	
   investigated	
   for	
   the	
   TGFβR2	
   promoter	
   (see	
   figs.	
   3.2	
   and	
  

3.3).	
  	
  

	
  

TGFβR3	
  has	
  two	
  promoters,	
  proximal	
  and	
  distal,	
  with	
  the	
  proximal	
  one	
  being	
  predominantly	
  

used	
  in	
  most	
  human	
  tissues	
  (Cooper	
  et	
  al.	
  2010).	
  There	
  are	
  several	
  small	
  CpG	
  islands	
  around	
  

both	
   promoters	
  with	
   one	
   larger	
   one	
   (of	
   over	
   1000	
   bp)	
   around	
   the	
   proximal	
   transcription	
  

start	
  site	
  (fig.	
  3.12A).	
  Primer	
  sets	
  were	
  designed	
  to	
  cover	
  both	
  promoter	
  regions.	
  	
  

	
  

ChIP	
  for	
  H3K9Ac,	
  a	
  mark	
  of	
  active	
  transcription,	
  showed	
  increased	
  H3K9Ac	
  in	
  wild-­‐type	
  and	
  

revertant-­‐infected	
  cells,	
  and	
  was	
   low	
   in	
  EBNA2,	
  EBNA3B	
  and	
  EBNA3C	
  KO	
  cells	
   (fig.	
  3.12B),	
  

consistent	
  with	
   the	
  mRNA	
   results	
   (fig.	
  3.11A).	
   For	
  EBNA3A	
  KO	
  1,	
  H3K9Ac	
  was	
   low	
  but	
   for	
  

EBNA3A	
  KO	
  2	
  the	
  level	
  was	
  intermediate	
  (fig.	
  3.12B);	
  however,	
  variations	
  in	
  gene	
  expression	
  

between	
   the	
  different	
  EBNA3A	
  KO	
  cell	
   lines	
  have	
  previously	
  been	
  demonstrated	
   [see	
   figs.	
  

3.1A,	
  3.2B-­‐D	
  and	
  (White	
  et	
  al.	
  2010)].	
  	
  

	
  

ChIP	
   for	
   H3K27Me3	
   showed	
   relatively	
   high	
   levels	
   in	
   uninfected	
   BL31	
   cells,	
   that	
   were	
  

reduced	
  in	
  wild-­‐type	
  and	
  revertant	
  infected	
  cells,	
  and	
  partially	
  restored	
  levels	
  in	
  EBNA2	
  KO,	
  

EBNA3B	
  KO,	
  EBNA3C	
  KO	
  and	
  both	
  EBNA3A	
  KO	
  lines	
  (fig.	
  3.12C).	
  Thus,	
  with	
  the	
  exception	
  of	
  

the	
  EBNA3A	
  KOs,	
  as	
  will	
  be	
  discussed	
  further	
  in	
  section	
  4.6,	
  the	
  results	
  for	
  H3K27Me3	
  were	
  

generally	
   opposite	
   to	
   those	
   for	
   H3K9Ac,	
   consistent	
   with	
   H3K27Me3	
   being	
   a	
   mark	
   of	
  

transcriptional	
  repression	
  in	
  the	
  uninfected	
  BL31	
  cells.	
  	
  

	
  

ChIP	
   for	
   H3K4Me3,	
   another	
  mark	
   of	
   active	
   transcription,	
   showed	
   a	
  moderate	
   increase	
   in	
  

wild-­‐type	
   and	
   revertant	
   cell	
   lines,	
   with	
   reduced	
   levels	
   in	
   EBNA2,	
   EBNA3A,	
   EBNA3B	
   and	
  

EBNA3C	
   KOs	
   (fig.	
   3.12D),	
   again	
   consistent	
   with	
   the	
   mRNA	
   findings	
   (fig.	
   3.11A)	
   with	
   the	
  

exception	
  of	
  EBNA3A	
  KOs.	
  However,	
  the	
  variation	
  between	
  cell	
  lines	
  was	
  much	
  less	
  marked	
  

than	
   for	
   other	
   histone	
   modifications,	
   suggesting	
   that	
   TGFβR3	
   might	
   also	
   be	
   a	
   bivalent	
  

promoter	
  (see	
  section	
  3.2.3).	
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In	
  all	
  ChIPs	
  performed,	
  variation	
  between	
  cell	
  lines	
  was	
  only	
  seen	
  at	
  the	
  proximal	
  promoter,	
  

with	
   levels	
  of	
  all	
  histone	
  modifications	
  being	
   low	
  at	
   the	
  distal	
  promoter	
   (figures	
  3.12B-­‐D).	
  

This	
   is	
   consistent	
   with	
   the	
   regulation	
   of	
   TGFβR3	
   by	
   EBV	
   in	
   BL	
   cells	
   acting	
   through	
   the	
  

proximal	
  promoter.	
  	
  

	
  

For	
   all	
   ChIPs,	
   the	
   peak	
   of	
   binding	
   was	
   seen	
   at	
   the	
   primer	
   set	
   ‘proximal	
   3’	
   (shown	
   in	
  

turquoise),	
   at	
   the	
   distal	
   end	
   of	
   the	
  main	
   proximal	
   CpG	
   island,	
   i.e.	
   downstream	
   from	
   the	
  

proximal	
   promoter	
   (fig.	
   3.12A-­‐D).	
   In	
   contrast	
   to	
   the	
   findings	
   for	
   TGFβR2,	
   H3K27Me3	
   also	
  

showed	
   a	
   peak	
   around	
   this	
   region,	
   rather	
   than	
   being	
   equally	
   distributed	
   across	
   the	
  

promoter	
   as	
  was	
   seen	
   for	
   TGFβR2	
   (fig.	
   3.2).	
  However,	
   the	
   region	
   covered	
  by	
   the	
   TGFβR2	
  

promoter	
  primers	
  was	
  smaller	
  than	
  that	
  covered	
  by	
  the	
  TGFβR3	
  proximal	
  promoter	
  primers	
  

(approximately	
   2000bp	
   and	
   3000bp	
   respectively),	
   i.e.	
   the	
   primer	
   set	
   products	
   were	
   all	
  

within	
  500bp	
  of	
  each	
  other	
  for	
  TGFβR2,	
  whereas	
  for	
  TGFβR3	
  there	
  was	
  a	
  distance	
  of	
  around	
  

1000bp	
  between	
  the	
  products	
  of	
  primer	
  sets	
  proximal	
  2,	
  3	
  and	
  4.	
  

	
  

Taken	
  together,	
  these	
  findings	
  suggest	
  that	
  the	
  regulation	
  of	
  TGFβR3	
  by	
  EBV	
  also	
  occurs	
  via	
  

epigenetic	
  modifications	
  at	
  the	
  proximal	
  promoter.	
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Figure	
  3.12:	
  ChIP	
  for	
  histone	
  modifications	
  at	
  the	
  TGFβR3	
  promoters	
  in	
  a	
  panel	
  of	
  BL31	
  cell	
  lines	
  

(A)	
  Schematic	
  diagram	
  of	
  distal	
  and	
  proximal	
  TGFβR3	
  promoters	
  showing	
  the	
   location	
  of	
  products	
  of	
  primer	
  

sets	
  used,	
  the	
  putative	
  transcription	
  start	
  sites	
  (TSS)	
  and	
  CpG	
  islands.	
  The	
  coloured	
  blocks	
  represent	
  the	
  primer	
  

pairs	
   shown	
  as	
  bars	
   from	
   left	
   to	
   right	
   for	
  each	
  cell	
   line	
   in	
   figures	
  B-­‐D.	
   (B-­‐D)	
   qPCRs	
   showing	
   ratio	
  of	
  histone	
  

modification	
   to	
   input	
  DNA	
  at	
   the	
  TGFβR3	
  promoters	
   for	
   (B)	
  H3K9Ac	
   (C)	
  H3K27Me3	
  and	
   (D)	
  H3K4Me3.	
  Data	
  

shown	
  are	
  from	
  an	
  experiment	
  in	
  which	
  the	
  pattern	
  of	
  variation	
  of	
  values	
  for	
  uninfected,	
  knockout	
  and	
  wild-­‐

type/revertant	
   infected	
   cell	
   lines	
   is	
   representative	
   of	
   at	
   least	
   two	
   separate	
   experiments.	
   The	
   error	
   bars	
  

represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions	
  for	
  both	
  input	
  and	
  IP.	
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3.4.3	
  What	
  is	
  the	
  relationship	
  between	
  TGFβR2	
  and	
  TGFβR3	
  in	
  BL31	
  cells?	
  

In	
   BL31	
   cells,	
   EBV	
   represses	
   TGFβR2	
   and	
   up-­‐regulates	
   TGFβR3.	
   The	
   same	
   latent	
   proteins	
  

(EBNA2,	
  EBNA3B	
  and	
  EBNA3C)	
  appear	
  to	
  cooperate	
   in	
  the	
  regulation	
  of	
  both	
  these	
  genes.	
  

Thus	
   in	
   the	
  majority	
  of	
  cell	
   lines	
  TGFβR2	
  and	
  TGFβR3	
  appear	
   to	
  be	
  reciprocally	
   regulated,	
  

with	
   the	
   exception	
   of	
   some	
   of	
   the	
   EBNA3A	
   KO	
   lines.	
   The	
   mechanism	
   of	
   the	
   apparent	
  

reciprocality	
  was	
  therefore	
  examined.	
  	
  

	
  

It	
   has	
  been	
   shown,	
   in	
  breast	
   and	
  ovarian	
   cancer	
   cells,	
   that	
   TGFβ1	
   treatment	
   leads	
   to	
   the	
  

down-­‐regulation	
  of	
  TGFβR3	
  by	
  a	
  direct	
  effect	
  on	
  the	
  TGFβR3	
  proximal	
  promoter,	
  with	
  this	
  

process	
  being	
  dependent	
  on	
  TGFβR1	
  and	
  pSMAD2/3	
  (Hempel	
  et	
  al.	
  2008).	
  It	
  was	
  therefore	
  

hypothesised	
  that,	
  if	
  a	
  similar	
  process	
  occurs	
  in	
  B	
  cells,	
  TGFβ1	
  present	
  in	
  medium	
  produced	
  

by	
   autocrine	
   secretion	
   (and/or	
   present	
   in	
   the	
   serum)	
   could	
   result	
   in	
   down-­‐regulation	
   of	
  

TGFβR3	
   in	
   B	
   cells	
   where	
   TGFβ	
   signalling	
   via	
   pSMAD2	
   is	
   active,	
   i.e.	
   in	
   primary	
   B	
   cells	
   or	
  

uninfected	
  BL31	
   cells.	
  However,	
  when	
  TGFβR2	
   is	
   repressed	
  by	
   latent	
   EBV,	
   as	
   in	
  wild-­‐type	
  

LCLs	
  (see	
  chapter	
  6)	
  or	
  BL31-­‐WT,	
  leading	
  to	
  suppression	
  of	
  TGFβ	
  signalling	
  via	
  pSMAD2,	
  this	
  

process	
  may	
  no	
   longer	
  occur	
   and	
   thus	
  TGFβR3	
  would	
  be	
  de-­‐repressed.	
   The	
   current	
   study	
  

has	
   shown	
   that	
  TGFβR1	
  expression	
   is	
  not	
  altered	
   significantly	
  by	
  EBV	
  or	
  any	
  of	
   the	
   latent	
  

proteins	
  investigated	
  (fig.	
  3.10).	
  Therefore	
  if	
  this	
  effect	
  occurs	
  it	
  may	
  be	
  via	
  TGFβR2	
  rather	
  

than	
  TGFβR1.	
  	
  

	
  

BL31	
  cells	
  were	
  investigated	
  to	
  see	
  whether	
  TGFβ1-­‐induced	
  repression	
  of	
  TGFβR3	
  may	
  occur	
  

in	
  a	
  similar	
  manner	
  to	
  that	
  seen	
  in	
  the	
  carcinoma	
  cell	
  lines	
  described	
  by	
  Hempel	
  et	
  al	
  (2008).	
  

If	
   this	
   is	
   the	
   case,	
   blocking	
   TGFβ	
   signalling	
   by	
   any	
  means	
  would	
   lead	
   to	
   de-­‐repression	
   of	
  

TGFβR3.	
   Thus	
  EBV-­‐negative	
  BL31	
   cells	
  were	
   treated	
  with	
   SB431542,	
   a	
   specific	
   inhibitor	
  of	
  

TGFβR1,	
  or	
  a	
  DMSO	
  control	
  for	
  30	
  minutes,	
  followed	
  by	
  treatment	
  with	
  TGFβ1	
  or	
  vehicle	
  for	
  

6	
   hours,	
   based	
   upon	
   the	
   findings	
   of	
   Hempel	
   et	
   al	
   that	
   TGFβR3	
   was	
   maximally	
   down-­‐

regulated	
  by	
  6	
  hours	
  after	
  treatment	
  with	
  TGFβ1.	
  Samples	
  were	
  then	
  harvested	
  for	
  RNA,	
  in	
  

order	
   to	
   measure	
   TGFβR3	
   expression,	
   and	
   protein,	
   in	
   order	
   to	
   confirm	
   that	
   SB431542	
  

treatment	
  had	
  blocked	
  TGFβ	
  signalling.	
  

Treatment	
  with	
  SB431542	
  was	
  able	
  to	
  completely	
  block	
  TGFβ-­‐induced	
  pSMAD2	
  (fig.	
  3.13B)	
  

and	
  caused	
  a	
  greater	
   than	
   two-­‐fold	
   increase	
   in	
  TGFβR3	
  expression	
   (fig.	
  3.13A).	
  Therefore,	
  

this	
  could	
  be	
  consistent	
  with	
  TGFβ1	
  causing	
  repression	
  of	
  TGFβR3	
  transcription	
  in	
  BL31	
  cells.	
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Figure	
  3.13:	
  Treatment	
  of	
  EBV-­‐negative	
  BL31	
  cells	
  with	
  the	
  TGFβR1	
  inhibitor	
  SB431542	
  blocks	
  TGFβ-­‐induced	
  

pSMAD2	
  and	
  leads	
  to	
  an	
  increase	
  in	
  TGFβR3	
  mRNA	
  	
  

An	
  equal	
  number	
  of	
  BL31	
  cells	
  were	
   treated	
  with	
  10μM	
  SB431542	
  or	
  DMSO	
  alone	
   for	
  30	
  minutes	
  and	
   then	
  

each	
   sample	
   split	
   into	
   two,	
   of	
  which	
   one	
  was	
   treated	
  with	
   TGFβ1	
   5ng/ml	
   and	
   the	
   other	
  with	
   vehicle	
   alone	
  

(2mg/ml	
  BSA	
  in	
  PBS).	
  Samples	
  were	
  harvested	
  after	
  a	
  further	
  six	
  hours	
  for	
  RNA	
  and	
  protein	
  extraction.	
  (A)	
  qRT-­‐

PCR	
   for	
   TGFβR3	
   in	
   cells	
   treated	
  with	
   or	
  without	
   SB431542	
   for	
   30	
  minutes	
   followed	
  by	
   vehicle	
   alone	
   for	
   six	
  

hours.	
   (B)	
  Western	
   blot	
   for	
   pSMAD2	
   after	
   treatment	
  with	
   SB431542	
   dose	
   or	
   DMSO	
   control	
   for	
   30	
  minutes	
  

followed	
  by	
  TGFβ1	
  5ng/ml	
  or	
  vehicle	
  for	
  6	
  hours.	
  SMAD2	
  is	
  shown	
  for	
  comparison,	
  with	
  γ-­‐tubulin	
  as	
  a	
  loading	
  

control.	
  	
  

	
  

If	
  this	
  TGFβ1-­‐induced	
  repression	
  of	
  TGFβR3	
  occurs	
  in	
  BL31	
  cells,	
  then	
  when	
  TGFβ	
  signalling	
  

is	
   blocked	
   by	
   repression	
   of	
   TGFβR2,	
   this	
   repression	
   would	
   no	
   longer	
   occur	
   and	
   hence	
  

TGFβR3	
   would	
   be	
   de-­‐repressed.	
   Therefore,	
   when	
   TGFβR2	
   is	
   not	
   repressed	
   and	
   so	
   TGFβ	
  

signalling	
   occurs	
   (as	
   in	
   EBNA3B,	
   EBNA3C	
   and	
   EBNA2	
   KOs),	
   then	
   TGFβ1	
   can	
   continue	
   to	
  

repress	
   TGFβR3	
   so	
   it	
   is	
   not	
   up-­‐regulated	
   in	
   these	
   cells.	
   Generally	
   TGFβR3	
   would	
   be	
  

expressed	
  whenever	
   TGFβR2	
   is	
   repressed.	
  However,	
   and	
  particularly	
  where	
   expression	
  of	
  

receptors	
  is	
  only	
  partially	
  repressed/partially	
  up-­‐regulated,	
  there	
  may	
  be	
  differences	
  in	
  the	
  

degree	
   of	
   repression	
   of	
   TGFβR3	
   depending	
   on	
   the	
   amount	
   of	
   TGFβ1	
   available.	
   TGFβ1	
   is	
  

present	
  in	
  serum,	
  and	
  in	
  this	
  study	
  all	
  experiments	
  were	
  conducted	
  with	
  cells	
  proliferating	
  

in	
  medium	
  containing	
  FCS,	
   since	
   it	
  was	
   felt	
   that	
  depriving	
   them	
  of	
   serum	
  may	
  alter	
  many	
  

processes	
  within	
  the	
  cells.	
  However,	
  all	
  the	
  recombinant	
  EBV-­‐infected	
  BL31	
  cell	
   lines	
  were	
  

grown	
  in	
  the	
  same	
  media	
  and	
  generally	
  when	
  an	
  experiment	
  was	
  performed	
  the	
  same	
  batch	
  

of	
  medium	
  containing	
  FCS	
  was	
  used	
   for	
  all	
   cell	
   lines.	
  Thus	
  although	
   there	
  may	
  have	
  been	
  

differences	
  between	
  cell	
   lines	
   in	
  the	
  amounts	
  of	
  TGFβ1	
  present	
  within	
  the	
  medium,	
  these	
  

are	
   likely	
   to	
   have	
   been	
   small.	
   In	
   addition,	
   the	
   doses	
   of	
   exogenous	
   TGFβ1	
   used	
   were	
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generally	
   high	
   and	
   thus	
   likely	
   to	
   overcome	
   any	
   effect	
   of	
   variation	
   in	
   TGFβ1	
   between	
   cell	
  

lines.	
  	
  

	
  

As	
  well	
  as	
  TGFβ1	
  being	
  present	
  in	
  serum,	
  however,	
  there	
  is	
  also	
  autocrine	
  production	
  by	
  B	
  

cells	
   (Kehrl	
   et	
   al.	
   1986,	
   Spender	
   et	
   al.	
   2009).	
   Therefore,	
   in	
   order	
   to	
   investigate	
   the	
  

differences	
  between	
  cell	
  lines	
  where	
  TGFβR2	
  was	
  not	
  fully	
  repressed	
  and	
  the	
  up-­‐regulation	
  

of	
  TGFβR3	
  did	
  not	
  inversely	
  correlate	
  with	
  the	
  down-­‐regulation	
  of	
  TGFβR2,	
  i.e.	
  particularly	
  

the	
   EBNA3A	
   KO	
   cell	
   lines,	
   it	
   was	
   considered	
   whether	
   differences	
   in	
   autocrine	
   TGFβ1	
  

production	
  could	
  account	
   for	
   the	
  discrepancies.	
  TGFβ1	
  expression	
  was	
   investigated	
   in	
   the	
  

panel	
  of	
  BL31	
  cell	
  lines;	
  however,	
  because	
  of	
  time	
  constraints,	
  ELISA	
  for	
  secreted	
  TGFβ1	
  was	
  

not	
  performed.	
  

	
  	
  	
  	
  	
  

Although	
  TGFβ1	
  was	
  possibly	
  up-­‐regulated	
  by	
  EBV,	
  the	
  difference	
  was	
  relatively	
  small	
  and	
  

there	
  was	
  no	
  clear	
  pattern	
  of	
  alteration	
  of	
  its	
  expression	
  by	
  any	
  particular	
  latent	
  protein	
  (fig.	
  

3.14).	
  This	
  suggests	
  that	
  EBV	
  does	
  not	
  significantly	
  alter	
  autocrine	
  TGFβ1	
  production	
  (with	
  

the	
  caveat	
   that	
  ELISA	
  was	
  not	
  performed	
  to	
  confirm	
  TGFβ1	
  secretion),	
  and	
   therefore	
   that	
  

differences	
   in	
   TGFβ1	
   expression	
   are	
   unlikely	
   to	
   explain	
   the	
   lack	
   of	
   reciprocality	
   between	
  

TGFβR2	
  and	
  TGFβR3	
  in	
  some	
  cell	
  lines	
  (particularly	
  EBNA3A	
  KO).	
  	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
	
  

	
  

	
  

	
  

Figure	
  3.14:	
  EBV	
  does	
  not	
  significantly	
  alter	
  TGFβ1	
  mRNA	
  expression	
  	
  

qRT-­‐PCR	
  for	
  TGFβ1	
  mRNA	
  in	
  the	
  panel	
  of	
  wild-­‐type	
  and	
  recombinant	
  EBV-­‐infected	
  BL31	
  cell	
   lines.	
  Values	
  are	
  

expressed	
  as	
  ratios	
  to	
  the	
  endogenous	
  control	
  gene	
  GNB2L1	
  with	
  error	
  bars	
  representing	
  standard	
  deviation	
  of	
  

triplicate	
  qPCR	
  reactions.	
  Data	
  shown	
  are	
  from	
  an	
  experiment	
  in	
  which	
  the	
  pattern	
  of	
  variation	
  of	
  values	
  for	
  

uninfected,	
   knockout	
   and	
  wild-­‐type/revertant	
   infected	
   cell	
   lines	
   is	
   representative	
   of	
   at	
   least	
   three	
   separate	
  

experiments.	
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3.5	
  Discussion	
  

EBV	
   down-­‐regulates	
   TGFβR2	
   via	
   PRC2-­‐mediated	
   transcriptional	
   repression,	
   leading	
   to	
  

suppression	
  of	
  TGFβ	
  signalling,	
  in	
  BL31	
  cells	
  

This	
   study	
   has	
   shown	
   that	
   wild-­‐type	
   EBV	
   infection	
   leads	
   to	
   repression	
   of	
   TGFβR2	
   and	
  

suppression	
  of	
  canonical	
  TGFβ	
  signalling,	
  as	
  indicated	
  by	
  phosphorylation	
  of	
  SMAD2.	
  Many	
  

previous	
  studies	
  had	
  shown	
  that	
  EBV	
  infection	
  leads	
  to	
  resistance	
  to	
  TGFβ-­‐induced	
  growth	
  

inhibition	
  or	
  apoptosis	
  in	
  B	
  cells	
  and	
  other	
  cell	
  types.	
  Although	
  some	
  studies	
  in	
  B	
  cells	
  had	
  

suggested	
  that	
  EBV	
  down-­‐regulates	
  TGFβR2	
  (Inman	
  and	
  Allday	
  2000b,	
  Fukuda	
  et	
  al.	
  2006a,	
  

Chen	
  et	
  al.	
  2007),	
  others	
  suggested	
  that	
  the	
  effect	
  of	
  EBV	
  on	
  TGFβ	
  responses	
  was	
  not	
  due	
  to	
  

changes	
  in	
  levels	
  of	
  TGFβ	
  receptors	
  (Arvanitakis	
  et	
  al.	
  1995).	
  In	
  addition,	
  some	
  studies	
  had	
  

suggested	
  that	
  TGFβR1	
  and	
  TGFβR2	
  were	
  both	
  reduced	
  by	
  EBV	
  (Kumar	
  et	
  al.	
  1991)	
  or	
  had	
  

only	
  investigated	
  TGFβR1	
  but	
  not	
  TGFβR2	
  (Altiok	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  1993).	
  However,	
  no	
  

previous	
  studies	
  in	
  B	
  cells	
  appear	
  to	
  have	
  investigated	
  the	
  effect	
  of	
  EBV	
  on	
  TGFβ	
  signalling,	
  

as	
  detected	
  by	
  phosphorylation	
  of	
   SMAD	
  proteins,	
   use	
  of	
   a	
   TGFβ–responsive	
   reporter,	
   or	
  

changes	
  in	
  transcription	
  of	
  known	
  TGFβ	
  target	
  genes.	
  As	
  well	
  as	
  confirming	
  the	
  repression	
  

of	
  TGFβR2	
  by	
  EBV,	
  the	
  current	
  study	
  has	
  demonstrated	
  that	
  the	
  same	
  latent	
  proteins	
  which	
  

are	
   necessary	
   for	
   its	
   transcriptional	
   repression	
   are	
   also	
   necessary	
   for	
   the	
   loss	
   of	
   TGFβ	
  

signalling,	
  as	
  measured	
  by	
  SMAD2	
  phosphorylation.	
  This	
  suggests	
  that	
  the	
  phosphorylation	
  

of	
  SMAD2	
  is	
  dependent	
  on	
  a	
  threshold	
  level	
  of	
  TGFβR2	
  expression.	
  	
  

	
  

Alterations	
   in	
   components	
   of	
   TGFβ	
   signalling,	
   including	
  mutations	
   of	
   TGFβR2,	
   have	
   been	
  

found	
  in	
  many	
  tumour	
  types	
  [reviewed	
  in	
  (Elliott	
  and	
  Blobe	
  2005,	
  Dong	
  and	
  Blobe	
  2006)].	
  In	
  

addition,	
   epigenetically	
   mediated	
   changes	
   are	
   increasingly	
   recognised	
   as	
   a	
   cause	
   of	
  

malignancies	
   including	
   haematopoietic	
   tumours.	
   EBV	
   had	
   been	
   shown	
   to	
   repress	
   other	
  

tumour	
  suppressor	
  genes	
  by	
  polycomb-­‐mediated	
  repression	
  (Paschos	
  et	
  al.	
  2009,	
  Skalska	
  et	
  

al.	
  2010,	
  Paschos	
  et	
  al.	
  2012).	
  Therefore	
  the	
  mechanism	
  of	
  repression	
  of	
  TGFβR2	
  by	
  EBV	
  was	
  

investigated.	
  This	
  showed	
  that	
  the	
  transcriptional	
  repression	
  of	
  TGFβR2	
  is	
  accompanied	
  by	
  

increased	
  deposition	
  of	
   the	
   repressive	
  mark	
  H3K27Me3,	
   reduced	
  deposition	
  of	
   the	
   active	
  

mark	
  H3K9Ac,	
  and	
  increased	
  binding	
  of	
  SUZ12,	
  one	
  of	
  the	
  main	
  components	
  of	
  PRC2	
  which	
  

mediates	
  H3K27Me3	
   (fig.	
   3.2).	
   These	
   changes	
   in	
  histone	
  modifications	
   generally	
   correlate	
  

with	
   the	
   changes	
   in	
   transcription	
   that	
   occur	
   when	
   individual	
   latent	
   genes	
   are	
   deleted.	
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Therefore,	
   EBV	
   down-­‐regulates	
   another	
   tumour	
   suppressor	
   gene,	
   TGFβR2,	
   by	
   polycomb-­‐

mediated	
  repression.	
  	
  

	
  

Significance	
  of	
  DNA	
  methylation	
  

CpG	
  hypermethylation	
  of	
  promoter	
  regions	
   is	
   increasingly	
  seen	
  to	
  occur	
   in	
  many	
  tumours,	
  

and	
  several	
  treatments	
  currently	
  in	
  clinical	
  practice	
  for	
  haematopoietic	
  malignancies	
  target	
  

epigenetic	
   lesions	
   including	
   DNA	
   methylation,	
   particularly	
   in	
   myelodysplastic	
   syndrome	
  

(Khan	
   et	
   al.	
   2013).	
   CpG	
  methylation	
   of	
   the	
   TGFβR2	
   promoter	
   has	
   been	
   demonstrated	
   in	
  

cancers	
  of	
  the	
  lung,	
  prostate,	
  stomach	
  and	
  oesophagus	
  as	
  well	
  as	
  in	
  some	
  B	
  cell	
  lymphoma	
  

and	
  PEL	
  cell	
  lines	
  (Zhang	
  et	
  al.	
  2004,	
  Zhao	
  et	
  al.	
  2005,	
  Di	
  Bartolo	
  et	
  al.	
  2008,	
  Yamashita	
  et	
  al.	
  

2008b,	
   Dong	
   et	
   al.	
   2012,	
   Guo	
   et	
   al.	
   2012).	
   TGFβR2	
   has	
   also	
   been	
   found	
   to	
   be	
  

hypermethylated	
   in	
   DNA	
   extracted	
   from	
   patient	
   samples,	
   and	
   associated	
   with	
   a	
   worse	
  

prognosis,	
  in	
  multiple	
  myeloma	
  patients	
  (de	
  Carvalho	
  et	
  al.	
  2009).	
  Deposition	
  of	
  H3K27Me3	
  

is	
  thought	
  to	
  precede	
  DNA	
  methylation	
  and	
  increase	
  the	
  likelihood	
  of	
  it	
  occurring,	
  with	
  DNA	
  

methylation	
   being	
   a	
   more	
   stable	
   repressive	
   epigenetic	
   mark	
   than	
   histone	
   modifications	
  

(Schlesinger	
  et	
  al.	
  2007,	
  Widschwendter	
  et	
  al.	
  2007).	
  

	
  

In	
  the	
  panel	
  of	
  BL31	
  cell	
  lines,	
  although	
  H3K27Me3	
  varied	
  according	
  to	
  the	
  EBV	
  latent	
  genes	
  

expressed,	
  no	
  DNA	
  CpG	
  methylation	
  was	
   seen	
   (fig.	
  3.4).	
   Investigation	
  of	
   some	
  other	
  EBV-­‐

positive	
  and	
  negative	
  cell	
  lines,	
  including	
  LCLs,	
  showed	
  that	
  DNA	
  methylation	
  of	
  the	
  TGFβR2	
  

promoter	
   occurs	
   in	
   Akata6,	
   Akata31	
   and	
   LCL	
   X50-­‐7,	
   but	
   not	
   in	
   BL31-­‐WT	
   or	
   a	
   recently	
  

established	
  LCL-­‐WT,	
  even	
  though	
  TGFβR2	
  was	
  also	
  repressed	
  in	
  these.	
  Akata6	
  and	
  Akata31	
  

both	
  showed	
  DNA	
  methylation	
  of	
  the	
  CpG	
  islands	
  of	
  the	
  TGFβR2	
  promoter	
  region,	
  without	
  

H3K27Me3	
   deposition,	
   whereas	
   LCL	
   X50-­‐7	
   showed	
   intermediate	
   levels	
   of	
   both	
   DNA	
  

methylation	
  and	
  H3K27Me3	
  (fig.	
  3.5B-­‐C).	
  	
  	
  

	
  

The	
   original	
   Akata	
   cell	
   line	
  was	
   established	
   from	
  an	
   EBV-­‐positive	
   BL	
   (Takada	
   et	
   al.	
   1991).	
  

Recently	
   after	
   isolation	
   from	
  biopsy	
   samples,	
   BLs	
   usually	
   express	
   latency	
   I,	
   i.e.	
   are	
   of	
   the	
  

group	
  I	
  phenotype	
  (Rowe	
  et	
  al.	
  1987).	
  Akata6	
  and	
  Akata31	
  are	
  distinct	
  clones	
  of	
  the	
  original	
  

Akata	
  cell	
  line,	
  with	
  Akata6	
  having	
  remained	
  EBV-­‐positive	
  (type	
  I	
  latency),	
  whereas	
  Akata31	
  

had	
  lost	
  its	
  episome	
  during	
  culture	
  and	
  thus	
  become	
  EBV-­‐negative	
  (Jenkins	
  et	
  al.	
  2000).	
  The	
  

DNA	
  methylation	
  and	
  consequent	
  repression	
  of	
  TGFβR2	
  in	
  both	
  these	
  cell	
  lines	
  suggests	
  that	
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this	
   occurred	
   at	
   an	
   earlier	
   stage	
   in	
   tumour	
   development,	
   for	
   example	
   as	
   cells	
   enter	
   the	
  

germinal	
   centre	
   where	
   the	
   full	
   latency	
   III	
   set	
   of	
   genes	
   would	
   have	
   been	
   transiently	
  

expressed	
   (Thorley-­‐Lawson	
   and	
   Gross	
   2004).	
   In	
   this	
   case,	
   the	
   previous	
   exposure	
   to	
  

EBNA2/EBNA3B/EBNA3C	
  could	
  have	
   resulted	
   in	
  polycomb-­‐mediated	
   repression	
  of	
  TGFβR2	
  

and	
   subsequent	
  DNA	
  methylation,	
   resulting	
   in	
   a	
  more	
   stable	
   repression	
  of	
   TGFβR2.	
   Since	
  

this	
  is	
  heritable,	
  TGFβR2	
  would	
  have	
  remained	
  repressed	
  by	
  DNA	
  methylation	
  in	
  continuous	
  

culture,	
  even	
  though	
  the	
  EBV	
  episome	
  was	
  completely	
   lost	
  (in	
  the	
  case	
  of	
  Akata31)	
  or	
  the	
  

expression	
  reverted	
  to	
  type	
  I	
  (in	
  Akata6).	
  	
  

	
  

The	
  Akata	
   cell	
   line	
   has	
   previously	
   been	
   shown	
   to	
   be	
   resistant	
   to	
   the	
   effects	
   of	
   TGFβ	
   and	
  

have	
  reduced	
  expression	
  of	
  TGFβR2	
  (Inman	
  and	
  Allday	
  2000b,	
  Fukuda	
  et	
  al.	
  2006a).	
  Akata	
  

cells	
  treated	
  with	
  the	
  HDAC	
  inhibitor	
  trichostatin	
  A	
  (TSA),	
  however,	
  showed	
  restoration	
  of	
  

TGFβR2	
  expression	
  and	
  in	
  turn	
  restoration	
  of	
  sensitivity	
  to	
  TGFβ-­‐induced	
  growth	
  inhibition	
  

(Fukuda	
   et	
   al.	
   2006a).	
   In	
   another	
   study,	
   Akata	
   cells	
   treated	
   with	
   the	
   DNMT	
   inhibitor	
   5-­‐

azacytidine	
   became	
   responsive	
   to	
   TGFβ	
   with	
   induction	
   of	
   pSMAD2	
   and	
   TGFβ-­‐induced	
  

growth	
   inhibition	
   (Chen	
  et	
  al.	
  2007).	
  These	
  observations	
  are	
  consistent	
  with	
   repression	
  of	
  

TGFβR2	
  by	
  epigenetic	
  mechanisms	
  including	
  histone	
  deacetylation	
  and	
  DNA	
  methylation.	
  	
  

	
  

EBNA3B	
  and	
  EBNA3C	
  cooperate	
  in	
  the	
  repression	
  of	
  TGFβR2	
  

The	
  work	
  leading	
  up	
  to	
  this	
  project	
  included	
  a	
  microarray	
  analysis	
   investigating	
  the	
  effects	
  

of	
   the	
   EBNA3	
   proteins	
   on	
   cellular	
   gene	
   expression,	
   which	
   suggested	
   that	
   EBNA3B	
   and	
  

EBNA3C	
  cooperate	
  to	
  down-­‐regulate	
  TGFβR2	
  [www.epstein-­‐barrvirus.org.uk	
  and	
  (White	
  et	
  

al.	
   2010)].	
   However,	
   preliminary	
   investigations	
   suggested	
   that,	
   as	
   well	
   as	
   EBNA3B	
   and	
  

EBNA3C,	
   EBNA2	
   was	
   necessary	
   for	
   the	
   repression	
   of	
   TGFβR2	
   in	
   BL31	
   cells.	
   This	
   was	
  

unexpected,	
  as	
  EBNA2	
  generally	
  transactivates	
  transcription	
  and	
  up-­‐regulates	
  both	
  viral	
  and	
  

cellular	
   gene	
   expression.	
   Previous	
   microarray	
   analyses	
   in	
   LCLs	
   conditionally	
   expressing	
  

EBNA2	
  had	
   indicated	
   that,	
   although	
   EBNA2	
  does	
   regulate	
   a	
   significant	
   number	
   of	
   cellular	
  

genes	
   directly	
   or	
   indirectly,	
   these	
   were	
   all	
   induced	
   rather	
   than	
   repressed	
   by	
   EBNA2	
  

(Spender	
  et	
  al.	
  2002,	
  Spender	
  et	
  al.	
  2006,	
  Zhao	
  et	
  al.	
  2006).	
  A	
  study	
  in	
  EBV-­‐negative	
  BL	
  lines	
  

expressing	
  a	
  conditional	
  EBNA2	
  protein,	
  however,	
  showed	
  18	
  genes	
  that	
  were	
  repressed	
  by	
  

EBNA2,	
  including	
  cell	
  surface	
  markers	
  such	
  as	
  CD79b	
  and	
  CD52,	
  but	
  none	
  of	
  these	
  were	
  part	
  

of	
  TGFβ	
  signalling	
  pathways	
  (Maier	
  et	
  al.	
  2006).	
  EBNA2	
  had	
  been	
  shown	
  to	
  cooperate	
  with	
  



Chapter	
  3.	
  Results	
  

	
  
	
  

143	
  

EBNA3C	
   in	
   regulating	
   multiple	
   cellular	
   genes	
   in	
   LCLs,	
   although	
   again	
   these	
   all	
   largely	
  

involved	
  up-­‐regulation	
  rather	
  than	
  repression	
  by	
  EBNA2	
  (Zhao	
  et	
  al.	
  2011).	
  

	
  

The	
  EBNA3	
  proteins	
  are	
  transcriptional	
  regulators	
  and	
  have	
  been	
  shown	
  both	
  to	
  induce	
  or	
  

repress	
  multiple	
   genes.	
   Since	
   they	
   are	
   probably	
   targeted	
   to	
  DNA	
  by	
   cellular	
   transcription	
  

factors,	
  it	
  is	
  clear	
  that	
  they	
  can	
  act	
  to	
  alter	
  transcription.	
  A	
  global	
  ChIP-­‐seq	
  analysis	
  in	
  Mutu	
  

III	
  cells	
  showed	
  many	
  binding	
  sites	
  for	
  EBNA3C	
  at	
  cellular	
  gene	
  promoters	
  (McClellan	
  et	
  al.	
  

2012),	
  and	
  EBNA3C	
  binding	
  has	
  been	
  demonstrated	
  at	
  the	
  promoters	
  of	
  the	
  genes	
  encoding	
  

BIM	
  and	
  p16INK4A	
   (Paschos	
  et	
   al.	
   2012,	
   Skalska	
  et	
   al.	
   2013).	
  Although	
   in	
   the	
   current	
   study	
  

attempts	
   to	
  demonstrate	
  binding	
  of	
   EBNA3C	
   to	
   the	
   TGFβR2	
  promoter	
  were	
  unsuccessful,	
  

nevertheless	
   it	
   is	
   likely	
   that	
   this	
   could	
   occur	
   and	
   be	
   a	
   mechanism	
   for	
   the	
   repression	
   of	
  

TGFβR2.	
   Other	
   investigators	
   in	
   the	
   laboratory	
   are	
   currently	
   investigating	
   the	
   binding	
   of	
  

EBNA3B	
  to	
  gene	
  promoters.	
  	
  

	
  

There	
   is	
   extensive	
   cooperation	
   between	
   EBNA3	
   proteins,	
  with	
   EBNA3B/C	
   together	
   down-­‐

regulating	
  145	
  genes	
  and	
  up-­‐regulating	
  144	
  genes	
  (White	
  et	
  al.	
  2010).	
  A	
  recent	
  microarray	
  

comparing	
  gene	
  expression	
  in	
  different	
  BL	
  types	
  confirmed	
  the	
  down-­‐regulation	
  of	
  TGFβR2	
  

in	
   latency	
   III	
   compared	
   to	
   latency	
   I	
   and	
   in	
  Wp-­‐restricted	
   compared	
   to	
   latency	
   I	
   clones	
   of	
  

Awia-­‐BL,	
   i.e.	
   consistent	
   with	
   down-­‐regulation	
   by	
   EBNA3	
   proteins	
   (Kelly	
   et	
   al.	
   2013).	
   The	
  

microarray	
  for	
  genes	
  regulated	
  by	
  EBNA3C	
  in	
  Mutu	
  III	
  cells,	
  however,	
  did	
  not	
  show	
  TGFβR2	
  

to	
  be	
  significantly	
  regulated	
  by	
  EBNA3C	
  (McClellan	
  et	
  al.	
  2012).	
  

	
  

The	
  up-­‐regulation	
  of	
  TGFβR3	
  by	
  EBV	
  and	
  relationship	
  between	
  TGFβR2	
  and	
  TGFβR3	
  

In	
   addition	
   to	
   the	
   down-­‐regulation	
   of	
   TGFβR2,	
   this	
   study	
   has	
   also	
   shown	
   that	
   EBV	
   up-­‐

regulates	
  the	
  co-­‐receptor	
  TGFβR3	
  in	
  BL31	
  cells	
  (fig.	
  3.11).	
  	
  

	
  

The	
  regulation,	
  at	
  least	
  by	
  EBNA3B	
  and	
  EBNA3C,	
  also	
  occurs	
  via	
  epigenetic	
  regulation	
  of	
  the	
  

proximal	
   promoter.	
   Consistent	
   with	
   these	
   findings	
   for	
   EBNA3C,	
   a	
   recently	
   published	
  

microarray	
   investigating	
   genes	
   regulated	
   by	
   EBNA3C	
   alone	
   in	
   a	
   B	
   cell	
   line	
   showed	
   up-­‐

regulation	
  of	
  TGFβR3	
  of	
  over	
  4-­‐fold	
  by	
  EBNA3C	
  (McClellan	
  et	
  al.	
  2012),	
  and	
  up-­‐regulation	
  by	
  

EBNA3C	
  has	
  also	
  been	
  demonstrated	
  in	
  3CHT-­‐LCLs,	
  as	
  will	
  be	
  discussed	
  in	
  chapter	
  6	
  (Skalska	
  

et	
  al.	
  2013).	
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Initial	
  findings	
  in	
  this	
  study	
  suggested	
  that	
  EBNA3B,	
  EBNA3C,	
  and	
  EBNA2	
  cooperate	
  to	
  both	
  

down-­‐regulate	
   TGFβR2	
  and	
  up-­‐regulate	
   TGFβR3	
   (fig.	
   3.11A-­‐B).	
   This	
   led	
   to	
   the	
  question	
  of	
  

whether	
  TGFβR2	
  and	
  TGFβR3	
  could	
  be	
  reciprocally	
  regulated	
  in	
  some	
  way.	
  However,	
  more	
  

detailed	
  analysis	
  showed	
  some	
  subtle	
  differences	
  between	
  the	
  regulation	
  of	
  the	
  two	
  genes.	
  	
  

The	
   involvement	
   of	
   EBNA3A	
   in	
   regulation	
   of	
   both	
   genes	
   is	
   unclear,	
   as	
   will	
   be	
   discussed	
  

further	
  in	
  section	
  4.6.	
  

	
  

Nevertheless,	
  since	
  in	
  most	
  other	
  cases	
  the	
  expression	
  of	
  the	
  two	
  genes	
  does	
  appear	
  to	
  be	
  

reciprocal,	
   it	
   was	
   hypothesised	
   that	
   they	
   could	
   somehow	
   be	
   co-­‐regulated.	
   It	
   had	
   been	
  

shown	
   in	
   carcinoma	
  cell	
   lines	
   that	
  TGFβ1	
  could	
   repress	
   transcription	
  of	
  TGFβR3,	
  acting	
  at	
  

the	
  proximal	
  TGFβR3	
  promoter,	
   in	
  a	
  TGFβR1-­‐dependent	
  mechanism	
   (Hempel	
  et	
  al.	
  2008).	
  

Treatment	
  of	
   EBV-­‐negative	
  BL31	
   cells,	
   in	
  which	
  TGFβR3	
  expression	
  had	
  been	
   found	
   to	
  be	
  

low,	
   with	
   the	
   TGFβR1	
   inhibitor	
   SB431542,	
   led	
   to	
   a	
   2.5-­‐fold	
   increase	
   in	
   TGFβR3	
   mRNA	
  

expression	
  by	
  six	
  hours	
  post	
  treatment	
  (fig.	
  3.13A),	
  with	
  the	
  expected	
  concomitant	
  blockade	
  

of	
   TGFβ	
   signalling	
   as	
   detected	
   by	
   pSMAD2	
   (fig.	
   3.13B).	
   This	
   suggests	
   that	
   TGFβ1-­‐induced	
  

transcriptional	
   repression	
  of	
  TGFβR3	
  may	
  also	
  occur	
   in	
  B	
  cells,	
  with	
   the	
  TGFβR1	
   inhibition	
  

and	
   consequent	
   disruption	
   of	
   signalling	
   resulting	
   in	
   relief	
   of	
   the	
   repression.	
   If	
   this	
   is	
   the	
  

case,	
  then	
  EBV	
  infection	
  of	
  BL31	
  cells,	
  which	
  leads	
  to	
  repression	
  of	
  TGFβR2	
  and	
  suppression	
  

of	
  TGFβ	
  signalling,	
  would	
  also	
  cause	
  de-­‐repression	
  of	
  TGFβR3.	
  When	
  EBNA3B,	
  EBNA3C,	
  or	
  

EBNA2	
  are	
  deleted,	
  TGFβR2	
   is	
  de-­‐repressed,	
  TGFβ	
  signalling	
  occurs	
  and	
  so	
  TGFβ1	
   is	
  again	
  

able	
  to	
  repress	
  TGFβR3,	
  thus	
  TGFβR3	
  expression	
  is	
   low.	
  Therefore	
  the	
  findings	
  for	
  most	
  of	
  

the	
   cell	
   lines	
   could	
  be	
   consistent	
  with	
  TGFβ1-­‐mediated	
   repression	
  of	
  TGFβR3	
  occurring	
   in	
  

BL31,	
  with	
  the	
  exception	
  of	
  some	
  EBNA3A	
  KO	
  lines.	
  In	
  these	
  cell	
  lines	
  TGFβR2	
  and	
  TGFβR3	
  

were	
  not	
  reciprocal,	
  and	
  it	
  was	
  confirmed	
  that	
  this	
  was	
  not	
  due	
  to	
  changes	
  in	
  expression	
  of	
  

TGFβR1	
   (fig.	
  3.10)	
  or	
   in	
  autocrine	
  TGFβ1	
  mRNA	
  expression	
   (fig.	
  3.14),	
   although	
   the	
  actual	
  

secreted	
  TGFβ1	
  (by	
  ELISA)	
  was	
  not	
  investigated.	
  	
  

	
  

The	
   regulation	
   of	
   TGFβR3	
   also	
   appears	
   to	
   be	
   epigenetic,	
   as	
   variations	
   in	
   the	
   histone	
  

modifications	
  H3K27Me3,	
  H3K9Ac	
  and	
  H3K4Me3	
  were	
  found,	
  generally	
  consistent	
  with	
  the	
  

transcriptional	
   TGFβR3	
   expression,	
   between	
   the	
   different	
   BL31	
   cell	
   lines	
   (fig	
   3.12).	
   The	
  

relationship	
  between	
  TGFβR2	
  and	
  TGFβR3	
  expression	
  will	
  be	
  discussed	
  further	
  in	
  chapter	
  6.	
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The	
  significance	
  of	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  by	
  EBV	
  

What	
  are	
  the	
  possible	
  effects	
  of	
  TGFβR3	
  up-­‐regulation?	
  In	
  many	
  solid	
  malignancies	
  TGFβR3	
  

has	
  been	
  shown	
  to	
  have	
  tumour	
  suppressive	
  functions,	
  and	
  its	
  expression	
  is	
  lost	
  or	
  reduced	
  

in	
  several	
  such	
  malignancies,	
  in	
  some	
  cases	
  resulting	
  in	
  increased	
  invasiveness	
  (Dong	
  et	
  al.	
  

2007,	
   Hempel	
   et	
   al.	
   2007,	
   Turley	
   et	
   al.	
   2007,	
   Finger	
   et	
   al.	
   2008b,	
   Gordon	
   et	
   al.	
   2008,	
  

Margulis	
   et	
   al.	
   2008).	
   Little	
   is	
   known	
   about	
   its	
   effects	
   in	
   B	
   cells.	
   It	
   also	
   has	
   tumour	
  

suppressive	
  functions,	
  inhibiting	
  cell	
  growth	
  and	
  proliferation,	
  in	
  myeloma	
  cells,	
  in	
  which	
  its	
  

expression	
   is	
   decreased	
   (Lambert	
   et	
   al.	
   2011).	
   However,	
   it	
   has	
   been	
   shown	
   to	
   be	
   up-­‐

regulated	
  in	
  CLL	
  cells	
  relative	
  to	
  normal	
  B	
  cells	
  suggesting	
  it	
  may	
  have	
  a	
  different,	
  possibly	
  

tumour	
  promoting,	
  role	
  in	
  these	
  cells	
  (Klein	
  et	
  al.	
  2001,	
  Jelinek	
  et	
  al.	
  2003).	
  	
  

	
  

TGFβR3	
   is	
   specifically	
   required	
   for	
   response	
   to	
  TGFβ2	
  and	
   inhibin,	
   since	
   these	
   ligands	
  are	
  

unable	
  to	
  bind	
  to	
  their	
  type	
  2	
  receptors	
  without	
  the	
  presence	
  of	
  TGFβR3	
  (Lopez-­‐Casillas	
  et	
  

al.	
  1993,	
  Lewis	
  et	
  al.	
  2000).	
  Thus	
   further	
  work	
  could	
  be	
  done	
   to	
   investigate	
   the	
  effects	
  of	
  

EBV	
  on	
   signalling	
   by	
   TGFβ2	
   as	
  well	
   as	
   activin/inhibins;	
   because	
  of	
   time	
   constraints,	
   these	
  

were	
  not	
  investigated	
  in	
  this	
  study.	
  	
  	
  

	
  

In	
  murine	
  haematopoietic	
  progenitor	
  cells	
  which	
  responded	
  to	
  TGFβ1,	
  TGFβ1	
  appeared	
  to	
  

bind	
  only	
  to	
  TGFβR1,	
  suggesting	
  that	
  TGFβR3	
  may	
  not	
  be	
  expressed,	
  or	
  possibly	
  that	
  TGFβ1	
  

did	
   not	
   bind	
   to	
   it	
   (Ohta	
   et	
   al.	
   1987).	
   It	
   has	
   been	
   suggested	
   that	
   on	
   haematopoietic	
   cells	
  

endoglin	
  may	
  be	
  the	
  main	
  co-­‐receptor	
  used	
  rather	
  than	
  TGFβR3,	
  since	
  haematopoietic	
  cells	
  

do	
  not	
  respond	
  to	
  TGFβ2	
  which	
  requires	
  TGFβR3	
  to	
   facilitate	
   its	
  binding	
  to	
  TGFβR2	
  (Dong	
  

and	
  Blobe	
  2006).	
  However,	
  TGFβR3	
  has	
  been	
  shown	
  to	
  be	
  expressed	
  on	
  B	
  cell	
  precursors	
  in	
  

B	
  cell	
  acute	
  lymphoblastic	
  leukaemia,	
  although	
  this	
  may	
  represent	
  aberrant	
  expression	
  due	
  

to	
  the	
  tumour	
  (Buske	
  et	
  al.	
  1998).	
  

	
  

Since	
  it	
  is	
  a	
  co-­‐receptor	
  for	
  BMP	
  signalling	
  as	
  well	
  as	
  TGFβ	
  signalling,	
  one	
  possibility	
  is	
  that	
  it	
  

enhances	
  or	
  inhibits	
  BMP	
  signalling;	
  this	
  will	
  be	
  addressed	
  in	
  chapter	
  7.	
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  The	
   effects	
   of	
   LMP1	
   and	
   LMP2A	
   deletion	
   on	
   TGFβR2	
  Chapter	
  4

transcription	
  and	
  TGFβ	
  signalling	
  	
  

4.1	
  Introduction	
  

As	
   briefly	
   discussed	
   in	
   section	
   3.2.1,	
   the	
   apparent	
   involvement	
   of	
   EBNA2	
   in	
   TGFβR2	
  

repression	
   and	
   suppression	
   of	
   TGFβ	
   signalling	
  was	
   surprising.	
   Since	
   EBNA2	
   transactivates	
  

LMP1	
   and	
   LMP2A	
   it	
   was	
   hypothesised	
   that	
   the	
   changes	
   may	
   in	
   fact	
   be	
   due	
   to	
   one	
   (or	
  

possibly	
  both)	
  of	
  these	
  latent	
  proteins	
  rather	
  than	
  (or	
  as	
  well	
  as)	
  EBNA2	
  itself.	
  Therefore	
  it	
  

was	
   important	
   to	
   try	
   to	
   distinguish	
   the	
   effects	
   of	
   EBNA2,	
   LMP1	
   and	
   LMP2A	
   on	
   TGFβR2	
  

expression	
   and	
   TGFβ	
   signalling.	
   In	
   order	
   to	
   facilitate	
   this,	
   recombinant	
   viruses	
   containing	
  

deletions	
  of	
  LMP1	
  and	
  LMP2A,	
  made	
   in	
   the	
  same	
  BAC-­‐derived	
  system	
  used	
  above	
   for	
   the	
  

EBNA2	
  and	
  EBNA3	
  KO	
   lines,	
  were	
  obtained	
  as	
  a	
  kind	
  gift	
   from	
  Wolfgang	
  Hammerschmidt,	
  

Münich,	
  Germany.	
  Unfortunately	
  these	
  viruses	
  did	
  not	
  become	
  available	
  until	
  relatively	
  late	
  

in	
  the	
  course	
  of	
  the	
  project.	
  

	
  

4.2	
  Infection	
  of	
  BL31	
  cells	
  to	
  make	
  BL31	
  LMP1	
  KO	
  and	
  BL31	
  LMP2A	
  KO	
  cell	
  lines	
  	
  

Viruses	
   were	
   obtained	
   in	
   the	
   form	
   of	
   producer	
   lines	
   (HEK293	
   cells)	
   containing	
   the	
  

recombinant	
  BACs.	
  The	
  BAC	
  constructs	
  were	
  verified	
  by	
  episomal	
  rescue,	
  restriction	
  enzyme	
  

digestion	
  and	
  pulsed-­‐field	
  gel	
  electrophoresis,	
  confirming	
  the	
  predicted	
  size	
  differences	
  of	
  

certain	
  bands	
  distinguishing	
  wild-­‐type,	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  recombinant	
  BACS	
  (fig.	
  4.1).	
  

Recombinant	
   virus	
   was	
   then	
   induced	
   from	
   the	
   producer	
   lines	
   and	
   used	
   to	
   infect	
   EBV-­‐

negative	
  BL31	
  cells.	
  The	
  established	
  BL31	
  LMP1	
  KO	
  1	
  and	
  2	
  lines	
  were	
  established	
  from	
  two	
  

separate	
  infections	
  with	
  the	
  same	
  virus,	
  similarly	
  for	
  the	
  BL31	
  LMP2A	
  KO	
  1	
  and	
  2	
  lines.	
  	
  BL31	
  

LMP2A	
  KO	
  1	
  was	
  slower	
  to	
  grow	
  out	
  than	
  the	
  other	
  three	
  cell	
   lines,	
  which	
  were	
  similar	
   in	
  

their	
  time	
  to	
  establishment.	
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Figure	
  4.1:	
  Validation	
  of	
  LMP1	
  and	
  LMP2A	
  knockout	
  EBV-­‐BACs	
  	
  

DNA	
  from	
  the	
  LMP1	
  KO,	
  LMP2A	
  KO	
  and	
  a	
  wild-­‐type	
  EBV-­‐BAC	
  were	
  analysed	
  by	
  restriction	
  digestion	
  with	
  Nhe1	
  

and	
  BamH1	
  followed	
  by	
  pulsed	
  field	
  gel	
  electrophoresis.	
  A	
  mixture	
  of	
  λ-­‐DNA	
  BstEII	
  and	
  λ-­‐DNA	
  mono	
  cut	
  mix	
  

ladders	
   (NEB)	
   were	
   used	
   as	
   a	
   size	
   marker,	
   with	
   the	
   size	
   of	
   selected	
   bands	
   shown.	
   Bands	
   whose	
   sizes	
   are	
  

changed	
  by	
   the	
  deletion	
  of	
   LMP1	
  and	
  LMP2A	
  are	
   indicated	
  by	
  coloured	
  arrows.	
  Red	
  =	
  band	
  present	
  only	
   in	
  

LMP2A	
  KO,	
  black	
  =	
  band	
  present	
  only	
  in	
  LMP1	
  KO,	
  and	
  blue	
  =	
  band	
  present	
  only	
  in	
  WT.	
  For	
  Nhe1,	
  LMP1	
  KO	
  is	
  

distinguished	
  by	
  absence	
  of	
  a	
  band	
  present	
  in	
  both	
  WT	
  and	
  LMP2A	
  KO,	
  shown	
  by	
  purple	
  arrow.	
  

	
  
	
  
Once	
   established,	
   the	
   expression	
   of	
   EBV	
   latent	
   proteins	
   in	
   the	
   BL31	
   LMP1	
   KO	
   and	
   BL31	
  

LMP2A	
  KO	
  cell	
   lines	
  were	
  investigated,	
  to	
  ensure	
  that	
  they	
  lacked	
  expression	
  of	
  LMP1	
  and	
  

LMP2A	
  as	
  appropriate	
  and	
  to	
  ensure	
  that	
  lack	
  of	
  expression	
  of	
  the	
  relevant	
  protein	
  did	
  not	
  

significantly	
   alter	
   expression	
  of	
   other	
   latent	
  proteins.	
   This	
   showed	
   that	
   the	
   LMP1	
  KO	
  and	
  

LMP2A	
  KO	
   lines	
  generally	
  expressed	
   similar	
   amounts	
  of	
   EBNA1,	
  EBNA2,	
  EBNA3A,	
  EBNA3B	
  

and	
   EBNA3C,	
   with	
   the	
   exception	
   of	
   LMP1	
   KO	
   2	
   which	
   expressed	
   slightly	
   higher	
   levels	
   of	
  

EBNA1,	
  EBNA2,	
  EBNA3A	
  and	
  EBNA3B	
  than	
  the	
  other	
  cell	
  lines	
  (fig.	
  4.2A).	
  In	
  addition,	
  EBNA-­‐

LP	
  was	
   present	
   in	
   all	
   cell	
   lines	
   but	
   in	
   varying	
   amounts,	
   in	
   particular	
   the	
   LMP2A	
   KOs	
   had	
  

increased	
  amounts	
  of	
  EBNA-­‐LP.	
  However,	
  the	
  level	
  of	
  EBNA-­‐LP	
  expressed	
  in	
  LCLs	
   is	
  known	
  

to	
   be	
   highly	
   variable.	
   Although	
   the	
   LMP1	
   KOs	
   express	
   LMP2A,	
   expression	
   levels	
   varied	
  

between	
   the	
   two	
   different	
   LMP1	
   KO	
   lines,	
   being	
   greater	
   in	
   LMP1	
   KO	
   2	
   (fig.	
   4.2A).	
   This	
  

finding	
  was	
  also	
  confirmed	
  at	
  the	
  RNA	
  level	
  by	
  qRT-­‐PCR	
  for	
  LMP2A	
  (fig.	
  4.2B).	
  The	
  western	
  

blot	
   for	
   LMP2A	
  appeared	
   to	
   show	
   faint	
   bands	
   in	
   uninfected	
  BL31	
   and	
   in	
   both	
   LMP2A	
  KO	
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lines	
  (fig.	
  4.2A).	
  However,	
  this	
  was	
  suspected	
  to	
  be	
  due	
  to	
  high	
  background	
  signal;	
  this	
  was	
  

confirmed	
  by	
   the	
   complete	
  absence	
  of	
   LMP2A	
  mRNA	
  expression	
  by	
  qRT-­‐PCR	
   in	
   these	
   cell	
  

lines	
  (fig.	
  4.2B).	
  	
  

	
  

By	
   western	
   blot,	
   neither	
   of	
   the	
   LMP2A	
   KO	
   lines	
   appeared	
   to	
   express	
   LMP1	
   (fig.	
   4.2A),	
  

although	
  a	
  long	
  exposure	
  showed	
  a	
  very	
  low	
  expression	
  of	
  LMP1	
  in	
  LMP2A	
  KO	
  2	
  (fig.	
  4.2D).	
  

qRT-­‐PCR	
  confirmed	
  that	
  LMP2A	
  KO	
  1	
  lacked	
  any	
  LMP1	
  expression	
  whereas	
  LMP2A	
  KO	
  2	
  had	
  

a	
  very	
  low	
  level	
  of	
  expression	
  (fig.	
  4.2C).	
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Figure	
  4.2:	
  Expression	
  of	
  EBV	
  latent	
  proteins	
  in	
  BL31	
  LMP1	
  KO	
  and	
  BL31	
  LMP2A	
  KO	
  cell	
  lines	
  

(A)	
  Western	
  blot	
  for	
  EBNA1,	
  EBNA2,	
  EBNA3A,	
  EBNA3B,	
  EBNA3C,	
  LMP1,	
  LMP2A	
  and	
  EBNA-­‐LP	
  in	
  BL31,	
  BL31-­‐WT	
  

EBV	
  and	
  the	
  two	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  cell	
   lines.	
  γ-­‐tubulin	
   is	
  shown	
  as	
  a	
   loading	
  control.	
   (B)	
  qRT-­‐PCR	
  for	
  

LMP2A	
  in	
  LMP1	
  and	
  LMP2A	
  KO	
  cell	
  lines.	
  (C)	
  qRT-­‐PCR	
  for	
  LMP1	
  in	
  LMP1	
  and	
  LMP2A	
  KO	
  lines.	
  Values	
  are	
  shown	
  

as	
  ratios	
  to	
  the	
  endogenous	
  control	
  gene	
  GNB2L1	
  with	
  error	
  bars	
  representing	
  standard	
  deviation	
  of	
  triplicate	
  

qPCR	
  reactions.	
  	
  (D)	
  Western	
  blot	
  for	
  LMP1	
  in	
  selected	
  cell	
  lines	
  showing	
  a	
  faint	
  band	
  of	
  LMP1	
  in	
  LMP2A	
  KO	
  2.	
  

γ-­‐tubulin	
  is	
  shown	
  as	
  a	
  loading	
  control.	
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4.3	
  LMP1	
  and	
  LMP2A	
  are	
  necessary	
  for	
  the	
  repression	
  of	
  TGFβR2	
  and	
  suppression	
  of	
  TGFβ	
  

signalling	
  in	
  BL31	
  cells	
  

Once	
  the	
  BL31	
  LMP1	
  KO	
  and	
  BL31	
  LMP2A	
  KO	
  cell	
  lines	
  were	
  established,	
  they	
  were	
  used	
  to	
  

investigate	
   the	
   effects	
   of	
   LMP1	
   and	
   LMP2A	
   deletion	
   on	
   TGFβR2	
   expression	
   and	
   TGFβ	
  

signalling.	
   qRT-­‐PCR	
   for	
   TGFβR2	
   showed	
   expression	
   in	
   all	
   LMP1	
   KO	
   and	
   LMP2A	
   KO	
   lines,	
  

although	
  this	
  was	
  higher	
  in	
  LMP2A	
  KO	
  than	
  LMP1	
  KO	
  lines	
  (fig.	
  4.3A).	
  Treatment	
  of	
  LMP1	
  KO	
  

and	
  LMP2A	
  KO	
  cell	
  lines	
  with	
  TGFβ1	
  resulted	
  in	
  restoration	
  of	
  TGFβ	
  signalling	
  as	
  detected	
  by	
  

pSMAD2,	
  consistent	
  with	
  the	
  de-­‐repression	
  of	
  TGFβR2	
  seen	
  in	
  these	
  cell	
  lines	
  (fig.	
  4.3B).	
  

	
  

The	
   effects	
   of	
   LMP1	
   or	
   LMP2A	
   deletion,	
   as	
   well	
   as	
   deletion	
   of	
   the	
   whole	
   EBNA3	
   locus	
  

(EBNA3	
  KO),	
  on	
  TGFβ-­‐induced	
  ID1	
  mRNA	
  expression	
  was	
  also	
  investigated.	
  This	
  showed	
  that	
  

when	
  EBNA3,	
  LMP1	
  or	
  LMP2A	
  were	
  deleted,	
  TGFβ	
  treatment	
  induced	
  ID1	
  expression	
  at	
  two	
  

hours	
   (fig.	
   4.3C).	
  No	
   induction	
  of	
   ID1	
  was	
   seen	
   for	
  wild-­‐type	
  or	
   EBNA3	
   revertant-­‐infected	
  

cells.	
  Expression	
  of	
  ID2	
  was	
  also	
  investigated	
  in	
  a	
  similar	
  manner	
  and	
  showed	
  similar	
  results;	
  

however,	
  for	
  clarity	
  only	
   ID1	
  data	
   is	
  shown	
  here	
  (fig.	
  4.3C).	
  This	
  supports	
  the	
  findings	
  that	
  

EBNA3	
   proteins,	
   LMP1	
   and	
   LMP2A	
   cooperate	
   to	
   suppress	
   TGFβ	
   signalling.	
   These	
   findings	
  

suggest	
  that	
  LMP1	
  and	
  LMP2A	
  both	
  cooperate	
  with	
  EBNA3s	
  in	
  the	
  repression	
  of	
  TGFβR2	
  and	
  

consequent	
  suppression	
  of	
  TGFβ	
  signalling.	
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Figure	
   4.3:	
   LMP1	
  KO	
   and	
   LMP2A	
  KO	
   show	
  de-­‐repression	
   of	
   TGFβR2	
   and	
   restoration	
   of	
   TGFβ	
   signalling	
   as	
  

detected	
  by	
  phosphorylation	
  of	
  SMAD2	
  and	
  induction	
  of	
  ID1	
  expression	
  

(A)	
  qRT-­‐PCR	
  for	
  TGFβR2	
  mRNA	
  in	
  the	
  cell	
  lines	
  shown.	
  Values	
  are	
  shown	
  as	
  ratios	
  to	
  the	
  endogenous	
  control	
  

gene	
  GNB2L1	
  with	
  error	
  bars	
  representing	
  standard	
  deviation	
  of	
  triplicate	
  qPCR	
  reactions.	
  (B)	
  Western	
  blot	
  for	
  

pSMAD2	
   after	
   two	
   hours	
   of	
   treatment	
  with	
   TGFβ1	
   5ng/ml	
   or	
   vehicle	
   (2mg/ml	
   BSA	
   in	
   PBS).	
   Total	
   SMAD2	
   is	
  

shown	
   for	
   comparison,	
   with	
   γ-­‐tubulin	
   as	
   a	
   loading	
   control.	
   (C)	
   qRT-­‐PCR	
   for	
   ID1	
   expression	
   in	
   the	
   cell	
   lines	
  

shown	
  after	
  two	
  hours’	
  treatment	
  with	
  TGFβ1	
  5ng/ml	
  or	
  vehicle.	
  Values	
  shown	
  are	
  the	
  ratio	
  of	
  expression	
  at	
  

two	
  hours	
  to	
  that	
  at	
  time	
  zero,	
  showing	
  increased	
  induction	
  of	
  ID1	
  with	
  TGFβ	
  treatment	
  compared	
  to	
  vehicle	
  

in	
  uninfected	
  BL31,	
   EBNA3	
  KO,	
   LMP1	
  KO	
  and	
   LMP2A	
  KO	
  but	
  no	
   induction	
  with	
  TGFβ	
   in	
  wild-­‐type	
  or	
  EBNA3	
  

revertant-­‐infected	
  BL31.	
  Values	
  were	
  calculated	
  as	
   ratios	
   to	
   the	
  endogenous	
  control	
  gene	
  GNB2L1	
  and	
   then	
  

the	
  fold	
  change	
  was	
  calculated	
  as	
  described.	
  Similar	
  data	
  were	
  obtained	
  for	
  ID2	
  expression.	
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4.4	
   The	
   effects	
   on	
   TGFβR2	
   expression	
   and	
   TGFβ	
   signalling	
   seen	
   in	
   EBNA2	
   KO	
   lines	
   are	
  

probably	
  due	
  to	
  a	
  combined	
  effect	
  of	
  LMP1	
  and	
  LMP2A	
  

The	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  lines	
  were	
  established	
  in	
  an	
  attempt	
  to	
  ascertain	
  whether	
  the	
  

effects	
  seen	
  in	
  the	
  EBNA2	
  KO	
  cell	
   lines	
  were	
  due	
  to	
  EBNA2	
  itself,	
  or	
  through	
  LMP1	
  and/or	
  

LMP2A.	
   The	
   EBNA2	
   KO	
   cell	
   lines	
   showed	
   de-­‐repression	
   of	
   TGFβR2	
   and	
   consequent	
  

restoration	
  of	
  TGFβ	
  signalling	
  via	
  pSMAD2	
  (see	
  figs.	
  3.1	
  and	
  3.7B).	
  The	
  same	
  phenotype	
  was	
  

also	
  seen	
  for	
  both	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  cell	
  lines	
  (figs.	
  4.3A-­‐B).	
  Therefore,	
  in	
  order	
  to	
  try	
  

to	
  establish	
  which	
  of	
  EBNA2,	
  LMP1	
  and	
  LMP2A	
  is/are	
  responsible	
  for	
  the	
  repression,	
  it	
  was	
  

necessary	
  to	
  consider	
  the	
  expression	
  levels	
  of	
  these	
  latent	
  proteins	
  in	
  the	
  EBNA2	
  KO,	
  LMP1	
  

KO	
  and	
  LMP2A	
  KO	
  lines.	
  	
  	
  

	
  

As	
  previously	
  described,	
  EBNA2	
  deletion	
  is	
  expected	
  to	
  result	
  in	
  reduced	
  or	
  no	
  expression	
  of	
  

LMP1	
   and	
   LMP2A.	
   Three	
   different	
   BL31	
   EBNA2	
   KO	
   lines	
   were	
   investigated,	
   the	
   first	
  

(designated	
  EBNA2	
  KO	
  (G))	
  made	
  by	
  Gemma	
  Kelly	
  (Kelly	
  et	
  al.	
  2005)	
  and	
  the	
  other	
  two	
  by	
  

Ian	
  Groves	
   (Allday	
   laboratory,	
  unpublished	
  data).	
  Expression	
  of	
  EBNA2,	
  the	
  EBNA3s,	
  LMP1	
  

and	
  LMP2A	
  were	
  first	
  investigated	
  in	
  the	
  two	
  EBNA2	
  KO	
  lines	
  that	
  had	
  been	
  more	
  recently	
  

established	
   in	
   the	
   laboratory	
   (EBNA2	
   KO	
   1	
   and	
   EBNA2	
   KO	
   2),	
   along	
   with	
   the	
   LMP1	
   and	
  

LMP2A	
   KO	
   cell	
   lines	
   (fig.	
   4.4A).	
   As	
   expected,	
   both	
   EBNA2	
   KO	
   1	
   and	
   EBNA2	
   KO	
   2	
   lines	
  

appeared	
   to	
   lack	
   expression	
   of	
   LMP1	
   by	
   western	
   blot	
   (fig.	
   4.4A).	
   However,	
   in	
   another	
  

experiment,	
  western	
  blot	
  for	
  LMP1	
  expression	
  in	
  all	
  three	
  different	
  EBNA2	
  KO	
  lines	
  showed	
  

that	
  BL31	
  EBNA2	
  KO	
  (G)	
  had	
  significant	
  amounts	
  of	
  LMP1,	
  and	
  BL31	
  EBNA2	
  KO	
  1	
  appeared	
  

to	
  have	
  low	
  expression	
  of	
  LMP1;	
  in	
  contrast	
  EBNA2	
  KO	
  2	
  had	
  no	
  apparent	
  LMP1	
  expression	
  

(fig.	
  4.4B).	
  The	
  apparent	
  discrepancy	
  between	
  the	
  results	
  for	
  EBNA2	
  KO	
  1	
  in	
  terms	
  of	
  LMP1	
  

expression	
  (between	
  figures	
  4.4A	
  and	
  4.4B)	
  may	
  be	
  explained	
  by	
  having	
  a	
  longer	
  exposure	
  

in	
  figure	
  4.4B,	
  although	
  LMP1	
  expression	
  is	
  also	
  known	
  to	
  vary	
  with	
  the	
  state	
  of	
  proliferation	
  

of	
   cells	
   (Boos	
   et	
   al.	
   1990);	
   this	
  may	
   also	
   explain	
   the	
  differences	
   in	
   LMP1	
  expression	
   seen	
  

between	
  treated	
  and	
  untreated	
  samples	
  of	
  each	
  EBNA2	
  KO	
  cell	
  line	
  (fig.	
  4.4B).	
  Nevertheless,	
  

qRT-­‐PCR	
  for	
  LMP1	
  in	
  all	
  three	
  EBNA2	
  KO	
  lines	
  confirmed	
  low	
  LMP1	
  mRNA	
  expression	
  in	
  both	
  

BL31	
  EBNA2	
  KO	
  1	
  and	
  BL31	
  EBNA2	
  KO	
  2,	
  but	
  high	
  expression	
  of	
  LMP1	
  mRNA	
  in	
  BL31	
  EBNA2	
  

KO	
   (G)	
   (fig.	
   4.4C).	
   All	
   three	
   EBNA2	
   KO	
   lines	
   were	
   confirmed	
   to	
   have	
   a	
   very	
   low	
   level	
  

expression	
  of	
  LMP2A	
  mRNA	
  (fig.	
  4.4D).	
  The	
  LMP2A	
  protein	
  levels	
  in	
  EBNA2	
  KO	
  1	
  and	
  EBNA2	
  

KO	
  2	
  lines	
  were	
  consistent	
  with	
  this	
  (fig.	
  4.4A).	
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Figure	
  4.4:	
  Expression	
  of	
  LMP1	
  and	
  LMP2A	
  in	
  EBNA2	
  KO	
  BL31	
  cell	
  lines	
  	
  

(A)	
  Western	
  blot	
  for	
  EBNA1,	
  EBNA2,	
  EBNA3A,	
  EBNA3B,	
  EBNA3C,	
  LMP1	
  and	
  LMP2A	
  in	
  EBNA2	
  and	
  LMP	
  KO	
  cell	
  

lines.	
  γ-­‐tubulin	
  is	
  shown	
  as	
  a	
  loading	
  control.	
  	
  (B)	
  Western	
  blot	
  for	
  LMP1	
  expression	
  in	
  BL31,	
  BL31-­‐WT	
  and	
  all	
  

three	
   EBNA2	
   KO	
   lines	
   plus	
   EBNA2	
   revertant,	
   at	
   48	
   hours	
   after	
   treatment	
  with	
   TGFβ1	
   5ng/ml	
   or	
   vehicle.	
   γ-­‐

tubulin	
  is	
  shown	
  as	
  a	
  loading	
  control.	
  (C)	
  qRT-­‐PCR	
  for	
  LMP1	
  and	
  (D)	
  qRT-­‐PCR	
  for	
  LMP2A	
  in	
  all	
  three	
  EBNA2	
  KO	
  

cell	
   lines	
  as	
  well	
   as	
  BL31,	
  BL31-­‐WT	
  and	
  EBNA2	
   revertant.	
  Values	
  are	
  expressed	
  as	
   ratios	
   to	
   the	
  endogenous	
  

control	
  gene	
  GNB2L1	
  with	
  error	
  bars	
  representing	
  standard	
  deviation	
  of	
  triplicate	
  qPCR	
  reactions.	
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As	
  shown	
  previously,	
   the	
  LMP1	
  KO	
  lines	
  express	
  high	
   levels	
  of	
  EBNA2	
  (fig.	
  4.4A),	
  no	
  LMP1	
  

and	
   some	
   LMP2A	
   (fig.	
   4.4A-­‐D).	
   The	
   LMP2A	
   KO	
   lines	
   express	
   high	
   levels	
   of	
   EBNA2	
   but	
  

no/very	
  low	
  LMP1	
  and	
  no	
  LMP2A	
  (fig.	
  4.4A-­‐D).	
  

	
  

Since	
   all	
   three	
   EBNA2	
   KO	
   lines,	
   both	
   LMP1	
   KO	
   and	
   both	
   LMP2A	
   KO	
   lines	
   all	
   show	
   de-­‐

repression	
   of	
   TGFβR2	
   and	
   restoration	
   of	
   TGFβ	
   signalling	
   (figs.	
   3.1,	
   3.7A	
   and	
   4.3A-­‐C),	
   the	
  

significance	
   of	
   the	
   findings	
   were	
   considered	
   for	
   each	
   of	
   the	
   three	
   latent	
   proteins	
   LMP1,	
  

LMP2A	
  and	
  EBNA2	
  in	
  turn;	
  table	
  4.1	
  is	
  a	
  summary	
  of	
  the	
  relevant	
  findings	
  for	
  all	
  EBNA2	
  KO,	
  

LMP1	
  KO	
  and	
  LMP2A	
  KO	
  lines.	
  	
  

	
  

BL31	
  cell	
  line	
   EBNA2	
  

expression	
  

LMP1	
  

expression	
  

LMP2A	
  

expression	
  

TGFβR2	
  expression	
   TGFβ	
  

signalling	
  

BL31	
   -­‐	
   -­‐	
   -­‐	
   Expressed	
   present	
  

BL31-­‐WT	
  EBV	
   ++	
   ++	
   ++	
   Repressed	
   absent	
  

EBNA2	
  KO	
  1	
   -­‐	
   -­‐	
   +	
   De-­‐repressed	
   present	
  

EBNA2	
  KO	
  2	
   -­‐	
   +/-­‐	
   +	
   De-­‐repressed	
   present	
  
EBNA2	
  KO	
  (G)	
   -­‐	
   +++	
   +	
   De-­‐repressed	
   present	
  
LMP1	
  KO	
  1	
   ++	
   -­‐	
   +	
  	
   Partially	
  de-­‐repressed	
   present	
  
LMP1	
  KO	
  2	
   ++	
   -­‐	
   ++	
   Slightly	
  de-­‐repressed	
   present	
  
LMP2A	
  KO	
  1	
   ++	
   -­‐	
   -­‐	
   De-­‐repressed	
  	
   present	
  
LMP2A	
  KO	
  2	
   ++	
   -­‐	
   -­‐	
   De-­‐repressed	
   present	
  

Table	
   4.1:	
   Summary	
   of	
   effects	
   of	
   EBNA2,	
   LMP1	
   and	
   LMP2A	
   deletion	
   on	
   TGFβR2	
   expression	
   and	
   TGFβ	
  

signalling	
  in	
  BL31	
  cells	
  

	
  

Firstly,	
   it	
  was	
   considered	
  whether	
   the	
   effects	
   seen	
   in	
   all	
   these	
   cell	
   lines	
   could	
   be	
   due	
   to	
  

LMP1.	
  In	
  support	
  of	
  this,	
  these	
  effects	
  are	
  seen	
  in	
  LMP1	
  KOs,	
  which	
  express	
  significant	
  levels	
  

of	
  both	
  EBNA2	
  and	
  LMP2A.	
  Therefore,	
  LMP1	
  is	
  definitely	
  necessary	
  for	
  the	
  down-­‐regulation	
  

of	
  TGFβR2	
  and	
  suppression	
  of	
  TGFβ	
  signalling	
  by	
  EBV.	
  However,	
  the	
  same	
  effects	
  are	
  seen	
  in	
  

EBNA2	
  KO	
  (G),	
  which	
  expresses	
  high	
  levels	
  of	
  LMP1,	
  and	
  therefore	
  the	
  effects	
  seen	
  in	
  EBNA2	
  

KO	
  lines	
  cannot	
  be	
  entirely	
  due	
  to	
  LMP1.	
  Hence	
  it	
  is	
  likely	
  that	
  LMP1	
  plus	
  either	
  EBNA2	
  or	
  

LMP2A	
  are	
  necessary.	
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Next,	
  it	
  was	
  considered	
  whether	
  the	
  effects	
  could	
  be	
  due	
  to	
  LMP2A.	
  The	
  EBNA2	
  KO	
  lines	
  all	
  

express	
  very	
  low	
  levels	
  of	
  LMP2A,	
  even	
  though	
  they	
  have	
  varying	
  expression	
  of	
  LMP1,	
  yet	
  all	
  

show	
   de-­‐repression	
   of	
   TGFβR2	
   and	
   restoration	
   of	
   TGFβ	
   signalling.	
   This	
   suggests	
   that	
   the	
  

phenotype	
   could	
   be	
   due	
   to	
   LMP2A.	
   LMP2A	
   KOs	
   show	
   more	
   marked	
   de-­‐repression	
   of	
  

TGFβR2	
   than	
   the	
   LMP1	
   KOs.	
   This	
   in	
   turn	
   suggests	
   that	
   combined	
   deletion	
   of	
   LMP1	
   and	
  

LMP2A	
  has	
  a	
  greater	
  effect	
   than	
   that	
  of	
   LMP1	
  KO	
  alone,	
  and	
   therefore	
   supports	
  a	
  model	
  

where	
  the	
  effects	
  of	
  LMP1	
  and	
  LMP2A	
  are	
  combined.	
  Furthermore,	
  compared	
  to	
  LMP1	
  KO	
  

1,	
  LMP1	
  KO	
  2	
  has	
  more	
  LMP2A	
  and	
  less	
  de-­‐repression	
  of	
  TGFβR2	
  (figs.	
  4.2A-­‐B	
  and	
  4.3A);	
  this	
  

also	
   supports	
   an	
   effect	
   of	
   LMP2A	
   on	
   TGFβR2	
   repression.	
   However,	
   the	
   effects	
   seen	
   in	
  

EBNA2	
  KO,	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  cell	
  lines	
  cannot	
  be	
  due	
  to	
  LMP2A	
  alone,	
  because	
  the	
  

LMP1	
  KOs	
  show	
  the	
  same	
  phenotype	
  despite	
  expressing	
  significant	
  amounts	
  of	
  LMP2A.	
  

	
  

TGFβR2	
  is	
  completely	
  de-­‐repressed	
  –	
  expressed	
  at	
  the	
  same	
  level	
  as	
  in	
  uninfected	
  BL31	
  cells	
  

-­‐	
   in	
   LMP2A	
   KOs,	
   suggesting	
   that	
   loss	
   of	
   LMP1	
   and	
   LMP2A	
   together	
   are	
   enough	
   to	
   fully	
  

restore	
   TGFβR2	
   expression.	
   These	
   cell	
   lines	
   express	
   normal	
   amounts	
   of	
   EBNA2.	
   Hence	
   it	
  

seems	
   likely	
   that	
   LMP1	
   and	
   LMP2A	
   cooperate	
   (with	
   EBNA3B	
   and	
   EBNA3C)	
   to	
   repress	
  

TGFβR2,	
  but	
  nevertheless	
  an	
  additional	
  effect	
  of	
  EBNA2	
  cannot	
  be	
  completely	
  excluded.	
  	
  

	
  

4.5	
  LMP2A,	
  and	
  to	
  a	
  lesser	
  extent	
  LMP1,	
  are	
  required	
  for	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  in	
  

BL31	
  cells	
  

Since	
  the	
  same	
  set	
  of	
  latent	
  proteins,	
  including	
  EBNA2,	
  initially	
  appeared	
  to	
  cooperate	
  in	
  the	
  

up-­‐regulation	
  of	
  TGFβR3	
  as	
  in	
  the	
  repression	
  of	
  TGFβR2,	
  the	
  LMP1	
  and	
  LMP2A	
  KO	
  BL31	
  cell	
  

lines	
  were	
  analysed	
  for	
  TGFβR3	
  expression.	
  This	
  showed	
  that	
  TGFβR3	
  expression	
  remained	
  

low,	
  similar	
  to	
  uninfected	
  BL31,	
  in	
  LMP1	
  KO	
  1	
  and	
  both	
  LMP2A	
  KO	
  lines	
  (fig.	
  4.5).	
  However,	
  

partial	
  up-­‐regulation	
  of	
  TGFβR3	
  was	
  seen	
  in	
  LMP1	
  KO	
  2,	
  which	
  has	
  higher	
  levels	
  of	
  LMP2A	
  

than	
   LMP1	
   KO	
   1	
   (see	
   fig.	
   4.2A-­‐B).	
   Taken	
   together,	
   these	
   findings	
   suggest	
   that	
   LMP2A	
   is	
  

necessary	
   for	
   the	
   up-­‐regulation	
   of	
   TGFβR3.	
   However,	
   since	
   TGFβR3	
   is	
   only	
   partially	
   up-­‐

regulated	
  in	
  LMP1	
  KO	
  2,	
  which	
  has	
  high	
  expression	
  of	
  LMP2A	
  and	
  of	
  EBNA2	
  (fig.	
  4.2A),	
  this	
  

suggests	
   that	
   LMP1	
   may	
   also	
   contribute	
   to	
   the	
   up-­‐regulation	
   of	
   TGFβR3.	
   Since	
   all	
   three	
  

EBNA2	
  KO	
   lines	
  have	
   low	
   levels	
  of	
   LMP2A,	
   the	
   finding	
   that	
  TGFβR3	
   is	
  not	
  up-­‐regulated	
   in	
  

EBNA2	
   KOs	
   is	
   consistent	
  with	
   LMP2A	
   being	
   necessary	
   for	
   the	
   up-­‐regulation.	
   However,	
   in	
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EBNA2	
  KO	
  (G),	
  which	
  has	
  high	
  expression	
  of	
  LMP1,	
  but	
  very	
  low	
  LMP2A	
  expression,	
  TGFβR3	
  

expression	
  remains	
  low,	
  suggesting	
  that	
  LMP2A	
  makes	
  a	
  greater	
  contribution	
  than	
  LMP1	
  to	
  

the	
  up-­‐regulation	
  of	
  TGFβR3.	
  Nevertheless,	
   since	
   it	
  has	
  not	
  been	
  possible	
   to	
   investigate	
  a	
  

cell	
  line	
  that	
  expresses	
  LMP2A	
  without	
  expressing	
  EBNA2,	
  it	
  is	
  again	
  not	
  possible	
  to	
  exclude	
  

some	
  effect	
   from	
  EBNA2	
   itself	
   upon	
  up-­‐regulation	
   of	
   TGFβR3.	
  Unfortunately,	
   the	
   TGFβR3	
  

antibody	
  for	
  western	
  blot	
  was	
  poor,	
  with	
  high	
  background,	
  and	
  despite	
  several	
  attempts	
  no	
  

adequate	
  western	
  blot	
  could	
  be	
  performed	
  in	
  the	
  LMP1	
  and	
  LMP2A	
  KO	
  cell	
  lines.	
  	
  Table	
  4.2	
  

summarises	
  the	
  findings	
  for	
  TGFβR3	
  in	
  the	
  EBNA2	
  KO,	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  lines.	
  	
  

	
  

	
  

	
  
	
  

	
  
	
  
	
  
	
  

	
  
Figure	
  4.5:	
  TGFβR3	
  mRNA	
  expression	
  in	
  EBNA2	
  KO,	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  BL31	
  cell	
  lines	
  

qRT-­‐PCR	
  for	
  TGFβR3,	
  with	
  values	
  (shown	
  above	
  each	
  bar)	
  expressed	
  as	
  ratio	
  to	
  the	
  endogenous	
  control	
  gene	
  

GNB2L1.	
   Error	
   bars	
   represent	
   standard	
   deviation	
   of	
   triplicate	
   qPCR	
   reactions.	
   Data	
   shown	
   are	
   from	
   an	
  

experiment	
   in	
  which	
   the	
   pattern	
   of	
   variation	
   of	
   values	
   for	
   uninfected,	
   knockout	
   and	
  wild-­‐type	
   infected	
   cell	
  

lines	
  is	
  representative	
  of	
  three	
  separate	
  experiments.	
  	
  

	
  

BL31	
  cell	
  line	
   EBNA2	
  expression	
   LMP1	
  expression	
   LMP2A	
  expression	
   TGFβR3	
  

BL31	
   -­‐	
   -­‐	
   -­‐	
   Low	
  

BL31-­‐WT	
  EBV	
   ++	
   ++	
   ++	
   High	
  

EBNA2	
  KO	
  1	
   -­‐	
   -­‐	
   +	
   Low	
  

EBNA2	
  KO	
  2	
   -­‐	
   +/-­‐	
   +	
   Low	
  

EBNA2	
  KO	
  (G)	
   -­‐	
   +++	
   +	
   Low	
  

LMP1	
  KO	
  1	
   ++	
   -­‐	
   +	
   Low	
  

LMP1	
  KO	
  2	
   ++	
   -­‐	
   ++	
   Intermediate	
  

LMP2A	
  KO	
  1	
   ++	
   -­‐	
   -­‐	
   Low	
  

LMP2A	
  KO	
  2	
   ++	
   -­‐	
   -­‐	
   Low	
  

Table	
  4.2:	
  Summary	
  of	
  effects	
  of	
  EBNA2,	
  LMP1	
  and	
  LMP2A	
  deletion	
  on	
  TGFβR3	
  expression	
  in	
  BL31	
  cells	
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4.6	
  The	
  variation	
  in	
  involvement	
  of	
  EBNA3A	
  in	
  regulation	
  of	
  TGFβR2	
  and	
  TGFβR3	
  	
  

As	
  noted	
  in	
  section	
  3.2.1,	
  there	
  was	
  variation	
  between	
  the	
  different	
  EBNA3A	
  KO	
  cell	
  lines	
  in	
  

TGFβR2	
  expression	
  (fig.	
  3.1A),	
  also	
  seen	
  in	
  the	
  levels	
  of	
  binding	
  in	
  the	
  ChIP	
  assay	
  (see	
  figs.	
  

3.2D	
  and	
  3.12B).	
  	
  	
  

	
  

To	
  investigate	
  this	
  further,	
  TGFβR2	
  expression	
  was	
  investigated	
  several	
  times	
  in	
  the	
  full	
  set	
  

of	
   four	
   BL31	
   EBNA3A	
   KO	
   cell	
   lines	
   available	
   –	
   see	
   figure	
   4.6A	
   for	
   representative	
   data.	
  

Although	
  there	
  was	
  some	
  minor	
  variation	
  between	
  experiments,	
  generally	
  EBNA3A	
  KOs	
  1,	
  3	
  

and	
   4	
   behaved	
   like	
   wild-­‐type	
   EBV,	
   i.e.	
   TGFβR2	
   was	
   repressed	
   in	
   these,	
   suggesting	
   that	
  

EBNA3A	
  is	
  not	
  necessary	
  for	
  the	
  repression.	
  However,	
  in	
  EBNA3A	
  KO	
  2	
  TGFβR2	
  was	
  partially	
  

de-­‐repressed,	
  but	
  generally	
  to	
  a	
  lower	
  extent	
  than	
  for	
  EBNA2,	
  EBNA3B	
  or	
  EBNA3C	
  KOs	
  (fig.	
  

4.6A),	
   although	
   in	
   the	
  particular	
   experiment	
   shown	
   in	
   fig.	
   3.1A	
   the	
   level	
   of	
   de-­‐repression	
  

was	
  approaching	
  that	
  of	
  the	
  EBNA2,	
  EBNA3B	
  and	
  EBNA3C	
  KOs	
  (fig.	
  3.1A).	
  	
  	
  

	
  

Similarly,	
   for	
   TGFβR3	
   expression	
   and	
   ChIP	
   data,	
   there	
   was	
   some	
   variation	
   between	
   the	
  

different	
  EBNA3A	
  KO	
  cell	
  lines	
  (figs.	
  3.11A-­‐B	
  and	
  3.12B-­‐D).	
  When	
  all	
  four	
  available	
  EBNA3A	
  

KO	
  lines	
  were	
  investigated	
  for	
  TGFβR3	
  expression,	
  they	
  were	
  generally	
  seen	
  to	
  fall	
  into	
  two	
  

distinct	
   groups:	
   EBNA3A	
   KO	
   1	
   and	
   KO	
   3	
   showed	
   low	
   levels	
   of	
   TGFβR3,	
   behaving	
   like	
  

uninfected	
  BL31,	
  whereas	
  EBNA3A	
  KO	
  2	
  and	
  KO	
  4	
  showed	
  up-­‐regulation	
  of	
  TGFβR3	
  like	
  wild-­‐

type	
  EBV-­‐infected	
  BL31	
  (fig.	
  4.6B).	
  There	
  was	
  a	
  difference	
  in	
  the	
  way	
  in	
  which	
  these	
  cell	
  lines	
  

were	
   originally	
   grown	
   out:	
   EBNA3A	
   KOs	
   1	
   and	
   3	
   were	
   grown	
   out	
   initially	
   in	
   medium	
  

supplemented	
   with	
   sodium	
   pyruvate	
   and	
   alpha-­‐thioglycerol,	
   whereas	
   KOs	
   2	
   and	
   4	
   were	
  

grown	
   out	
   without	
   these	
   and	
   took	
   a	
   long	
   time	
   to	
   grow	
   out	
   [Rob	
   White,	
   personal	
  

communication	
   and	
   (White	
   et	
   al.	
   2010)].	
   Similar	
   clustering	
   into	
   these	
   two	
  distinct	
   groups	
  

was	
   noted	
   for	
   many	
   genes	
   in	
   the	
   original	
   microarray	
   [www.epstein-­‐barrvirus.org.uk	
   and	
  

(White	
  et	
  al.	
  2010)].	
  However,	
  this	
  was	
  not	
  the	
  case	
  for	
  TGFβR3	
  in	
  the	
  microarray,	
  in	
  which	
  

TGFβR3	
   was	
   up-­‐regulated	
   in	
   all	
   four	
   EBNA3A	
   KO	
   lines,	
   suggesting	
   that	
   EBNA3A	
   was	
   not	
  

necessary	
  (fig.	
  4.6D).	
  The	
  findings	
  for	
  TGFβR2	
  were	
  also	
  generally	
  different	
  from	
  those	
  in	
  the	
  

microarray,	
  since	
  in	
  the	
  microarray	
  TGFβR2	
  expression	
  did	
  cluster	
  into	
  two	
  separate	
  groups,	
  

with	
  TGFβR2	
  being	
  fully	
  repressed	
   in	
  two	
  cell	
   lines	
  and	
  partially	
  de-­‐repressed	
   in	
  the	
  other	
  

two	
  (fig.	
  4.6C).	
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Figure	
  4.6:	
  The	
  expression	
  of	
  TGFβR2	
  and	
  TGFβR3	
  varies	
  markedly	
  between	
  different	
  BL31	
  EBNA3A	
  KO	
  cell	
  

lines	
  	
  

qRT-­‐PCR	
  for	
  (A)	
  TGFβR2	
  and	
  (B)	
  and	
  TGFβR3	
  in	
  the	
  panel	
  of	
  EBNA3A	
  KO	
  BL31	
  cell	
   lines,	
  with	
  BL31,	
  BL31-­‐WT	
  

and	
  EBNA3A	
  revertant.	
  Values	
  are	
  expressed	
  as	
  ratios	
  to	
  the	
  endogenous	
  control	
  gene	
  GNB2L1,	
  with	
  error	
  bars	
  

representing	
  standard	
  deviation	
  of	
  triplicate	
  qPCR	
  reactions.	
  Data	
  shown	
  are	
  from	
  an	
  experiment	
  in	
  which	
  the	
  

pattern	
   of	
   variation	
   of	
   values	
   for	
   uninfected,	
   knockout	
   and	
   wild-­‐type/revertant	
   infected	
   cell	
   lines	
   is	
  

representative	
   of	
   at	
   least	
   three	
   separate	
   experiments.	
   (C-­‐D)	
   Microarray	
   expression	
   of	
   (C)	
   TGFβR2	
   and	
   (D)	
  

TGFβR3	
  in	
  BL31	
  cells	
  infected	
  with	
  wild-­‐type	
  (WT,	
  including	
  revertants)	
  and	
  EBNA3A	
  KO,	
  EBNA3B	
  KO,	
  EBNA3C	
  

KO	
  and	
  total	
  EBNA3	
  KO	
  viruses.	
  The	
  vertical	
  axis	
   represents	
  quantity	
  of	
  mRNA	
  on	
  a	
   log2	
  scale.	
  A	
  value	
  of	
  <3	
  

generally	
   indicates	
   that	
   a	
   gene	
   is	
   not	
   detectably	
   expressed.	
   Each	
   point	
   represents	
   a	
   single	
   cell	
   line.	
   From	
  

[www.epstein-­‐barrvirus.org.uk	
  and	
  (White	
  et	
  al.	
  2010)].	
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In	
  order	
  to	
  investigate	
  other	
  possible	
  reasons	
  for	
  the	
  differences	
  in	
  expression	
  between	
  the	
  

EBNA3A	
  KO	
  cell	
  lines,	
  it	
  was	
  hypothesised	
  that	
  this	
  may	
  be	
  due	
  to	
  differences	
  in	
  expression	
  

of	
  LMP2A,	
  as	
  this	
  had	
  been	
  shown	
  to	
  alter	
  TGFβR2	
  and	
  TGFβR3	
  expression.	
  Western	
  blot	
  for	
  

LMP2A	
   in	
   the	
  panel	
  of	
   EBNA3A,	
  EBNA3B	
  and	
  EBNA3C	
  KO	
  and	
   revertant	
   cell	
   lines	
   showed	
  

marked	
  differences	
  in	
  expression	
  between	
  the	
  different	
  EBNA3A	
  KO	
  cell	
   lines,	
  whereas	
  for	
  

the	
  EBNA3B	
  KO	
  and	
  EBNA3C	
  KO	
  lines	
  expression	
  levels	
  were	
  similar	
  to	
  each	
  other	
  and	
  to	
  the	
  

revertants	
  and	
  wild-­‐type	
  viruses	
  (fig.	
  4.7).	
  In	
  particular,	
  EBN3A	
  KO	
  3	
  has	
  extremely	
  low	
  levels	
  

of	
  LMP2A	
  expression,	
  and	
  EBN3A	
  KO	
  2	
  also	
  has	
  reduced	
  levels	
  compared	
  to	
  the	
  other	
  cell	
  

lines.	
  However,	
  these	
  findings	
  do	
  not	
  explain	
  the	
  differences	
  in	
  behaviour	
  of	
  the	
  EBNA3A	
  KO	
  

lines	
  for	
  either	
  TGFβR2	
  or	
  TGFβR3	
  expression.	
  	
  

	
  

It	
  was	
  also	
  determined	
  whether	
  differences	
  in	
  TGFβR2	
  or	
  TGFβR3	
  expression	
  could	
  be	
  due	
  

to	
  differences	
  in	
  proliferation	
  rate	
  at	
  the	
  time	
  of	
  experiments;	
  however,	
  no	
  correlation	
  was	
  

identified	
  between	
  the	
  cell	
  count	
  24	
  hours	
  prior	
  to	
  harvest	
  and	
  the	
  TGFβR2	
  expression	
  in	
  a	
  

particular	
   experiment	
   (data	
   not	
   shown);	
   nevertheless,	
   it	
   was	
   generally	
   observed	
   that	
   the	
  

EBNA3A	
  KO	
  2	
  and	
  4	
  cell	
  lines,	
  particularly	
  EBNA3A	
  KO	
  2,	
  proliferated	
  at	
  a	
  significantly	
  slower	
  

rate	
   than	
   other	
   cell	
   lines,	
   correlating	
  with	
   the	
   original	
   rate	
   of	
   outgrowth	
   of	
   the	
   cell	
   lines	
  

(White	
  et	
  al.	
  2010).	
  However,	
  it	
  is	
  not	
  clear	
  how	
  the	
  differences	
  in	
  proliferation	
  rate	
  would	
  

explain	
  the	
  differences	
  in	
  TGFβR3	
  expression.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  4.7:	
  LMP2A	
  expression	
  varies	
  between	
  EBNA3A	
  KO	
  cell	
  lines	
  	
  

Western	
  blot	
  for	
  LMP2A	
  in	
  a	
  panel	
  of	
  EBNA3A,	
  EBNA3B	
  and	
  EBN3C	
  KO	
  cell	
  lines	
  and	
  their	
  revertants.	
  γ-­‐tubulin	
  

is	
  shown	
  as	
  a	
  loading	
  control.	
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4.7	
  Discussion	
  	
  

The	
  involvement	
  of	
  LMP1	
  and	
  LMP2A	
  in	
  repression	
  of	
  TGFβR2	
  

Since	
   the	
  EBNA2	
  KO	
  cell	
   lines	
  also	
   showed	
  expression	
  of	
  TGFβR2	
  and	
   restoration	
  of	
  TGFβ	
  

signalling	
  (figs.	
  3.1A-­‐B	
  and	
  3.7B),	
  this	
  led	
  to	
  an	
  investigation	
  of	
  whether	
  LMP1	
  and/or	
  LMP2A	
  

might	
  be	
   responsible,	
   since	
  EBNA2	
  drives	
   the	
  expression	
  of	
   LMP1	
  and	
  LMP2A.	
  To	
  explore	
  

their	
  role,	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  viruses	
  were	
  used	
  to	
  infect	
  EBV-­‐negative	
  BL31	
  cells,	
  thus	
  

establishing	
  new	
  BL31	
  LMP1	
  KO	
  and	
  BL31	
  LMP2A	
  KO	
  cell	
  lines.	
  Investigation	
  of	
  the	
  effects	
  of	
  

LMP1	
   and	
   LMP2A	
   deletion	
   suggested	
   that	
   both	
   LMP1	
   and	
   LMP2A	
   are	
   necessary	
   for	
   the	
  

repression	
  of	
  TGFβR2	
  and	
  suppression	
  of	
  TGFβ	
  signalling	
  (figs.	
  4.3A-­‐C),	
  although	
  an	
  effect	
  of	
  

EBNA2	
  itself	
  also	
  could	
  not	
  be	
  entirely	
  excluded.	
  

	
  

LMP1	
  and	
  LMP2A	
  are	
  both	
  membrane	
  receptors	
  and	
  thus	
  do	
  not	
  have	
  direct	
  transcription	
  

factor	
   activity.	
   In	
   epithelial	
   cells	
   LMP1	
   and	
   LMP2A	
   cooperate	
   to	
   regulate	
   microRNA	
  

expression	
  (Du	
  et	
  al.	
  2011),	
  and	
  synergistic	
  cooperation	
  between	
  LMP1	
  and	
  LMP2A	
  has	
  also	
  

been	
  shown	
  to	
  promote	
  carcinogenesis	
  in	
  a	
  transgenic	
  mouse	
  model	
  (Shair	
  et	
  al.	
  2012).	
  	
  In	
  

addition,	
  LMP2A	
  has	
  been	
  shown	
  to	
  augment	
  signalling	
  by	
  LMP1	
  indirectly	
  in	
  epithelial	
  cells,	
  

by	
  reducing	
  the	
  turnover	
  of	
  LMP1	
  (Dawson	
  et	
  al.	
  2001).	
  	
  

	
  

However,	
  the	
  two	
  proteins	
  can	
  also	
  sometimes	
  have	
  non-­‐synergistic	
  effects	
  in	
  B	
  cells.	
  LMP1	
  

requires	
   co-­‐expression	
   of	
   LMP2A	
   for	
   NFκB	
   activation	
   in	
   B	
   cells,	
   suggesting	
   that	
   LMP1	
   is	
  

dependent	
   on	
   the	
   presence	
   of	
   LMP2A	
   for	
   its	
   function,	
   rather	
   than	
   the	
   two	
   working	
  

synergistically	
   (Guasparri	
   et	
   al.	
   2008).	
   In	
   a	
   transgenic	
  mouse	
  model,	
   LMP1	
   alone	
   induced	
  

expression	
  of	
  TRAF2	
  (TNF-­‐receptor	
  associated	
  factor	
  2)	
  in	
  B	
  cells,	
  but	
  when	
  LMP2A	
  was	
  co-­‐

expressed	
  with	
  LMP1	
  this	
  induction	
  was	
  no	
  longer	
  seen.	
  It	
  is	
  thought	
  therefore	
  that	
  LMP2A	
  

modulates	
   the	
   hyperproliferation	
   of	
   B	
   cells	
   caused	
   by	
   LMP1,	
   as	
   TRAF2	
   mediates	
   cell	
  

proliferation	
  via	
  NFκB	
  activation	
  (Vrazo	
  et	
  al.	
  2012).	
  	
  

	
  

In	
  B	
  cells,	
  LMP1	
  and	
  LMP2A	
  both	
  alter	
  several	
  signalling	
  pathways	
  and	
  thus	
  can	
  alter	
  gene	
  

transcription	
   indirectly.	
  A	
  microarray	
  analysis	
  of	
  splenic	
  CD19	
  positive	
  B	
  cells	
   in	
  transgenic	
  

mice	
  expressing	
  LMP1,	
  LMP2A	
  or	
  both	
  showed	
  that	
  LMP2A	
  expression	
  regulated	
  3808	
  B	
  cell	
  

genes,	
  LMP1	
  alone	
  regulated	
  1660	
  genes	
  and	
  co-­‐expression	
  of	
  LMP1	
  and	
  LMP2A	
  regulated	
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1656	
  genes.	
  Of	
  genes	
  regulated	
  by	
  co-­‐expression	
  of	
  LMP1	
  and	
  LMP2A,	
  30%	
  were	
  uniquely	
  

regulated	
  by	
  the	
  co-­‐expression	
  of	
  LMP1	
  and	
  LMP2A	
  (Shair	
  and	
  Raab-­‐Traub	
  2012).	
  	
  

	
  

In	
   the	
   transgenic	
   mouse	
   model	
   microarray	
   analysis,	
   components	
   of	
   the	
   TGFβ	
   signalling	
  

pathway	
  were	
  altered	
  by	
  LMP2A	
  expression	
  (39	
  genes	
  within	
  the	
  pathway)	
  and	
  by	
  LMP1/2A	
  

expression	
  (18	
  genes	
  within	
  the	
  pathway)	
  but	
  none	
  by	
  LMP1	
  alone.	
  Although	
  all	
  the	
  data	
  for	
  

these	
   genes	
   is	
   not	
   available,	
   there	
   is	
   a	
   suggestion	
   that	
   LMP2A	
   expression	
   alone	
   down-­‐

regulated	
  TGFβR2	
  in	
  this	
  system	
  (Shair	
  and	
  Raab-­‐Traub	
  2012),	
  i.e.	
  that	
  LMP2A	
  alone	
  may	
  be	
  

sufficient	
  to	
  down-­‐regulate	
  TGFβR2,	
  but	
  the	
  addition	
  of	
  LMP1	
  did	
  not	
  alter	
  this.	
  However,	
  in	
  

the	
   current	
   study	
   expression	
   of	
   both	
   LMP1	
   and	
   LMP2A	
   appears	
   to	
   contribute	
   to	
   the	
  

repression	
  of	
  TGFβR2	
  -­‐	
  although	
  because	
  of	
  the	
  variations	
  in	
  expression	
  of	
  the	
  other	
  latent	
  

proteins	
  in	
  the	
  knockout	
  cell	
  lines	
  it	
  is	
  not	
  possible	
  to	
  be	
  entirely	
  sure	
  of	
  the	
  contribution	
  of	
  

each.	
  Ideally,	
  to	
  determine	
  which	
  of	
  EBNA2,	
  LMP1	
  or	
  LMP2A	
  are	
  necessary	
  for	
  repression	
  of	
  

TGFβR2,	
  cell	
  lines	
  would	
  be	
  needed	
  which	
  express	
  full	
  amounts	
  of	
  every	
  latent	
  protein	
  but	
  

none	
  of	
   the	
  protein	
  of	
   interest,	
   i.e.	
   LMP1+/LMP2A+/EBNA2-­‐,	
   EBNA2+	
   LMP1+	
   LMP2A-­‐	
   and	
  

EBNA2+/LMP2A+/LMP1-­‐.	
  However,	
  in	
  the	
  current	
  study	
  only	
  one	
  of	
  these	
  combinations	
  was	
  

available,	
  namely	
  LMP1	
  KO	
  2	
  which	
  had	
  full	
  expression	
  of	
  EBNA2	
  and	
  LMP2A;	
  all	
  the	
  other	
  

EBNA2/LMP1/LMP2A	
  KO	
  lines	
  had	
  reduced	
  expression	
  of	
  an	
  additional	
  latent	
  protein	
  to	
  that	
  

which	
  was	
  knocked	
  out	
   (see	
   table	
  4.1).	
  The	
   reasons	
   for	
   lack	
  of/reduced	
  expression	
  of	
   the	
  

additional	
  latent	
  proteins	
  in	
  the	
  knockouts	
  will	
  be	
  discussed	
  further	
  below.	
  	
  

	
  

In	
  summary,	
  EBNA3B,	
  EBNA3C,	
  LMP1	
  and	
  LMP2A	
  cooperate	
  to	
  up-­‐regulate	
  TGFβR3,	
  as	
  well	
  

as	
  down-­‐regulate	
  TGFβR2,	
  although	
  the	
  contribution	
  of	
  LMP1	
  appears	
  to	
  be	
  less	
  than	
  that	
  of	
  

LMP2A.	
  

	
  

LMP1	
  expression	
  in	
  the	
  EBNA2	
  KO	
  and	
  LMP2A	
  KO	
  lines	
  

The	
  initial	
  finding	
  that	
  EBNA2	
  KO	
  cell	
  lines	
  also	
  showed	
  de-­‐repression	
  of	
  TGFβR2	
  led	
  to	
  the	
  

hypothesis	
  that	
  the	
  changes	
  may	
  have	
  been	
  due	
  to	
  LMP1	
  or	
  LMP2A,	
  since	
  EBNA2	
  generally	
  

transactivates	
   LMP1,	
   LMP2A	
   and	
   LMP2B.	
   Prior	
   to	
   that	
   the	
   findings	
   were	
   confirmed	
   by	
  

investigating	
  all	
   three	
  BL31	
  EBNA2	
  KO	
   lines.	
   In	
  all	
   three,	
  TGFβR2	
  was	
  expressed	
  and	
  TGFβ	
  

signalling	
   restored.	
   However,	
   investigation	
   of	
   the	
   expression	
   of	
   LMP1	
   in	
   these	
   cell	
   lines	
  

surprisingly	
  showed	
  that	
  EBNA2	
  KO	
  (G)	
  had	
  full	
  expression	
  of	
  LMP1	
  at	
  both	
  RNA	
  and	
  protein	
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levels	
   (fig.	
   4.4B-­‐C).	
   Of	
   the	
   other	
   two	
   lines,	
   EBNA2	
   KO	
   1	
   also	
   had	
   a	
   low	
   level	
   of	
   LMP1	
  

expression,	
  but	
  EBNA2	
  KO	
  2	
  did	
  not	
  (figs.	
  4.4A-­‐C).	
  

	
  

When	
  the	
  BL31	
  EBNA2	
  KO	
  (G)	
  cell	
  line	
  was	
  first	
  established,	
  it	
  was	
  confirmed	
  that	
  it	
  did	
  not	
  

express	
  any	
  EBNA2	
  or	
  LMP1	
  protein	
  (Kelly	
  et	
  al.	
  2005);	
  yet	
  in	
  the	
  experiments	
  performed	
  in	
  

the	
   current	
   study,	
   LMP1	
   is	
   expressed	
  at	
   a	
   significant	
   level	
   (fig.	
   4.4B-­‐C).	
   This	
   suggests	
   that	
  

over	
   time,	
   with	
   repeated	
   passage	
   in	
   vitro,	
   the	
   BL31	
   EBNA2	
   KO	
   (G)	
   cell	
   line	
   has	
   acquired	
  

expression	
  of	
  LMP1	
  –	
  and	
  this	
  in	
  turn	
  suggests	
  that	
  LMP1	
  expression	
  may	
  provide	
  a	
  growth	
  

advantage.	
  LMP1	
  functions	
   in	
  multiple	
  ways	
  to	
  protect	
  cells	
  from	
  apoptosis	
  (Henderson	
  et	
  

al.	
  1991,	
  Faqing	
  et	
  al.	
  2005,	
  Kim	
  et	
  al.	
  2012),	
  as	
  well	
  as	
  to	
  protect	
  cells	
  from	
  ligands	
  which	
  

inhibit	
   proliferation	
   (Takanashi	
   et	
   al.	
   1999,	
   Lo	
   et	
   al.	
   2010,	
   De	
   Leo	
   et	
   al.	
   2011).	
   Thus	
   the	
  

acquisition	
  of	
  LMP1	
  expression	
  in	
  a	
  sub-­‐clone	
  would	
  provide	
  a	
  growth	
  advantage	
  in	
  culture.	
  	
  	
  

During	
   these	
   experiments	
   it	
   was	
   noticeable	
   that	
   the	
   EBNA2	
   KO	
   cell	
   lines	
   generally	
  

proliferated	
  more	
  rapidly	
  than	
  wild-­‐type	
  or	
  other	
  knockout	
  cell	
  lines.	
  However,	
  there	
  was	
  no	
  

obvious	
  difference	
  between	
  the	
  growth	
  rates	
  of	
  the	
  particular	
  EBNA2	
  KO	
  lines,	
  although	
  this	
  

was	
  not	
  formally	
  investigated.	
  	
  

	
  

In	
  type	
  III	
  latency	
  transcription	
  of	
  LMP1	
  is	
  under	
  control	
  of	
  EBNA2,	
  as	
  EBNA2	
  regulates	
  the	
  

viral	
  LMP1	
  promoter	
  (Wang	
  et	
  al.	
  1990b).	
  However,	
  in	
  type	
  II	
  latency	
  EBNA2	
  is	
  not	
  present,	
  

so	
   transcription	
   of	
   LMP1	
   must	
   occur	
   via	
   an	
   alternative	
   mechanism.	
   In	
   a	
   reporter	
   assay	
  

system,	
  CCAAT	
  enhancer	
  binding	
  protein	
  (C/EBP)	
  was	
  shown	
  to	
  activate	
  the	
  LMP1	
  promoter	
  

independently	
  of	
  EBNA2	
  	
  (Noda	
  et	
  al.	
  2011).	
  In	
  B	
  cells,	
  LMP1	
  can	
  be	
  induced	
  in	
  the	
  absence	
  

of	
  EBNA2	
  by	
  treatment	
  with	
  IL-­‐4,	
  IL-­‐10,	
  IL-­‐13	
  or	
  CD40	
  ligand	
  	
  (Kis	
  et	
  al.	
  2005,	
  Kis	
  et	
  al.	
  2006,	
  

Kis	
  et	
  al.	
  2011).	
  In	
  addition,	
  it	
  has	
  been	
  shown	
  that	
  exposure	
  to	
  IL-­‐21	
  induces	
  LMP1,	
  without	
  

EBNA2	
  induction,	
  in	
  B	
  cells	
  (Kis	
  et	
  al.	
  2010).	
  	
  

	
  

In	
  the	
  presence	
  of	
  EBNA2	
  (i.e.	
  in	
  latency	
  III),	
  EBNA3C	
  can	
  enhance	
  or	
  inhibit	
  the	
  activation	
  of	
  

the	
  LMP1	
  promoter	
  by	
  EBNA2,	
  depending	
  on	
  the	
  cell	
  type	
  and	
  growth	
  conditions	
  (Marshall	
  

and	
  Sample	
  1995,	
  Lin	
  et	
  al.	
  2002).	
  EBNA3C	
  maintains	
  the	
  level	
  of	
  LMP1	
  (Allday	
  and	
  Farrell	
  

1994)	
  and	
  binds	
  to	
  and	
  regulates	
  the	
  bidirectional	
  LMP1/LMP2B	
  promoter	
  (Jimenez-­‐Ramirez	
  

et	
  al.	
  2006).	
  Thus	
  in	
  EBNA2	
  KO	
  lines,	
  EBNA3C	
  could	
  drive	
  expression	
  of	
  LMP1	
  in	
  the	
  absence	
  

of	
   EBNA2.	
  However,	
   the	
  major	
   caveat	
   is	
   that	
   all	
   the	
   EBNA3C	
  experiments	
  were	
  based	
  on	
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transient	
  reporter	
  assays	
  and	
  in	
  KO	
  and	
  conditional	
  lines,	
  EBNA3C	
  does	
  not	
  appear	
  to	
  alter	
  

LMP1	
  expression.	
  

	
  

It	
   is	
   not	
   clear	
   exactly	
   how	
   BL31	
   EBNA2	
   KO	
   (G)	
   would	
   have	
   acquired	
   an	
   initial	
  

mutation/epigenetic	
  lesion	
  enabling	
  it	
  to	
  express	
  LMP1.	
  It	
  would	
  be	
  interesting	
  to	
  sequence	
  

the	
  LMP1	
   region	
   in	
   the	
  BL31	
  EBNA2	
  KO	
   (G)	
   line,	
  as	
  used	
   in	
   the	
  current	
   study,	
   in	
  order	
   to	
  

ascertain	
  whether	
  and	
  how	
  the	
  sequence	
  differs	
  from	
  that	
  of	
  the	
  original	
  cell	
   line	
  (Kelly	
  et	
  

al.	
  2005).	
  

	
  

The	
  two	
  BL31	
  LMP2A	
  KO	
  cell	
   lines,	
  LMP2A	
  KO	
  1	
  and	
  LMP2A	
  KO	
  2,	
  were	
  also	
  unexpectedly	
  

found	
  to	
  express	
  no,	
  or	
  extremely	
  low	
  LMP1,	
  respectively	
  at	
  both	
  mRNA	
  and	
  protein	
  levels	
  

(fig.	
  4.2A,C-­‐D).	
  The	
  reason	
   for	
   this	
  was	
  not	
  clear.	
  However,	
   in	
  a	
   recent	
  study	
   investigating	
  

the	
  effects	
  of	
  LMP2A	
  and	
  LMP2B	
  on	
  early	
  EBV	
  infection	
  of	
  primary	
  B	
  cells,	
  using	
  the	
  same	
  

LMP2A	
   KO	
   virus	
   construct	
   as	
   in	
   the	
   current	
   study,	
   LMP1	
   expression	
   was	
   reduced	
   with	
  

viruses	
   lacking	
   LMP2A	
   alone,	
   or	
   lacking	
   both	
   LMP2A	
   and	
   LMP2B,	
   compared	
   to	
   wild-­‐type	
  

virus	
   in	
   the	
   first	
   six	
   days	
   after	
   infection	
   (particularly	
   for	
   the	
   double	
   LMP2A/2B	
   knockout	
  

virus),	
  although	
  this	
  difference	
  was	
  not	
  statistically	
   significant.	
  When	
  primary	
  B	
  cells	
  were	
  

infected	
   with	
   the	
   viruses	
   in	
   the	
   presence	
   of	
   soluble	
   Ig	
   as	
   a	
   BCR	
   stimulating	
   agent,	
   the	
  

expression	
   of	
   LMP1	
   mRNA	
   was	
   significantly	
   reduced	
   in	
   the	
   LMP2A	
   KO,	
   and	
   even	
   more	
  

markedly	
   in	
   the	
  LMP2A/B	
  KO,	
  compared	
  to	
  wild-­‐type	
  virus.	
  This	
  was	
  despite	
  similar	
  LMP1	
  

mRNA	
  expression	
  in	
  wild-­‐type,	
  LMP2A	
  KO	
  and	
  LMP2A/B	
  KO	
  cell	
  lines	
  in	
  the	
  BAC-­‐containing	
  

HEK293	
  cells	
  (Wasil	
  et	
  al.	
  2013).	
  Nevertheless,	
  the	
  reason	
  for	
  this	
  is	
  unclear.	
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  The	
  effects	
  of	
   latent	
  EBV	
  on	
  TGFβ-­‐induced	
  apoptosis	
  and	
  Chapter	
  5

cell	
  cycle	
  arrest	
  in	
  BL31	
  cells	
  

5.1	
  Introduction	
  

TGFβ1	
   generally	
   induces	
   apoptosis	
   or	
   cell	
   cycle	
   arrest	
   in	
  B	
   cells,	
   and	
   several	
   studies	
   have	
  

shown	
  that	
  latency	
  III	
  EBV	
  protects	
  against	
  these	
  effects.	
  However,	
  the	
  exact	
  mechanism	
  of	
  

this	
  is	
  not	
  fully	
  understood,	
  in	
  particular	
  whether	
  TGFβ-­‐mediated	
  apoptosis	
  or	
  arrest	
  occurs	
  

via	
  TGFβR2	
  and	
  pSMAD2.	
  TGFβ	
  has	
  been	
  shown	
  to	
  induce	
  cell	
  cycle	
  arrest	
  in	
  EBV-­‐negative	
  

BL	
   (Blomhoff	
   et	
   al.	
   1987,	
   Smeland	
   et	
   al.	
   1987,	
  Wang	
   et	
   al.	
   1988,	
   Arvanitakis	
   et	
   al.	
   1995,	
  

Chaouchi	
  et	
  al.	
  1995,	
  MacDonald	
  et	
  al.	
  1996,	
  Inman	
  and	
  Allday	
  2000b).	
  This	
  has	
  also	
  been	
  

demonstrated	
  in	
  some	
  group	
  I	
  EBV-­‐positive	
  BLs,	
  which	
  express	
  only	
  EBNA1	
  (MacDonald	
  et	
  

al.	
   1996,	
   Inman	
   and	
  Allday	
   2000b).	
  However,	
   EBV-­‐positive	
   BL	
   lines	
   are	
   resistant	
   to	
   TGFβ-­‐

induced	
   growth	
   arrest	
   (Blomhoff	
   et	
   al.	
   1987,	
   Altiok	
   et	
   al.	
   1991,	
   Kumar	
   et	
   al.	
   1991,	
  

Arvanitakis	
  et	
  al.	
  1995,	
  MacDonald	
  et	
  al.	
  1996,	
  Inman	
  and	
  Allday	
  2000b).	
  	
  

	
  

In	
   epithelial	
   cells,	
   TGFβ-­‐induced	
   apoptosis	
   is	
   dependent	
   on	
   or	
   enhanced	
   by	
   SMAD3	
  

(Yanagisawa	
   et	
   al.	
   1998,	
   Kim	
   et	
   al.	
   2002,	
   Yang	
   et	
   al.	
   2002).	
   Although	
   the	
   importance	
   of	
  

phosphorylated	
  SMAD3	
  for	
  TGFβ-­‐induced	
  apoptosis	
  had	
  also	
  been	
  shown	
  in	
  murine	
  B	
  cells	
  

(Wildey	
  et	
  al.	
  2003),	
  at	
  the	
  start	
  of	
  this	
  study	
  the	
  importance	
  of	
  SMAD3	
  relative	
  to	
  SMAD2	
  

for	
   apoptosis	
   in	
   human	
  B	
   cells	
  was	
   not	
   known.	
   Furthermore,	
  many	
   cellular	
   pathways	
   are	
  

involved	
   in	
   regulation	
   of	
   apoptosis	
   and	
   growth	
   arrest,	
   and	
   thus	
   TGFβ	
   may	
   induce	
   these	
  

effects	
  via	
  non-­‐canonical	
  pathways	
  or	
  by	
  cross-­‐talk	
  with	
  other	
  signalling	
  pathways.	
  	
  

	
  

Latent	
  EBV	
  infection	
  protects	
  against	
  apoptosis	
  induced	
  by	
  many	
  other	
  agents	
  [reviewed	
  in	
  

(Allday	
  2009,	
  Spender	
  and	
  Inman	
  2011)].	
  For	
  example,	
  EBV	
  prevents	
  apoptosis	
  in	
  response	
  

to	
  ionomycin	
  or	
  staurosporine	
  by	
  blocking	
  the	
  accumulation	
  of	
  pro-­‐apoptotic	
  NOXA	
  (Yee	
  et	
  

al.	
   2011),	
   EBNA3A	
   and	
   EBNA3C	
   cooperate	
   to	
   repress	
   pro-­‐apoptotic	
   BIM	
   (Anderton	
   et	
   al.	
  

2008,	
   Paschos	
   et	
   al.	
   2009),	
   and	
   expression	
   of	
   LMP1	
   and	
   LMP2A	
   are	
   protective	
   against	
  

apoptosis,	
  via	
  activation	
  of	
  NFκB,	
  PI3K/Akt	
  and	
  ERK/MAPK	
  pathways	
  (Henderson	
  et	
  al.	
  1991,	
  

Portis	
   and	
  Longnecker	
  2004,	
  Mancao	
  and	
  Hammerschmidt	
  2007).	
   Therefore,	
   the	
  effect	
  of	
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EBV	
   on	
   TGFβ-­‐induced	
   apoptosis/arrest	
  may	
   not	
   occur	
   directly	
   via	
   alterations	
   in	
   canonical	
  

TGFβ	
  signalling.	
  

	
  

In	
  this	
  chapter	
  the	
  effect	
  of	
  latent	
  EBV	
  on	
  TGFβ-­‐induced	
  apoptosis	
  and/or	
  growth	
  arrest	
  was	
  

investigated	
   in	
   BL31	
   cells.	
   The	
   effect	
   of	
   deletion	
   of	
   individual	
   latent	
   proteins	
   was	
  

investigated,	
   in	
  order	
   to	
  determine	
  whether	
   the	
  repression	
  of	
  TGFβR2	
  and	
  suppression	
  of	
  

signalling	
  via	
  pSMAD2	
  was	
  associated	
  with	
   the	
  protection	
  against	
  TGFβ-­‐induced	
  apoptosis	
  

or	
  growth	
  arrest.	
  	
  

	
  

5.2	
  Latent	
  EBV	
  protects	
  against	
  TGFβ-­‐induced	
  apoptosis	
  in	
  BL31	
  cells	
  

TGFβ	
  is	
  generally	
  pro-­‐apoptotic	
  and/or	
  anti-­‐proliferative	
  in	
  B	
  cells,	
  although	
  the	
  effect	
  varies	
  

depending	
  on	
   the	
  particular	
   cell	
   line,	
   even	
  among	
  BL-­‐derived	
   cell	
   lines	
   (Inman	
  and	
  Allday	
  

2000b).	
  In	
  addition,	
  some	
  studies	
  have	
  shown	
  that	
  both	
  G1	
  arrest	
  and	
  apoptosis	
  can	
  occur	
  

in	
  the	
  same	
  cell	
  line	
  in	
  response	
  to	
  TGFβ,	
  via	
  distinct	
  mechanisms,	
  with	
  G1	
  arrest	
  followed	
  

by	
  subsequent	
  apoptosis	
  (MacDonald	
  et	
  al.	
  1996,	
  Schrantz	
  et	
  al.	
  1999).	
  The	
  effect	
  of	
  TGFβ	
  

on	
  BL31	
  survival	
  was	
  not	
  known.	
  	
  

	
  

The	
   presence	
   of	
   latency	
   III	
   EBV	
   expression	
   generally	
   confers	
   resistance	
   to	
   the	
   effects	
   of	
  

TGFβ,	
  and	
  therefore	
  it	
  was	
  hypothesised	
  that	
  BL31	
  cells	
  would	
  undergo	
  either	
  apoptosis	
  or	
  

G1	
  arrest	
  in	
  response	
  to	
  TGFβ,	
  and	
  this	
  would	
  be	
  abrogated	
  by	
  EBV	
  infection.	
  EBV-­‐negative	
  

BL31	
   and	
   B95.8-­‐BAC	
   infected	
   BL31	
   cells	
   (BL31-­‐WT)	
   were	
   initially	
   treated	
   with	
   TGFβ	
   at	
   a	
  

concentration	
  of	
  5ng/ml	
  or	
  vehicle	
  alone.	
  Samples	
  were	
  then	
  harvested	
  at	
  various	
  times	
  up	
  

to	
  48	
  hours.	
  Samples	
  were	
  analysed	
  by	
  western	
  blot	
  for	
  total	
  and	
  cleaved	
  poly	
  ADP	
  ribose	
  

polymerase	
   (PARP),	
   a	
   measure	
   of	
   apoptosis,	
   as	
   well	
   as	
   propidium	
   iodide	
   (PI)	
   staining	
  

analysis	
  by	
  flow	
  cytometry	
  (FC)	
  to	
  show	
  the	
  DNA	
  content.	
  	
  

	
  

Treatment	
   of	
   BL31	
   and	
   BL31-­‐WT	
   with	
   TGFβ	
   or	
   vehicle	
   for	
   48	
   hours	
   revealed	
   that	
   TGFβ	
  

induced	
  PARP	
  cleavage	
  in	
  uninfected	
  BL31,	
  but	
  in	
  BL31-­‐WT,	
  PARP	
  remained	
  uncleaved	
  and	
  

thus	
  no	
  apoptosis	
  occurred	
  (fig.	
  5.1A).	
  When	
  the	
  samples	
  were	
  analysed	
  by	
  PI	
  staining	
  and	
  

FC	
  for	
  DNA	
  content,	
  there	
  was	
  a	
  modest	
  increase	
  in	
  the	
  sub-­‐G1	
  component	
  in	
  TGFβ-­‐treated	
  

compared	
   to	
   untreated	
   BL31	
   at	
   48	
   hours	
   (10.3%	
   versus	
   4.6%,	
   fig.	
   5.1B,	
   upper	
   figures),	
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consistent	
   with	
   apoptosis	
   having	
   occurred.	
   However,	
   this	
   was	
   not	
   as	
   marked	
   as	
   has	
  

generally	
  been	
  seen	
  for	
  apoptosis	
  induced	
  by	
  TGFβ1	
  or	
  other	
  agents	
  in	
  other	
  cell	
  lines	
  [see	
  

for	
  instance	
  (Inman	
  and	
  Allday	
  2000b)].	
  This	
  may	
  be	
  because	
  cells	
  are	
  dying	
  in	
  all	
  phases	
  of	
  

the	
   cell	
   cycle,	
   i.e.	
   PARP	
   cleavage	
   does	
   not	
   correlate	
   entirely	
   with	
   sub-­‐G1	
   on	
   FC	
   analysis,	
  

although	
   a	
   previous	
   study	
   generally	
   found	
   good	
   correlation	
   between	
   these	
   within	
   each	
  

particular	
   cell	
   line	
   (Inman	
   and	
   Allday	
   2000b).	
   In	
   BL31-­‐WT,	
   no	
   difference	
   in	
   the	
   cell	
   cycle	
  

profile	
  was	
  seen	
  with	
  or	
  without	
  exogenous	
  TGFβ1	
  (fig.	
  5.1B,	
   lower	
   figures).	
  These	
  results	
  

together	
   suggest	
   that	
   in	
  BL31	
  TGFβ	
   induces	
  apoptosis,	
   and	
   that	
  wild-­‐type	
  EBV	
  suppresses	
  

apoptosis	
  and	
  enhances	
  survival.	
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Figure	
  5.1:	
  TGFβ1	
  induces	
  apoptosis	
  in	
  EBV-­‐uninfected	
  BL31	
  cells,	
  but	
  wild-­‐type	
  EBV	
  protects	
  against	
  this	
  	
  

(A)	
  Western	
  blot	
  for	
  PARP	
  in	
  uninfected	
  and	
  wild-­‐type	
  EBV-­‐infected	
  (BL31-­‐WT)	
  BL31	
  cells	
  before	
  (time	
  0)	
  and	
  

48	
  hours	
  after	
  treatment	
  with	
  TGFβ1	
  5ng/ml	
  or	
  vehicle	
  (2mg/ml	
  BSA	
  in	
  PBS,	
  -­‐TGFβ1).	
  γ-­‐tubulin	
  is	
  shown	
  as	
  a	
  

loading	
  control.	
  (B)	
  Cell	
  cycle	
  analysis	
  by	
  propidium	
  iodide	
  staining	
  and	
  FC	
  in	
  uninfected	
  (upper)	
  and	
  wild-­‐type	
  

infected	
   (lower)	
   BL31	
   cells	
   treated	
   with	
   TGFβ1	
   5ng/ml	
   (left	
   side)	
   or	
   vehicle	
   alone	
   (right	
   side),	
   showing	
   an	
  

increased	
   sub-­‐G1	
   component,	
   consistent	
   with	
   increased	
   apoptosis,	
   with	
   TGFβ1	
   treatment	
   in	
   BL31	
   but	
   not	
  

BL31-­‐WT.	
  	
  

	
  

	
  

-­‐TGFβ1	
  

A	
  

B	
  

BL31	
  

BL31	
  
-­‐WT	
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5.3	
  EBNA3B	
  and	
  EBNA3C	
  are	
  not	
  necessary	
  for	
  protection	
  against	
  TGFβ-­‐induced	
  apoptosis	
  

It	
   was	
   hypothesised	
   that	
   TGFβ-­‐induced	
   apoptosis	
   in	
   BL31	
   may	
   occur	
   via	
   TGFβR2	
   and	
  

induction	
   of	
   pSMAD2,	
   and	
   therefore	
   that	
   the	
   same	
   latent	
   proteins	
   which	
   cooperate	
   to	
  

repress	
   TGFβR2	
   and	
   suppress	
   TGFβ	
   signalling	
   would	
   protect	
   against	
   TGFβ-­‐induced	
  

apoptosis.	
   The	
   effect	
   of	
   EBNA3B	
   and	
   EBNA3C	
   deletion	
   on	
   TGFβ-­‐induced	
   apoptosis	
   were	
  

investigated.	
  

	
  

The	
  panel	
  of	
  EBNA3B	
  KO	
  and	
  EBNA3C	
  KO,	
  as	
  well	
  as	
  respective	
  revertants	
  to	
  wild-­‐type,	
  BL31	
  

cell	
  lines	
  were	
  treated	
  with	
  TGFβ	
  or	
  vehicle	
  for	
  48	
  hours	
  and	
  samples	
  harvested,	
  as	
  before,	
  

for	
  western	
   blot	
   for	
   PARP	
   and	
   for	
   PI-­‐stained	
   FC	
   analysis.	
   This	
   showed	
   that	
   there	
  was	
   no	
  

PARP	
  cleavage	
  in	
  EBNA3B	
  KO	
  or	
  EBNA3C	
  KO,	
  as	
  seen	
  in	
  the	
  revertants,	
  whereas	
   increased	
  

PARP	
  cleavage	
  was	
  again	
  seen	
  in	
  uninfected	
  BL31	
  treated	
  with	
  TGFβ1	
  compared	
  to	
  vehicle,	
  

consistent	
   with	
   TGFβ-­‐induced	
   apoptosis	
   (fig.	
   5.2A).	
   Analysis	
   of	
   the	
   same	
   cell	
   lines	
   by	
   PI-­‐

stained	
  FC	
  showed	
  no	
  difference	
  in	
  the	
  cell	
  cycle	
  profile	
  between	
  TGFβ	
  or	
  vehicle	
  treatment	
  

in	
   EBNA3B	
   or	
   EBNA3C	
   KOs	
   (fig.	
   5.2B).	
   These	
   findings	
   suggest	
   that,	
   although	
   EBNA3B	
   and	
  

EBNA3C	
   are	
   necessary	
   for	
   the	
   repression	
   of	
   TGFβR2	
   and	
   suppression	
   of	
   signalling	
   via	
  

pSMAD2,	
   they	
   are	
   not	
   necessary	
   for	
   protection	
   against	
   TGFβ-­‐induced	
   apoptosis	
   in	
   BL31	
  

cells.	
  In	
  addition,	
  TGFβ	
  does	
  not	
  induce	
  G1	
  arrest	
  in	
  EBNA3B	
  or	
  EBNA3C	
  KO	
  BL31	
  cells.	
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Figure	
  5.2:	
  TGFβ1	
  does	
  not	
  induce	
  apoptosis	
  or	
  G1	
  arrest	
  in	
  EBNA3B	
  KO	
  or	
  EBNA3C	
  KO	
  BL31	
  cells	
  

(A)	
  Western	
  blot	
  for	
  PARP	
  in	
  the	
  cell	
   lines	
  shown	
  after	
  48	
  hours’	
  treatment	
  with	
  TGFβ1	
  5ng/ml	
  or	
  vehicle.	
  γ-­‐

tubulin	
   is	
   shown	
  as	
  a	
   loading	
  control.	
   (B)	
  Cells	
  were	
   treated	
  with	
  TGFβ1	
  5ng/ml	
  or	
  vehicle	
   for	
  48	
  hours	
  and	
  

then	
   samples	
   harvested,	
   stained	
  with	
   propidium	
   iodide	
   and	
   analysed	
   by	
   FC.	
   This	
   experiment	
  was	
   repeated	
  

three	
   times	
   in	
   two	
   different	
   EBNA3B	
   KO	
   and	
   EBNA3C	
   KO	
   BL31	
   cell	
   lines	
   as	
   well	
   as	
   revertants,	
   with	
  

representative	
  data	
  shown	
  here.	
  	
  	
  

	
  

A	
  

+TGFβ1	
   -­‐TGFβ1	
  

B	
  

BL31	
  
EBNA3B	
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BL31	
  
EBNA3C	
  	
  
KO	
  



Chapter	
  5.	
  Results	
  

	
  
	
  

171	
  

5.4	
  In	
  EBNA2	
  KO	
  BL31	
  cells,	
  TGFβ	
  induces	
  growth	
  arrest	
  but	
  not	
  apoptosis	
  

The	
  effects	
  of	
  EBNA2	
  KO	
  on	
  TGFβ-­‐induced	
  apoptosis/growth	
  arrest	
  were	
  assessed	
  initially	
  at	
  

time	
   points	
   up	
   to	
   48	
   hours,	
   using	
   the	
   BL31	
   EBNA2	
   KO	
   (G)	
   cell	
   line.	
   This	
   showed	
   that	
   in	
  

EBNA2	
   KO	
   (G),	
   no	
   increased	
   PARP	
   cleavage	
   occurred	
   with	
   TGFβ1	
   treatment	
   at	
   any	
   time	
  

point	
   (fig.	
   5.3).	
   This	
   lack	
   of	
   TGFβ-­‐induced	
   apoptosis	
   in	
   EBNA2	
   KO	
   cells	
   occurred	
   despite	
  

restoration	
   of	
   signalling	
   via	
   pSMAD2	
   (see	
   fig	
   3.7B).	
   This	
   suggests	
   that	
   EBNA2	
   is	
   not	
  

necessary	
   for	
   the	
   resistance	
   to	
   TGFβ-­‐induced	
   apoptosis,	
   even	
   though	
   it	
   is	
   necessary	
   for	
  

TGFβ	
  signalling	
  via	
  pSMAD2.	
  	
  

	
  

	
  

	
  

	
  
	
  
	
  
	
  

Figure	
  5.3:	
  TGFβ1	
  does	
  not	
  induce	
  PARP	
  cleavage	
  in	
  BL31	
  EBNA2	
  KO	
  (G)	
  cells	
  with	
  up	
  to	
  48	
  hours	
  treatment	
  

Western	
  blot	
  for	
  PARP	
  in	
  BL31	
  EBNA2	
  KO	
  (G)	
  cells	
  at	
  the	
  times	
  shown	
  after	
  treatment	
  with	
  TGFβ1	
  5ng/ml	
  or	
  

vehicle	
  alone	
  (2mg/ml	
  BSA	
  in	
  PBS).	
  γ-­‐tubulin	
  is	
  shown	
  as	
  a	
  loading	
  control.	
  	
  

	
  

The	
   same	
   samples	
  were	
   analysed	
   by	
   PI	
   FC,	
   along	
  with	
  wild-­‐type	
   infected	
   and	
   uninfected	
  

BL31	
   cells.	
   Surprisingly,	
   this	
   showed	
   that	
   TGFβ1	
   induced	
   a	
   partial	
   G1	
   arrest,	
   rather	
   than	
  

apoptosis,	
   compared	
   to	
   those	
   treated	
  with	
   vehicle	
   alone,	
   in	
   EBNA2	
   KO	
   cells.	
   After	
   these	
  

experiments	
  were	
   first	
  done,	
  a	
  colleague	
   in	
   the	
   laboratory	
  had	
  established	
   two	
  new	
  BL31	
  

EBNA2	
   KO	
   cell	
   lines,	
   here	
   named	
   EBNA2	
   KO	
   1	
   and	
   EBNA2	
   KO	
   2,	
   as	
   well	
   as	
   an	
   EBNA2	
  

revertant	
  (Ian	
  Groves,	
  unpublished).	
  In	
  order	
  to	
  confirm	
  the	
  findings	
  seen	
  in	
  BL31	
  EBNA2	
  KO	
  

(G),	
  the	
  newly	
  established	
  cell	
  lines	
  were	
  investigated	
  alongside	
  it	
  by	
  treatment	
  with	
  TGFβ1	
  

for	
  48	
  hours	
  with	
  similar	
  analysis.	
  This	
  showed	
  that	
  TGFβ	
  induced	
  G1	
  arrest	
  in	
  all	
  three	
  BL31	
  

EBNA2	
  KO	
  lines	
  (fig.	
  5.4B).	
  No	
  difference	
  in	
  cell	
  cycle	
  profile	
  was	
  seen	
  with	
  TGFβ1	
  compared	
  

to	
  vehicle	
  alone	
  in	
  the	
  EBNA2	
  revertant,	
  as	
  in	
  BL31-­‐WT,	
  and	
  in	
  uninfected	
  BL31	
  an	
  increase	
  

in	
   sub-­‐G1,	
   consistent	
  with	
  apoptosis,	
  was	
  again	
   seen	
   (fig.	
  5.4A).	
  No	
   significant	
   increase	
   in	
  

the	
   sub-­‐G1	
   component	
   occurred	
   with	
   TGFβ1	
   in	
   any	
   of	
   the	
   EBNA2	
   KO	
   lines	
   (fig.	
   5.4B),	
  

suggesting	
  that	
  TGFβ1	
  did	
  not	
  induce	
  apoptosis	
  in	
  EBNA2	
  KO,	
  as	
  shown	
  for	
  EBNA2	
  KO	
  (G)	
  by	
  

PARP	
  cleavage	
   (fig.	
  5.3).	
   Therefore,	
   the	
  effect	
  of	
  TGFβ	
   in	
  EBNA2	
  KO	
  cells	
  was	
  different	
   to	
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either	
   wild-­‐type	
   EBV-­‐infected	
   or	
   uninfected	
   BL31	
   cells,	
   with	
   TGFβ	
   inducing	
   a	
   partial	
   G1	
  

arrest	
  but	
  not	
  apoptosis.	
  This	
  suggests	
  that	
  EBNA2	
  may	
  be	
  necessary	
  for	
  the	
  cells	
  to	
  proceed	
  

through	
  a	
  G1	
  checkpoint	
  in	
  this	
  cell	
  context.	
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Figure	
  5.4:	
  TGFβ1	
  induces	
  G1	
  arrest	
  in	
  EBNA2	
  KO	
  BL31	
  cell	
  lines	
  	
  

FC	
  analysis	
   for	
  DNA	
   content	
   in	
   (A)	
   BL31,	
  BL31-­‐WT,	
   EBNA2	
   revertant	
   and	
   (B)	
   three	
  EBNA2	
  KO	
   cell	
   lines.	
   Cell	
  

numbers	
  are	
  shown	
  on	
  the	
  y	
  axis	
  and	
  PI	
  staining	
  for	
  DNA	
  content	
  on	
  the	
  x	
  axis.	
  Cells	
  were	
  treated	
  with	
  TGFβ1	
  

5ng/ml	
  (left)	
  or	
  vehicle	
  (right)	
  and	
  harvested	
  after	
  48	
  hours	
  for	
  PI	
  staining	
  and	
  FC	
  analysis.	
  The	
  percentages	
  of	
  

cells	
  in	
  each	
  phase	
  of	
  the	
  cell	
  cycle	
  (sub-­‐G1,	
  G1,	
  S	
  and	
  G2/M	
  from	
  left	
  to	
  right	
  in	
  each	
  histogram)	
  are	
  indicated.	
  

This	
  is	
  representative	
  data	
  from	
  experiments	
  performed	
  three	
  times.	
  	
  

+TGFβ1	
   -­‐TGFβ1	
  

BL31	
  
EBNA2	
  
KO	
  1	
  

BL31	
  
EBNA2	
  
KO	
  2	
  

BL31	
  
EBNA2	
  
KO	
  (G)	
  

B	
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5.5	
  Resistance	
  to	
  PARP	
  cleavage	
  varies	
  with	
  LMP1	
  expression	
  in	
  EBNA2	
  KO	
  cell	
  lines	
  

As	
  shown	
  in	
  fig.	
  5.4,	
  the	
  effect	
  of	
  TGFβ	
  treatment	
  was	
  investigated	
  in	
  three	
  different	
  BL31	
  

EBNA2	
  KO	
  lines.	
  All	
  three	
  EBNA2	
  KO	
  cell	
  lines	
  showed	
  some	
  growth	
  arrest	
  induced	
  by	
  TGFβ1	
  

after	
   PI	
   staining	
   and	
   FC	
   analysis	
   (fig.	
   5.4B).	
   However,	
   the	
   initial	
   time	
   course	
   for	
   PARP	
  

cleavage	
  had	
  only	
  been	
  done	
  in	
  the	
  EBNA2	
  KO	
  (G)	
  cell	
  line,	
  showing	
  no	
  PARP	
  cleavage	
  at	
  any	
  

time	
  point	
  (fig.	
  5.3).	
   In	
  order	
  to	
  confirm	
  this	
   lack	
  of	
  PARP	
  cleavage	
  in	
  the	
  other	
  EBNA2	
  KO	
  

lines,	
   western	
   blots	
   were	
   performed	
   for	
   PARP	
   after	
   48	
   hours’	
   treatment	
   with	
   TGFβ1	
   or	
  

vehicle	
  using	
  extracts	
  from	
  all	
  three	
  EBNA2	
  KO	
  lines.	
  This	
  showed	
  some	
  differences	
  between	
  

the	
  cell	
  lines,	
  with	
  moderately	
  increased	
  PARP	
  cleavage	
  with	
  TGFβ1	
  compared	
  to	
  vehicle	
  in	
  

the	
   two	
   recently	
   established	
   BL31	
   EBNA2	
   KO	
   cell	
   lines,	
   although	
   the	
   degree	
   of	
   PARP	
  

cleavage	
   remained	
  markedly	
   less	
   than	
   for	
   uninfected	
   BL31	
   cells	
   (fig.	
   5.5).	
   Again	
   no	
   PARP	
  

cleavage	
   was	
   seen	
   in	
   the	
   longer	
   established	
   EBNA2	
   KO	
   line,	
   EBNA2	
   KO	
   (G).	
   In	
   this	
  

experiment	
   significant	
   PARP	
   cleavage	
   was	
   seen	
   in	
   BL31	
   cells	
   even	
   after	
   treatment	
   with	
  

vehicle	
  alone,	
  suggesting	
  a	
  high	
  baseline	
  level	
  of	
  apoptosis	
   in	
  these	
  cells.	
  Although	
  a	
  small	
  

amount	
   of	
   PARP	
   cleavage	
   was	
   also	
   seen	
   in	
   BL31-­‐WT,	
   this	
   was	
   similar	
   with	
   and	
   without	
  

TGFβ1	
   treatment,	
   again	
   indicating	
   some	
   baseline	
   apoptosis	
   occurring	
   in	
   these	
   cells,	
   but	
  

nevertheless	
  suggesting	
  that	
  EBV	
  protects	
  against	
  apoptosis	
  specifically	
  induced	
  by	
  TGFβ1.	
  	
  

	
  

EBNA2	
  can	
  transactivate	
  LMP1	
  and	
  LMP2A,	
  and	
  thus	
  EBNA2	
  KO	
  cell	
  lines	
  would	
  be	
  expected	
  

to	
  have	
  a	
  marked	
  reduction	
  in	
  expression	
  of	
  these	
  latent	
  proteins.	
  Several	
  previous	
  studies	
  

have	
  investigated	
  the	
  effect	
  of	
  LMP1	
  on	
  TGFβ-­‐induced	
  growth	
  inhibition	
  and	
  apoptosis	
  in	
  B	
  

cells,	
  with	
  some	
  studies	
  suggesting	
   that	
  LMP1	
   is	
  necessary	
   for	
   resistance	
  to	
  TGFβ-­‐induced	
  

growth	
  inhibition	
  (Arvanitakis	
  et	
  al.	
  1995)	
  and	
  apoptosis	
  (Arvanitakis	
  et	
  al.	
  1995,	
  Kenney	
  et	
  

al.	
   2001)	
   but	
   others	
   suggesting	
   it	
   is	
   neither	
   necessary	
   nor	
   sufficient	
   (Inman	
   and	
   Allday	
  

2000b).	
  

	
  

Therefore,	
  it	
  was	
  hypothesised	
  that	
  variable	
  LMP1	
  expression	
  in	
  the	
  EBNA2	
  KO	
  lines	
  might	
  

result	
   in	
   differential	
   amounts	
   of	
   TGFβ-­‐induced	
   apoptosis.	
   Hence,	
   the	
   LMP1	
   expression	
   in	
  

these	
   cell	
   lines	
   was	
   investigated	
   by	
   performing	
   western	
   blot	
   (fig.	
   5.5).	
   This	
   showed	
   that	
  

LMP1	
  expression	
  varied	
  between	
  the	
  three	
  EBNA2	
  KO	
  lines,	
  in	
  particular	
  that	
  EBNA2	
  KO	
  (G)	
  

surprisingly	
   expressed	
   significant	
   amounts	
   of	
   LMP1.	
   Moreover,	
   there	
   appeared	
   to	
   be	
   an	
  

inverse	
   correlation	
   between	
   the	
   level	
   of	
   expression	
   of	
   LMP1	
   and	
   the	
   degree	
   of	
   TGFβ1-­‐



Chapter	
  5.	
  Results	
  

	
  
	
  

176	
  

induced	
   PARP	
   cleavage	
   in	
   these	
   three	
   cell	
   lines,	
   with	
   EBNA2	
   KO	
   (G)	
   having	
   full	
   LMP1	
  

expression	
  and	
  no	
  TGFβ-­‐induced	
  PARP	
  cleavage,	
  EBNA2	
  KO	
  1	
  having	
  an	
  intermediate	
  level	
  

of	
  both,	
  and	
  EBNA2	
  KO	
  2	
  having	
  no	
  detectable	
  LMP1	
  expression	
  and	
  also	
   the	
  most	
  TGFβ-­‐

induced	
  PARP	
  cleavage	
  of	
  the	
  three	
  cell	
  lines	
  (fig.	
  5.5).	
  However,	
  it	
  was	
  observed	
  that	
  even	
  

in	
  EBNA2	
  KO	
  2,	
  the	
  degree	
  of	
  PARP	
  cleavage	
  was	
  much	
  less	
  than	
  for	
  uninfected	
  BL31.	
  These	
  

findings	
  led	
  to	
  the	
  hypothesis	
  that	
  LMP1	
  may	
  protect	
  against	
  TGFβ-­‐induced	
  apoptosis.	
  LMP1	
  

is	
   known	
   to	
   promote	
   survival	
   by	
   several	
   mechanisms,	
   including	
   up-­‐regulation	
   of	
   BCL2,	
  

induction	
  of	
  c-­‐FLIP	
  and	
  inhibition	
  of	
  BAX	
  (Henderson	
  et	
  al.	
  1991,	
  Grimm	
  et	
  al.	
  2005,	
  Allday	
  

2009,	
  Spender	
  and	
  Inman	
  2011).	
  Taken	
  together	
  with	
  the	
  previous	
  findings	
  in	
  section	
  5.4,	
  it	
  

was	
  hypothesised	
   that	
   LMP1	
  protects	
  against	
  TGFβ-­‐induced	
  apoptosis	
  whereas	
  EBNA2,	
  or	
  

possibly	
   LMP2A	
   since	
   this	
   is	
   also	
   transactivated	
  by	
   EBNA2,	
   protects	
   against	
   TGFβ-­‐induced	
  

growth	
  arrest	
  in	
  BL31	
  cells.	
  

	
  

	
  

	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  5.5:	
  TGFβ-­‐induced	
  PARP	
  cleavage	
  varies	
  with	
  LMP1	
  expression	
  in	
  EBNA2	
  KO	
  BL31	
  cell	
  lines	
  

Western	
  blot	
  for	
  PARP	
  and	
  LMP1	
  expression	
  after	
  48	
  hours’	
  treatment	
  with	
  TGFβ1	
  5ng/ml	
  or	
  vehicle	
  (2mg/ml	
  

BSA	
  in	
  PBS)	
  in	
  BL31,	
  wild-­‐type	
  EBV-­‐infected,	
  three	
  different	
  EBNA2	
  KO	
  and	
  the	
  EBNA2	
  revertant	
  BL31	
  cell	
  lines.	
  

γ-­‐tubulin	
  was	
  used	
  as	
  a	
  loading	
  control.	
  	
  	
  	
  

	
  

5.6	
  LMP2A	
  is	
  necessary	
  for	
  protection	
  against	
  TGFβ-­‐induced	
  growth	
  arrest	
  

As	
  described	
  earlier	
   in	
  section	
  5.4,	
  the	
  EBNA2	
  KO	
  lines	
  all	
  showed	
  TGFβ-­‐induced	
  G1	
  arrest	
  

(fig.	
   5.4B),	
   but	
   varied	
   in	
   their	
   response	
   in	
   terms	
  of	
   PARP	
   cleavage,	
  with	
   the	
   cell	
   line	
  with	
  

more	
  LMP1	
  apparently	
  being	
  protected	
  from	
  TGFβ-­‐induced	
  PARP	
  cleavage	
  (fig.	
  5.5),	
  leading	
  

to	
  the	
  hypothesis	
  that	
  LMP1	
  may	
  protect	
  against	
  TGFβ-­‐induced	
  apoptosis.	
  In	
  addition,	
  since	
  

all	
  EBNA2	
  KO	
   lines	
  showed	
  G1	
  arrest	
  with	
  TGFβ,	
   regardless	
  of	
   their	
  LMP1	
  expression,	
   this	
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suggested	
   that	
   EBNA2,	
   or	
   possibly	
   LMP2A,	
   may	
   be	
   necessary	
   for	
   the	
   cells	
   to	
   proceed	
  

through	
  a	
  G1	
  checkpoint.	
  	
  

	
  

Therefore	
  the	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  BL31	
  cell	
  lines	
  were	
  treated	
  for	
  48	
  hours	
  with	
  TGFβ	
  

or	
  vehicle,	
  with	
  samples	
  then	
  harvested	
  for	
  protein	
  extraction,	
  SDS-­‐PAGE	
  and	
  western	
  blot	
  

for	
  PARP,	
  as	
  well	
  as	
  for	
  cell	
  cycle	
  analysis	
  by	
  FC,	
  in	
  this	
  case	
  using	
  Draq5	
  as	
  the	
  DNA	
  stain.	
  FC	
  

analysis	
  showed	
  that	
  there	
  was	
  no	
  difference	
  in	
  cell	
  cycle	
  profile	
  between	
  TGFβ	
  treated	
  and	
  

untreated	
  for	
  both	
  LMP1	
  KO	
   lines	
   (fig.	
  5.6A).	
  Western	
  blot	
  also	
  showed	
  no	
  PARP	
  cleavage	
  

with	
  TGFβ	
  in	
  either	
  of	
  the	
  LMP1	
  KO	
  lines	
  (fig.	
  5.6B).	
  These	
  findings	
  suggest	
  that	
  LMP1	
  is	
  not	
  

necessary	
  for	
  protection	
  against	
  TGFβ-­‐induced	
  apoptosis.	
  	
  	
  

	
  

Both	
  LMP2A	
  KO	
  lines,	
  however,	
  showed	
  G1	
  arrest	
  with	
  TGFβ	
  (fig.	
  5.7A),	
  similar	
  to	
  that	
  seen	
  

in	
  EBNA2	
  KO	
   lines	
   (fig.	
  5.4B).	
   There	
  was	
  no	
   increase	
   in	
   the	
   sub-­‐G1	
  component	
  with	
  TGFβ	
  

and	
   again	
   no	
   increase	
   in	
   PARP	
   cleavage	
   with	
   TGFβ	
   in	
   the	
   LMP2A	
   KO	
   lines	
   (figs.	
   5.7A-­‐B).	
  	
  

These	
   findings	
   suggest	
   that	
   LMP2A	
   is	
   necessary	
   for	
   cells	
   to	
   proceed	
   through	
   the	
   G1	
  

checkpoint,	
  but	
  is	
  also	
  not	
  necessary	
  for	
  protection	
  against	
  TGFβ-­‐induced	
  apoptosis.	
  	
  

	
  

The	
  findings	
  for	
  PARP	
  cleavage	
  in	
  the	
  three	
  different	
  EBNA2	
  KO	
  lines	
  (fig.	
  5.5)	
  had	
  suggested	
  

that	
   LMP1	
   might	
   protect	
   against	
   TGFβ-­‐induced	
   apoptosis.	
   If	
   that	
   were	
   the	
   case	
   then	
   it	
  

would	
  be	
  expected	
  that	
  increased	
  PARP	
  cleavage	
  would	
  be	
  seen	
  with	
  TGFβ	
  in	
  the	
  LMP1	
  KO	
  

lines.	
   However,	
   no	
   increased	
   PARP	
   cleavage	
  was	
   seen	
   in	
   either	
   LMP1	
   KO	
   line,	
   suggesting	
  

that	
   LMP1	
   alone	
   is	
   not	
   necessary	
   for	
   protection	
   against	
   TGFβ-­‐induced	
   apoptosis.	
  

Nevertheless,	
   it	
   remains	
  possible	
  that	
  the	
  presence	
  of	
  either	
  LMP1	
  or	
  EBNA2	
  are	
  required	
  

for	
  protection	
  against	
  TGFβ-­‐induced	
  apoptosis,	
  since	
   increased	
  PARP	
  cleavage	
  was	
  seen	
   in	
  

cells	
  lacking	
  both	
  EBNA2	
  and	
  LMP1	
  (BL31	
  EBNA2	
  KO	
  2,	
  fig.	
  5.5)	
  but	
  not	
  in	
  the	
  LMP1	
  KO	
  lines	
  

which	
  are	
  deficient	
  only	
  in	
  LMP1	
  but	
  not	
  EBNA2	
  (fig.	
  5.6A-­‐B).	
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Figure	
  5.6:	
  TGFβ1	
  does	
  not	
  induce	
  apoptosis	
  or	
  G1	
  arrest	
  in	
  LMP1	
  KO	
  BL31	
  cells	
  	
  

The	
   two	
   LMP1	
   KO	
   cell	
   lines,	
   along	
   with	
   BL31	
   and	
   BL31-­‐WT,	
   were	
   treated	
   with	
   TGFβ1	
   5ng/ml	
   or	
   vehicle	
  

(2mg/ml	
  BSA	
  in	
  PBS)	
  for	
  48	
  hours	
  followed	
  by	
  harvesting	
  for	
  protein	
  extraction	
  and	
  FC	
  analysis.	
  (A)	
  FC	
  for	
  cell	
  

cycle	
  DNA	
  content	
  after	
  staining	
  with	
  Draq5	
  in	
  both	
  BL31	
  LMP1	
  KO	
  cell	
  lines	
  treated	
  with	
  TGFβ1	
  (left	
  side)	
  or	
  

vehicle	
  (right	
  side).	
  Percentages	
  of	
  cells	
  in	
  each	
  phase	
  of	
  the	
  cell	
  cycle	
  are	
  shown	
  in	
  tables.	
  	
  (B)	
  Western	
  blot	
  

for	
  PARP	
  in	
  both	
  LMP1	
  KO	
  lines	
  with	
  TGFβ	
  or	
  vehicle,	
  with	
  time	
  0	
  shown	
  for	
  comparison,	
  as	
  well	
  as	
  BL31	
  and	
  

BL31-­‐WT.	
  γ-­‐tubulin	
  was	
  used	
  as	
  a	
  loading	
  control.	
  	
  

+TGFβ1	
   -­‐TGFβ1	
  

BL31	
  
LMP1	
  
KO	
  1	
  

BL31	
  
LMP1	
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Figure	
  5.7:	
  TGFβ1	
  induces	
  G1	
  arrest	
  but	
  not	
  apoptosis	
  in	
  LMP2A	
  KO	
  BL31	
  cells	
  	
  

The	
   two	
   LMP2A	
   KO	
   cell	
   lines,	
   along	
   with	
   BL31	
   and	
   BL31-­‐WT,	
   were	
   treated	
   with	
   TGFβ1	
   5ng/ml	
   or	
   vehicle	
  

(2mg/ml	
  BSA	
  in	
  PBS)	
  for	
  48	
  hours	
  followed	
  by	
  harvesting	
  for	
  protein	
  extraction	
  and	
  FC	
  analysis.	
  (A)	
  FC	
  for	
  cell	
  

cycle	
  DNA	
  content	
  after	
  staining	
  with	
  Draq5	
  in	
  both	
  BL31	
  LMP2A	
  KO	
  cell	
  lines	
  treated	
  with	
  TGFβ1	
  (left	
  side)	
  or	
  

vehicle	
  (right	
  side).	
  Percentages	
  of	
  cells	
  in	
  each	
  phase	
  of	
  the	
  cell	
  cycle	
  are	
  shown	
  in	
  tables.	
  (B)	
  Western	
  blot	
  for	
  

PARP	
   in	
  both	
  LMP2A	
  KO	
   lines	
  with	
  TGFβ	
  or	
  vehicle,	
  with	
   time	
  0	
  shown	
  for	
  comparison,	
  as	
  well	
  as	
  BL31	
  and	
  

BL31-­‐WT.	
  γ-­‐tubulin	
  was	
  used	
  as	
  a	
  loading	
  control.	
  	
  

+TGFβ1	
   -­‐TGFβ1	
  

BL31	
  
LMP2A	
  
KO	
  2	
  

BL31	
  
LMP2A	
  
KO	
  1	
  

B	
  

A	
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In	
   summary,	
   TGFβ	
   appears	
   to	
   induce	
   apoptosis,	
   but	
   not	
   G1	
   arrest,	
   in	
   EBV-­‐negative	
   BL31	
  

cells,	
  as	
  detected	
  by	
  PARP	
  cleavage	
  (fig.	
  5.1A).	
  However,	
  as	
  noted	
  previously,	
  the	
  effect	
  of	
  

TGFβ1	
  on	
  the	
  sub-­‐G1	
  component	
  by	
  FC	
  analysis	
  seemed	
  to	
  be	
   less	
  marked	
  than	
  has	
  been	
  

observed	
   for	
   other	
   cell	
   lines	
   by	
   previous	
   investigators	
   [for	
   example	
   (Inman	
   and	
   Allday	
  

2000b)]	
   (fig.	
   5.1B).	
   The	
   presence	
   of	
   wild-­‐type	
   EBV	
   is	
   protective	
   from	
   TGFβ-­‐induced	
  

apoptosis	
  (figs.	
  5.1A-­‐B).	
  

	
  

When	
  the	
  effects	
  of	
  individual	
  latent	
  proteins	
  on	
  this	
  were	
  investigated,	
  firstly	
  this	
  showed	
  

that	
  EBNA3B	
  and	
  EBNA3C	
  deletion	
  do	
  not	
  lead	
  to	
  TGFβ-­‐induced	
  apoptosis	
  or	
  growth	
  arrest,	
  

hence	
  EBNA3B	
  and	
  EBNA3C	
  are	
  not	
  needed	
  for	
  protection	
  against	
  TGFβ-­‐induced	
  apoptosis	
  

or	
  arrest	
  (fig.	
  5.2A-­‐B).	
  However,	
  they	
  are	
  both	
  necessary	
  for	
  the	
  repression	
  of	
  TGFβR2	
  and	
  

suppression	
  of	
  TGFβ	
  signalling	
  via	
  pSMAD2	
  (figs.	
  3.1A	
  and	
  3.7C-­‐D).	
  	
  

	
  

When	
   the	
   effect	
   of	
   EBNA2	
   deletion	
  was	
   investigated,	
   this	
   showed	
   that	
   TGFβ	
   induced	
  G1	
  

arrest,	
  without	
  any	
  increase	
  in	
  sub-­‐G1,	
  in	
  all	
  three	
  EBNA2	
  KO	
  cell	
  lines	
  (fig.	
  5.4B).	
  However,	
  	
  

the	
  three	
  cell	
  lines	
  showed	
  differing	
  amounts	
  of	
  PARP	
  cleavage	
  induced	
  by	
  TGFβ,	
  with	
  some	
  

increased	
  PARP	
  cleavage	
  in	
  EBNA2	
  KO	
  1	
  and	
  particularly	
  EBNA2	
  KO	
  2,	
  but	
  no	
  PARP	
  cleavage	
  

in	
  BL31	
  EBNA2	
  KO	
  (G)	
  (fig.	
  5.5).	
  These	
  findings	
  suggest	
  that	
   increased	
  PARP	
  cleavage	
  does	
  

not	
  always	
  correlate	
  with	
  an	
  increase	
  in	
  cell	
  cycle	
  sub-­‐G1	
  component	
  in	
  these	
  cells	
  –	
  as	
  was	
  

also	
  suggested	
  by	
  the	
  marked	
  PARP	
  cleavage	
  but	
  less	
  dramatic	
  increase	
  in	
  sub-­‐G1	
  in	
  TGFβ-­‐

treated	
  BL31	
  cells	
  (figs.	
  5.1A-­‐B).	
  	
  

	
  

In	
  view	
  of	
  these	
  differences	
  between	
  PARP	
  cleavage	
  and	
  cell	
  cycle	
  analysis	
  in	
  BL31,	
  several	
  

attempts	
  were	
  made	
  to	
  repeat	
  the	
  FC	
  analysis	
  in	
  BL31	
  cells.	
  In	
  more	
  recent	
  attempts,	
  it	
  was	
  

noted	
  that	
  TGFβ	
  treatment	
  also	
  did	
  not	
  induce	
  PARP	
  cleavage	
  as	
  significantly	
  as	
  previously	
  

(fig.	
  5.8A	
  compared	
  with	
  fig.	
  5.1A).	
  It	
  was	
  hypothesised	
  that	
  the	
  apparent	
  reduction	
  in	
  TGFβ	
  

sensitivity	
   in	
  PARP	
   cleavage	
  may	
  be	
  due	
   to	
   the	
  BL31	
   cells	
   having	
  developed	
   resistance	
   to	
  

TGFβ	
  during	
  continued	
  culture.	
  Therefore	
  a	
  batch	
  of	
  BL31	
  cells	
  that	
  had	
  been	
  cryopreserved	
  

at	
   a	
   similar	
   time	
   to	
   that	
   used	
   for	
   the	
   initial	
   experiments	
   (as	
   seen	
   in	
   fig.	
   5.1)	
   was	
   re-­‐

established	
  from	
  frozen	
  and	
  then	
  investigated	
  in	
  a	
  similar	
  manner	
  alongside	
  the	
  batch	
  that	
  

had	
  been	
  more	
  recently	
  tested.	
  However,	
  the	
  original	
  batch	
  of	
  BL31	
  cells	
  also	
  yielded	
  similar	
  

results,	
   i.e.	
  a	
  much	
   less	
  marked	
   increase	
   in	
  PARP	
  cleavage	
   than	
  previously.	
  Additionally	
   in	
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the	
  more	
   recent	
  experiments,	
   the	
   increase	
   in	
   sub-­‐G1	
  after	
  TGFβ	
   treatment	
  was	
  even	
   less	
  

significant	
  than	
  originally.	
  	
  

	
  

In	
   these	
  experiments,	
  even	
  though	
  the	
  batch	
  of	
  TGFβ	
  was	
  different	
   from	
  that	
  used	
   in	
   the	
  

initial	
  experiments	
  (but	
  from	
  the	
  same	
  manufacturer),	
  TGFβ	
  still	
  caused	
  strong	
  induction	
  of	
  

pSMAD2	
  in	
  BL31	
  cells.	
  A	
  fresh	
  batch	
  of	
  TGFβ1	
  also	
  yielded	
  the	
  same	
  results,	
  suggesting	
  the	
  

findings	
   were	
   not	
   due	
   to	
   lack	
   of	
   potency	
   of	
   the	
   particular	
   batch	
   of	
   TGFβ1.	
   In	
   addition,	
  

experiments	
  were	
  attempted	
  with	
  a	
  higher	
  dose	
  of	
  TGFβ1	
  (10ng/ml	
  rather	
  than	
  5ng/ml)	
  and	
  

a	
  72	
  hour	
  time	
  point	
  was	
  used.	
  Still,	
   there	
  was	
  generally	
   little	
  difference	
  between	
  treated	
  

and	
  untreated	
  BL31	
  in	
  terms	
  of	
  PARP	
  cleavage	
  or	
  sub-­‐G1	
  component.	
  	
  

	
  

In	
  a	
  further	
  attempt	
  to	
  investigate	
  the	
  effects	
  of	
  TGFβ,	
  BL31	
  cells	
  were	
  also	
  stained	
  with	
  a	
  

live-­‐dead	
  stain	
  prior	
   to	
  FC	
  analysis,	
  since	
   it	
  was	
  hypothesised	
  that	
  TGFβ	
  could	
  be	
   inducing	
  

cell	
  death	
  without	
  the	
  characteristic	
  pattern	
  of	
  DNA	
  fragmentation	
  seen	
  in	
  apoptosis.	
  Live-­‐

dead	
  staining	
  confirmed	
  an	
  increased	
  proportion	
  of	
  dead	
  cells	
  after	
  treatment	
  of	
  BL31	
  cells	
  

with	
   TGFβ	
   compared	
   to	
   vehicle	
   (fig.	
   5.8B,	
   upper	
   figures).	
   However,	
   when	
   the	
   same	
   cells	
  

(including	
   both	
   live	
   and	
  dead	
   components)	
  were	
   analysed	
  by	
   cell	
   cycle	
   profile,	
   there	
  was	
  

little	
  difference	
  in	
  the	
  profiles,	
  in	
  particular	
  no	
  increase	
  in	
  the	
  sub-­‐G1	
  component	
  (fig.	
  5.8B,	
  

lower	
  figures).	
  	
  

	
  

Review	
   of	
   laboratory	
   records	
   showed	
   that	
   the	
   batch	
   of	
   foetal	
   calf	
   serum	
   (FCS)	
   used	
   to	
  

supplement	
  media	
  for	
  growth	
  of	
  all	
  cell	
  lines	
  in	
  the	
  laboratory	
  had	
  changed	
  shortly	
  after	
  the	
  

initial	
  set	
  of	
  experiments	
  on	
  TGFβ-­‐induced	
  apoptosis	
  were	
  done,	
  fairly	
  early	
  in	
  the	
  course	
  of	
  

this	
   project.	
   The	
   second	
   batch	
   of	
   serum	
   had	
   been	
   used	
   for	
   all	
   subsequent	
   experiments.	
  

Therefore	
  it	
  seems	
  likely	
  that	
  some	
  factor	
  in	
  the	
  serum	
  rendered	
  cells	
  relatively	
  resistant	
  to	
  

the	
  apoptotic	
  effects	
  of	
  TGFβ,	
  whilst	
  maintaining	
  the	
  effects	
  of	
  TGFβ	
  on	
  pSMAD2.	
  TGFβ	
  was	
  

still	
  able	
  to	
  cause	
  increased	
  death	
  in	
  the	
  cells	
  (fig.	
  5.8B);	
  however,	
  since	
  this	
  had	
  not	
  been	
  

investigated	
  in	
  the	
  original	
  experiments	
  it	
  is	
  not	
  known	
  whether	
  the	
  newer	
  batch	
  of	
  serum	
  

had	
  also	
  altered	
  the	
  amount	
  of	
  TGFβ-­‐induced	
  cell	
  death.	
  These	
   findings	
   therefore	
  suggest	
  

that	
  TGFβ-­‐induced	
  death,	
  PARP	
  cleavage	
  and	
  sub-­‐G1	
  component	
  do	
  not	
  always	
  correlate,	
  at	
  

least	
  in	
  BL31	
  cells.	
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Figure	
  5.8:	
  TGFβ-­‐induced	
  PARP	
  cleavage,	
  sub-­‐G1	
  component	
  and	
  cell	
  death	
  do	
  not	
  correlate	
  in	
  BL31	
  cells	
  	
  

(A)	
  Western	
  blot	
  for	
  PARP	
  cleavage	
  at	
  time	
  zero,	
  untreated	
  and	
  after	
  48	
  hours’	
  treatment	
  with	
  TGFβ1	
  5ng/ml	
  

or	
  vehicle	
   (2mg/ml	
  BSA	
   in	
  PBS)	
   in	
  EBV-­‐negative	
  BL31	
  cells.	
   γ-­‐tubulin	
   is	
   shown	
  as	
  a	
   loading	
  control.	
   (B)	
  BL31	
  

cells	
  were	
  harvested	
  48	
  hours	
   after	
   treatment	
  with	
  TGFβ1	
   (left	
   side)	
  or	
   vehicle	
   (-­‐TGFβ1,	
   right	
   side),	
   stained	
  

dually	
   with	
   violet	
   live-­‐dead	
   fixable	
   stain	
   and	
   Draq5,	
   then	
   subjected	
   to	
   flow	
   cytometric	
   analysis,	
   showing	
  

proportions	
  of	
  live	
  and	
  dead	
  cells	
  (upper	
  figures)	
  with	
  cell	
  cycle	
  DNA	
  content	
  (lower	
  figures).	
  	
   	
  

+TGFβ1	
   -­‐TGFβ1	
  

BL31	
  
	
  

A	
  

B	
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5.7	
  Discussion	
  

TGFβ	
   is	
   anti-­‐proliferative	
   and/or	
   promotes	
   apoptosis	
   in	
   most	
   cell	
   types,	
   with	
   the	
   effect	
  

varying	
  according	
  to	
  cell	
  type	
  and	
  context.	
  TGFβ	
  can	
  induce	
  both	
  G1	
  arrest	
  and	
  apoptosis	
  in	
  

the	
  same	
  cells	
  (MacDonald	
  et	
  al.	
  1996,	
  Schrantz	
  et	
  al.	
  1999).	
  Having	
  shown	
  that	
  EBV	
  down-­‐

regulates	
   TGFβR2	
   leading	
   to	
   suppression	
   of	
   signalling,	
   the	
   effects	
   of	
   EBV	
   latent	
   protein	
  

expression	
  on	
  TGFβ	
  responses	
  were	
  investigated	
  in	
  BL31	
  cells.	
  

	
  

The	
  effects	
  of	
  EBV	
  infection	
  on	
  TGFβ-­‐induced	
  apoptosis	
  

Initial	
  experiments	
  showed	
  that	
  TGFβ	
  induced	
  a	
  very	
  modest	
  level	
  of	
  apoptosis,	
  as	
  shown	
  by	
  

PARP	
  cleavage	
  and	
  an	
   increased	
  sub-­‐G1	
  component	
  revealed	
  by	
  FC	
  analysis,	
   in	
  uninfected	
  

BL31	
  cells	
  (fig.	
  5.1).	
  BL31	
  cells	
   infected	
  with	
  wild-­‐type	
  EBV	
  were	
  resistant	
  to	
  TGFβ-­‐induced	
  

apoptosis,	
  confirming	
  previous	
  reports	
  that	
   full	
  EBV	
  expression	
   is	
  protective	
  against	
  TGFβ-­‐

induced	
  apoptosis	
  in	
  BLs	
  (fig.	
  5.1)	
  (Inman	
  and	
  Allday	
  2000b,	
  Inman	
  et	
  al.	
  2001).	
  

	
  

The	
   effects	
   of	
   the	
   individual	
   latent	
   proteins	
   were	
   then	
   investigated,	
   since	
   it	
   was	
  

hypothesised	
  that	
  the	
  down-­‐regulation	
  of	
  TGFβR2	
  may	
  lead	
  to	
  resistance	
  to	
  TGFβ-­‐induced	
  

apoptosis.	
  The	
  responses	
  to	
  TGFβ	
  in	
  the	
  different	
  cell	
  lines	
  are	
  summarised	
  in	
  table	
  5.1.	
  	
  

	
  

Cell	
  line	
   EBNA2	
   LMP1	
   LMP2A	
   EBNA3B	
   EBNA3C	
   TGFβ	
  response	
  

BL31	
   -­‐	
   -­‐	
   -­‐	
   -­‐	
   -­‐	
   Apoptosis	
  

BL31-­‐WT	
   +	
   +	
   +	
   +	
   +	
   No	
  effect	
  

EBNA3B	
  KO	
   +	
   +	
   +	
   -­‐	
   +	
   No	
  effect	
  

EBNA3C	
  KO	
   +	
   +	
   +	
   +	
   -­‐	
   No	
  effect	
  

EBNA2	
  KO	
  (G)	
   -­‐	
   +	
   -­‐	
   +	
   +	
   G1	
  arrest	
  

EBNA2	
  KO	
  1/2	
   -­‐	
   -­‐	
   -­‐	
   +	
   +	
   Arrest	
  +	
  apoptosis	
  

LMP1	
  KO	
   +	
   -­‐	
   +	
   +	
   +	
   No	
  effect	
  

LMP2A	
  KO	
   +	
   -­‐	
   -­‐	
   +	
   +	
   G1	
  arrest	
  

	
  

Table	
  5.1:	
  Summary	
  of	
  TGFβ	
  responses	
  in	
  selected	
  BL31	
  cell	
  lines,	
  indicating	
  expression	
  levels	
  of	
  the	
  relevant	
  

EBV	
  latent	
  proteins	
  

	
  +	
  =	
  protein	
  expressed,	
  -­‐	
  =	
  expression	
  low	
  or	
  absent.	
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In	
  EBNA3B	
  KO	
  and	
  EBNA3C	
  KO	
  cells,	
  no	
  increased	
  apoptosis	
  or	
  G1	
  arrest	
  was	
  seen	
  (fig.	
  5.2),	
  

suggesting	
   that	
   these	
   latent	
   proteins,	
   although	
   necessary	
   for	
   repression	
   of	
   TGFβR2	
   and	
  

suppression	
   of	
   signalling	
   (figs.	
   3.1A	
   and	
   3.7C-­‐D),	
   are	
   not	
   necessary	
   for	
   the	
   resistance	
   to	
  

TGFβ-­‐induced	
  apoptosis	
  or	
  growth	
  arrest.	
  	
  

	
  

TGFβ	
  induced	
  G1	
  arrest	
  in	
  all	
  three	
  EBNA2	
  KO	
  lines	
  by	
  PI	
  FC	
  analysis	
  (fig.	
  5.4C).	
  Western	
  blot	
  

for	
   PARP	
   showed	
   some	
   TGFβ-­‐induced	
   PARP	
   cleavage	
   in	
   those	
   cells	
   lacking	
   or	
   having	
   low	
  

expression	
   of	
   LMP1,	
   whereas	
   EBNA2	
   KO	
   (G),	
   which	
   had	
   full	
   expression	
   of	
   LMP1,	
   did	
   not	
  

show	
  any	
  PARP	
  cleavage	
  (fig.	
  5.5).	
  This	
  suggested	
  that	
  LMP1	
  was	
  required	
  to	
  protect	
  against	
  

TGFβ-­‐induced	
  apoptosis.	
  However,	
  when	
  the	
  BL31	
  LMP1	
  KO	
  lines	
  were	
  treated	
  with	
  TGFβ,	
  

no	
  apoptosis	
  was	
  seen	
  by	
  PARP	
  cleavage	
  or	
  FC	
  (figs.	
  5.6),	
  despite	
  the	
  fact	
  that	
  TGFβR2	
  was	
  

de-­‐repressed,	
  with	
  restoration	
  of	
  signalling	
  via	
  phosphorylation	
  of	
  SMAD2,	
  in	
  these	
  cell	
  lines	
  

(figs.	
  4.3A-­‐B).	
  Thus	
  the	
  results	
  for	
  the	
  effect	
  of	
  LMP1	
  on	
  apoptosis	
   initially	
  appeared	
  to	
  be	
  

discrepant.	
  However,	
   looking	
  at	
   the	
  summary	
   in	
  table	
  5.1,	
   it	
   is	
  possible	
  that	
  expression	
  of	
  

either	
   LMP1	
   or	
   EBNA2	
   is	
   needed	
   for	
   protection	
   against	
   TGFβ-­‐induced	
   apoptosis,	
   since	
  

apoptosis	
  occurs	
  when	
  neither	
  are	
  expressed,	
  whereas	
  when	
  either	
  one	
  is	
  expressed	
  TGFβ	
  

does	
  not	
  induce	
  apoptosis.	
  	
  

	
  

LMP1	
  promotes	
  protection	
  against	
  apoptosis	
  by	
  multiple	
  mechanisms	
  [reviewed	
   in	
   (Allday	
  

2009,	
   Spender	
   and	
   Inman	
   2011)],	
   including	
   up-­‐regulation	
   of	
   the	
   anti-­‐apoptotic	
   proteins	
  

BCL2,	
   BFL1	
   and	
  MCL-­‐1	
   (Henderson	
   et	
   al.	
   1991,	
   D'Souza	
   et	
   al.	
   2004,	
   Kim	
   et	
   al.	
   2012),	
   via	
  

activation	
  of	
  NFκB,	
  which	
  is	
  generally	
  pro-­‐survival.	
  LMP1	
  also	
  inhibits	
  BAX/BAK	
  and	
  induces	
  

expression	
   of	
   c-­‐FLIP,	
   which	
   inhibits	
   extrinsic	
   apoptotic	
   pathways.	
   Furthermore,	
   LMP1	
   up-­‐

regulates	
  expression	
  of	
  miR-­‐155,	
  which	
   inhibits	
  pro-­‐apoptotic	
  PUMA.	
  EBNA2,	
  on	
  the	
  other	
  

hand,	
  has	
  more	
  limited	
  anti-­‐apoptotic	
  effects,	
  but	
  does	
  induce	
  anti-­‐apoptotic	
  BFL1	
  (Pegman	
  

et	
  al.	
  2006).	
  

	
  

Although	
  the	
  mechanisms	
  of	
  TGFβ-­‐induced	
  apoptosis	
  in	
  B	
  cells	
  are	
  not	
  yet	
  fully	
  understood,	
  

those	
  that	
  have	
  been	
  elucidated	
  include	
  several	
  mechanisms	
  which	
  are	
  directly	
  antagonistic	
  

to	
  the	
  effects	
  of	
  LMP1.	
  For	
  example,	
  TGFβ	
  up-­‐regulates	
  PUMA,	
  via	
  SMAD3	
  (Spender	
  et	
  al.	
  

2013),	
   up-­‐regulates	
   BIK,	
   which	
   in	
   turn	
   inhibits	
   the	
   anti-­‐apoptotic	
   protein	
   MCL-­‐1,	
   and	
  

represses	
  BCL-­‐XL	
  (Saltzman	
  et	
  al.	
  1998,	
  Spender	
  et	
  al.	
  2009).	
  TGFβ	
  also	
  inhibits	
  NFκB,	
  leading	
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to	
  apoptosis	
  in	
  B	
  cells	
  (Arsura	
  et	
  al.	
  1996).	
  TGFβ	
  and	
  LMP1	
  therefore	
  have	
  opposing	
  effects	
  

on	
   NFκB	
   activation.	
   TGFβ	
   also	
   activates	
   BAX/BAK,	
   whereas	
   LMP1	
   inhibits	
   it.	
   Therefore	
   it	
  

would	
  be	
  predicted	
  that	
  LMP1	
  expression	
  could	
  inhibit	
  TGFβ-­‐induced	
  apoptosis.	
  	
  	
  

	
  

LMP2A	
  also	
  has	
  several	
  means	
  of	
  protection	
  against	
  apoptosis,	
  including	
  activation	
  of	
  NFκB,	
  

again	
   leading	
   to	
   induction	
   of	
   anti-­‐apoptotic	
   proteins	
   BCL2	
   and	
   BFL1.	
   LMP2A	
   also	
   inhibits	
  

apoptosis	
   via	
   induction	
   of	
   BCL-­‐XL	
   (Portis	
   and	
   Longnecker	
   2004,	
   Bultema	
   et	
   al.	
   2009).	
   In	
  

addition,	
   LMP2A	
   inhibits	
   BIM,	
   via	
   MAPK/ERK.	
   However,	
   in	
   the	
   current	
   study,	
   LMP2A	
  

expression	
  was	
  not	
  necessary	
  to	
  protect	
  against	
  TGFβ-­‐induced	
  apoptosis	
  (see	
  table	
  5.1	
  and	
  

figs.	
  5.7A-­‐B).	
  	
  

	
  

In	
   the	
   current	
   study,	
   deletion	
   of	
   individual	
   latent	
   proteins	
   including	
   EBNA3B,	
   EBNA3C,	
  

EBNA2,	
   LMP1	
  and	
  LMP2A	
  did	
  not	
   result	
   in	
  TGFβ-­‐induced	
  apoptosis	
   in	
  any	
   case	
   (see	
   table	
  

5.1).	
  TGFβ-­‐induced	
  apoptosis	
  has	
  been	
  previously	
   shown	
   to	
  occur	
  via	
  SMAD3	
   in	
  epithelial	
  

cells	
  (Yanagisawa	
  et	
  al.	
  1998,	
  Kim	
  et	
  al.	
  2002,	
  Yang	
  et	
  al.	
  2002),	
  a	
  murine	
  B	
  cell	
  line	
  (Wildey	
  

et	
  al.	
  2003)	
  and	
  more	
  recently	
  human	
  BL	
  cell	
  lines	
  (Spender	
  et	
  al.	
  2013).	
  However,	
  in	
  those	
  

cell	
   lines	
   in	
  which	
  TGFβR2	
  is	
  repressed,	
   it	
  would	
  be	
  predicted	
  that	
  TGFβ	
  would	
  not	
   induce	
  

phosphorylation	
   of	
   SMAD3,	
   although	
   this	
   was	
   not	
   investigated	
   in	
   this	
   study	
   due	
   to	
   time	
  

constraints;	
  the	
  correlation	
  between	
  TGFβ-­‐induced	
  phosphorylation	
  of	
  pSMAD3	
  and	
  TGFβ-­‐

induced	
   apoptosis	
   in	
  BL31	
   cells	
   could	
  be	
   investigated	
   in	
   future.	
  Nevertheless,	
   the	
   current	
  

findings	
  suggest	
  that	
  TGFβ-­‐induced	
  apoptosis	
  may	
  occur	
  via	
  a	
  non-­‐canonical	
  TGFβ	
  pathway	
  

not	
   involving	
  TGFβR2,	
   for	
  example	
  by	
   cross-­‐talk	
  with	
  other	
   intracellular	
  pathways	
   such	
  as	
  

PI3K,	
  MAPK,	
  or	
  other	
  Smad-­‐independent	
  TGFβ	
  responses.	
  	
  

	
  

Furthermore,	
   EBV	
   blocks	
   apoptosis	
   by	
   multiple	
   mechanisms	
   [reviewed	
   in	
   (Allday	
   2009,	
  

Spender	
   and	
   Inman	
   2011)],	
   including	
   those	
   involving	
   LMP1,	
   LMP2A	
   and	
   EBNA2	
   as	
   already	
  

described.	
   In	
   addition,	
   EBNA3A	
   and	
   EBNA3C	
   cooperate	
   to	
   repress	
   pro-­‐apoptotic	
   BIM,	
   and	
  

EBV	
   inhibits	
   pro-­‐apoptotic	
  NOXA.	
  miR-­‐BART5	
   inhibits	
   PUMA,	
   and	
   BHRF1	
   also	
   inhibits	
   BAX.	
  

EBNA1	
   is	
   anti-­‐apoptotic,	
   by	
   lowering	
   p53	
   levels	
   and	
   inhibiting	
   p53-­‐induced	
   apoptosis	
  

(Kennedy	
   et	
   al.	
   2003,	
   Saridakis	
   et	
   al.	
   2005)	
   and	
   EBV	
   miRNAs	
   can	
   protect	
   BL	
   cells	
   from	
  

apoptosis	
   (Vereide	
   et	
   al.	
   2013).	
   Therefore,	
   these	
   other	
   mechanisms	
   may	
   also	
   alter	
   the	
  

apoptotic	
   response	
   to	
   TGFβ,	
   possibly	
   explaining	
  why	
   very	
   little	
   apoptosis	
  was	
   seen	
   in	
   cell	
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lines	
  other	
  than	
  EBV-­‐negative	
  BL31.	
  Hence,	
  even	
  when	
  particular	
  latent	
  proteins	
  are	
  deleted,	
  

the	
  remaining	
  latent	
  proteins	
  can	
  protect	
  against	
  TGFβ-­‐induced	
  apoptosis.	
  

	
  

LMP2A	
  expression	
  in	
  a	
  gastric	
  carcinoma	
  cell	
  line	
  was	
  sufficient	
  to	
  completely	
  inhibit	
  TGFβ-­‐

induced	
   apoptosis,	
   whereas	
   in	
   the	
   EBV-­‐negative	
   BL	
   line	
   Ramos,	
   LMP2A	
   expression	
   only	
  

partially	
   blocked	
   TGFβ-­‐induced	
   apoptosis	
   (Fukuda	
   and	
   Longnecker	
   2004).	
   Thus	
   although	
  

LMP1	
  or	
  LMP2A	
  may	
  be	
  sufficient	
  to	
  block	
  TGFβ-­‐induced	
  apoptosis	
   in	
  epithelial	
  cells,	
  they	
  

appear	
   to	
   have	
   only	
   a	
   partial	
   effect	
   in	
   B	
   cells,	
   suggesting	
   that	
   other	
   latent	
   proteins	
  

contribute	
  in	
  B	
  cells.	
  	
  

	
  

The	
  effects	
  of	
  EBV	
  infection	
  on	
  TGFβ-­‐mediated	
  inhibition	
  of	
  proliferation	
  	
  

Although	
  many	
  studies	
  have	
  investigated	
  the	
  effects	
  of	
  EBV	
  on	
  responses	
  to	
  TGFβ	
  in	
  B	
  cells,	
  

these	
   have	
  mostly	
   investigated	
   the	
   anti-­‐proliferative	
   rather	
   than	
   pro-­‐apoptotic	
   effects	
   of	
  

TGFβ.	
   In	
  EBV-­‐negative	
  BLs,	
  different	
   responses	
  are	
   seen	
   for	
   individual	
   cell	
   lines,	
   and	
  even	
  

within	
  the	
  same	
  cell	
  line	
  in	
  different	
  studies,	
  for	
  example	
  in	
  the	
  Ramos	
  cell	
  line	
  (Blomhoff	
  et	
  

al.	
  1987,	
  Altiok	
  et	
  al.	
  1993,	
  Chaouchi	
  et	
  al.	
  1995,	
  Inman	
  and	
  Allday	
  2000b,	
  Di	
  Bartolo	
  et	
  al.	
  

2008,	
  Wang	
  et	
  al.	
  2008,	
  Kawabata	
  et	
  al.	
  2013).	
  Several	
  studies	
  have	
  shown	
  that	
  full	
  latency	
  

III	
   EBV	
  expression	
   leads	
   to	
   resistance	
   to	
   the	
  anti-­‐proliferative	
  effects	
  of	
  TGFβ	
   (Kehrl	
  et	
  al.	
  

1986,	
  Blomhoff	
  et	
  al.	
  1987,	
  Janssen	
  et	
  al.	
  1990,	
  Altiok	
  et	
  al.	
  1991,	
  Kumar	
  et	
  al.	
  1991,	
  Altiok	
  

et	
   al.	
   1992,	
  Altiok	
   et	
   al.	
   1993,	
  Arvanitakis	
   et	
   al.	
   1995,	
  MacDonald	
   et	
   al.	
   1996,	
   Inman	
   and	
  

Allday	
  2000b).	
  	
  

	
  

In	
   the	
  current	
  study,	
  TGFβ1	
   induced	
  G1	
  arrest	
   in	
  all	
   three	
  EBNA2	
  KO	
  and	
  both	
  LMP2A	
  KO	
  

BL31	
  cell	
  lines	
  (see	
  figs.	
  5.4B	
  and	
  5.7A).	
  These	
  were	
  all	
  characterised	
  by	
  low	
  or	
  no	
  expression	
  

of	
   LMP2A	
   (see	
   table	
  5.1).	
   The	
   remaining	
   cell	
   lines,	
   including	
  EBNA3B	
  KO,	
  EBNA3C	
  KO	
  and	
  

LMP1	
   KOs,	
   did	
   not	
   undergo	
   arrest	
   (or	
   apoptosis)	
   with	
   TGFβ1	
   (figs.	
   5.2	
   and	
   5.6).	
   These	
  

findings	
  suggest	
  that	
  LMP2A	
  expression	
   is	
  protective	
  against	
  TGFβ-­‐induced	
  arrest,	
   i.e.	
   that	
  

LMP2A	
  expression	
  drives	
  progression	
  through	
  the	
  G1	
  checkpoint.	
  	
  

	
  

In	
  epithelial	
  cells,	
  TGFβ-­‐induced	
  cell	
  cycle	
  arrest	
  occurs	
  via	
  repression	
  of	
  Id	
  proteins	
  (Ling	
  et	
  

al.	
  2002).	
  TGFβ-­‐also	
  down-­‐regulates	
  c-­‐Myc,	
  which	
  normally	
  represses	
  p15	
  and	
  p21,	
  leading	
  

to	
   induction	
  of	
  p15/p21	
  and	
  hence	
  cell	
  cycle	
  arrest	
  (Alexandrow	
  et	
  al.	
  1995,	
  Warner	
  et	
  al.	
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1999).	
  However,	
   in	
   B	
   cells	
   TGFβ	
   generally	
   induces	
   rather	
   than	
   represses	
   Id	
   expression:	
   in	
  

murine	
  B	
  lymphoid	
  progenitors	
  TGFβ	
  induces	
  Id3	
  expression,	
  resulting	
  in	
  G1	
  arrest	
  (Kee	
  et	
  

al.	
  2001)	
  and	
   in	
  human	
  EBV-­‐negative	
  BL	
  cell	
   lines,	
  TGFβ	
   induces	
   Id1	
  and	
   Id2	
  (Spender	
  and	
  

Inman	
  2009b).	
  The	
  mechanism	
  of	
  TGFβ-­‐induced	
  growth	
  arrest	
   in	
  CA46	
  BL,	
  however,	
   is	
  by	
  

repression	
  of	
  E2F1,	
  rather	
  than	
  via	
  c-­‐Myc	
  repression,	
  Id	
  repression	
  or	
  induction	
  of	
  p15/p21;	
  

(Spender	
  and	
   Inman	
  2009b).	
  However,	
  TGFβ	
   induces	
  p21	
   in	
  Ramos,	
  another	
  EBV-­‐negative	
  

BL	
  line	
  (Di	
  Bartolo	
  et	
  al.	
  2008),	
  which	
  has	
  also	
  been	
  shown	
  to	
  undergo	
  G1	
  arrest	
  with	
  TGFβ	
  

(Blomhoff	
  et	
  al.	
  1987,	
  Altiok	
  et	
  al.	
  1993).	
  Thus	
  the	
  mechanism	
  of	
  TGFβ-­‐induced	
  arrest	
  differs	
  

between	
  BL	
  cell	
  lines,	
  reflecting	
  the	
  fact	
  that	
  they	
  are	
  tumour	
  cell	
  lines	
  in	
  which	
  normal	
  cell	
  

cycle	
  control	
  mechanisms	
  have	
  already	
  been	
  deregulated.	
  	
  

	
  

LMP1	
  expression	
  in	
  other	
  cell	
  types	
  including	
  fibroblasts,	
  epithelial	
  cells	
  and	
  hepatoma	
  cells	
  

led	
  to	
  Id1	
  induction	
  and	
  resistance	
  to	
  the	
  anti-­‐proliferative	
  effect	
  of	
  TGFβ	
  (Takanashi	
  et	
  al.	
  

1999,	
   Lo	
   et	
   al.	
   2010).	
   LMP1	
   expression	
   was	
   sufficient	
   to	
   inhibit	
   TGFβ-­‐mediated	
   p21	
  

induction	
  and	
  cell	
  cycle	
  arrest	
  in	
  epithelial	
  cells	
  (Fukuda	
  et	
  al.	
  2002,	
  Lo	
  et	
  al.	
  2010).	
  

	
  

The	
   effect	
   of	
   LMP1	
   expression	
   alone	
   in	
   EBV-­‐negative	
   BL	
   cell	
   lines	
   is	
   less	
   clear,	
   with	
  

conflicting	
  results	
  seen	
  even	
  in	
  the	
  same	
  BL41	
  background.	
  LMP1	
  expression	
  was	
  sufficient	
  

(Arvanitakis	
  et	
  al.	
  1995),	
  or	
  not	
  sufficient	
  (Altiok	
  et	
  al.	
  1991)	
  to	
  confer	
  resistance	
  to	
  the	
  anti-­‐

proliferative	
  effects	
  of	
  TGFβ;	
  the	
  discrepant	
  results	
  may	
  be	
  explained	
  by	
  the	
  3-­‐4-­‐fold	
  lower	
  

dose	
   of	
   TGFβ	
   used	
   in	
   the	
   first	
   study	
   (Arvanitakis	
   et	
   al.	
   1995),	
   suggesting	
   that	
   LMP1	
  

expression	
   may	
   lead	
   to	
   partial	
   resistance	
   to	
   TGFβ.	
   However,	
   expression	
   of	
   LMP1	
   in	
   a	
  

different	
  EBV-­‐negative	
  BL	
  cell	
   line,	
  Louckes,	
  surprisingly	
   led	
  to	
  an	
  enhanced	
  effect	
  of	
  TGFβ	
  

on	
  cell	
  cycle	
  arrest	
  (Wang	
  et	
  al.	
  1988).	
  	
  

	
  

Expression	
  of	
  EBNA2	
  in	
  BL41	
  cells,	
   investigated	
  in	
  a	
  single	
  study,	
  was	
  also	
  not	
  sufficient	
  to	
  

cause	
  resistance	
  to	
  the	
  anti-­‐proliferative	
  effect	
  of	
  TGFβ	
  (Altiok	
  et	
  al.	
  1991).	
  

	
  

Previous	
  studies	
  have	
  investigated	
  the	
  anti-­‐proliferative	
  effects	
  of	
  TGFβ	
  in	
  BL	
  cell	
  lines	
  which	
  

are	
   infected	
  with	
  EBV	
  lacking	
  full	
  EBNA2,	
  and	
  therefore	
  LMP,	
  expression,	
   including	
  P3HR1,	
  

Daudi	
   and	
   Jijoye.	
   In	
   most	
   cases	
   these	
   cell	
   lines	
   have	
   been	
   sensitive	
   to	
   TGFβ-­‐induced	
  

inhibition	
   of	
   proliferation	
   (Altiok	
   et	
   al.	
   1991,	
   Altiok	
   et	
   al.	
   1993,	
   Arvanitakis	
   et	
   al.	
   1995,	
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Fukuda	
  et	
  al.	
  2006a),	
  although	
  in	
  two	
  studies	
  it	
  was	
  noted	
  that	
  higher	
  doses	
  of	
  TGFβ	
  were	
  

required	
  to	
  inhibit	
  proliferation	
  of	
  P3HR1	
  than	
  EBV-­‐negative	
  BL	
  cell	
  lines,	
  (Altiok	
  et	
  al.	
  1993,	
  

Arvanitakis	
  et	
  al.	
  1995).	
  Another	
  study	
  in	
  P3HR1	
  showing	
  resistance	
  to	
  the	
  anti-­‐proliferative	
  

effects	
  of	
  TGFβ1	
  had	
  used	
  up	
   to	
  10-­‐fold	
   lower	
  doses	
   (Kumar	
  et	
  al.	
   1991).	
   Taken	
   together	
  

these	
   studies	
   suggest	
   that	
  P3HR1	
  has	
  partial	
   resistance	
   to	
   the	
  anti-­‐proliferative	
  effects	
  of	
  

TGFβ1.	
   However,	
   Ramos-­‐AW,	
   another	
   BL	
  with	
   EBV	
   lacking	
   full	
   expression	
   of	
   EBNA2,	
   was	
  

entirely	
   resistant	
   to	
   the	
   effects	
   of	
   TGFβ1	
   (arrest	
   and	
   apoptosis)	
   even	
   at	
   high	
   doses	
  

(Blomhoff	
  et	
  al.	
  1987,	
  Inman	
  and	
  Allday	
  2000b);	
  this	
  is	
  likely	
  to	
  be	
  due	
  to	
  the	
  nature	
  of	
  that	
  

particular	
  cell	
  line.	
  	
  

	
  

The	
  current	
  study	
   in	
  the	
  BL31	
  cell	
   line	
  has	
  confirmed	
  TGFβ-­‐mediated	
   induction	
  of	
   ID1	
  and	
  

ID2	
  mRNA	
  expression,	
  but	
  no	
  induction	
  of	
  p15	
  (figs.	
  3.8	
  and	
  3.9).	
  In	
  cells	
  infected	
  with	
  wild-­‐

type	
  EBV,	
  no	
   induction	
  of	
   ID1	
  or	
   ID2	
  occurred,	
   suggesting	
   that	
   EBV	
  blocks	
   this	
   effect	
   (fig.	
  

3.8).	
  However,	
  deletion	
  of	
  the	
  whole	
  EBNA3	
  locus,	
  LMP1	
  or	
  LMP2A,	
  led	
  to	
  TGFβ-­‐mediated	
  

induction	
  of	
  ID1	
  and	
  ID2,	
  suggesting	
  that	
  these	
  latent	
  proteins	
  are	
  necessary	
  to	
  inhibit	
  TGFβ-­‐

mediated	
  induction	
  of	
  ID1	
  and	
  ID2	
  (fig.	
  4.3C).	
  These	
  same	
  latent	
  proteins	
  are	
  necessary	
  for	
  

the	
   repression	
   of	
   TGFβR2	
   and	
   loss	
   of	
   TGFβ	
   signalling	
   suggesting	
   that	
   TGFβ-­‐mediated	
  

induction	
  of	
  ID1	
  and	
  ID2	
  occurs	
  via	
  TGFβR2	
  and	
  phosphorylation	
  of	
  SMAD2.	
  However,	
  LMP1	
  

deletion	
  allowed	
  TGFβ-­‐mediated	
  induction	
  of	
  ID1/2,	
  as	
  well	
  as	
  phosphorylation	
  of	
  SMAD2,	
  

yet	
   did	
   not	
   result	
   in	
   cell	
   cycle	
   arrest	
   or	
   apoptosis	
   with	
   TGFβ1	
   (figs.	
   4.3B-­‐C	
   and	
   5.6).	
  

Therefore,	
  although	
  in	
  other	
  cell	
  types	
  LMP1	
  alone	
  appears	
  to	
  be	
  sufficient	
  to	
  protect	
  cells	
  

from	
  TGFβ-­‐induced	
  growth	
  inhibition,	
  in	
  B	
  cells	
  LMP1	
  has	
  not	
  consistently	
  been	
  found	
  to	
  be	
  

sufficient	
  for	
  protection.	
  In	
  the	
  current	
  study,	
  LMP1	
  has	
  been	
  shown	
  not	
  to	
  be	
  necessary	
  for	
  

protection	
  against	
  TGFβ-­‐induced	
  growth	
  arrest.	
  Several	
  papers	
  published	
  during	
  the	
  course	
  

of,	
  or	
  since	
  completion	
  of,	
  this	
  project	
  have	
  suggested	
  that	
  the	
  anti-­‐proliferative	
  effects	
  of	
  

TGFβ	
  in	
  normal	
  B	
  cells	
  and	
  B	
  cell	
   lymphomas	
  may	
   in	
  fact	
  be	
  mediated	
  via	
  a	
  non-­‐canonical	
  

signalling	
   pathway	
   in	
   which	
   TGFβ	
   induces	
   phosphorylation	
   of	
   SMAD1/5	
   (Bakkebo	
   et	
   al.	
  

2010,	
  Rai	
  et	
  al.	
  2010,	
  Liu	
  et	
  al.	
  2012,	
  Jiang	
  and	
  Aguiar	
  2014),	
  which	
  had	
  also	
  been	
  suggested	
  

previously	
   for	
   SMAD1	
   (Munoz	
   et	
   al.	
   2004).	
   One	
   of	
   these	
   studies	
   also	
   showed	
   a	
   lack	
   of	
  

correlation	
   between	
   TGFβ-­‐induced	
   phosphorylation	
   of	
   SMAD2	
   and	
   its	
   anti-­‐proliferative	
  

effects	
  in	
  B	
  cells,	
  and	
  suggested	
  that	
  TGFβ-­‐mediated	
  anti-­‐proliferative	
  effects	
  via	
  pSMAD1/5	
  

may	
  also	
  involve	
  activation	
  of	
  the	
  p38	
  kinase	
  pathway	
  (Bakkebo	
  et	
  al.	
  2010).	
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Overexpression	
   of	
   TGFβR2	
   in	
   the	
   Akata	
   cell	
   line,	
   which	
   lacked	
   endogenous	
   TGFβR2	
  

expression,	
  resulted	
  in	
  two	
  distinct	
  clones	
  with	
  differing	
  levels	
  of	
  TGFβR2	
  expression.	
  Both	
  

clones	
   were	
   sensitive	
   to	
   the	
   anti-­‐proliferative	
   effects	
   of	
   TGFβ,	
   whereas	
   only	
   the	
   clone	
  

expressing	
  higher	
  levels	
  of	
  TGFβR2	
  also	
  underwent	
  apoptosis,	
  suggesting	
  that	
  TGFβ-­‐induced	
  

apoptosis	
   occurs	
   via	
   TGFβR2	
   but	
   that	
   expression	
   of	
   TGFβR2	
   must	
   exceed	
   a	
   particular	
  

threshold	
  for	
  the	
  apoptotic	
  response	
  (Fukuda	
  et	
  al.	
  2006a).	
  Furthermore,	
  the	
  cell	
  line	
  CA46	
  

does	
  not	
  undergo	
  apoptosis	
  with	
  TGFβ	
  despite	
   induction	
  of	
  BIK;	
   instead,	
   it	
   undergoes	
  G1	
  

arrest.	
  It	
  lacks	
  expression	
  of	
  BAX	
  hence	
  is	
  unable	
  to	
  undergo	
  apoptosis	
  (Spender	
  et	
  al.	
  2009).	
  

Taken	
   together,	
   these	
   studies	
   suggest	
   that	
   TGFβ	
   induces	
  G1	
   arrest	
   by	
   default,	
   but	
   that	
   if	
  

certain	
  other	
  conditions	
  are	
  present,	
   including	
  TGFβR2	
  expression	
  above	
  a	
  threshold,	
  then	
  

the	
   predominant	
   response	
   is	
   of	
   apoptosis.	
   This	
   may	
   be	
   equivalent	
   to	
   the	
   situation	
   in	
  

hepatocytes,	
  where	
  Smad3	
  overexpression	
   leads	
   to	
  apoptosis,	
  but	
   in	
   the	
  presence	
  of	
  Akt,	
  

which	
   sequesters	
   unphosphorylated	
   Smad3	
   rendering	
   it	
   unable	
   to	
   accumulate	
   in	
   the	
  

nucleus,	
  TGFβ	
  instead	
  induces	
  arrest	
  (Conery	
  et	
  al.	
  2004,	
  Remy	
  et	
  al.	
  2004).	
  

	
  

Discordance	
  between	
  PARP	
  cleavage	
  and	
  sub-­‐G1	
  component	
  on	
  FC	
  analysis	
  

In	
  the	
  current	
  study,	
  initial	
  experiments	
  showed	
  almost	
  complete	
  cleavage	
  of	
  PARP	
  in	
  BL31	
  

after	
  48	
  hours	
  of	
  TGFβ;	
  however,	
  the	
  increase	
  in	
  sub-­‐G1	
  component	
  by	
  FC	
  was	
  less	
  marked	
  

(fig.	
   5.1A-­‐B).	
   Furthermore,	
   although	
   EBNA2	
  KOs	
   1	
   and	
  2	
   showed	
  a	
   small	
   degree	
  of	
   TGFβ-­‐

induced	
  PARP	
  cleavage	
  (fig.	
  5.5),	
  TGFβ	
  did	
  not	
  induce	
  any	
  increase	
  in	
  sub-­‐G1	
  on	
  FC	
  analysis	
  

in	
  these	
  cells	
  (fig.	
  5.4).	
   In	
   later	
  experiments,	
  although	
  there	
  was	
  still	
  some	
  increased	
  PARP	
  

cleavage	
  with	
  TGFβ	
  in	
  BL31,	
  and	
  an	
  increase	
  in	
  the	
  proportion	
  of	
  dead	
  cells,	
  there	
  appeared	
  

to	
  be	
  no	
  change	
  in	
  the	
  cell	
  cycle	
  profile	
  with	
  TGFβ	
  (fig.	
  5.8).	
  Therefore,	
  in	
  these	
  cells	
  PARP	
  

cleavage	
   appeared	
   to	
   be	
   more	
   sensitive	
   than	
   FC	
   analysis	
   for	
   detection	
   of	
   apoptosis.	
   An	
  

explanation	
  may	
  be	
  that	
  some	
  cells	
  have	
  undergone	
  apoptosis	
  from	
  the	
  G2/M	
  phase,	
  since	
  

this	
  would	
   not	
   reduce	
   the	
   DNA	
   content	
   sufficiently	
   for	
   the	
   cells	
   to	
   appear	
   in	
   the	
   sub-­‐G1	
  

component.	
   In	
  the	
  EBV-­‐negative	
  BL	
  cell	
   line	
  BL41,	
  treatment	
  with	
  TGFβ	
   induced	
  apoptosis	
  

mainly	
   from	
   the	
   G1	
   but	
   also	
   from	
   the	
   G2/M	
   phases	
   of	
   the	
   cell	
   cycle	
   (Inman	
   and	
   Allday	
  

2000a).	
  

	
  

In	
   later	
  experiments	
   in	
  the	
  course	
  of	
  this	
  project,	
   the	
  amount	
  of	
  both	
  TGFβ-­‐induced	
  PARP	
  

cleavage	
  and	
  sub-­‐G1	
  on	
  FC	
  became	
  less	
  marked	
  than	
  originally	
  (figs.	
  5.1	
  and	
  5.8).	
  This	
  was	
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thought	
  to	
  be	
  due	
  to	
  a	
  change	
  in	
  the	
  serum	
  used	
  to	
  supplement	
  the	
  media	
  in	
  which	
  the	
  cells	
  

were	
  grown,	
  but	
  did	
  not	
  alter	
  the	
  occurrence	
  of	
  TGFβ-­‐induced	
  G1	
  arrest	
  in	
  the	
  relevant	
  cell	
  

lines,	
   confirming	
   that	
   arrest	
   and	
   apoptosis	
   occur	
   via	
   distinct	
   pathways	
   as	
   previously	
  

demonstrated	
   in	
   B	
   cells	
   (Chaouchi	
   et	
   al.	
   1995,	
   Schrantz	
   et	
   al.	
   1999,	
   Inman	
   and	
   Allday	
  

2000a).	
  The	
  apparent	
  resistance	
  to	
  the	
  effects	
  of	
  TGFβ	
  after	
  the	
  serum	
  change	
  did	
  not	
  alter	
  

the	
  induction	
  of	
  SMAD2	
  phosphorylation,	
  suggesting	
  that	
  some	
  factor	
  in	
  the	
  second	
  serum,	
  

but	
  not	
  the	
  first,	
  was	
  interfering	
  with	
  the	
  apoptotic	
  pathways	
  in	
  BL31	
  cells.	
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  The	
   effects	
   of	
   EBV	
   on	
   TGFβR	
   expression	
   and	
   TGFβ	
  Chapter	
  6

signalling	
  in	
  newly	
  infected	
  primary	
  B	
  cells	
  and	
  LCLs	
  

6.1	
  Introduction	
  

Chapters	
   3	
   and	
   4	
   investigated	
   TGFβ	
   signalling	
   and	
   expression	
   of	
   TGFβR2/TGFβR3	
   in	
   BL31	
  

cells	
  plus	
  or	
  minus	
  infection	
  with	
  latent	
  EBV.	
  However,	
  EBV-­‐infected	
  BL31	
  cells	
  are	
  derived	
  

from	
  highly	
   selected	
   tumour	
   cells,	
  whereas	
   LCLs	
  are	
  derived	
   from	
  normal	
  primary	
  B	
   cells.	
  

Therefore	
  it	
  was	
  important	
  to	
  see	
  whether	
  similar	
  findings	
  are	
  seen	
  early	
  after	
  infection	
  of	
  

primary	
   B	
   cells	
   and	
   in	
   established	
   LCLs,	
   although	
   it	
   is	
   harder	
   to	
   investigate	
   the	
   effects	
   of	
  

individual	
   latent	
  proteins	
  since	
  several	
  of	
  them	
  are	
  required	
  for	
  the	
  transformation	
  to	
  and	
  

maintenance	
  of	
   LCLs.	
   In	
   addition,	
   several	
   previous	
   studies	
   on	
   the	
   effects	
   of	
   EBV	
  on	
   TGFβ	
  

responses	
   have	
   been	
   done	
   in	
   established	
   LCLs,	
   which	
   may	
   also	
   have	
   undergone	
   clonal	
  

selection	
   in	
  culture	
  and	
  thus	
  may	
  be	
  heterogeneous	
  (Heath	
  et	
  al.	
  2012).	
  Therefore,	
   in	
  this	
  

chapter	
   the	
   effects	
   of	
   EBV	
   infection	
   early	
   after	
   infection	
   of	
   normal	
   primary	
   B	
   cells	
   was	
  

investigated,	
  as	
  well	
  as	
  the	
  effects	
  in	
  established	
  LCLs.	
  	
  

	
  

LCLs	
  are	
  known	
  to	
  resist	
  the	
  effects	
  of	
  TGFβ	
  (Blomhoff	
  et	
  al.	
  1987,	
  Janssen	
  et	
  al.	
  1990,	
  Altiok	
  

et	
  al.	
  1991,	
  Kumar	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  1992,	
  Altiok	
  et	
  al.	
  1993,	
  Inman	
  and	
  Allday	
  2000b,	
  

Kenney	
  et	
  al.	
  2001,	
  Horndasch	
  et	
  al.	
  2002)	
  and	
  it	
  had	
  been	
  shown	
  that	
  expression	
  of	
  TGFβR2	
  

is	
   repressed	
   in	
   LCLs	
   (Inman	
   and	
   Allday	
   2000b).	
   Having	
   shown	
   that	
   four	
   latent	
   proteins	
  

cooperate	
  to	
  repress	
  TGFβR2,	
  the	
  question	
  was	
  therefore	
  whether	
  the	
  same	
  latent	
  proteins	
  

repress	
  TGFβR2	
  early	
  after	
  infection	
  of	
  primary	
  B	
  cells	
  and	
  in	
  established	
  LCLs.	
  

	
  

In	
   addition,	
   since	
   EBV	
   also	
   up-­‐regulates	
   TGFβR3	
   in	
   BL31	
   cells	
   and	
   the	
   findings	
   in	
   BL31	
  

suggested	
   that	
   TGFβR2	
   and	
   TGFβR3	
  may	
   be	
   reciprocally	
   regulated,	
   this	
   was	
   investigated	
  

further	
  in	
  infected	
  primary	
  B	
  cells	
  and	
  LCLs.	
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6.2	
  Regulation	
  of	
  TGFβR2,	
  and	
  TGFβ	
  signalling,	
  in	
  newly	
  infected	
  B	
  cells	
  and	
  LCLs	
  

6.2.1	
  TGFβR2	
   is	
  epigenetically	
   repressed	
  by	
  EBV	
   in	
   LCLs,	
   leading	
   to	
   suppression	
  of	
  TGFβ	
  

signalling	
  	
  

In	
  BL31	
  cells,	
  EBV	
  down-­‐regulates	
  TGFβR2,	
  and	
  the	
  same	
  latent	
  proteins	
  are	
  necessary	
  for	
  

suppression	
  of	
  signalling	
  via	
  pSMAD2	
  as	
  for	
  down-­‐regulation	
  of	
  TGFβR2,	
  suggesting	
  that	
  the	
  

down-­‐regulation	
  of	
  TGFβR2	
  leads	
  to	
  the	
  suppression	
  of	
  signalling	
  (see	
  chapter	
  3,	
  figs.	
  3.1A	
  

and	
  3.7).	
  	
  

	
  

In	
   order	
   to	
   confirm	
   that	
   TGFβR2	
   is	
   also	
   repressed	
   in	
   LCLs,	
   as	
   has	
   been	
   shown	
   previously	
  

(Inman	
   and	
   Allday	
   2000b),	
   qRT-­‐PCR	
   was	
   performed	
   for	
   TGFβR2	
   in	
   several	
   different	
   LCLs	
  

carrying	
  wild-­‐type	
  EBV,	
   established	
  at	
   different	
   times	
  using	
  primary	
  B	
   cells	
   from	
  different	
  

donors,	
   and	
   compared	
   to	
   expression	
   in	
  wild-­‐type	
   EBV-­‐infected	
   and	
  uninfected	
  BL31	
   cells.	
  

This	
   confirmed	
   the	
   down-­‐regulation	
   of	
   TGFβR2	
   in	
   LCLs,	
   to	
   a	
   similar	
   level	
   as	
   in	
  wild-­‐type-­‐

infected	
  BL31	
  cells	
  (representative	
  data	
  is	
  shown	
  in	
  fig.	
  6.1A).	
  

	
  

The	
   effect	
   on	
   TGFβ	
   signalling	
   was	
   also	
   investigated	
   by	
   western	
   blot	
   for	
   pSMAD2	
   in	
   cells	
  

treated	
   with	
   TGFβ1	
   or	
   vehicle	
   alone.	
   This	
   showed	
   that	
   in	
   wild-­‐type	
   LCLs,	
   TGFβ	
   does	
   not	
  

induce	
   pSMAD2,	
   as	
   seen	
   in	
  wild-­‐type	
   infected	
   BL31	
   cells	
   (fig.	
   6.1B),	
  whereas	
   TGFβ1	
   does	
  

induce	
   pSMAD2	
   in	
   uninfected	
   BL31	
   as	
   seen	
   previously	
   (see	
   fig.	
   3.7).	
   This	
   suppression	
   of	
  

TGFβ	
  signalling	
  is	
  consistent	
  with	
  the	
  repression	
  of	
  TGFβR2	
  by	
  EBV	
  in	
  LCLs.	
  	
  

	
  

Chromatin	
  immunoprecipitation	
  was	
  performed	
  for	
  H3K27Me3	
  at	
  the	
  TGFβR2	
  promoter,	
  in	
  

order	
   to	
   determine	
   whether	
   the	
   repression	
   is	
   also	
   epigenetically	
   mediated	
   in	
   LCLs.	
   This	
  

showed	
  H3K27Me3	
  on	
  the	
  TGFβR2	
  promoter,	
  in	
  a	
  similar	
  pattern	
  to	
  but	
  to	
  a	
  slightly	
  lesser	
  

amplitude	
  than	
  in	
  BL31-­‐WT	
  (fig.	
  6.1C-­‐D).	
  This	
  suggests	
  that	
  the	
  down-­‐regulation	
  of	
  TGFβR2	
  

in	
  LCLs	
  is	
  also	
  associated	
  with	
  polycomb-­‐mediated	
  repression,	
  as	
  in	
  BL31	
  cells.	
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Figure	
  6.1:	
  TGFβR2	
  is	
  epigenetically	
  repressed	
  in	
  LCLs	
  established	
  with	
  wild-­‐type	
  EBV,	
  leading	
  to	
  suppression	
  

of	
  TGFβ	
  signalling	
  

(A)	
   qRT-­‐PCR	
   for	
   TGFβR2	
   in	
   BL31,	
   BL31-­‐WT	
   and	
   a	
   wild-­‐type	
   LCL.	
   Values	
   are	
   expressed	
   as	
   a	
   ratio	
   to	
   the	
  

endogenous	
   control	
   gene	
   GNB2L1,	
   with	
   error	
   bars	
   representing	
   standard	
   deviation	
   of	
   triplicate	
   qPCR	
  

reactions.	
  This	
  is	
  representative	
  data	
  of	
  experiments	
  performed	
  several	
  times	
  in	
  at	
  least	
  three	
  different	
  wild-­‐

type	
  LCLs.	
  (B)	
  Western	
  blot	
  for	
  pSMAD2	
  in	
  BL31,	
  BL31-­‐WT	
  and	
  LCL-­‐WT	
  one	
  hour	
  after	
  treatment	
  with	
  TGFβ1	
  

5ng/ml	
   or	
   vehicle	
   (2mg/ml	
  BSA	
   in	
   1xPBS,	
   labelled	
   ‘-­‐TGFβ1’).	
   Total	
   SMAD2	
   is	
   shown	
   for	
   comparison,	
  with	
   γ-­‐

tubulin	
  as	
  a	
  loading	
  control.	
  This	
  is	
  representative	
  data	
  from	
  experiments	
  performed	
  at	
  least	
  three	
  times	
  using	
  

different	
   LCLs.	
   (C)	
   Schematic	
   diagram	
   of	
   the	
   TGFβR2	
   promoter	
   region	
   showing	
   the	
   location	
   of	
   products	
   of	
  

primer	
  sets	
  used,	
  the	
  putative	
  transcription	
  start	
  site	
  (TSS)	
  and	
  CpG	
  islands.	
  The	
  coloured	
  blocks	
  represent	
  the	
  

primer	
   pairs	
   1-­‐5,	
   shown	
   as	
   bars	
   from	
   left	
   to	
   right	
   for	
   each	
   cell	
   line	
   in	
   figure	
   D.	
   (D)	
   ChIP	
   followed	
   by	
   qPCR	
  

showing	
  ratio	
  of	
  H3K27Me3	
  to	
  input	
  DNA	
  at	
  the	
  TGFβR2	
  promoter	
  using	
  the	
  five	
  primer	
  sets	
  shown	
  in	
  (C),	
  and	
  

control	
  promoter	
  primers	
  myoglobin	
   (repressed)	
  and	
  GAPDH	
   (active).	
  The	
  values	
   for	
  GAPDH	
  were	
  negligible	
  

and	
  so	
  are	
  not	
  shown	
  in	
  the	
  chart.	
  The	
  error	
  bars	
  represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions	
  

for	
  both	
  input	
  and	
  IP.	
  The	
  LCL	
  data	
  is	
  representative	
  from	
  experiments	
  performed	
  three	
  times.	
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6.2.2	
  TGFβR2	
  is	
  down-­‐regulated	
  by	
  EBV	
  upon	
  infection	
  of	
  primary	
  B	
  cells	
  	
  

In	
  order	
  to	
  investigate	
  further	
  the	
  repression	
  of	
  TGFβR2	
  in	
  normal	
  B	
  cells	
   infected	
  by	
  EBV,	
  

purified	
  primary	
  B	
  cells	
  were	
  infected	
  with	
  wild-­‐type	
  EBV	
  and	
  TGFβR2	
  expression	
  measured	
  

by	
  qRT-­‐PCR	
  with	
  time	
  after	
  infection,	
  as	
  LCLs	
  became	
  established	
  (arbitrarily	
  considered	
  to	
  

occur	
  at	
  40	
  days	
  post-­‐infection).	
  This	
  showed	
  that	
  TGFβR2	
  expression	
  was	
  high	
  in	
  uninfected	
  

primary	
  resting	
  B	
  cells	
  but	
  was	
  gradually	
  repressed	
  after	
  EBV	
  infection,	
  with	
  near	
  maximal	
  

repression	
   occurring	
   by	
   around	
   21	
   days	
   post-­‐infection	
   and	
   persisting	
   after	
   this	
   time	
   (fig.	
  

6.2).	
  This	
  confirms	
  the	
  down-­‐regulation	
  of	
  TGFβR2	
  by	
  EBV	
  and	
  is	
  consistent	
  with	
  LCLs	
  having	
  

little	
  or	
  no	
  detectable	
  TGFβR2	
  mRNA	
  (fig.	
  6.1A).	
  	
  

	
  

	
  
Figure	
  6.2:	
  EBV	
  down-­‐regulates	
  TGFβR2	
  expression	
  after	
  infection	
  of	
  primary	
  B	
  cells	
  	
  

qRT-­‐PCR	
   for	
   TGFβR2	
   with	
   time	
   after	
   infection	
   of	
   purified	
   primary	
   B	
   cells	
   with	
   wild-­‐type	
   EBV.	
   The	
   values	
  

represent	
  the	
  ratio	
  of	
  expression	
  to	
  the	
  mean	
  of	
  values	
  of	
  two	
  endogenous	
  control	
  gene	
  GNB2L1	
  and	
  RPLPO	
  

(‘norm’).	
  Data	
  shown	
  are	
  from	
  one	
  of	
  two	
  separate	
  infection	
  experiments,	
  in	
  which	
  the	
  pattern	
  of	
  variation	
  of	
  

values	
  is	
  representative.	
  The	
  error	
  bars	
  represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions.	
  	
  

	
  

6.2.3	
  EBNA3B	
  deletion	
  leads	
  to	
  de-­‐repression	
  of	
  TGFβR2	
  and	
  an	
  increase	
  in	
  TGFβ	
  signalling	
  

in	
  LCLs	
  

Since	
  EBNA3B,	
  EBNA3C,	
   LMP1	
  and	
  LMP2A	
  appear	
   to	
   cooperate	
   in	
   the	
  down-­‐regulation	
  of	
  

TGFβR2	
  in	
  BL31	
  cells,	
   it	
  was	
  hypothesised	
  that	
  the	
  same	
  latent	
  proteins	
  may	
  cooperate	
  to	
  

down-­‐regulate	
   TGFβR2	
   in	
   LCLs.	
   In	
   LCLs,	
   the	
   effect	
   of	
   deletion	
   of	
   certain	
   individual	
   latent	
  

proteins	
   cannot	
   be	
   directly	
   assessed	
   as	
   some	
   (EBNA1,	
   EBNA2,	
   LMP1	
   and	
   EBNA3C)	
   are	
  

absolutely	
  necessary	
  for	
  the	
  transformation	
  of	
  B	
  cells	
  by	
  EBV	
  into	
  LCLs	
  (Cohen	
  et	
  al.	
  1989,	
  

Kaye	
  et	
  al.	
  1993,	
  Tomkinson	
  et	
  al.	
  1993,	
  Lee	
  et	
  al.	
  1999).	
  Since	
  EBNA3B	
   is	
  dispensable	
   for	
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transformation	
  of	
  B	
  cells	
   to	
  LCLs,	
   it	
   is	
  possible	
   to	
  establish	
  EBNA3B	
  KO	
  LCLs,	
  and	
   thus	
   the	
  

effect	
  of	
  EBNA3B	
  deletion	
  on	
  TGFβR2	
  expression	
  was	
  investigated	
  in	
  newly	
  infected	
  B	
  cells	
  

and	
  established	
  LCLs.	
  

	
  

Initially,	
   purified	
   primary	
   B	
   cells	
   were	
   infected	
   with	
   wild-­‐type,	
   EBNA3B	
   KO	
   and	
   EBNA3B	
  

revertant	
  viruses	
  and	
  samples	
  harvested	
  at	
  various	
  time	
  points	
  for	
  RNA	
  extraction	
  and	
  qRT-­‐

PCR	
  for	
  TGFβR2	
  mRNA	
  (fig.	
  6.3A).	
  Although	
  the	
  repression	
  of	
  TGFβR2	
  was	
  slower	
  initially	
  for	
  

wild-­‐type	
  than	
  EBNA3B	
  KO	
  or	
  revertant	
  EBV,	
  similar	
  levels	
  of	
  TGFβR2	
  repression	
  were	
  seen	
  

by	
  around	
  25	
  days	
  after	
   infection	
  for	
  all	
   three	
  viruses	
  (fig	
  6.3A).	
  This	
   initial	
  difference	
  was	
  

likely	
  to	
  be	
  due	
  to	
  a	
  difference	
  in	
  titres	
  of	
  virus	
  used	
  to	
  infect	
  the	
  primary	
  B	
  cells,	
  as	
  the	
  titre	
  

of	
   wild-­‐type	
   virus	
   was	
   approximately	
   20-­‐fold	
   lower	
   than	
   either	
   EBNA3B	
   KO	
   or	
   revertant	
  

viruses.	
  However,	
  the	
  titres	
  of	
  EBNA3B	
  KO	
  and	
  revertant	
  were	
  more	
  comparable,	
  but	
  with	
  

that	
  for	
  EBNA3B	
  KO	
  being	
  slightly	
  higher	
  than	
  for	
  the	
  revertant	
  (WT	
  4	
  x104	
  GRU/ml,	
  EBNA3B	
  

KO	
  1.0	
  x	
  106	
  GRU/ml;	
  EBNA3B	
  revertant	
  0.75	
  x	
  106	
  GRU/ml).	
  It	
  was	
  observed	
  that,	
  from	
  days	
  

10-­‐28	
   post-­‐infection,	
   there	
   was	
   slightly	
   less	
   repression	
   of	
   TGFβR2	
   in	
   EBNA3B	
   KO	
   than	
  

revertant	
  despite	
  EBNA3B	
  KO	
  being	
  of	
  slightly	
  higher	
  titre	
  (fig.	
  6.3A).	
  After	
  day	
  28,	
  however,	
  

TGFβR2	
  appeared	
  to	
  be	
  profoundly	
  repressed	
  by	
  all	
  three	
  viruses	
  (fig.	
  6.3A).	
  	
  	
  

	
  

mRNA	
  was	
  extracted	
  from	
  the	
  LCLs	
  established	
  from	
  primary	
  B	
  cells	
   infected	
  by	
  wild-­‐type,	
  

EBNA3B	
  KO	
  and	
  EBNA3B	
  revertant	
  viruses	
  at	
  six	
  weeks	
  post-­‐infection	
  and	
  analysed	
  by	
  qRT-­‐

PCR.	
  This	
  showed	
  that	
  although	
  TGFβR2	
  expression	
  was	
  low	
  for	
  all	
  three	
  viruses,	
  there	
  was	
  

some	
  relaxation	
  of	
  repression	
  in	
  EBNA3B	
  KO	
  compared	
  to	
  wild-­‐type	
  and	
  revertant	
  –	
  infected	
  

cells,	
  suggesting	
  that	
  EBNA3B	
  may	
  contribute	
  to	
  the	
  repression	
  of	
  TGFβR2	
  in	
  LCLs,	
  although	
  

this	
  contribution	
  appears	
  to	
  be	
  minor	
  (fig.	
  6.3B).	
  

	
  

The	
  effect	
  of	
  EBNA3B	
  deletion	
  on	
  TGFβ	
  signalling	
  was	
  also	
  investigated	
  at	
  around	
  six	
  weeks	
  

post-­‐infection	
   using	
   the	
   wild-­‐type,	
   EBNA3B	
   KO	
   and	
   revertant	
   LCLs	
   established	
   from	
   the	
  

infections	
   of	
   primary	
   B	
   cells.	
   This	
   showed	
   that	
   signalling,	
   as	
   detected	
   by	
   pSMAD2,	
   was	
  

increased	
   in	
  EBNA3B	
  KO	
  compared	
  to	
  wild-­‐type	
  or	
   revertant	
  LCLs,	
  consistent	
  with	
   the	
  de-­‐

repression	
   of	
   TGFβR2	
   in	
   these	
   cells	
   (fig.	
   6.3C).	
   The	
   level	
   of	
   pSMAD2	
   was	
   somewhat	
  

surprising	
  as,	
  despite	
  the	
   level	
  of	
  TGFβR2	
  appearing	
  to	
  be	
  markedly	
  repressed	
  overall,	
   the	
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de-­‐repression	
   seen	
   in	
   EBN3B	
   KO	
   LCLs	
   compared	
   to	
   wild-­‐type	
   was	
   sufficient	
   to	
   restore	
  

signalling.	
  This	
  will	
  be	
  discussed	
  further	
  in	
  section	
  6.5.	
  	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  6.3:	
  EBNA3B	
  deletion	
   leads	
   to	
  a	
  modest	
  de-­‐repression	
  of	
  TGFβR2	
  and	
   increased	
  TGFβ	
  signalling	
  via	
  

pSMAD2	
  

(A)	
  qRT-­‐PCR	
  for	
  TGFβR2	
  with	
  time	
  after	
  infection	
  of	
  purified	
  primary	
  B	
  cells	
  with	
  wild-­‐type	
  (WT),	
  EBNA3B	
  KO	
  

and	
   EBNA3B	
   revertant	
   virus.	
   The	
   values	
   represent	
   the	
   ratio	
   of	
   expression	
   to	
   the	
   mean	
   of	
   values	
   of	
   two	
  

endogenous	
   control	
   gene	
  GNB2L1	
   and	
   RPLPO	
   (‘norm’).	
   The	
   error	
   bars	
   represent	
   standard	
   deviations	
   from	
  

triplicate	
  qPCR	
  reactions.	
  (B)	
  qRT-­‐PCR	
  for	
  TGFβR2	
  in	
  WT,	
  EBNA3B	
  KO	
  and	
  EBNA3B	
  revertant	
  LCLs	
  at	
  6	
  weeks	
  

post-­‐infection.	
  The	
  values	
  represent	
  the	
  ratio	
  of	
  expression	
  to	
  the	
  endogenous	
  control	
  gene	
  GNB2L1.	
  The	
  error	
  

bars	
   represent	
   standard	
   deviations	
   from	
   triplicate	
   qPCR	
   reactions.	
   (C)	
  Western	
   blot	
   for	
   pSMAD2	
   in	
   the	
   cell	
  

lines	
  as	
  in	
  (B)	
  before	
  treatment	
  (time	
  0)	
  and	
  one	
  hour	
  after	
  treatment	
  with	
  TGFβ1	
  10ng/ml	
  or	
  vehicle	
  (2mg/ml	
  

BSA	
   in	
  1xPBS),	
  at	
  6	
  weeks	
  post-­‐infection.	
  Total	
  SMAD2	
   is	
   shown	
   for	
  comparison,	
  with	
  γ-­‐tubulin	
  as	
  a	
   loading	
  

control.	
  All	
  data	
  shown	
  are	
  from	
  one	
  experiment,	
  in	
  which	
  the	
  pattern	
  of	
  variation	
  of	
  values	
  for	
  the	
  cell	
  lines	
  is	
  

representative	
  of	
  at	
  least	
  two	
  separate	
  experiments.	
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6.2.4	
  TGFβR2	
  remains	
  repressed	
  after	
  withdrawal	
  of	
  4HT	
  in	
  3CHT-­‐LCLs	
  established	
  in	
  the	
  

presence	
  of	
  4HT	
  

Next,	
  the	
  effect	
  of	
  non-­‐functional	
  EBNA3C	
  on	
  TGFβR2	
  expression	
  was	
  investigated	
  in	
  LCLs,	
  

since	
   EBNA3C	
   is	
   necessary	
   for	
   the	
   repression	
  of	
   TGFβR2	
   in	
   BL31	
   cells	
   (fig.	
   3.1A).	
   Because	
  

EBNA3C	
   is	
   required	
   for	
   transformation	
  of	
   normal	
   B	
   cells	
   into	
   LCLs,	
   and	
   therefore	
  when	
  B	
  

cells	
  are	
  infected	
  with	
  EBNA3C	
  KO	
  virus	
  they	
  are	
  unable	
  to	
  survive	
  or	
  grow	
  out	
  to	
  become	
  

LCLs	
  (Tomkinson	
  et	
  al.	
  1993),	
  a	
  recombinant	
  EBV	
  conditional	
  for	
  EBNA3C	
  function	
  was	
  used.	
  	
  

A	
   conditional	
   system	
   has	
   been	
   developed	
   in	
   which	
   EBNA3C	
   is	
   fused	
   to	
   a	
   modified,	
   4-­‐

hydroxytamoxifen	
   (4HT)-­‐dependent	
   murine	
   oestrogen	
   receptor.	
   This	
   3CHT	
   virus,	
   created	
  

from	
  a	
  B95.8	
  virus	
   in	
   the	
  BAC	
  system,	
  has	
  been	
  used	
   to	
   infect	
  primary	
  B	
  cells	
   in	
  order	
   to	
  

establish	
  3CHT-­‐LCLs	
  (Skalska	
  et	
  al.	
  2010).	
  These	
  LCLs	
  express	
  EBNA3C-­‐HT,	
  a	
  modified	
  form	
  of	
  

EBNA3C,	
  which	
  is	
  functional	
  only	
  when	
  4HT	
  is	
  present	
  in	
  the	
  growth	
  medium.	
  When	
  4HT	
  is	
  

withdrawn,	
   EBNA3C-­‐HT	
   is	
   sequestered	
   and	
   degraded,	
   and	
   the	
   LCLs	
   gradually	
   stop	
  

proliferating	
  due	
  to	
  the	
  absence	
  of	
  functional	
  EBNA3C	
  and	
  concomitant	
  increase	
  in	
  p16INK4A	
  

(Maruo	
  et	
  al.	
  2006,	
  Skalska	
  et	
  al.	
  2010).	
  

	
  
The	
  effect	
  of	
  deactivating	
  EBNA3C	
  on	
  TGFβR2	
  expression	
  was	
  investigated	
  using	
  this	
  system.	
  

A	
  3CHT-­‐LCL,	
  which	
  had	
  been	
  established	
  from	
  infection	
  of	
  normal	
  donor	
  B	
  cells,	
  was	
  grown	
  

continuously	
   with	
   4HT,	
   thus	
   expressing	
   functional	
   EBNA3C.	
   	
   The	
   cells	
   were	
   washed	
   and	
  

grown	
  subsequently	
  in	
  medium	
  with	
  or	
  without	
  4HT	
  for	
  21	
  days,	
  with	
  samples	
  harvested	
  at	
  

day	
  0	
  and	
  21	
  days	
  post	
  withdrawal	
  or	
  continuation	
  of	
  4HT	
  (cell	
  treatments,	
  harvesting	
  and	
  

RNA	
   extraction	
   performed	
   by	
   Lenka	
   Skalska).	
   qRT-­‐PCR	
   for	
   TGFβR2	
   expression	
   in	
   these	
  

samples,	
   along	
   with	
   BL31	
   and	
   BL31-­‐WT	
   for	
   comparison,	
   showed	
   that	
   TGFβR2	
   remained	
  

profoundly	
  repressed,	
  with	
  values	
  similar	
  to	
  those	
  at	
  day	
  0,	
  even	
  21	
  days	
  after	
  withdrawal	
  

of	
  4HT	
  (fig.	
  6.4).	
  The	
  degree	
  of	
  repression	
  was	
  also	
  similar	
  to	
  that	
  seen	
  in	
  BL31-­‐WT.	
  	
  

	
  

Since	
  functional	
  EBNA3C	
  had	
  been	
  shown	
  to	
  be	
  withdrawn	
  by	
  day	
  21	
  after	
  4HT	
  withdrawal	
  

in	
  these	
  cells	
   (Skalska	
  et	
  al.	
  2010),	
   the	
  findings	
  would	
  suggest	
  that	
  withdrawal	
  of	
  4HT	
  and	
  

hence	
  functional	
  EBNA3C	
  does	
  not	
  lead	
  to	
  de-­‐repression	
  of	
  TGFβR2,	
  and	
  thus	
  that	
  EBNA3C	
  

is	
  not	
  necessary	
  for	
  the	
  repression	
  of	
  TGFβR2	
  in	
  LCLs.	
  However,	
  EBNA3C	
  has	
  been	
  shown	
  to	
  

repress	
  BIM	
  and	
  p16INK4A	
  by	
  polycomb-­‐mediated	
  repression	
  and	
  to	
  bind	
  to	
  multiple	
  cellular	
  

promoters	
  suggesting	
  direct	
  repression	
  (Paschos	
  et	
  al.	
  2009,	
  Skalska	
  et	
  al.	
  2010,	
  McClellan	
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et	
   al.	
   2012,	
   Paschos	
   et	
   al.	
   2012,	
   Skalska	
   et	
   al.	
   2013).	
   Thus	
   it	
   remains	
   possible	
   that	
   prior	
  

exposure	
  to	
  EBNA3C	
  (when	
  the	
  cells	
  were	
  previously	
  grown	
  in	
  the	
  presence	
  of	
  4HT)	
  could	
  

have	
   led	
  to	
  epigenetic	
  repression	
  of	
  TGFβR2,	
  with	
  TGFβR2	
  then	
  remaining	
  repressed	
  even	
  

after	
  functional	
  EBNA3C	
  was	
  removed.	
  	
  	
  

	
  

	
  

Figure	
  6.4:	
  In	
  3CHT-­‐LCLs	
  established	
  with	
  4HT,	
  TGFβR2	
  remains	
  repressed	
  despite	
  withdrawal	
  of	
  4HT	
  

LCLs	
  were	
  established	
  from	
  a	
  donor	
  with	
  wild-­‐type	
  p16,	
   in	
  the	
  presence	
  of	
  4HT.	
  Cells	
  were	
  harvested	
  at	
  day	
  

zero	
  and	
  then	
  half	
  of	
  the	
  cells	
  were	
  grown	
  continuously	
  in	
  4HT	
  whereas	
  the	
  other	
  half	
  were	
  washed	
  and	
  then	
  

subsequently	
   grown	
   in	
   medium	
  without	
   4HT.	
   After	
   21	
   days,	
   samples	
   were	
   harvested	
   from	
   each.	
   RNA	
   was	
  

extracted	
  and	
   then	
  qRT-­‐PCR	
   for	
  TGFβR2	
  was	
  performed	
  with	
   these	
   samples	
  as	
  well	
   as	
  uninfected	
  and	
  wild-­‐

type	
   infected	
  BL31.	
  Values	
  (shown	
  above	
  the	
  bars)	
  are	
  expressed	
  as	
  a	
  ratio	
  to	
  the	
  endogenous	
  control	
  gene	
  

GNB2L1,	
   with	
   error	
   bars	
   representing	
   standard	
   deviation	
   of	
   triplicate	
   qPCR	
   reactions	
   (LCL	
   samples	
   grown,	
  

harvested	
  and	
  RNA	
  extracted	
  by	
  Lenka	
  Skalska).	
  

	
  

6.2.5	
   In	
  3CHT-­‐LCLs	
  established	
   in	
  a	
  p16-­‐null	
  background,	
  without	
  ever	
  being	
  exposed	
   to	
  

4HT	
  and	
  thus	
  EBNA3C,	
  TGFβR2	
  is	
  moderately	
  de-­‐repressed,	
  leading	
  to	
  restoration	
  of	
  TGFβ	
  

signalling	
  

In	
   order	
   to	
   test	
   the	
   hypothesis	
   that	
   in	
   LCLs,	
   TGFβR2	
   remains	
   epigenetically	
   repressed	
  

following	
   previous	
   exposure	
   to	
   EBNA3C,	
   it	
  would	
   be	
   necessary	
   to	
   obtain	
   an	
   LCL	
   that	
   had	
  

never	
  been	
  exposed	
  to	
  EBNA3C.	
  As	
  previously	
  mentioned,	
  EBNA3C	
  is	
  absolutely	
  required	
  for	
  

B	
   cell	
   transformation	
   by	
   EBV	
   (Tomkinson	
   et	
   al.	
   1993)	
   and	
   thus	
   it	
   would	
   theoretically	
   be	
  

impossible	
   to	
  obtain	
  an	
  LCL	
   in	
  which	
  EBNA3C	
  had	
  never	
  been	
  expressed.	
  However,	
  at	
   the	
  

time	
   this	
  work	
  was	
  being	
  undertaken,	
   colleagues	
   in	
   the	
   laboratory	
  were	
   investigating	
   the	
  

effects	
   of	
   EBNA3C	
   on	
   repression	
   of	
   p16INK4A	
   and	
   had	
   hypothesised	
   that	
   the	
   repression	
   of	
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p16INK4A	
  may	
   be	
   the	
   reason	
  why	
   EBNA3C	
   is	
   required	
   for	
   B	
   cell	
   transformation.	
   Therefore	
  

they	
  had	
  obtained	
  B	
   cells	
   from	
  an	
   individual	
  with	
  a	
  homozygous	
  deletion	
   in	
  CDKN2A,	
   the	
  

gene	
  encoding	
  p16INK4A,	
  and	
  infected	
  these	
  B	
  cells	
  with	
  the	
  3CHT	
  virus,	
  both	
  in	
  the	
  presence	
  

and	
  absence	
  of	
  4HT.	
  As	
  predicted,	
  in	
  the	
  p16-­‐null	
  background	
  they	
  were	
  able	
  to	
  successfully	
  

establish	
   LCLs	
   even	
   in	
   the	
   absence	
   of	
   4HT,	
   and	
   thus	
   the	
   resultant	
   p16-­‐null	
   3CHT-­‐LCLs	
  

(established	
  without	
   4HT)	
   would	
   have	
   never	
   expressed	
   functional	
   EBNA3C	
   (Skalska	
   et	
   al.	
  

2013).	
  	
  

	
  

Therefore,	
  TGFβR2	
  expression	
  was	
  investigated	
  in	
  these	
  cells,	
  based	
  on	
  the	
  hypothesis	
  that	
  

EBNA3C	
   represses	
   TGFβR2	
   epigenetically,	
   and	
   this	
   would	
   be	
  maintained	
   in	
   progeny	
   cells	
  

even	
   if	
   4HT	
   is	
  withdrawn.	
   If	
   this	
   hypothesis	
  were	
   correct,	
   then	
   in	
   the	
   p16-­‐null	
   3CHT-­‐LCLs	
  

TGFβR2	
  would	
   be	
   de-­‐repressed	
   in	
   those	
   cells	
  which	
   had	
   never	
   been	
   exposed	
   to	
   4HT	
   and	
  

hence	
  EBNA3C.	
  Samples	
  were	
  harvested	
  at	
  42	
  days	
  after	
   infection	
  of	
  p16-­‐null	
  B	
  cells	
  with	
  

3CHT	
  virus,	
  and	
  subsequently	
  cultured	
  with	
  or	
  without	
  4HT	
   in	
  the	
  medium	
  (infections	
  and	
  

harvesting	
  of	
   samples	
  performed	
  by	
  Rob	
  White).	
   RNA	
  was	
  extracted	
   from	
   these	
   samples,	
  

followed	
  by	
  qRT-­‐PCR	
  for	
  TGFβR2.	
  In	
  those	
  cells	
  which	
  had	
  never	
  been	
  exposed	
  to	
  EBNA3C,	
  

there	
  was	
   at	
   least	
   a	
   two-­‐fold	
   de-­‐repression	
  of	
   TGFβR2,	
   although	
   compared	
   to	
   uninfected	
  

BL31s	
  the	
  expression	
  remained	
  low	
  (fig.	
  6.5A-­‐B).	
  This	
  suggests	
  that	
  EBNA3C	
  does	
  contribute	
  

to	
  the	
  repression	
  of	
  TGFβR2	
  in	
  LCLs	
  although,	
  similarly	
  to	
  EBNA3B,	
  the	
  effect	
  is	
  small.	
  

	
  

In	
  EBNA3B	
  KO	
  LCLs,	
  the	
  de-­‐repression	
  of	
  TGFβR2	
  led	
  to	
  an	
  increase	
  in	
  pSMAD2	
  after	
  TGFβ1	
  

treatment	
  compared	
  to	
  that	
  seen	
   in	
  wild-­‐type	
  or	
  revertant	
  LCLs	
   (fig.	
  6.3B-­‐C),	
  even	
  though	
  

the	
  overall	
   expression	
  of	
   TGFβR2	
  was	
   very	
   low	
   relative	
   to	
  uninfected	
  primary	
  B	
   cells	
   (fig.	
  

6.3A).	
   Therefore,	
   the	
   effects	
   of	
   EBNA3C	
   expression	
   on	
   TGFβ	
   signalling	
  were	
   investigated.	
  

Using	
  the	
  p16-­‐null	
  3CHT-­‐LCLs	
  that	
  had	
  been	
  established	
  with	
  or	
  without	
  4HT	
  (as	
  shown	
  in	
  

figs.	
   6.5A-­‐B),	
   a	
   crossover	
   experiment	
   was	
   performed	
   by	
   Rob	
   White	
   in	
   which	
   the	
   two	
  

established	
  LCLs	
  (p16-­‐null	
  3CHT	
  established	
  with	
  and	
  without	
  4HT)	
  were	
  then	
  each	
  divided	
  

into	
   two	
   and	
   subsequently	
   grown	
  with	
   or	
  without	
   4HT	
   in	
   the	
  medium.	
   This	
   created	
   four	
  

different	
  conditions:	
  	
  (1)	
  never	
  exposed	
  to	
  4HT,	
  (2)	
  grown	
  out	
  for	
  3	
  months	
  without	
  4HT	
  but	
  

then	
  4HT	
  added,	
  (3)	
  grown	
  out	
  continuously	
  with	
  4HT,	
  or	
  (4)	
  grown	
  out	
  with	
  4HT	
  but	
  then	
  

4HT	
  withdrawn.	
  Samples	
  harvested	
  from	
  these	
  at	
  30	
  days	
  after	
  changeover	
  of	
  the	
  medium	
  

were	
   investigated	
  by	
  qRT-­‐PCR	
  for	
  TGFβR2	
  (fig.	
  6.5C).	
  This	
  showed	
  that	
  TGFβR2	
  expression	
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was	
  again	
  generally	
  low	
  in	
  all	
  conditions,	
  but	
  in	
  those	
  LCLs	
  established	
  initially	
  without	
  4HT,	
  

TGFβR2	
   was	
   slightly	
   higher	
   than	
   those	
   established	
   with	
   4HT.	
   However,	
   the	
   addition	
   or	
  

withdrawal	
   of	
   4HT	
   after	
   the	
   LCLs	
   had	
   been	
   established	
   did	
   not	
   really	
   alter	
   TGFβR2	
  

expression	
  (fig.	
  6.5C),	
   i.e.	
  values	
  were	
  similar	
  for	
  both	
  ‘never	
  exposed’	
  conditions	
  and	
  also	
  

for	
  both	
  conditions	
  grown	
  out	
  with	
  4HT.	
  	
  This	
  suggests	
  that	
  the	
  absence	
  of	
  EBNA3C	
  as	
  LCLs	
  

are	
   being	
   established	
   may	
   lead	
   to	
   less	
   repression	
   of	
   TGFβR2,	
   but	
   once	
   the	
   LCLs	
   are	
  

established	
  the	
  addition	
  or	
  withdrawal	
  of	
  EBNA3C	
  does	
  not	
  alter	
  TGFβR2	
  expression.	
  This	
  is	
  

consistent	
  with	
  the	
  findings	
  in	
  3CHT-­‐LCLs	
  established	
  in	
  a	
  p16-­‐wild-­‐type	
  background,	
  where	
  

withdrawal	
  of	
  4HT	
  did	
  not	
  alter	
  TGFβR2	
  expression	
  (fig.	
  6.4).	
  	
  

	
  

p16-­‐null	
  3CHT-­‐LCLs	
  grown	
  under	
  the	
  four	
  conditions	
  as	
  described	
  above	
  were	
  investigated	
  

for	
   TGFβ	
   signalling,	
   by	
   treatment	
   with	
   TGFβ1	
   or	
   vehicle	
   for	
   one	
   hour,	
   followed	
   by	
  

harvesting,	
   protein	
   extraction,	
   SDS-­‐PAGE	
   and	
   Western	
   blot	
   for	
   pSMAD2	
   (fig.	
   6.5D).	
   This	
  

showed	
   that	
   in	
   cells	
   grown	
   out	
  without	
   4HT,	
   there	
  was	
   greater	
   induction	
   of	
   pSMAD2	
   by	
  

TGFβ1	
   than	
   those	
   LCLs	
   grown	
   out	
   in	
   the	
   presence	
   of	
   4HT.	
   However,	
   the	
   addition	
   or	
  

withdrawal	
  of	
  4HT	
  subsequent	
  to	
  establishment	
  of	
  the	
  LCLs	
  seemed	
  to	
  have	
  no	
  effect.	
  These	
  

findings	
  were	
  consistent	
  with	
  the	
  slight	
  de-­‐repression	
  of	
  TGFβR2	
  seen	
  in	
  cells	
  established	
  in	
  

the	
  absence	
  of	
  4HT	
  (fig.	
  6.5C).	
  	
  

	
  

Taken	
   together,	
   these	
   results	
   suggest	
   that	
   initial	
   exposure	
   to	
   EBNA3C	
   in	
   LCLs	
   leads	
   to	
   a	
  

more	
  profound	
  repression	
  of	
  TGFβR2,	
  with	
  consequent	
  suppression	
  of	
  TGFβ	
  signalling,	
  than	
  

in	
  LCLs	
  which	
  have	
  never	
  been	
  exposed	
  to	
  functional	
  EBNA3C.	
   	
  This	
  effect	
  persists	
  despite	
  

subsequent	
   exposure	
   to,	
   or	
   removal	
   of,	
   EBNA3C.	
   This	
   could	
   be	
   consistent	
   with	
   the	
  

repression	
   of	
   TGFβR2	
   by	
   EBNA3C	
   being	
   epigenetically	
   mediated	
   as	
   discussed	
   in	
   section	
  

6.2.4.	
  	
  

	
  

The	
   expression	
   of	
   TGFβR2	
   in	
   p16-­‐null	
   cells	
   even	
  without	
   EBNA3C	
   exposure,	
   as	
  well	
   as	
   in	
  

EBNA3B	
  KO	
  LCLs,	
   is	
   low	
   in	
  comparison	
   to	
  uninfected	
  primary	
  B	
  cells	
   (figs.	
  6.3A	
  and	
  6.5A),	
  

suggesting	
  that	
  the	
  contributions	
  of	
  both	
  EBNA3B	
  and	
  EBNA3C	
  to	
  the	
  initial	
  repression	
  are	
  

minimal	
  in	
  LCLs.	
  Thus	
  it	
  is	
  likely	
  that,	
  in	
  LCLs,	
  other	
  latent	
  protein(s)	
  may	
  contribute	
  more	
  to	
  

the	
   repression	
  of	
  TGFβR2	
   than	
  EBNA3B	
  or	
  EBNA3C.	
   Since	
   in	
  BL31	
  cells,	
   LMP1	
  and	
  LMP2A	
  

also	
  both	
  appear	
  to	
  contribute	
  (see	
  chapter	
  4),	
  one	
  or	
  both	
  of	
  these	
  may	
  also	
  contribute	
  in	
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LCLs.	
  However,	
  it	
  is	
  interesting	
  to	
  note	
  that	
  although	
  the	
  expression	
  level	
  of	
  TGFβR2	
  remains	
  

generally	
   low	
  even	
   in	
   the	
   absence	
  of	
   EBNA3B	
  or	
   functional	
   EBNA3C,	
   this	
   level	
   of	
   TGFβR2	
  

expression	
   is	
   nevertheless	
   sufficient	
   to	
   allow	
   TGFβ	
   signalling	
   via	
   pSMAD2.	
   Furthermore,	
  

what	
   appears	
   to	
   be	
   only	
   a	
   slight	
   de-­‐repression	
   of	
   TGFβR2	
   in	
   the	
   absence	
   of	
   EBNA3B	
   or	
  

functional	
   EBNA3C	
   leads	
   to	
   a	
   definite	
   increase	
   in	
   TGFβ-­‐induced	
   pSMAD2	
   (figs.	
   6.3C	
   and	
  

6.5D).	
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Figure	
  6.5:	
  In	
  3CHT-­‐LCLs	
  established	
  in	
  a	
  p16-­‐null	
  background,	
  which	
  have	
  never	
  been	
  exposed	
  to	
  4HT	
  and	
  

therefore	
   never	
   expressed	
   functional	
   EBNA3C,	
   there	
   is	
   a	
   modest	
   de-­‐repression	
   of	
   TGFβR2	
   leading	
   to	
  

increased	
  TGFβ	
  signalling	
  	
  

(A-­‐B)	
  Primary	
  B	
  cells	
  from	
  a	
  donor	
  homozygous	
  for	
  a	
  deletion	
  of	
  p16	
  (‘p16-­‐null’)	
  were	
  infected	
  with	
  3CHT	
  virus,	
  

half	
   with	
   and	
   half	
   without	
   4HT	
   in	
   the	
   medium.	
   3CHT-­‐LCL	
   samples	
   were	
   harvested	
   6	
   weeks	
   after	
   infection	
  

(infections	
   and	
   harvesting	
   performed	
   by	
   Rob	
   White).	
   RNA	
   extraction,	
   reverse	
   transcription	
   and	
   qPCR	
   for	
  

TGFβR2	
  were	
   performed	
   along	
   with	
   samples	
   from	
   BL31,	
   BL31-­‐WT	
   and	
   a	
   wild-­‐type	
   LCL	
   for	
   comparison.	
   (B)	
  

shows	
  an	
  enlarged	
  version	
  of	
  the	
  data	
  shown	
  in	
  (A)	
  for	
  the	
  p16-­‐null	
  3CHT-­‐LCL	
  cell	
   lines	
  established	
  with	
  and	
  

without	
   4HT.	
   (C)	
   The	
   p16-­‐null	
   3CHT-­‐LCLs	
   established	
   with	
   4HT	
   for	
   3	
   months	
   were	
   then	
   divided	
   into	
   two	
  

samples	
   in	
   which	
   4HT	
   was	
   continued	
   (‘continuous	
   4HT’)	
   or	
   withdrawn	
   (‘grown	
   out	
   with	
   4HT,	
   then	
   4HT	
  

withdrawn’).	
  At	
  the	
  same	
  time,	
  the	
  cells	
  that	
  were	
  established	
  without	
  4HT	
  then	
  had	
  it	
  added	
  (‘never	
  exposed	
  

then	
  4HT	
  added’)	
  or	
  growth	
  was	
   continued	
   in	
  medium	
  without	
  4HT	
   (‘never	
  exposed	
   to	
  4HT’).	
  30	
  days	
  after	
  

these	
  changes	
  samples	
  were	
  harvested	
  (cells	
  grown	
  and	
  harvested	
  by	
  Rob	
  White).	
  RNA	
  was	
  extracted	
  and	
  qRT-­‐

PCR	
   performed	
   for	
   TGFβR2.	
   Values	
   are	
   expressed	
   as	
   a	
   ratio	
   to	
   the	
   endogenous	
   control	
   gene	
  GNB2L1,	
  with	
  

error	
  bars	
  representing	
  standard	
  deviation	
  of	
  triplicate	
  qPCR	
  reactions.	
  (D)	
  The	
  four	
  sets	
  of	
  cells	
  as	
  in	
  (C)	
  were	
  

frozen	
   down	
   then	
   re-­‐established	
   in	
   the	
   appropriate	
  media.	
   Once	
   established,	
   equal	
   numbers	
   of	
   each	
  were	
  

harvested	
  at	
  time	
  zero	
  then	
  treated	
  for	
  one	
  hour	
  with	
  TGFβ1	
  10ng/ml	
  or	
  vehicle	
  (2mg/ml	
  BSA	
  in	
  PBS)	
  before	
  

harvesting.	
  Protein	
  was	
  extracted	
  followed	
  by	
  SDS-­‐PAGE	
  and	
  western	
  blot	
  for	
  SMAD2	
  and	
  pSMAD2	
  in	
  parallel.	
  

γ-­‐tubulin	
  was	
  used	
  as	
  a	
  loading	
  control.	
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6.2.6	
  Effects	
  of	
  EBNA3A	
  KO,	
  EBNA3C	
  KO	
  and	
  total	
  EBNA3	
  KO	
  on	
  TGFβR2	
  expression	
  early	
  

after	
  infection	
  of	
  primary	
  B	
  cells	
  

Having	
   investigated	
  the	
  effects	
  of	
  EBNA3B	
  and	
  EBNA3C	
  on	
  TGFβR2	
  expression	
   in	
  LCLs,	
  the	
  

effect	
   of	
   EBNA3A	
   was	
   also	
   investigated.	
   Although	
   EBNA3A	
   was	
   originally	
   thought	
   to	
   be	
  

required	
  for	
  B	
  cell	
  transformation	
  to	
  LCLs,	
  more	
  recent	
  work	
  had	
  shown	
  that	
  it	
  is	
  possible	
  to	
  

establish	
  EBNA3A	
  KO	
  LCLs	
  when	
  feeder	
  cells	
  are	
  present	
  (Tomkinson	
  et	
  al.	
  1993,	
  Hertle	
  et	
  al.	
  

2009,	
   Skalska	
   et	
   al.	
   2010).	
   Colleagues	
   in	
   the	
   laboratory	
   had	
   made	
   several	
   attempts	
   to	
  

establish	
  EBNA3A	
  KO	
  LCLs,	
  and	
   the	
   success	
  of	
   this	
  was	
   rather	
  variable,	
   such	
   that	
   in	
  many	
  

cases	
   it	
  was	
   not	
   possible	
   to	
   establish	
  wild-­‐type,	
   EBNA3A	
  KO	
   and	
   revertant	
   LCLs	
   all	
   in	
   the	
  

same	
   donor	
   background.	
   Therefore	
   the	
   EBNA3A	
   KO	
   LCLs	
   obtained	
   were	
   very	
  

heterogeneous.	
  Preliminary	
  investigations	
  of	
  expression	
  of	
  TGFβR2	
  in	
  EBNA3A	
  KO	
  compared	
  

to	
  wild-­‐type/revertant	
  LCLs	
  in	
  several	
  sets	
  of	
  LCLs	
  by	
  qRT-­‐PCR	
  showed	
  very	
  heterogeneous	
  

results	
  and	
  therefore	
  these	
  were	
  not	
  investigated	
  further.	
  	
  

	
  

Primary	
  B	
  cell	
   infections	
  were	
  also	
  performed	
  (with	
  the	
  help	
  of	
  Rob	
  White)	
  using	
  EBNA3A	
  

KO	
  and	
  revertant,	
  EBNA3C	
  KO	
  and	
  revertant,	
  total	
  EBNA3	
  KO	
  and	
  revertant,	
  and	
  3CHT	
  with	
  

and	
  without	
  4HT,	
  viruses	
  in	
  mixed	
  random	
  donor	
  (i.e.	
  p16	
  wild-­‐type)	
  B	
  cells.	
  Samples	
  were	
  

harvested	
   at	
   various	
   time	
   points	
   after	
   infection	
   and	
   RNA	
   extraction	
   and	
   qRT-­‐PCR	
   were	
  

performed	
  for	
  TGFβR2	
  (fig.	
  6.6).	
  As	
  expected,	
  the	
  cells	
  infected	
  with	
  EBNA3C	
  KO,	
  EBNA3	
  KO	
  

and	
  3CHT	
  virus	
  (without	
  4HT),	
  and	
  also	
  those	
  infected	
  with	
  EBNA3A	
  KO	
  virus	
  in	
  this	
  case,	
  did	
  

not	
  survive	
  beyond	
  days	
  14-­‐18	
  and	
  thus	
  it	
  is	
  not	
  possible	
  to	
  see	
  the	
  effect	
  of	
  these	
  KOs	
  on	
  

TGFβR2	
   repression	
   at	
   the	
   time	
   at	
  which	
   TGFβR2	
   is	
   fully	
   repressed	
   by	
  wild-­‐type/revertant	
  

viruses,	
  i.e.	
  around	
  day	
  21	
  (fig.	
  6.6).	
  Nevertheless,	
  up	
  to	
  the	
  point	
  when	
  these	
  cells	
  die	
  the	
  

TGFβR2	
  expression	
  generally	
  seemed	
  to	
  be	
  similar	
  to	
  that	
  in	
  the	
  wild-­‐types	
  and	
  revertants,	
  

supporting	
  the	
  earlier	
  findings	
  that	
  none	
  of	
  the	
  EBNA3	
  proteins	
  appear	
  to	
  have	
  a	
  large	
  effect	
  

on	
  TGFβR2	
  expression	
  in	
  LCLs.	
  The	
  cells	
  infected	
  with	
  3CHT	
  virus	
  (without	
  4HT)	
  also	
  died	
  by	
  

14	
  days	
  post-­‐infection,	
  as	
  expected.	
  In	
  these	
  cells,	
  TGFβR2	
  expression	
  appeared	
  to	
  follow	
  a	
  

similar	
  pattern	
   to	
  EBNA3B	
  KO	
   (i.e.	
   slightly	
  de-­‐repressed	
  compared	
   to	
  wild-­‐type/revertants	
  

up	
   to	
   this	
   time	
   point),	
   possibly	
   suggesting	
   a	
   small	
   effect	
   of	
   EBNA3C	
   on	
   the	
   repression	
   of	
  

TGFβR2.	
  However,	
  these	
  data	
  should	
  be	
  interpreted	
  with	
  caution	
  since	
  the	
  virus	
  titres	
  used	
  

were	
  not	
  all	
   equivalent.	
   In	
  addition,	
   the	
  3CHT	
  virus	
   tends	
   to	
  be	
   slightly	
   less	
  efficient	
   than	
  

other	
  wild-­‐type/revertant	
   viruses,	
   presumably	
   due	
   to	
   the	
   fusion	
   altering	
   the	
   efficiency	
   of	
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EBNA3C	
  [data	
  not	
  shown	
  plus	
  (Skalska	
  et	
  al.	
  2010,	
  Skalska	
  et	
  al.	
  2013)],	
  and	
  hence	
  this	
  could	
  

explain	
  why	
   TGFβR2	
   appears	
   to	
   be	
   slightly	
   less	
   repressed	
   in	
   these	
   cells	
   than	
   in	
   the	
  wild-­‐

types	
   and	
   revertants;	
   indeed,	
   the	
   graph	
   for	
   3CHT	
   virus	
   with	
   4HT	
   also	
   shows	
   slightly	
   less	
  

repression	
   of	
   TGFβR2	
   than	
   the	
   other	
  wild-­‐types/revertants	
   at	
   all	
   time	
   points	
   (pale	
   green	
  

line,	
  fig.	
  6.6).	
  	
  

	
  

Since	
   TGFβR2	
   is	
   repressed	
   by	
   all	
   the	
   recombinant	
   viruses	
   used,	
   it	
   is	
   possible	
   that	
   this	
  

repression	
  could	
  be	
  due	
  to	
  B	
  cell	
  activation	
  per	
  se	
  rather	
  than	
  to	
  EBV	
  itself.	
  However,	
  in	
  an	
  

experiment	
   to	
   compare	
   EBV	
   infection	
   of	
   PBMCs	
   with	
   activation	
   by	
   CD40L	
   and	
   IL-­‐4	
   (to	
  

activate	
   the	
  B	
  cells),	
  TGFβR2	
  mRNA	
   levels	
  were	
   similar	
  with	
  EBV	
   infection	
  and	
  CD40L/IL-­‐4	
  

treatment	
   at	
   2	
   days	
   post-­‐infection/activation	
   but	
   by	
   day	
   4,	
   TGFβR2	
   mRNA	
   started	
   to	
  

increase	
   again	
   in	
   the	
   CD40L-­‐activated	
   samples,	
   and	
   continued	
   to	
   increase	
   up	
   to	
   day	
   7,	
  

whereas	
   TGFβR2	
   expression	
   continued	
   to	
   decrease	
   as	
   shown	
   here	
   (Lenka	
   Skalska,	
  

unpublished	
  data).	
  Therefore	
  the	
  continued	
  repression	
  of	
  TGFβR2	
  appears	
  to	
  be	
  an	
  effect	
  of	
  

EBV	
  itself	
  rather	
  than	
  of	
  B	
  cell	
  activation.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
	
  

Figure	
   6.6:	
   EBNA3A	
   and	
   EBNA3C	
   are	
   not	
   necessary	
   for	
   the	
   down-­‐regulation	
   of	
   TGFβR2	
   by	
   EBV	
   in	
   newly	
  

infected	
  primary	
  B	
  cells	
  	
  

Purified	
  primary	
  B	
  cells	
  were	
  obtained	
  from	
  random	
  donors	
  (p16	
  wild-­‐type)	
  and	
  equal	
  numbers	
  infected	
  with	
  

each	
  of	
  the	
  recombinant	
  viruses	
  shown	
  (EBNA3A,	
  EBNA3B,	
  EBNA3C	
  and	
  total	
  EBNA3	
  locus	
  deletions	
  and	
  their	
  

revertants,	
  as	
  well	
  as	
  conditional	
  3CHT	
  with/without	
  4HT),	
  followed	
  by	
  harvesting	
  at	
  intervals,	
  RNA	
  extraction,	
  

and	
  qRT-­‐PCR	
  for	
  TGFβR2.	
  Values	
  are	
  expressed	
  as	
  ratios	
  to	
  the	
  endogenous	
  control	
  gene	
  GNB2L1,	
  with	
  error	
  

bars	
  representing	
  standard	
  deviation	
  of	
  triplicate	
  qPCR	
  reactions.	
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6.2.7	
  In	
  EREB2.5	
  cells,	
  TGFβR2	
  is	
  de-­‐repressed	
  upon	
  withdrawal	
  of	
  β-­‐estradiol	
  

Since	
  LMP1	
  and	
  LMP2A	
  cooperate	
  in	
  the	
  down-­‐regulation	
  of	
  TGFβR2	
  in	
  BL31	
  cells,	
  the	
  effect	
  

of	
  these	
  in	
  LCLs	
  was	
  investigated,	
  to	
  the	
  extent	
  that	
  this	
  was	
  possible.	
  EBNA2	
  is	
  absolutely	
  

required	
   for	
   B	
   cell	
   immortalisation,	
   and	
   thus	
   it	
   is	
   not	
   possible	
   to	
   make	
   EBNA2	
   KO	
   LCLs	
  

(Cohen	
  et	
  al.	
  1989).	
  Although	
  LMP1	
  was	
  originally	
  thought	
  to	
  be	
  absolutely	
  required	
  for	
  B	
  

cell	
  transformation	
  (Kaye	
  et	
  al.	
  1993),	
  subsequent	
  work	
  has	
  shown	
  that	
  LMP1	
  expression	
  is	
  

needed	
  for	
  cellular	
  proliferation,	
  and	
  in	
  fact	
  not	
  absolutely	
  required	
  for	
  transformation,	
  but	
  

that	
   transformation	
   efficiency	
   is	
   severely	
   reduced	
   without	
   its	
   expression	
   (Dirmeier	
   et	
   al.	
  

2003);	
  therefore	
  it	
  is	
  extremely	
  difficult	
  to	
  make	
  LMP1	
  KO	
  LCLs.	
  	
  

	
  

In	
   order	
   to	
   try	
   to	
   investigate	
   the	
   effects	
   of	
   EBNA2	
   expression	
   in	
   LCLs,	
   Kempkes	
   et	
   al	
  

developed	
  the	
  EREB2.5	
  cell	
   line,	
  an	
  LCL	
   in	
  which	
  EBNA2	
   is	
   fused	
  to	
  an	
  oestrogen	
  receptor	
  

such	
  that	
  expression	
  of	
  EBNA2	
  is	
  conditional	
  upon	
  the	
  presence	
  of	
  oestrogen	
  in	
  the	
  medium	
  

(Kempkes	
   et	
   al.	
   1995).	
   When	
   oestrogen	
   is	
   withdrawn	
   from	
   these	
   cells,	
   they	
   stop	
  

proliferating	
  and	
  a	
   significant	
  proportion	
  become	
  apoptotic.	
  However,	
  approximately	
  50%	
  

remain	
  viable	
  for	
  up	
  to	
  five	
  days,	
  arrested	
  in	
  G1,	
  during	
  which	
  time	
  re-­‐addition	
  of	
  oestrogen	
  

can	
   re-­‐induce	
   DNA	
   synthesis.	
   In	
   EREB2.5	
   cells,	
   the	
   amount	
   of	
   EBNA2-­‐oestrogen	
   receptor	
  

(EBNA2-­‐ER)	
   fusion	
   protein	
   is	
   also	
   reduced	
   after	
   withdrawal	
   of	
   oestrogen,	
   again	
   through	
  

sequestration	
  and	
  degradation.	
  Kempkes	
  et	
  al	
  demonstrated	
  that	
  withdrawal	
  of	
  oestrogen	
  

from	
  EREB2.5	
  cells	
  also	
  led	
  to	
  a	
  reduction	
  in	
  LMP1,	
  as	
  predicted,	
  since	
  EBNA2	
  transactivates	
  

LMP1	
   (Kempkes	
   et	
   al.	
   1995).	
   Presumably	
   LMP2A	
   would	
   be	
   reduced	
   upon	
   withdrawal	
   of	
  

oestrogen,	
  in	
  a	
  similar	
  manner.	
  	
  

	
  

EREB2.5	
   cells	
   were	
   used	
   to	
   investigate	
   the	
   effects	
   of	
   oestrogen	
   withdrawal	
   on	
   the	
  

expression	
  of	
  TGFβR2.	
  Equal	
  numbers	
  of	
  proliferating	
  EREB2.5	
  cells	
  were	
  either	
  seeded	
  into	
  

a	
  new	
  flask	
  containing	
  medium	
  with	
  β-­‐estradiol	
  (an	
  oestrogen),	
  or	
  washed	
  twice	
  in	
  PBS	
  and	
  

then	
  re-­‐suspended	
   in	
  RPMI	
  medium	
  without	
  β-­‐estradiol.	
  Samples	
  were	
  harvested	
   for	
  RNA	
  

and	
  protein	
  extraction	
  on	
  day	
  0,	
  after	
  washing	
  and	
  re-­‐suspension,	
  and	
  subsequently	
  at	
  24	
  

hour	
  intervals	
  to	
  day	
  4.	
  SDS-­‐PAGE	
  followed	
  by	
  western	
  blot	
  showed	
  that	
  as	
  β-­‐estradiol	
  was	
  

withdrawn,	
  expression	
  of	
  EBNA2-­‐ER	
  gradually	
  decreased	
  from	
  day	
  2	
  onwards,	
  although	
  the	
  

expression	
  of	
  EBNA2-­‐ER	
  was	
  also	
  notably	
  lower	
  in	
  the	
  cells	
  grown	
  with	
  β-­‐estradiol	
  at	
  day	
  0;	
  

the	
   reason	
   for	
   this	
   is	
   not	
   clear	
   although	
   possibly	
   reflects	
   the	
   difference	
   in	
   treatment	
   in	
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terms	
  of	
  washing	
  the	
  ‘without	
  estradiol’	
  cells	
  (fig.	
  6.7).	
  The	
  loading	
  was	
  the	
  same	
  for	
  both,	
  

as	
  the	
   level	
  of	
  γ-­‐tubulin	
  shown	
   is	
  on	
  the	
  western	
  blot	
  performed	
  for	
  EBNA2.	
  As	
  expected,	
  

since	
  EBNA2	
  transactivates	
  LMP1	
  and	
  LMP2A,	
  the	
  expression	
  of	
  these	
  were	
  reduced	
  by	
  1-­‐2	
  

days	
  after	
  β-­‐estradiol	
  withdrawal.	
  Expression	
  of	
  LMP1	
  and	
  LMP2A	
  was	
  similar	
  on	
  day	
  zero	
  in	
  

the	
  samples	
  both	
  with	
  and	
  without	
  β-­‐estradiol	
  (fig.	
  6.7).	
  	
  

	
  

RNA	
   was	
   extracted	
   and	
   then	
   qRT-­‐PCR	
   performed	
   for	
   TGFβR2	
   expression	
   (fig.	
   6.7).	
   Since	
  

upon	
   withdrawal	
   of	
   oestrogen,	
   many	
   of	
   the	
   EREB2.5	
   cells	
   die,	
   primer	
   sets	
   for	
   several	
  

endogenous	
  control	
  (normalisation)	
  genes	
  (GAPDH,	
  ALAS1,	
  TUBB,	
  RPLPO	
  and	
  GNB2L1)	
  were	
  

used.	
  The	
  values	
  for	
  all	
  normalisation	
  genes	
  varied	
  between	
  samples:	
  for	
  ALAS1,	
  TUBB	
  and	
  

GAPDH	
  the	
  values	
  all	
  gradually	
  decreased	
  from	
  days	
  1-­‐4,	
  whereas	
  the	
  values	
  for	
  RPLPO	
  and	
  

GNB2L1	
   varied	
   between	
   samples	
   but	
   did	
   not	
   show	
   a	
   gradual	
   decline	
  with	
   time	
   (data	
   not	
  

shown).	
  The	
  data	
  were	
   therefore	
  analysed	
   first	
  using	
  each	
  normalisation	
  gene	
   separately,	
  

and	
   in	
   all	
   cases	
   TGFβR2	
   was	
   seen	
   to	
   gradually	
   increase	
   with	
   time	
   after	
   oestrogen	
  

withdrawal.	
  Therefore,	
  for	
  each	
  sample	
  the	
  mean	
  of	
  the	
  values	
  for	
  all	
  normalisation	
  genes	
  

was	
  calculated	
  and	
  the	
  values	
  shown	
  in	
  the	
  histogram	
  are	
  therefore	
  expressed	
  as	
  a	
  ratio	
  to	
  

this	
  mean	
  normalisation	
  value	
  (‘norm’)	
  (fig.	
  6.7).	
  	
  

	
  

With	
  this	
  caveat	
  in	
  mind,	
  TGFβR2	
  expression	
  appeared	
  to	
  gradually	
  increase	
  with	
  time	
  after	
  

β-­‐estradiol	
  withdrawal.	
   In	
  this	
  case	
  the	
  expression	
  at	
  RNA	
  level	
  was	
  similar	
  at	
  day	
  0	
  in	
  the	
  

cells	
   with	
   and	
   without	
   β-­‐estradiol	
   (in	
   contrast	
   to	
   the	
   apparent	
   EBNA2-­‐ER	
   expression	
   by	
  

western	
  blot;	
  fig.	
  6.7).	
  The	
  gradual	
  de-­‐repression	
  of	
  TGFβR2	
  could	
  be	
  due	
  to	
  the	
  decreasing	
  

expression	
   of	
   EBNA2,	
   LMP1	
   and/or	
   LMP2A	
   in	
   these	
   cells;	
   it	
   is	
   not	
   possible	
   to	
   determine	
  

which	
  of	
  the	
  latent	
  proteins	
  is	
  responsible.	
  Indeed,	
  it	
  is	
  also	
  possible	
  that	
  the	
  withdrawal	
  of	
  

β-­‐estradiol	
   alters	
   the	
   expression	
   of	
   EBNA3	
   proteins;	
   however	
   this	
   cannot	
   be	
   accurately	
  

determined	
  due	
  to	
  the	
  relatively	
  long	
  half-­‐life	
  of	
  the	
  EBNA3	
  proteins,	
  over	
  24	
  hours	
  (Touitou	
  

et	
   al.	
   2005).	
   In	
   addition,	
   since	
   there	
   were	
   significant	
   changes	
   in	
   expression	
   of	
   all	
  

normalisation	
  genes	
  used,	
  likely	
  to	
  be	
  as	
  a	
  result	
  of	
  significant	
  cell	
  death,	
  it	
  is	
  also	
  possible	
  

that	
  the	
  de-­‐repression	
  of	
  TGFβR2	
  could	
  be	
  due	
  to	
  other	
  processes	
  occurring	
  in	
  the	
  cells	
  as	
  a	
  

result	
   of	
   death	
   or	
   apoptosis.	
   In	
   addition,	
   the	
   gradual	
   decline	
   of	
   values	
   for	
   some	
   of	
   the	
  

normalisation	
  genes	
  could	
  cause	
  an	
  artificial	
  increase	
  in	
  TGFβR2	
  expression,	
  since	
  the	
  values	
  

are	
  expressed	
  as	
  the	
  ratio	
  of	
  TGFβR2	
  value	
  to	
  endogenous	
  control.	
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Figure	
  6.7:	
  TGFβR2	
  is	
  de-­‐repressed	
  upon	
  withdrawal	
  of	
  β-­‐estradiol	
  in	
  EREB2.5	
  cells	
  	
  

EREB2.5	
  cells	
  were	
  grown	
  in	
  the	
  presence	
  of	
  β-­‐estradiol	
  and	
  then	
  equal	
  numbers	
  taken	
  on	
  day	
  zero.	
  One	
  set	
  

was	
   washed	
   twice	
   with	
   PBS	
   and	
   then	
   re-­‐suspended	
   in	
   fresh	
   medium	
   without	
   β-­‐estradiol	
   (-­‐β-­‐EST)	
   and	
   the	
  

others	
   were	
   re-­‐suspended	
   in	
   fresh	
   medium	
   containing	
   β-­‐estradiol	
   (+β-­‐EST).	
   Samples	
   were	
   harvested	
   for	
  

protein	
   and	
   RNA	
   on	
   day	
   0	
   (after	
  washing)	
   and	
   then	
   at	
   24-­‐hour	
   intervals	
   for	
   four	
   days.	
   RNA	
  was	
   extracted,	
  

reverse	
  transcribed	
  and	
  then	
  qPCR	
  performed	
  for	
  TGFβR2.	
  The	
  values	
  are	
  expressed	
  as	
  a	
  ratio	
  to	
  the	
  mean	
  of	
  

five	
   endogenous	
   control	
   genes	
   (GAPDH,	
   ALAS1,	
   TUBB,	
   RPLPO	
   and	
   GNB2L1),	
   with	
   error	
   bars	
   representing	
  

standard	
  deviation	
  of	
  triplicate	
  qPCR	
  reactions.	
  SDS-­‐PAGE	
  and	
  western	
  blot	
  was	
  performed	
  for	
  EBNA2	
  (in	
  this	
  

case	
  detected	
  as	
  the	
  EBNA2-­‐ER	
  fusion	
  protein	
  at	
  a	
  higher	
  molecular	
  weight	
  than	
  standard	
  EBNA2),	
  LMP1	
  and	
  

LMP2A.	
  γ-­‐tubulin	
  was	
  used	
  as	
  a	
  loading	
  control.	
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Since	
  LMP1	
  and	
  LMP2A	
  were	
  shown	
  to	
  cooperate	
  with	
  EBNA3B	
  and	
  EBNA3C	
  in	
  causing	
  the	
  

repression	
  of	
  TGFβR2	
  in	
  BL31	
  cells	
  (chapter	
  4),	
  an	
  attempt	
  was	
  also	
  made	
  to	
  produce	
  LMP2A	
  

KO	
  LCLs	
  in	
  order	
  to	
  investigate	
  the	
  specific	
  effect	
  of	
  LMP2A	
  deletion.	
  It	
  should	
  theoretically	
  

be	
   possible	
   to	
   produce	
   LMP2A	
   KO	
   LCLs	
   because	
   LMP2A	
   is	
   not	
   strictly	
   necessary	
   for	
   cell	
  

transformation/immortalisation	
   (Longnecker	
   et	
   al.	
   1993a,	
   Longnecker	
   et	
   al.	
   1993b),	
   and	
  

other	
  groups	
  have	
  successfully	
  made	
  LMP2A	
  KO	
  LCLs.	
  However,	
  there	
  is	
  some	
  discrepancy	
  

as	
   to	
  whether	
   lack	
  of	
  LMP2A	
  reduces	
   the	
  efficiency	
  of	
   immortalisation,	
  with	
  some	
  groups	
  

showing	
  that	
  LMP2A	
  contributes	
  to	
  the	
  efficiency	
  (Brielmeier	
  et	
  al.	
  1996,	
  Wasil	
  et	
  al.	
  2013),	
  

whereas	
   others	
   have	
   shown	
   it	
   to	
   be	
   completely	
   dispensable	
   (Longnecker	
   et	
   al.	
   1992,	
  

Longnecker	
  et	
  al.	
  1993a,	
  Longnecker	
  et	
  al.	
  1993b,	
  Speck	
  et	
  al.	
  1999).	
  	
  

	
  

Unfortunately	
   the	
  attempted	
  outgrowth	
  of	
  LMP2A	
  KO	
  LCLs	
  by	
   infection	
  of	
  primary	
  B	
  cells	
  

was	
  unsuccessful	
  in	
  the	
  current	
  study	
  and,	
  due	
  to	
  time	
  constraints,	
  could	
  not	
  be	
  repeated.	
  

Nevertheless	
   this	
  would	
   be	
   important	
   to	
   investigate	
   in	
   future	
  work.	
   Primary	
   B	
   cells	
  were	
  

also	
  infected	
  with	
  LMP1	
  KO	
  virus,	
  but	
  outgrowth	
  of	
  these	
  was	
  unsuccessful;	
  as	
  mentioned	
  in	
  

section	
  6.2.7,	
  it	
   is	
  extremely	
  difficult	
  to	
  make	
  LMP1	
  KO	
  LCLs,	
  having	
  been	
  achieved	
  only	
  at	
  

very	
   low	
  frequency	
   in	
  the	
  presence	
  of	
  a	
   layer	
  of	
  fibroblasts	
  as	
  feeder	
  cells	
   (Dirmeier	
  et	
  al.	
  

2003).	
  It	
  was	
  also	
  hypothesised	
  that	
  if	
  LMP1	
  and/or	
  LMP2A	
  also	
  contribute	
  to	
  the	
  repression	
  

of	
  TGFβR2	
  in	
  LCLs,	
  it	
  could	
  be	
  that	
  the	
  full	
  repression	
  of	
  TGFβR2	
  does	
  not	
  occur	
  until	
  around	
  

day	
  21	
  post-­‐infection	
  because	
  LMP1	
  and/or	
  LMP2A	
  have	
  to	
  reach	
  a	
  certain	
  expression	
  level	
  

before	
  they	
  have	
  these	
  effects.	
   It	
  has	
  been	
  previously	
  shown	
  that	
  the	
  EBNA3	
  proteins	
  are	
  

expressed	
   fully	
   early	
   (2-­‐3	
   days)	
   after	
   infection	
   of	
   B	
   cells	
   [(Nikitin	
   et	
   al.	
   2010)	
   and	
  

unpublished	
  data,	
  Allday	
   laboratory],	
  whereas	
  LMP1	
   is	
  not	
  fully	
  expressed	
  until	
  around	
  21	
  

days	
  post-­‐infection	
  (Price	
  et	
  al.	
  2012).	
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6.3	
  The	
  regulation	
  of	
  TGFβR3	
  by	
  EBV	
  in	
  newly	
  infected	
  B	
  cells	
  and	
  LCLs	
  

6.3.1	
   EBV	
   up-­‐regulates	
   TGFβR3	
   in	
   LCLs;	
   however,	
   this	
   occurs	
   later	
   than	
   the	
   down-­‐

regulation	
  of	
  TGFβR2	
  after	
  infection	
  of	
  primary	
  B	
  cells	
  with	
  EBV	
  

In	
   BL31	
   cells,	
   EBV	
   was	
   shown	
   to	
   up-­‐regulate	
   TGFβR3	
   in	
   addition	
   to	
   repressing	
   TGFβR2	
  

(chapter	
  3).	
  The	
  results	
  in	
  BL31	
  cells	
  suggested	
  that	
  TGFβR2	
  and	
  TGFβR3	
  expression	
  may	
  be	
  

reciprocally	
  regulated,	
  although	
  there	
  were	
  some	
  cell	
   lines	
   in	
  which	
  this	
  did	
  not	
  appear	
  to	
  

be	
   the	
   case	
   (particularly	
   EBNA3A	
   KOs	
   1-­‐3,	
   see	
   section	
   4.6).	
   Therefore	
   the	
   expression	
   of	
  

TGFβR3	
  was	
  also	
  investigated	
  in	
  LCLs.	
  	
  

	
  

Since	
  EBV	
  had	
  been	
  shown	
   to	
  gradually	
   repress	
  TGFβR2	
  after	
   infection	
  of	
  primary	
  B	
  cells,	
  

leading	
   to	
   repression	
   and	
   loss	
   of	
   TGFβ	
   signalling	
   in	
   established	
   LCLs,	
   it	
  was	
   hypothesised	
  

that	
   TGFβR3	
   would	
   be	
   up-­‐regulated	
   by	
   EBV	
   over	
   a	
   similar	
   time	
   period	
   after	
   infection	
   of	
  

primary	
  B	
  cells.	
  qRT-­‐PCR	
  for	
  TGFβR3	
  was	
  performed	
  at	
  various	
  time	
  points	
  after	
  infection	
  of	
  

primary	
  B	
  cells	
   (fig.	
  6.8B).	
  Surprisingly,	
  over	
  the	
  first	
   few	
  days	
  after	
   infection,	
  TGFβR3	
  was	
  

actually	
   down-­‐regulated,	
   reaching	
   a	
   nadir	
   at	
   day	
   11.	
  However,	
   from	
   this	
   time	
  on	
   TGFβR3	
  

started	
   to	
   increase,	
   and	
   therefore	
   harvesting	
   of	
   samples	
   for	
   RNA	
   extraction	
   and	
  

quantification	
  of	
  TGFβR2	
  and	
  TGFβR3	
  expression	
  was	
  continued	
  for	
  an	
  extended	
  period,	
  up	
  

to	
   11	
   weeks	
   post-­‐infection	
   of	
   primary	
   B	
   cells.	
   This	
   showed	
   that	
   TGFβR2	
   was	
   completely	
  

repressed	
  by	
  around	
  30	
  days	
  post-­‐infection.	
  However,	
  TGFβR3	
  expression,	
  after	
   the	
   initial	
  

decrease,	
   increased	
  very	
  gradually,	
   reaching	
  a	
  plateau	
  after	
  around	
  70	
  days	
  post-­‐infection	
  

(fig.	
  6.8B).	
  	
  

	
  

This	
  suggests	
  that	
  although	
  EBV	
  (or	
  possibly	
  the	
  process	
  of	
  B	
  cell	
  activation)	
  initially	
  down-­‐

regulates	
  TGFβR3,	
   the	
  subsequent	
  up-­‐regulation	
  may	
  be	
  due	
   to	
  a	
  clonal	
   selection	
  process	
  

rather	
  than	
  due	
  to	
  a	
  direct	
  effect	
  of	
  EBV.	
  Although	
  this	
  effect	
  was	
  seen	
  in	
  most	
  of	
  the	
  wild-­‐

type	
   and	
   revertant	
   viruses	
   used,	
   there	
  was	
   one	
   revertant	
   cell	
   line,	
   in	
   one	
   experiment,	
   in	
  

which	
  TGFβR3	
  was	
  not	
  up-­‐regulated	
  by	
  day	
  42	
   (see	
  chapter	
  7,	
   fig.	
  7.10C).	
  However,	
   since	
  

that	
   experiment	
   was	
   not	
   continued	
   for	
   an	
   extended	
   period,	
   it	
   remains	
   possible	
   that	
   up-­‐

regulation	
  of	
  TGFβR3	
  could	
  have	
  occurred	
  later.	
  Nevertheless,	
  this	
   lack	
  of	
  up-­‐regulation	
  of	
  

TGFβR3	
  by	
  42	
  days	
  post-­‐infection	
  could	
  support	
   the	
  hypothesis	
   that	
   this	
  occurs	
   indirectly,	
  

possibly	
   via	
   a	
   clonal	
   selection	
   process.	
   Since	
   up-­‐regulation	
   of	
   TGFβR3	
   did	
   occur	
   in	
   the	
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majority	
  of	
  wild-­‐type	
  and	
  revertant	
  LCLs	
  it	
  seems	
  likely	
  that,	
  if	
  it	
  occurs	
  via	
  clonal	
  selection,	
  

EBV	
  infection	
  has	
  created	
  conditions	
  which	
  are	
  highly	
  favourable	
  for	
  this	
  to	
  occur.	
  	
  

	
  

It	
   is	
   also	
   possible	
   that	
   the	
   down-­‐regulation	
   of	
   TGFβR2	
   itself	
   somehow	
   favours	
   the	
   up-­‐

regulation	
  of	
  TGFβR3,	
  especially	
   in	
  view	
  of	
  the	
  reciprocal	
  nature	
  of	
  expression	
  seen	
   in	
  the	
  

majority	
  of	
  BL31	
  cell	
  lines.	
  However,	
  after	
  primary	
  B	
  cell	
  infections	
  TGFβR3	
  starts	
  to	
  increase	
  

before	
  TGFβR2	
  is	
  fully	
  repressed;	
  nevertheless	
  it	
  could	
  be	
  that	
  once	
  TGFβR2	
  is	
  repressed	
  to	
  

a	
   certain	
   level	
   then	
   TGFβR3	
   can	
   increase.	
   This	
   could	
   be	
   via	
   the	
  mechanism	
   discussed	
   in	
  

section	
   3.4.3,	
   i.e.	
   that	
   TGFβ1	
   represses	
   TGFβR3.	
   This	
   will	
   be	
   discussed	
   further	
   in	
   section	
  

6.3.5.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

	
  

Figure	
  6.8:	
  The	
  up-­‐regulation	
  of	
  TGFβR3	
  occurs	
  later	
  than	
  the	
  down-­‐regulation	
  of	
  TGFβR2	
  after	
  infection	
  of	
  

primary	
  B	
  cells	
  with	
  wild-­‐type	
  EBV	
  

qRT-­‐PCR	
  for	
  (A)	
  TGFβR2	
  and	
  (B)	
  TGFβR3	
  expression	
  with	
  time	
  after	
  infection	
  of	
  primary	
  B	
  cells	
  with	
  wild-­‐type	
  

EBV.	
  The	
  values	
   represent	
   the	
   ratio	
   to	
   the	
  endogenous	
  control	
  gene	
  GNB2L1.	
  Error	
  bars	
   represent	
   standard	
  

deviation	
   of	
   triplicate	
   qPCR	
   reactions.	
   Data	
   shown	
   are	
   from	
   one	
   of	
   two	
   separate	
   infection	
   experiments,	
   in	
  

which	
  the	
  pattern	
  of	
  variation	
  of	
  values	
  is	
  representative.	
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6.3.2	
  EBNA3B	
  is	
  necessary	
  for	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  in	
  LCLs	
  

Since	
  EBNA3B	
  is	
  necessary	
  for	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  in	
  BL31	
  cells	
  (fig.	
  3.11A-­‐B),	
  the	
  

effect	
   of	
   EBNA3B	
   deletion	
   on	
   TGFβR3	
   expression	
   was	
   investigated	
   in	
   LCLs.	
   qRT-­‐PCR	
   for	
  

TGFβR3	
   in	
   established	
   wild-­‐type,	
   EBNA3B	
   KO	
   and	
   revertant	
   LCLs	
   showed	
   that	
   in	
   both	
  

EBNA3B	
  KO	
  lines,	
  TGFβR3	
  expression	
  is	
  low,	
  whereas	
  it	
  is	
  up-­‐regulated	
  in	
  the	
  wild-­‐type	
  and	
  

revertant	
   LCLs	
   (fig.	
   6.9A).	
   This	
   suggests	
   that	
  EBNA3B	
   is	
  necessary	
   for	
   the	
  up-­‐regulation	
  of	
  

TGFβR3	
  in	
  LCLs.	
  	
  	
  

	
  

qRT-­‐PCR	
   for	
   TGFβR3	
   in	
   primary	
   B	
   cells	
   infected	
   with	
   wild-­‐type	
   and	
   EBNA3B	
   KO	
   viruses	
  

showed	
   that	
   after	
   around	
   day	
   11	
   TGFβR3	
   was	
   gradually	
   up-­‐regulated	
   by	
   wild-­‐type	
   EBV;	
  

however,	
  this	
  up-­‐regulation	
  did	
  not	
  occur	
  in	
  EBNA3B	
  KO	
  cells,	
  with	
  expression	
  remaining	
  at	
  

a	
  steady	
   low	
   level	
   (fig.	
  6.9B).	
  These	
   findings	
  suggest	
   that	
  EBNA3B	
   is	
  necessary	
   for	
   the	
  up-­‐

regulation	
  of	
  TGFβR3	
  in	
  LCLs,	
  as	
  it	
  is	
  in	
  BL31	
  cells.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  6.9:	
  EBNA3B	
  is	
  necessary	
  for	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  in	
  LCLs	
  

(A)	
  qRT-­‐PCR	
  for	
  TGFβR3	
  in	
  a	
  set	
  of	
  established	
  wild-­‐type,	
  EBNA3B	
  KO	
  and	
  EBNA3B	
  revertant	
  LCLs.	
  (B)	
  qRT-­‐PCR	
  

for	
  TGFβR3	
  expression	
  with	
  time	
  after	
  infection	
  of	
  primary	
  B	
  cells	
  by	
  wild-­‐type	
  or	
  EBNA3B	
  KO	
  LCLs.	
  The	
  values	
  

represent	
   the	
   ratio	
   to	
   the	
   endogenous	
   control	
   gene	
   GNB2L1.	
   Error	
   bars	
   represent	
   standard	
   deviation	
   of	
  

triplicate	
  qPCR	
  reactions.	
  The	
  data	
  shown	
  are	
  representative	
  of	
  experiments	
  performed	
  at	
  least	
  three	
  times	
  (A)	
  

and	
  twice	
  (B).	
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6.3.3	
  EBNA3C	
  also	
  contributes	
  to	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  in	
  LCLs	
  

In	
  order	
  to	
  determine	
  the	
  effect	
  of	
  EBNA3C	
  deletion	
  on	
  TGFβR3	
  expression	
  in	
  LCLs,	
  this	
  was	
  

initially	
   investigated	
   in	
   3CHT-­‐LCLs	
   established	
   by	
   infection	
   of	
   p16-­‐null	
   donor	
   B	
   cells	
   with	
  

3CHT	
  virus	
   in	
  the	
  presence	
  of	
  4HT	
  and	
  thus	
  established	
  with	
  EBNA3C	
  present	
  (see	
  section	
  

6.2.5	
   for	
   explanation).	
   Once	
   these	
   p16	
   wild-­‐type	
   3CHT-­‐LCLs	
   were	
   established	
   (at	
  

approximately	
  three	
  months	
  post-­‐infection),	
  4HT	
  was	
  withdrawn	
  from	
  some	
  of	
  the	
  cells	
  for	
  

a	
   period	
   of	
   30	
   days,	
   then	
   re-­‐added;	
   at	
   the	
   same	
   time	
   those	
   in	
   which	
   growth	
   had	
   been	
  

continued	
   in	
   4HT	
   then	
   had	
   4HT	
   withdrawn	
   –	
   see	
   figure	
   6.10A	
   for	
   the	
   outline	
   of	
   this	
  

experiment,	
   performed	
   by	
   Rob	
   White,	
   showing	
   the	
   timings	
   at	
   which	
   samples	
   were	
  

harvested.	
  RNA	
  was	
  then	
  extracted	
  and	
  qRT-­‐PCR	
  performed	
  for	
  TGFβR3	
  on	
  these	
  samples.	
  

This	
  showed	
  that	
  TGFβR3	
  expression	
  was	
  relatively	
  high	
  in	
  the	
  established	
  3CHT-­‐LCLs	
  with	
  

4HT	
   (at	
   day	
   0	
   of	
   this	
   experiment,	
   see	
   fig.	
   6.10A-­‐B),	
   and	
   then	
   expression	
   decreased	
  

significantly	
  by	
  5	
  days	
  after	
  4HT	
  was	
  withdrawn,	
  with	
  slight	
  further	
  decreases	
  to	
  day	
  37	
  (fig.	
  

6.10B).	
  When	
  4HT	
  was	
  re-­‐added,	
  there	
  was	
  a	
  slight	
  increase	
  in	
  TGFβR3	
  expression	
  by	
  day	
  5	
  

but	
  a	
  more	
  marked	
   increase	
  by	
  day	
  33.	
  Repeated	
  withdrawal	
   led	
  to	
  a	
  similar	
   reduction	
   in	
  

TGFβR3	
  expression	
  by	
  33	
  days	
  post-­‐withdrawal	
  (fig.	
  6.10B).	
  Similar	
  findings	
  were	
  seen	
  in	
  the	
  

array	
  data	
  using	
  the	
  same	
  samples	
   (fig.	
  6.10C)	
   [www.epstein-­‐barrvirus.org.uk	
  and	
   (Skalska	
  

et	
   al.	
   2013)].	
   Thus,	
   in	
   contrast	
   to	
   the	
   findings	
   for	
   TGFβR2,	
   TGFβR3	
  expression	
   appears	
   to	
  

vary	
  directly	
  according	
  to	
  EBNA3C	
  expression	
  and	
  continues	
  to	
  be	
  regulated	
  thus	
  even	
  after	
  

exposure	
   to	
   EBNA3C	
   has	
   occurred.	
   In	
   addition,	
   the	
   results	
   suggest	
   that	
   the	
   decrease	
   in	
  

TGFβR3	
  expression	
  after	
  4HT	
  withdrawal	
  is	
  quicker	
  than	
  the	
  increase	
  after	
  4HT	
  exposure.	
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Figure	
   6.10:	
   In	
   p16-­‐null	
   3CHT-­‐LCLs	
   established	
   in	
   the	
   presence	
   of	
   4HT,	
   TGFβR3	
   expression	
   varies	
   with	
  

subsequent	
  4HT	
  exposure	
  	
  

(A)	
  Schematic	
  diagram	
  of	
  experimental	
  procedure	
  (as	
  performed	
  by	
  Rob	
  White).	
  Peripheral	
  blood	
  lymphocytes	
  

(PBLs)	
  from	
  a	
  donor	
  with	
  a	
  homozygous	
  mutation	
  of	
  p16	
  (p16-­‐null	
  PBLs)	
  were	
  infected	
  with	
  3CHT	
  virus	
  in	
  the	
  

presence	
  of	
  4HT.	
  Once	
  LCLs	
  were	
  established	
  (after	
  three	
  months	
  grown	
  with	
  4HT),	
  the	
  cells	
  were	
  divided	
  into	
  

two:	
  half	
  were	
  washed	
  and	
  then	
  grown	
   in	
  medium	
  without	
  4HT	
  (day	
  0,	
  4HT	
  withdrawn),	
  and	
  the	
  remainder	
  

continued	
  to	
  be	
  grown	
  with	
  4HT.	
  30	
  days	
  after	
   this	
  change	
  samples	
  were	
  harvested	
   for	
  RNA	
  from	
  both	
  sets	
  

(4HT	
  withdrawn	
  or	
  4HT	
  continued),	
   then	
   two	
  days	
   later	
   (i.e.	
  day	
  32)	
   the	
  media	
  were	
  changed	
  again	
   so	
   that	
  

those	
  previously	
  growing	
  with	
  4HT	
  were	
  washed	
  and	
  then	
  grown	
  without	
  it	
  (upper	
  blue	
  line,	
  4HT	
  withdrawn)	
  

and	
  those	
  growing	
  without	
  it	
  for	
  the	
  past	
  32	
  days	
  had	
  4HT	
  re-­‐added	
  (4HT	
  re-­‐added,	
  lower	
  red	
  line).	
  Samples	
  

were	
   then	
   harvested	
   for	
   RNA	
   at	
   day	
   +5	
   and	
   day	
   +33	
   of	
   these	
   changes,	
   i.e.	
   days	
   37	
   and	
   65	
   of	
   the	
   whole	
  

experiment.	
  Block	
  arrows	
  show	
  the	
  timing	
  of	
  samples	
  for	
  RNA,	
  with	
  the	
  colours	
  of	
  the	
  arrows	
  represented	
  in	
  

the	
  chart	
  in	
  (B).	
  Days	
  shown	
  in	
  red	
  relate	
  to	
  the	
  timing	
  of	
  the	
  second	
  change	
  in	
  conditions,	
  i.e.	
  the	
  re-­‐addition	
  

of	
  4HT.	
  Figure	
  adapted	
  from	
  (Skalska	
  et	
  al.	
  2013).	
  (B)	
  qRT-­‐PCR	
  for	
  TGFβR3	
  expression	
  showing	
  variation	
  as	
  4HT	
  

is	
  withdrawn	
  (blue)	
  or	
  re-­‐added	
  (red),	
  with	
  the	
  timings	
  as	
  shown	
  in	
  (A).	
  The	
  values	
  are	
  expressed	
  as	
  a	
  ratio	
  to	
  

the	
   endogenous	
   control	
   gene	
   GNB2L1,	
   with	
   error	
   bars	
   representing	
   standard	
   deviation	
   of	
   triplicate	
   qPCR	
  

reactions.	
   This	
   experiment	
   was	
   performed	
   in	
   parallel	
   in	
   three	
   separate	
   LCLs	
   established	
   using	
   two	
  

independently	
   derived	
   3CHT	
   viruses	
   to	
   infect	
   PBLs	
   from	
   a	
   single	
   p16-­‐null	
   donor,	
   with	
   representative	
   data	
  

shown	
   here.	
   cDNA	
   samples	
   were	
   obtained	
   from	
   Rob	
   White	
   and	
   qPCRs	
   performed	
   by	
   the	
   author.	
   (C)	
  

Microarray	
  data	
  showing	
  the	
  results	
  for	
  all	
  cell	
  lines,	
  from	
  the	
  experiment	
  as	
  shown	
  in	
  (A)	
  and	
  (B).	
  Each	
  point	
  

represents	
  a	
  single	
  cell	
  line,	
  with	
  the	
  values	
  on	
  the	
  y	
  axis	
  representing	
  mRNA	
  expression.	
  From	
  www.epstein-­‐

barrvirus.org.uk	
  and	
  (Skalska	
  et	
  al.	
  2013).	
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The	
  effect	
  of	
  EBNA3C	
  on	
  TGFβR3	
  expression	
  was	
  also	
  investigated	
  in	
  3CHT-­‐LCLs	
  established	
  

without	
  4HT	
  in	
  a	
  p16-­‐null	
  background,	
  so	
  that	
  the	
  effect	
  of	
  having	
  never	
  been	
  exposed	
  to	
  

EBNA3C	
  could	
  be	
  seen.	
  Samples	
  harvested	
  at	
  three	
  months	
  post-­‐infection	
  of	
  PBL	
  with	
  3CHT	
  

virus	
  showed	
  that	
  TGFβR3	
  expression	
  was	
  higher	
  in	
  those	
  cells	
  grown	
  out	
  in	
  the	
  presence	
  of	
  

4HT,	
   and	
   thus	
   expressing	
   functional	
   EBNA3C,	
   than	
   those	
   which	
   had	
   never	
   expressed	
  

functional	
  EBNA3C	
  (fig.	
  6.11A).	
  	
  	
  

	
  

qRT-­‐PCR	
   for	
   TGFβR3	
   was	
   then	
   performed	
   in	
   samples	
   from	
   a	
   time	
   course	
   experiment	
   in	
  

which	
  p16-­‐null	
  3CHT-­‐LCLs	
  had	
  been	
  established	
  initially	
  in	
  the	
  presence	
  or	
  absence	
  of	
  4HT,	
  

as	
  above.	
  Once	
  the	
  LCLs	
  were	
  established	
  (at	
  around	
  three	
  months	
  post-­‐infection),	
  at	
  day	
  

zero	
  in	
  this	
  experiment,	
  the	
  growth	
  conditions	
  were	
  then	
  changed	
  such	
  that	
  each	
  of	
  the	
  two	
  

cell	
  lines	
  (grown	
  out	
  with	
  versus	
  without	
  4HT)	
  were	
  divided	
  into	
  two,	
  and	
  one	
  continued	
  to	
  

be	
  grown	
  with	
  4HT	
  but	
  the	
  other	
  was	
  washed	
  and	
  then	
  grown	
  without	
  4HT.	
  Thus	
  there	
  were	
  

four	
   conditions	
   (as	
   also	
   described	
   in	
   section	
   6.2.5):	
   (1)	
   never	
   exposed	
   to	
   4HT,	
   (2)	
   never	
  

exposed	
  to	
  4HT	
  but	
   then	
  exposed	
  once	
  LCLs	
  were	
  established,	
   (3)	
  grown	
  out	
   initially	
  with	
  

4HT	
  but	
  then	
  4HT	
  withdrawn	
  upon	
  establishment	
  of	
  LCLs,	
  and	
  lastly	
  (4)	
  continuously	
  grown	
  

out	
  with	
  4HT.	
  This	
  experiment	
  was	
  performed	
  by	
  Rob	
  White,	
  but	
   the	
  RNA	
  extraction	
  and	
  

qRT-­‐PCR	
  were	
  all	
  performed	
  by	
  the	
  author.	
  

	
  

This	
   showed	
   that,	
   as	
   before,	
   TGFβR3	
   expression	
  was	
   increased	
   in	
   established	
   LCLs	
   grown	
  

out	
  with	
   4HT,	
   i.e.	
   with	
   EBNA3C,	
   compared	
   to	
   those	
  without.	
   Then	
   after	
   the	
  media	
  were	
  

changed	
  over,	
  those	
  newly	
  or	
  continuously	
  expressing	
  functional	
  EBNA3C	
  showed	
  a	
  gradual	
  

increase	
   in	
   TGFβR3	
   expression,	
   whereas	
   those	
   no	
   longer	
   or	
   never	
   exposed	
   to	
   EBNA3C	
  

showed	
   declining	
   TGFβR3	
   expression	
   (fig.	
   6.11B).	
   These	
   findings	
   suggest	
   that	
   EBNA3C	
   is	
  

necessary	
   for	
   the	
   up-­‐regulation	
   of	
   TGFβR3	
   seen	
   in	
   LCLs	
   but	
   that,	
   in	
   contrast	
   to	
   TGFβR2,	
  

TGFβR3	
  expression	
  continues	
  to	
  vary	
  directly	
  with	
  the	
  presence	
  or	
  absence	
  of	
  EBNA3C.	
  The	
  

regulation	
   of	
   TGFβR3	
   by	
   EBNA3C	
   in	
   LCLs	
   is	
   consistent	
   with	
   the	
   findings	
   of	
   Skalska	
   et	
   al,	
  

where	
  in	
  p16-­‐null	
  3CHT-­‐LCLs	
  established	
  in	
  the	
  presence	
  of	
  4HT	
  and	
  in	
  which	
  4HT	
  was	
  then	
  

withdrawn	
   for	
   four	
  weeks,	
   TGFβR3	
  was	
   shown	
   to	
   be	
   down-­‐regulated	
   over	
   two-­‐fold,	
   thus	
  

confirming	
  the	
  induction	
  of	
  TGFβR3	
  by	
  EBNA3C	
  (Skalska	
  et	
  al.	
  2013).	
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Figure	
  6.11:	
  TGFβR3	
  expression	
  is	
  increased	
  in	
  p16-­‐null	
  3CHT-­‐LCLs	
  established	
  in	
  the	
  presence	
  of	
  4HT,	
  and	
  is	
  

continuously	
  regulated	
  by	
  4HT	
  exposure	
  

(A)	
  qRT-­‐PCR	
   for	
   TGFβR3	
   expression	
   approximately	
   three	
  months	
   post-­‐infection	
   of	
   p16-­‐null	
   PBLs	
  with	
   3CHT	
  

virus	
  either	
  without	
  (never	
  exposed)	
  or	
  with	
  4HT	
  in	
  the	
  medium.	
  (B)	
  Following	
  establishment	
  of	
  p16-­‐null	
  3CHT-­‐

LCLs	
   in	
   the	
  presence	
  or	
  absence	
  of	
  4HT	
  at	
  around	
  three	
  months	
  post-­‐infection,	
  4HT	
  was	
   then	
  withdrawn	
  or	
  

continued	
   in	
   those	
   established	
   with	
   it,	
   or	
   added	
   or	
   not	
   to	
   those	
   established	
   without	
   it.	
   Samples	
   were	
  

harvested	
  at	
   time	
  points	
  after	
   these	
  changes	
   for	
  RNA	
  extraction,	
   reverse	
  transcription	
  and	
  qPCR	
  for	
  TGFβR3	
  

expression.	
  All	
   values	
   are	
   expressed	
   as	
   ratio	
   to	
   the	
   endogenous	
   control	
   gene	
  GNB2L1.	
   Error	
   bars	
   represent	
  

standard	
   deviation	
   of	
   triplicate	
   qPCR	
   reactions.	
   Cells	
   established,	
   time	
   course	
   performed	
   and	
   samples	
  

harvested	
  by	
  Rob	
  White;	
  RNA	
  extractions	
  and	
  qRT-­‐PCR	
  done	
  by	
  the	
  author.	
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Experiments	
   to	
   investigate	
   the	
   expression	
   of	
   TGFβR3	
   in	
   EBNA3A	
   KO	
   LCLs	
   showed	
   no	
  

consistent	
   effect	
   (data	
   not	
   shown),	
   as	
   has	
   been	
  previously	
   described	
   for	
   TGFβR2	
   (section	
  

6.2.6).	
   The	
   effect	
   of	
   EBNA3A	
   KO,	
   EBNA3	
   KO,	
   EBNA3C	
   KO	
   and	
   EBNA3CHT	
   (without	
   4HT)	
  

viruses	
   on	
   TGFβR3	
   expression	
   after	
   infection	
   of	
   purified	
   primary	
   B	
   cells	
   were	
   also	
  

investigated,	
  but	
  as	
  expected	
  the	
  cells	
  infected	
  with	
  these	
  viruses	
  all	
  died	
  before	
  the	
  time	
  at	
  

which	
  TGFβR3	
  expression	
  increased	
  above	
  baseline	
  in	
  wild-­‐type	
  LCLs,	
  hence	
  the	
  data	
  are	
  not	
  

shown	
  here.	
  	
  

	
  

6.3.4	
  EBNA2,	
  LMP1	
  and/or	
  LMP2A	
  may	
  also	
  contribute	
  to	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  in	
  

LCLs	
  

Since	
   LMP1	
  and	
   LMP2A	
  also	
  appeared	
   to	
   cooperate	
  with	
  EBNA3B	
  and	
  EBNA3C	
   in	
   the	
  up-­‐

regulation	
   of	
   TGFβR3	
   in	
   BL31	
   cells,	
   the	
   effect	
   of	
   this	
   was	
   also	
   investigated	
   in	
   LCLs.	
   The	
  

expression	
   of	
   TGFβR3	
   was	
   also	
   investigated	
   in	
   EREB2.5	
   cells	
   by	
   qRT-­‐PCR,	
   in	
   the	
   same	
  

experiment	
  as	
  described	
  in	
  section	
  6.2.7	
  (see	
  fig.	
  6.7).	
  Bearing	
  in	
  mind	
  the	
  constraints	
  of	
  the	
  

EREB2.5	
  cell	
  system,	
  including	
  the	
  variability	
  in	
  endogenous	
  control	
  expression,	
  as	
  discussed	
  

previously	
  (section	
  6.2.7),	
  this	
  showed	
  that	
  TGFβR3	
  expression	
  appeared	
  to	
  be	
  reduced	
  by	
  

withdrawal	
   of	
   β-­‐estradiol,	
   correlating	
   with	
   the	
   reduction	
   in	
   functional	
   EBNA2	
   and	
  

LMP1/LMP2A	
   expression	
   (fig.	
   6.12).	
   However,	
   TGFβR3	
   was	
   slightly	
   reduced	
   in	
   the	
   cells	
  

without	
   β-­‐estradiol	
   compared	
   to	
   with	
   estradiol	
   even	
   on	
   day	
   0,	
   the	
   reason	
   for	
   which	
   is	
  

unclear.	
   TGFβR3	
   expression	
   decreased	
   markedly	
   even	
   by	
   day	
   one	
   post	
   withdrawal	
   of	
   β-­‐

estradiol.	
  This	
  could	
  be	
  consistent	
  with	
  the	
  expression	
  of	
  LMP2A,	
  which	
  appeared	
  to	
  reduce	
  

sooner	
  than	
  the	
  reduction	
  of	
  LMP1	
  or	
  EBNA2.	
  It	
  is	
  not	
  clear	
  why	
  at	
  day	
  4	
  the	
  expression	
  of	
  

TGFβR3	
  was	
   seen	
   to	
   increase	
   again	
   (fig.	
   6.12).	
   Nevertheless,	
   as	
   discussed	
   previously,	
   the	
  

findings	
  in	
  EREB2.5	
  cells	
  are	
  difficult	
  to	
  interpret	
  for	
  several	
  reasons	
  (see	
  section	
  6.2.7),	
  but	
  

could	
  be	
  consistent	
  with	
  a	
  role	
  for	
  LMP2A,	
  LMP1	
  and/or	
  possibly	
  EBNA2	
  in	
  the	
  up-­‐regulation	
  

of	
  TGFβR3	
  in	
  LCLs.	
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Figure	
  6.12:	
  EBNA2,	
  LMP1	
  and/or	
  LMP2A	
  contribute	
  to	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  in	
  LCLs	
  

qRT-­‐PCR	
   for	
  TGFβR3	
   in	
  EREB2.5	
   cells	
   in	
  which	
  β-­‐estradiol	
  has	
  been	
  withdrawn	
   for	
  4	
  days	
   (see	
   figure	
  6.7	
   for	
  

details	
   of	
   experimental	
   procedures).	
   The	
   values	
   are	
   expressed	
   as	
   a	
   ratio	
   to	
   the	
   mean	
   of	
   values	
   of	
   5	
  

endogenous	
  control	
  genes.	
  Western	
  blot	
  for	
  EBNA2,	
  LMP1	
  and	
  LMP2A	
  in	
  samples	
  harvested	
  at	
  the	
  same	
  time	
  

as	
  the	
  RNA	
  used	
  for	
  the	
  qRT-­‐PCR.	
  γ-­‐tubulin	
  is	
  shown	
  as	
  a	
  loading	
  control.	
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6.3.5	
  EBV	
  does	
  not	
  significantly	
  alter	
  expression	
  of	
  TGFβ1	
  or	
  TGFβR1	
  after	
  primary	
  B	
  cell	
  

infection	
  	
  

In	
   BL31	
   cells,	
   TGFβR2	
   and	
   TGFβR3	
   appeared	
   to	
   be	
   reciprocally	
   regulated	
   (figs.	
   3.1A	
   and	
  

3.11A),	
  although	
  some	
  differences	
  were	
  noted,	
  especially	
  for	
  EBNA3A	
  KO	
  lines	
  (section	
  4.6,	
  

fig.	
   4.6A-­‐D).	
   In	
   BL31	
   cells,	
   a	
   possible	
   mechanism	
   for	
   the	
   reciprocal	
   expression	
   was	
  

demonstrated	
   by	
   a	
   two-­‐fold	
   de-­‐repression	
   of	
   TGFβR3	
   in	
   the	
   presence	
   of	
   the	
   TGFβR1	
  

inhibitor	
  SB431542	
  (fig.	
  3.13),	
  suggesting	
  that	
  TGFβ1	
  may	
  repress	
  TGFβR3	
  when	
  signalling	
  is	
  

active,	
  as	
  has	
  been	
  reported	
  in	
  breast	
  and	
  ovarian	
  cancer	
  cells	
  (Hempel	
  et	
  al.	
  2008).	
  In	
  BL31	
  

cells	
  infected	
  with	
  wild-­‐type	
  EBV,	
  TGFβR2	
  is	
  repressed	
  and	
  signalling	
  suppressed;	
  this	
  could	
  

lead	
  to	
  the	
  relief	
  of	
  TGFβ1-­‐mediated	
  TGFβR3	
  repression	
  and	
  hence	
  to	
  the	
  up-­‐regulation	
  of	
  

TGFβR3	
   whenever	
   TGFβR2	
   is	
   repressed	
   to	
   the	
   point	
   where	
   signalling	
   is	
   suppressed	
   (see	
  

section	
  3.4.3).	
  	
  

	
  

In	
  view	
  of	
  this	
  it	
  was	
  important	
  to	
  investigate	
  whether	
  the	
  expression	
  of	
  TGFβ1	
  or	
  TGFβR1	
  

vary	
  after	
  EBV	
   infection	
  of	
  primary	
  B	
  cells,	
   as	
   significant	
   changes	
   in	
   these	
  could	
  also	
  alter	
  

TGFβR3	
  expression	
  if	
  this	
  TGFβ1-­‐mediated	
  repression	
  of	
  TGFβR3	
  does	
  occur	
  in	
  B	
  cells.	
  qRT-­‐

PCR	
  for	
  TGFβR1	
  and	
  TGFβ1	
  were	
  performed	
   in	
   the	
  samples	
  harvested	
  after	
  primary	
  B	
  cell	
  

infection	
  with	
  wild-­‐type	
  EBV,	
  as	
  previously	
  shown	
  for	
  TGFβR2	
  and	
  TGFβR3	
  (for	
  example	
  figs.	
  

6.2	
  and	
  6.8).	
  This	
  showed	
  that,	
  although	
  there	
  is	
  some	
  minor	
  variation	
  in	
  TGFβ1	
  and	
  TGFβR1	
  

expression	
  in	
  the	
  first	
  14	
  days	
  or	
  so	
  (which	
  could	
  be	
  explained	
  by	
  the	
  variation	
  in	
  expression	
  

of	
  the	
  normalisation	
  controls),	
  overall	
  EBV	
  infection	
  does	
  not	
  have	
  a	
  significant	
  effect	
  on	
  the	
  

expression	
  of	
   TGFβ1	
  or	
   TGFβR1	
   (fig.	
   6.13).	
   Since	
   the	
  medium	
  used	
   for	
   these	
  experiments	
  

was	
  from	
  the	
  same	
  batch	
  throughout	
  the	
  duration	
  of	
  the	
  experiment,	
  there	
  is	
  also	
  unlikely	
  

to	
   have	
   been	
   significant	
   variation	
   in	
   the	
   amount	
   of	
   exogenous	
   TGFβ1	
   to	
   which	
   the	
   cells	
  

were	
  exposed,	
  although	
  this	
  was	
  not	
  formally	
  checked.	
  	
  

	
  

Nevertheless,	
   it	
   remains	
   possible	
   that	
   once	
   TGFβR2	
   is	
   repressed	
   below	
   a	
   critical	
   level,	
   at	
  

which	
   signalling	
   via	
   pSMAD2	
   is	
   suppressed,	
   the	
   repression	
   of	
   TGFβR3	
   by	
   exogenous	
   and	
  

autocrine	
  TGFβ1	
  could	
  be	
  relieved	
  and	
  hence	
  this	
  is	
  why	
  TGFβR3	
  subsequently	
  increases.	
  In	
  

EBNA3B	
  KO	
  LCLs	
  and	
  p16-­‐null	
  3CHT-­‐LCLs,	
  even	
  though	
  TGFβR2	
  remains	
  relatively	
  repressed,	
  

TGFβ	
  signalling	
  via	
  pSMAD2	
  still	
  occurs	
  and	
  thus	
  TGFβ1	
  would	
  still	
  repress	
  TGFβR3.	
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Figure	
  6.13:	
  TGFβ1	
  and	
  TGFβR1	
  expression	
  do	
  not	
  vary	
  significantly	
  after	
  EBV	
  infection	
  of	
  primary	
  B	
  cells	
  

	
  qRT-­‐PCR	
   for	
   TGFβ1,	
   TGFβR1,	
   TGFβR2	
   and	
   TGFβR3	
   mRNA	
   expression	
   with	
   time	
   after	
   infection	
   of	
   purified	
  

primary	
  B	
  cells	
  with	
  wild-­‐type	
  EBV.	
  Values	
  are	
  all	
  expressed	
  as	
  a	
  ratio	
  to	
  the	
  mean	
  of	
  the	
  normalisation	
  genes	
  

GNB2L1	
   and	
  RPLPO.	
   Error	
   bars	
   represent	
   standard	
   deviation	
   of	
   triplicate	
   qPCR	
   reactions.	
   Values	
   are	
   shown	
  

starting	
  from	
  day	
  4	
  post-­‐infection	
  rather	
  than	
  day	
  0	
  so	
  that	
  all	
  values	
  are	
  within	
  a	
  similar	
  range	
  for	
  comparison.	
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6.4	
  The	
  effects	
  of	
  TGFβ	
  on	
  apoptosis/arrest	
  and	
  p15INK4B	
  expression	
  in	
  LCLs	
  

6.4.1	
  Wild-­‐type	
  LCLs	
  are	
  resistant	
  to	
  TGFβ-­‐induced	
  apoptosis	
  and	
  show	
  no	
  change	
  in	
  the	
  

cell	
  cycle	
  with	
  TGFβ	
  treatment	
  

It	
   has	
   previously	
   been	
   shown	
   that	
   LCLs	
   are	
   resistant	
   to	
   the	
   anti-­‐proliferative	
   and	
   pro-­‐

apoptotic	
   effects	
   of	
   TGFβ1	
   (Blomhoff	
   et	
   al.	
   1987,	
   Janssen	
   et	
   al.	
   1990,	
   Altiok	
   et	
   al.	
   1991,	
  

Kumar	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  1992,	
  Altiok	
  et	
  al.	
  1993,	
  Inman	
  and	
  Allday	
  2000b,	
  Kenney	
  et	
  

al.	
   2001,	
  Horndasch	
  et	
   al.	
   2002).	
   Therefore,	
   in	
   order	
   to	
   confirm	
   this,	
  wild-­‐type	
   LCLs	
  were	
  

treated	
  with	
  TGFβ1	
  or	
  vehicle	
  for	
  48	
  hours	
  and	
  the	
  samples	
  analysed	
  for	
  PARP	
  cleavage	
  by	
  

SDS-­‐PAGE	
   and	
   western	
   blot	
   as	
   well	
   as	
   by	
   propidium	
   iodide	
   (PI)	
   stained	
   FC	
   for	
   cell	
   cycle	
  

analysis.	
   As	
   expected,	
   this	
   showed	
   no	
   induction	
   of	
   	
   apoptosis,	
   as	
   detected	
   by	
   increased	
  

PARP	
  cleavage	
  or	
  an	
  increased	
  sub-­‐G1	
  component	
  on	
  cell	
  cycle	
  analysis,	
  nor	
  of	
  G1	
  arrest,	
  by	
  

TGFβ	
  in	
  wild-­‐type	
  LCLs	
  (figs.	
  6.14A-­‐C).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
	
  

	
  

	
  

	
  

Figure	
  6.14:	
  TGFβ1	
  does	
  not	
  induce	
  apoptosis	
  or	
  G1	
  arrest	
  in	
  wild-­‐type	
  LCLs	
  

(A)	
  Western	
  blot	
  for	
  PARP	
  after	
  48	
  hours’	
  treatment	
  with	
  TGFβ1	
  5ng/ml	
  or	
  vehicle,	
  with	
  γ-­‐tubulin	
  shown	
  as	
  a	
  

loading	
  control.	
  (B)	
  Cell	
  cycle	
  analysis	
  by	
  propidium	
  iodide	
  staining	
  and	
  FC	
  in	
  LCL-­‐WT	
  after	
  48	
  hours’	
  treatment	
  

with	
  TGFβ1	
  5ng/ml	
  or	
  vehicle.	
  	
   	
  

+TGFβ1	
   -­‐	
   TGFβ1	
  

A	
  

B	
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6.4.2	
   p15INK4B	
   expression	
   is	
   repressed	
   by	
   EBNA3C,	
   but	
   TGFβ	
   does	
   not	
   induce	
   p15INK4B	
   in	
  

LCLs	
  	
  

Investigation	
  of	
  binding	
  of	
  EBNA3C	
  to	
  regions	
  around	
  the	
  p14ARF/p15INK4B/p16INK4A	
  locus	
  had	
  

shown	
   binding	
   of	
   EBNA3C	
   proximal	
   to	
   the	
   TSS	
   of	
   CDKN2B,	
   the	
   gene	
   encoding	
   p15INK4B,	
  

suggesting	
   that	
   EBNA3C	
   or	
   EBNA3A	
   may	
   coordinately	
   repress	
   p15INK4B	
   and	
   p16INK4A	
  

(hereafter	
   referred	
   to	
  as	
  p15	
  and	
  p16	
   respectively)	
   (Skalska	
  et	
  al.	
   2013).	
   Therefore	
   it	
  was	
  

hypothesised	
  that	
  if	
  EBV	
  represses	
  p15,	
  this	
  may	
  also	
  be	
  an	
  additional	
  means	
  of	
  altering	
  the	
  

response	
   to	
  TGFβ,	
   since	
  p15	
   is	
  a	
  known	
  target	
  of	
  TGFβ	
  whose	
   induction	
   in	
  epithelial	
   cells	
  

results	
  in	
  growth	
  arrest	
  	
  (Hannon	
  and	
  Beach	
  1994,	
  Reynisdottir	
  et	
  al.	
  1995).	
  

	
  

qRT-­‐PCR	
  was	
   performed	
   for	
   CDKN2B	
   (p15)	
  mRNA	
   expression	
   in	
   a	
   panel	
   of	
   LCLs	
   including	
  

wild-­‐type,	
   EBNA3B	
   KO	
   and	
   revertant,	
   and	
   in	
   the	
   set	
   of	
   p16-­‐null	
   3CHT-­‐LCLs	
   under	
   four	
  

conditions	
   as	
   described	
   in	
   section	
   6.2.5.	
   This	
   showed	
   that	
   in	
   wild-­‐type,	
   EBNA3B	
   KO	
   and	
  

EBNA3B	
   revertant	
   LCLs,	
   p15	
   was	
   repressed	
   (fig.	
   6.15A).	
   However,	
   in	
   p16-­‐null	
   3CHT-­‐LCL	
  

grown	
  with	
  continued	
  4HT,	
  the	
  repression	
  was	
  slightly	
   less	
  than	
  for	
  the	
  wild-­‐type/EBNA3B	
  

KO/revertant.	
  For	
  the	
  other	
  conditions	
   in	
  p16-­‐null	
  3CHT-­‐LCLs,	
  a	
  marked	
  de-­‐repression	
  was	
  

seen	
  in	
  the	
  cells	
  which	
  had	
  never	
  been	
  exposed	
  to	
  4HT	
  and	
  therefore	
  EBNA3C.	
  Cells	
  which	
  

had	
  been	
  initially	
  exposed	
  to	
  4HT	
  but	
  it	
  was	
  then	
  withdrawn,	
  as	
  well	
  as	
  those	
  in	
  which	
  4HT	
  

was	
   not	
   present	
   initially	
   but	
   was	
   subsequently	
   added,	
   had	
   an	
   intermediate	
   level	
   of	
   de-­‐

repression	
   (fig.	
   6.15A).	
   These	
   findings	
   suggest	
   that	
   EBNA3C	
  does	
   indeed	
   repress	
  p15.	
   The	
  

effects	
   of	
   TGFβ	
   on	
   induction	
   of	
   p15	
   was	
   then	
   investigated	
   in	
   these	
   same	
   cell	
   lines,	
   by	
  

treating	
  with	
  TGFβ1	
  10ng/ml	
  or	
   vehicle	
   alone	
   for	
   two	
  hours	
   and	
   then	
  harvesting	
   for	
  RNA	
  

and	
  protein.	
  qRT-­‐PCR	
  was	
  performed	
  for	
  p15	
  (CDKN2B),	
  and	
  in	
  each	
  case	
  the	
  results	
  were	
  

expressed	
  as	
  the	
  fold	
  change	
  in	
  p15	
  expression,	
  i.e.	
  the	
  ratio	
  of	
  the	
  value	
  after	
  two	
  hours’	
  

treatment	
  with	
  TGFβ1	
  or	
  vehicle	
  to	
  that	
  at	
  time	
  zero,	
  untreated	
  (fig.	
  6.15B).	
  This	
  showed	
  no	
  

induction	
  of	
  p15	
  by	
  TGFβ	
  treatment	
  in	
  any	
  cell	
  line.	
  

	
  

Hence	
  even	
   though	
  EBNA3C	
   represses	
  p15,	
  and	
   thus	
  p15	
   is	
  de-­‐repressed	
  when	
  cells	
  have	
  

never	
  been	
  exposed	
  to	
  EBNA3C,	
  TGFβ	
  does	
  not	
  induce	
  p15	
  expression	
  even	
  though	
  in	
  this	
  

case	
  it	
  does	
  induce	
  pSMAD2.	
  This	
  suggests	
  that,	
  although	
  induction	
  of	
  p15	
  is	
  an	
  important	
  

means	
  of	
  TGFβ-­‐induced	
  growth	
  arrest	
   in	
  epithelial	
  cells	
   (Reynisdottir	
  et	
  al.	
  1995,	
   Iavarone	
  

and	
  Massague	
  1997),	
  this	
  does	
  not	
  appear	
  to	
  be	
  a	
  mechanism	
  used	
  in	
  B	
  cells.	
  TGFβ	
  does	
  not	
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induce	
   p15	
   in	
   BL	
   cells	
   [(Spender	
   and	
   Inman	
   2009b)	
   and	
   fig.	
   3.9].	
   Furthermore,	
   in	
   LCLs	
  

conditional	
   for	
  EBNA2	
  and	
  Myc,	
   in	
   the	
  absence	
  of	
  EBNA2	
  TGFβ	
   induced	
   Id3	
  and	
   junB	
  and	
  

caused	
  growth	
  arrest,	
  without	
   induction	
  of	
  p15	
  or	
  p21,	
  suggesting	
  that	
  growth	
  arrest	
  also	
  

occurs	
  independently	
  of	
  p15	
  in	
  LCLs	
  (Horndasch	
  et	
  al.	
  2002).	
  p15	
  acts	
  by	
  inhibiting	
  the	
  cyclin	
  

dependent	
   kinase	
   inhibitors	
   CDK4	
   and	
   CDK6,	
   leading	
   to	
   cell	
   cycle	
   arrest.	
   However,	
  

mutations	
   of	
   p15	
   are	
   found	
   in	
   many	
   malignancies	
   and	
   in	
   several	
   cell	
   types	
   CDK4/CDK6	
  

inhibition	
  can	
  occur	
  via	
  other	
  mechanisms,	
  hence	
  induction	
  of	
  p15	
  does	
  not	
  always	
  occur	
  in	
  

response	
  to	
  TGFβ	
  (Iavarone	
  and	
  Massague	
  1997).	
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Figure	
  6.15:	
  p15INK4B	
  is	
  repressed	
  by	
  EBNA3C	
  but	
  is	
  not	
  induced	
  by	
  TGFβ	
  in	
  LCLs	
  	
  

(A)	
  Baseline	
  expression,	
  without	
  any	
  TGFβ1	
  treatment,	
  of	
  CDKN2B	
  (p15INK4B)	
  mRNA	
  measured	
  by	
  qRT-­‐PCR	
  in	
  all	
  

the	
   LCLs	
  as	
   shown.	
   (B)	
   Expression	
  of	
   p15INK4B	
   after	
   treatment	
  with	
   TGFβ1	
  10ng/ml	
   or	
   vehicle	
   alone	
   for	
   two	
  

hours	
   in	
   the	
   set	
   of	
   LCLs	
   shown,	
   as	
   in	
   (A).	
   Values	
   are	
   expressed	
   as	
   a	
   ratio	
   of	
   the	
   value	
   after	
   two	
   hours’	
  

treatment	
  with	
  TGFβ	
  (blue)	
  or	
  vehicle	
  (2mg/ml	
  BSA	
  in	
  PBS,	
  shown	
  in	
  red)	
  to	
  that	
  at	
  time	
  zero,	
  untreated,	
  with	
  

each	
   value	
   calculated	
   as	
   the	
   ratio	
   to	
   the	
   endogenous	
   control	
   gene	
  GNB2L1.	
   Error	
   bars	
   represent	
   standard	
  

deviations	
  of	
  triplicate	
  qPCR	
  reactions.	
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6.5	
  Discussion	
  

EBV	
  represses	
  TGFβR2	
  in	
  LCLs,	
  leading	
  to	
  suppression	
  of	
  TGFβ	
  signalling	
  via	
  pSMAD2	
  	
  

It	
   was	
   previously	
   known	
   that	
   LCLs	
   are	
   resistant	
   to	
   some	
   of	
   the	
   obvious	
   effects	
   of	
   TGFβ	
  

(Blomhoff	
  et	
  al.	
  1987,	
  Janssen	
  et	
  al.	
  1990,	
  Altiok	
  et	
  al.	
  1991,	
  Kumar	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  

1992,	
  Altiok	
  et	
  al.	
  1993,	
  Inman	
  and	
  Allday	
  2000b,	
  Kenney	
  et	
  al.	
  2001,	
  Horndasch	
  et	
  al.	
  2002),	
  

and	
   that	
   TGFβR2	
   is	
  down-­‐regulated	
   in	
   LCLs	
   (Kumar	
  et	
   al.	
   1991,	
   Inman	
  and	
  Allday	
  2000b),	
  

although	
  other	
  studies	
  had	
  not	
  shown	
  a	
  reduction	
  in	
  TGFβR2	
  (Horndasch	
  et	
  al.	
  2002)	
  or	
  did	
  

not	
   specifically	
   investigate	
   TGFβR2	
   expression	
   (Altiok	
   et	
   al.	
   1991,	
   Altiok	
   et	
   al.	
   1993).	
   The	
  

current	
  study	
  has	
  confirmed	
  the	
  repression	
  of	
  TGFβR2	
  at	
  the	
  mRNA	
  level	
  in	
  established	
  LCLs	
  

(fig.	
  6.1A)	
  and	
  also	
  shown	
  that	
  EBV	
  represses	
  TGFβR2	
  after	
  infection	
  of	
  primary	
  B	
  cells	
  with	
  

EBV	
  (fig.	
  6.2),	
  as	
  well	
  as	
  showing	
  that	
  the	
  repression	
  leads	
  to	
  suppression	
  of	
  TGFβ	
  signalling	
  

via	
  pSMAD2	
  in	
  LCLs	
  (fig.	
  6.1B).	
  	
  

	
  

This	
  study	
  has	
  also	
  investigated	
  which	
  latent	
  proteins	
  are	
  responsible	
  for	
  the	
  repression	
  of	
  

TGFβR2.	
  When	
   EBNA3B	
   is	
   deleted,	
   some	
   de-­‐repression	
   of	
   TGFβR2	
   is	
   seen,	
   both	
   in	
   stable	
  

LCLs	
   and	
   after	
   primary	
   B	
   cell	
   infections	
   (figs.	
   6.3A-­‐B).	
   However,	
   the	
   effect	
   of	
   EBNA3B	
  

deletion	
   on	
   TGFβR2	
   mRNA	
   levels	
   appears	
   only	
   moderate,	
   in	
   that	
   TGFβR2	
   expression	
   in	
  

EBNA3B	
  KO	
  LCLs	
  remains	
  very	
  low	
  compared	
  to	
  that	
  in	
  uninfected	
  primary	
  B	
  cells	
  (figs.	
  6.3A-­‐

B).	
   Nevertheless,	
   deletion	
   of	
   EBNA3B	
   leads	
   to	
   a	
   clear	
   increase	
   in	
   TGFβ-­‐induced	
   pSMAD2,	
  

suggesting	
   that	
   this	
   apparently	
   modest	
   de-­‐repression	
   of	
   TGFβR2	
   is	
   sufficient	
   to	
   restore	
  

signalling	
  (fig.	
  6.3C).	
  

	
  

Although	
  EBNA3C	
   is	
   required	
   to	
   transform	
  B	
   cells	
   to	
   LCLs,	
   and	
  hence	
   it	
   is	
   not	
  possible	
   to	
  

establish	
  EBNA3C	
  KO	
  LCLs	
   in	
   ‘normal’	
  B	
  cells,	
   the	
  effect	
  of	
  EBNA3C	
  expression	
  on	
  TGFβR2	
  

expression	
   in	
   LCLs	
   could	
   be	
   investigated	
   using	
   a	
   conditional	
   EBNA3C-­‐modified	
   oestrogen	
  

receptor	
   fusion	
   protein	
   system	
   that	
   depends	
   on	
   the	
   presence	
   of	
   4HT	
   in	
   the	
  medium	
   for	
  

EBNA3C	
  function.	
  When	
  these	
  cells	
  (in	
  a	
  wild-­‐type	
  p16	
  B	
  cell	
  background)	
  were	
  established	
  

with	
  4HT,	
   i.e.	
  with	
  EBNA3C	
  present,	
   TGFβR2	
  was	
   repressed,	
   as	
   expected	
   since	
   these	
   cells	
  

should	
   be	
   equivalent	
   to	
  wild-­‐type	
   LCLs.	
   However,	
   surprisingly,	
   when	
   4HT	
  was	
  withdrawn	
  

from	
  these	
  cells,	
  after	
  such	
  time	
  that	
  EBNA3C	
  would	
  no	
  longer	
  be	
  functional,	
  the	
  expression	
  

of	
  TGFβR2	
  was	
  unchanged	
   (fig.	
  6.4).	
  There	
  were	
   two	
  possible	
  explanations	
   for	
   this:	
  either	
  

that	
  EBNA3C	
  does	
  not	
   contribute	
   to	
   the	
   repression	
  of	
  TGFβR2	
   in	
   LCLs,	
  unlike	
   in	
  BL31s,	
  or	
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alternatively	
  that	
  the	
  previous	
  exposure	
  to	
  EBNA3C	
  as	
  the	
  cells	
  were	
  becoming	
  established	
  

was	
  able	
  to	
  maintain	
  repression	
  of	
  TGFβR2	
  even	
  after	
  EBNA3C	
  was	
  removed.	
  	
  	
  	
  

	
  

Fortunately,	
  at	
   this	
   time,	
   colleagues	
   in	
   the	
   laboratory	
  had	
  developed	
  a	
   similar	
   conditional	
  

system	
  in	
  which	
  LCLs	
  could	
  be	
  established	
  in	
  the	
  absence	
  of	
  EBNA3C,	
  by	
  using	
  B	
  cells	
  from	
  

an	
   individual	
  deficient	
   in	
  p16.	
  Using	
  this	
  system,	
   the	
  p16-­‐null	
  3CHT-­‐LCL,	
   it	
  was	
  possible	
   to	
  

demonstrate	
  some	
  de-­‐repression	
  of	
  TGFβR2	
  in	
  those	
  cells	
  which	
  had	
  never	
  been	
  exposed	
  to	
  

4HT,	
  thus	
  to	
  functional	
  EBNA3C,	
  compared	
  to	
  those	
  cells	
  established	
  with	
  4HT	
  (fig.	
  6.5A-­‐B).	
  

This	
   de-­‐repression	
   again	
   appeared	
   to	
   be	
   minimal,	
   with	
   overall	
   expression	
   of	
   TGFβR2	
  

remaining	
   markedly	
   lower	
   than	
   in	
   primary	
   B	
   cells.	
   However,	
   this	
   minimal	
   level	
   of	
   de-­‐

repression	
  again	
  appeared	
  to	
  be	
  sufficient	
  to	
  restore	
  TGFβ	
  signalling	
  via	
  pSMAD2	
   in	
  those	
  

cells	
  which	
  had	
  been	
  established	
  without	
   4HT	
   compared	
   to	
   those	
   established	
  with	
   it	
   (fig.	
  

6.5D).	
  	
  Furthermore,	
  it	
  was	
  observed	
  that	
  once	
  the	
  p16-­‐null	
  3CHT-­‐LCL	
  cells	
  were	
  established	
  

with	
  or	
  without	
  4HT,	
  subsequent	
  changing	
  of	
  growth	
  conditions	
  by	
  addition	
  or	
  withdrawal	
  

of	
  4HT	
  did	
  not	
  significantly	
  alter	
  TGFβR2	
  expression	
  or	
  TGFβ	
  signalling	
  (fig.	
  6.5C-­‐D).	
  	
  

	
  

Taken	
  together,	
  these	
  findings	
  suggest	
  that	
  the	
  presence	
  of	
  functional	
  EBNA3C	
  as	
  LCLs	
  are	
  

established	
  contributes	
  to	
  the	
  repression	
  of	
  TGFβR2	
  but,	
  once	
  established,	
  the	
  presence	
  of	
  

EBNA3C	
   is	
   no	
   longer	
   required	
   to	
  maintain	
   the	
   repression	
   and	
   consequent	
   suppression	
   of	
  

signalling.	
   EBNA3C	
  has	
   been	
   shown	
   to	
  bind	
   to	
   the	
  promoter	
   regions	
   of	
   several	
   repressed	
  

genes,	
  in	
  association	
  with	
  repressive	
  chromatin	
  modifications	
  (Skalska	
  et	
  al.	
  2010,	
  McClellan	
  

et	
  al.	
  2012,	
  Paschos	
  et	
  al.	
  2012,	
  Skalska	
  et	
  al.	
  2013).	
  Hence	
  similar	
  epigenetic	
  mechanisms	
  of	
  

repression	
   of	
   TGFβR2,	
   which	
   are	
   heritable	
   to	
   daughter	
   cells,	
   could	
   explain	
   why	
   the	
  

continued	
   presence	
   of	
   EBNA3C	
   is	
   no	
   longer	
   required	
   for	
  maintenance	
   of	
   the	
   repression.	
  

Although	
  H3K27Me3	
  was	
   increased	
  on	
   the	
  TGFβR2	
  promoter	
   in	
  wild-­‐type	
  LCLs	
   (fig.	
  6.1D),	
  

due	
  to	
  time	
  constraints	
  this	
  was	
  not	
  investigated	
  in	
  the	
  3CHT-­‐LCLs.	
  However,	
   investigation	
  

of	
   chromatin	
   modifications	
   at	
   the	
   TGFβR2	
   could	
   be	
   performed	
   in	
   future	
   in	
   the	
   p16-­‐null	
  

3CHT-­‐LCLs	
   established	
  with	
   4HT,	
   compared	
   to	
   those	
   established	
  without	
   4HT,	
   in	
   order	
   to	
  

confirm	
  this	
  epigenetic	
  repression	
  of	
  TGFβR2	
  by	
  EBNA3C.	
  

	
  

Hence	
  EBNA3B	
  and	
  EBNA3C	
  both	
  contribute	
  to	
  the	
  repression	
  of	
  TGFβR2,	
  which	
  may	
  occur	
  

via	
  epigenetic	
  histone	
  modifications,	
   in	
  LCLs	
  as	
   they	
  do	
   in	
  BL31	
  cells.	
  This	
   in	
   turn	
   leads	
   to	
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suppression	
  of	
   TGFβ	
   signalling.	
  However,	
   in	
   contrast	
   to	
   the	
  marked	
   level	
   of	
   repression	
  of	
  

TGFβR2	
  in	
  wild-­‐type	
  LCLs	
  and	
  BL31-­‐WT	
  compared	
  to	
  uninfected	
  BL31	
  or	
  primary	
  B	
  cells,	
  the	
  

contributions	
   of	
   EBNA3B	
   and	
   EBNA3C	
   are	
   very	
   small	
   in	
   LCLs.	
   This	
   is	
   in	
   contrast	
   to	
   the	
  

findings	
   in	
   BL31,	
   where	
   individual	
   deletions	
   of	
   EBNA3B	
   or	
   EBNA3C	
   lead	
   to	
   increases	
   in	
  

TGFβR2	
   expression	
   to	
   approximately	
   25%	
   of	
   the	
   level	
   seen	
   in	
   uninfected	
   BL31	
   cells	
   (fig.	
  

3.1A).	
  Thus	
   the	
  contribution	
  of	
  both	
  EBNA3B	
  and	
  EBNA3C	
   to	
   the	
   repression	
  of	
  TGFβR2	
   in	
  

LCLs	
  appears	
  to	
  be	
  much	
  more	
  modest	
  than	
   in	
  BL31	
  cells.	
  This	
  also	
  suggests	
  that,	
   in	
  LCLs,	
  

one	
   or	
   more	
   other	
   latent	
   proteins	
   (or	
   possibly	
   miRNAs)	
   may	
   be	
   responsible	
   for	
   the	
  

repression,	
  probably	
  having	
  a	
  greater	
  effect	
  than	
  EBNA3B	
  or	
  EBNA3C.	
  

	
  

Since	
   in	
   BL31	
   cells,	
   LMP1	
   and	
   LMP2A	
   appear	
   to	
   cooperate	
  with	
   EBNA3B	
   and	
   EBNA3C	
   to	
  

cause	
  repression	
  of	
  TGFβR2,	
  it	
  is	
  likely	
  that	
  one	
  or	
  both	
  of	
  these	
  proteins	
  also	
  contributes	
  to	
  

repression	
  of	
  TGFβR2	
   in	
  LCLs.	
  Unfortunately,	
   it	
  was	
  not	
  possible	
  to	
  produce	
  viable	
  LMP2A	
  

KO	
  LCLs	
  in	
  order	
  to	
  investigate	
  this,	
  although	
  this	
  should	
  be	
  possible	
  and	
  has	
  been	
  achieved	
  

by	
   other	
   groups.	
   This	
   should	
   be	
   a	
   priority	
   for	
   future	
   work	
   leading	
   on	
   from	
   this	
   project.	
  

Nevertheless,	
   investigation	
   of	
   TGFβR2	
   after	
   withdrawal	
   of	
   oestrogen	
   in	
   the	
   conditional	
  

oestrogen-­‐dependent	
  EREB2.5	
  cell	
  line	
  was	
  suggestive	
  of	
  de-­‐repression	
  of	
  TGFβR2	
  occurring	
  

with	
  decreasing	
  expression	
  of	
  EBNA2,	
  LMP1	
  and	
  LMP2A	
  (fig.	
  6.7).	
  However,	
  since	
   in	
  these	
  

cells	
  expression	
  of	
  all	
  three	
  latent	
  proteins	
  was	
  reduced	
  after	
  oestrogen	
  withdrawal,	
  it	
  is	
  not	
  

possible	
  to	
  conclude	
  which	
  specific	
   latent	
  protein(s)	
   is/are	
  responsible.	
   In	
  addition,	
  due	
  to	
  

the	
   nature	
   of	
   the	
   EREB2.5	
   cell	
   line’s	
   response	
   to	
   oestrogen	
   withdrawal,	
   it	
   is	
   difficult	
   to	
  

ascribe	
  the	
  changes	
  in	
  TGFβR2	
  expression	
  purely	
  to	
  changes	
  in	
  latent	
  gene	
  expression	
  as	
  the	
  

cells	
   undergo	
   multiple	
   changes	
   after	
   oestrogen	
   withdrawal,	
   reflected	
   in	
   the	
   significant	
  

variation	
  of	
  all	
  endogenous	
  control	
  genes	
  used.	
  Also,	
  the	
  effect	
  of	
  oestrogen	
  withdrawal	
  on	
  

expression/function	
   of	
   the	
   EBNA3s	
   could	
   not	
   be	
   investigated	
   in	
   these	
   cells,	
   because	
  

available	
  antibodies	
  do	
  not	
  recognise	
  the	
  EBNA3	
  proteins	
  (being	
  derived	
  from	
  type	
  2	
  P3HR1	
  

virus),	
  hence	
  it	
  cannot	
  be	
  excluded	
  that	
  the	
  de-­‐repression	
  of	
  TGFβR2	
  was	
  due	
  to	
  decreases	
  

in	
  expression	
  of	
  EBNA3B	
  or	
  EBNA3C.	
  

	
  

After	
  primary	
  B	
  cell	
   infection,	
  TGFβR2	
  expression	
  was	
  gradually	
  reduced,	
  reaching	
  its	
  nadir	
  

at	
   around	
   21	
   days	
   post-­‐infection	
   (fig.	
   6.2).	
   This	
   timing	
   is	
   consistent	
   with	
   similar	
   studies	
  

performed	
   by	
   other	
   laboratory	
   members	
   for	
   BIM,	
   Notch2,	
   COBLL1,	
   ADAM28	
   and	
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ADAMDEC1	
   expression	
   after	
   primary	
   B	
   cell	
   infection	
   [Lenka	
   Skalska	
   PhD	
   thesis,	
   Kostas	
  

Paschos	
  and	
  Jens	
  Kalchschmidt,	
  unpublished	
  data,	
  and	
  (Skalska	
  et	
  al.	
  2013)].	
  Furthermore,	
  

in	
  a	
  microarray	
  analysis	
  comparing	
  gene	
  expression	
  in	
  uninfected	
  B	
  cells,	
  proliferating	
  blasts	
  

at	
   day	
   6	
   post-­‐infection	
   and	
   LCLs,	
   Price	
   et	
   al	
   found	
   that	
   TGFβR2	
   was	
   significantly	
   down-­‐

regulated	
  between	
   the	
  proliferating	
  blasts	
  and	
  LCL	
  stages,	
   rather	
   than	
   from	
  uninfected	
   to	
  

proliferating	
  stages	
  (Price	
  et	
  al.	
  2012).	
  	
  

	
  

A	
   recent	
  study	
  has	
  shown	
  that	
  LMP1	
  expression	
  at	
  both	
  mRNA	
  and	
  protein	
   levels	
  did	
  not	
  

reach	
   steady	
   state	
  until	
   day	
   21	
  but	
   then	
  was	
   stable	
   at	
   that	
   level	
   up	
   to	
  day	
  35,	
  when	
   the	
  

experiment	
  was	
   terminated	
   (Price	
   et	
   al.	
   2012).	
   In	
   the	
   current	
   study,	
   preliminary	
   data	
   on	
  

mRNA	
  expression	
  of	
  both	
  LMP1	
  and	
  LMP2A	
  showed	
  a	
   similar	
  delay	
   in	
   reaching	
  maximum	
  

steady	
  state	
  levels.	
  The	
  expression	
  of	
  LMP1	
  is	
  therefore	
  considerably	
  delayed	
  after	
  primary	
  

B	
  cell	
   infection,	
   in	
  comparison	
  to	
  EBNA2	
  and	
  the	
  EBNA3s	
  which	
  are	
  fully	
  expressed	
  within	
  

the	
   first	
   few	
   days	
   after	
   infection	
   [Allday	
   laboratory	
   unpublished	
   data	
   and	
   (Nikitin	
   et	
   al.	
  

2010)].	
  Although	
   the	
  onset	
  of	
  expression	
  of	
   LMP2A	
  during	
  B	
   cell	
   transformation	
  does	
  not	
  

appear	
  to	
  have	
  been	
  previously	
  investigated,	
  it	
  is	
  conceivable	
  that	
  this	
  has	
  a	
  similar	
  delay	
  in	
  

reaching	
  full	
  expression,	
  as	
  found	
  in	
  preliminary	
  data	
  in	
  the	
  current	
  study.	
  	
  	
  	
  

	
  

Therefore	
  the	
  delay	
  in	
  expression	
  of	
  LMP1	
  and	
  LMP2A,	
  if	
  either	
  or	
  both	
  do	
  also	
  contribute	
  

to	
  the	
  repression	
  of	
  TGFβR2	
  in	
  LCLs,	
  may	
  partly	
  explain	
  why	
  the	
  repression	
  is	
  not	
  maximal	
  

until	
   around	
   21	
   days	
   post-­‐infection.	
   A	
   recent	
   microarray	
   analysis	
   in	
   splenic	
   B	
   cells	
   also	
  

suggested	
   that	
   LMP2A	
   down-­‐regulates	
   TGFβR2	
   (Shair	
   and	
   Raab-­‐Traub	
   2012).	
   To	
   further	
  

investigate	
  the	
  contributions	
  of	
  LMP1	
  and	
  LMP2A	
  to	
  TGFβR2	
  expression	
  in	
  LCLs,	
  this	
  could	
  in	
  

future	
  be	
   investigated	
  using	
  LCLs	
  established	
  by	
  the	
  Kempkes	
  group	
  which	
  are	
  conditional	
  

for	
   both	
   EBNA2	
   expression	
   and	
   c-­‐Myc	
   expression,	
   so	
   that	
   cell	
   proliferation	
   can	
   be	
  

maintained	
  even	
  when	
  EBNA2	
  is	
  withdrawn	
  (Horndasch	
  et	
  al.	
  2002).	
  Other	
  possible	
  means	
  

of	
  investigation	
  could	
  include	
  using	
  siRNA	
  or	
  anti-­‐sense	
  to	
  LMP1	
  or	
  LMP2A,	
  such	
  as	
  the	
  anti-­‐

sense	
  to	
  LMP1	
  used	
  by	
  Kenney	
  et	
  al	
  (Kenney	
  et	
  al.	
  1998,	
  Kenney	
  et	
  al.	
  2001).	
  

	
  

The	
  effects	
  of	
  down-­‐regulation	
  of	
  TGFβR2	
  in	
  LCLs	
  

The	
  down-­‐regulation	
  of	
  TGFβR2	
   in	
  wild-­‐type	
  LCLs	
   results	
   in	
  suppression	
  of	
  TGFβ	
  signalling	
  

via	
   pSMAD2	
   (figs.	
   6.1A-­‐B).	
   In	
   the	
   EBNA3B	
   KO	
   LCLs	
   and	
   p16-­‐null	
   3CHT-­‐LCLs	
   established	
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without	
   4HT,	
   TGFβR2	
  was	
   only	
   slightly	
   de-­‐repressed,	
  with	
   expression	
   remaining	
   generally	
  

low	
   compared	
   to	
   the	
  expression	
   level	
   in	
  uninfected	
  B	
   cells	
   or	
  BL31	
   cells	
   (figs.	
   6.3A-­‐B	
   and	
  

6.5A-­‐C).	
  However,	
  this	
  apparent	
  slight	
  de-­‐repression	
  of	
  TGFβR2	
  led	
  to	
  a	
  definite	
  increase	
  in	
  

TGFβ	
  signalling	
  via	
  pSMAD2	
  (figs.	
  6.3C	
  and	
  6.5D).	
  The	
  reason	
  for	
  this	
  apparent	
  discrepancy	
  

between	
  the	
  expression	
  of	
  TGFβR2	
  and	
  the	
  degree	
  of	
  pSMAD2	
   is	
  not	
  clear,	
  but	
   it	
  may	
  be	
  

that	
  a	
  particular	
  threshold	
  of	
  TGFβR2	
  expression	
  has	
  to	
  be	
  reached	
  for	
  signalling	
  to	
  occur.	
  It	
  

was	
   considered	
   whether	
   the	
   concomitant	
   up-­‐regulation	
   of	
   TGFβR3	
   could	
   itself	
   augment	
  

TGFβ	
   signalling,	
   so	
   that	
   TGFβ	
   signalling	
   can	
   occur	
   even	
   with	
   low	
   expression	
   of	
   TGFβR2.	
  

However,	
  in	
  the	
  EBNA3B	
  KO	
  LCLs	
  and	
  the	
  3CHT-­‐LCLs	
  established	
  without	
  4HT,	
  where	
  slight	
  

de-­‐repression	
   of	
   TGFβR2	
   was	
   seen	
   but	
   signalling	
   was	
   restored,	
   TGFβR3	
   was	
   not	
   up-­‐

regulated,	
  excluding	
  this	
  as	
  a	
  possibility.	
  	
  

	
  

In	
  addition,	
  wild-­‐type	
  B95.8-­‐derived	
  LCLs	
  are	
  resistant	
  to	
  apoptosis	
  and	
  cell	
  cycle	
  arrest	
  with	
  

TGFβ	
  treatment	
  (fig.	
  6.14),	
  as	
  had	
  been	
  previously	
  shown	
  (Blomhoff	
  et	
  al.	
  1987,	
  Janssen	
  et	
  

al.	
  1990,	
  Altiok	
  et	
  al.	
  1991,	
  Kumar	
  et	
  al.	
  1991,	
  Altiok	
  et	
  al.	
  1992,	
  Altiok	
  et	
  al.	
  1993,	
   Inman	
  

and	
  Allday	
  2000b,	
  Kenney	
  et	
  al.	
  2001,	
  Horndasch	
  et	
  al.	
  2002).	
  The	
  effects	
  of	
  TGFβ	
  on	
  the	
  cell	
  

cycle	
  were	
  not	
   investigated	
   in	
   the	
  EBNA3B	
  KO	
  and	
  3CHT-­‐LCLs,	
  but	
   it	
  would	
  be	
   interesting	
  

see	
  whether	
   the	
   restoration	
  of	
   signalling	
  seen	
   in	
   these	
  cells	
  would	
   result	
   in	
  TGFβ-­‐induced	
  

apoptosis	
   or	
   growth	
   inhibition.	
   However,	
   as	
   discussed	
   for	
   BL31s	
   in	
   chapter	
   5,	
   the	
   link	
  

between	
   pSMAD2	
   and	
   the	
   effects	
   of	
   TGFβ	
   (i.e.	
   apoptosis/growth	
   arrest)	
   appear	
   to	
   be	
  

indirect,	
  and	
  it	
   is	
  possible	
  that	
  pSMAD3	
  is	
  more	
  important	
  for	
  apoptosis	
  even	
  in	
  B	
  cells,	
  as	
  

has	
   been	
   shown	
   for	
   epithelial	
   cells;	
   unfortunately	
   pSMAD3	
   was	
   not	
   investigated	
   in	
   this	
  

study.	
  	
  	
  

	
  

The	
  effects	
   of	
   EBNA2	
  expression	
  on	
  TGFβ	
   responses	
  have	
  been	
  previously	
   investigated	
   in	
  

LCLs	
  using	
  an	
  LCL	
  with	
  conditional	
  expression	
  of	
  both	
  EBNA2	
  and	
  Myc;	
  in	
  this	
  way	
  the	
  cells	
  

are	
  able	
  to	
  continue	
  growing	
  even	
  in	
  the	
  absence	
  of	
  EBNA2.	
  When	
  EBNA2	
  was	
  expressed,	
  

the	
  cells	
  became	
   resistant	
   to	
  TGFβ-­‐induced	
  growth	
   inhibition,	
  although	
  no	
  difference	
  was	
  

seen	
  in	
  the	
  cell	
  cycle	
  profiles	
  between	
  those	
  with	
  and	
  without	
  EBNA2,	
  so	
  the	
  mechanism	
  of	
  

the	
   resistance	
   to	
   TGFβ–induced	
   growth	
   inhibition	
   was	
   not	
   clear.	
   The	
   effect	
   of	
   TGFβ	
   on	
  

several	
  target	
  genes	
  was	
  also	
  investigated,	
  and	
  although	
  neither	
  p15	
  nor	
  p21	
  were	
  induced	
  

in	
  these	
  cells	
  under	
  any	
  condition,	
  Id3	
  was	
  induced	
  by	
  TGFβ.	
  However,	
  there	
  was	
  no	
  effect	
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of	
   the	
  presence	
  or	
  absence	
  of	
  EBNA2	
  on	
   the	
   level	
  of	
   Id3	
   induction	
  by	
  TGFβ.	
   	
  The	
  authors	
  

concluded	
  that	
  the	
  presence	
  of	
  EBNA2	
  made	
  cells	
  resistant	
  to	
  the	
  growth-­‐inhibitory	
  effects	
  

of	
  TGFβ,	
  although	
  signalling	
   (as	
  detected	
  by	
   Id3	
   induction)	
   still	
  occurred	
   (Horndasch	
  et	
  al.	
  

2002).	
  This	
  suggests	
  that	
  TGFβ	
  signalling	
  is	
  not	
  directly	
  linked	
  to	
  its	
  growth	
  inhibitory	
  effects,	
  

as	
  discussed	
  for	
  BL31s	
  in	
  chapter	
  5.	
  	
  

	
  

EBV	
  also	
  up-­‐regulates	
  TGFβR3	
  in	
  LCLs	
  

This	
  study	
  demonstrated	
  that	
  EBV	
  also	
  up-­‐regulates	
  TGFβR3	
  in	
  BL31	
  cells,	
  and	
  that	
  in	
  many	
  

cases	
   the	
   expression	
   of	
   TGFβR3	
   and	
   TGFβR2	
   appears	
   to	
   be	
   reciprocally	
   regulated	
   (see	
  

chapters	
   3	
   and	
   4).	
   Therefore	
   the	
   expression	
   of	
   TGFβR3,	
   and	
   the	
   relationship	
   between	
  

expression	
  of	
  TGFβR2	
  and	
  TGFβR3,	
  were	
  investigated	
  in	
  LCLs.	
  This	
  confirmed	
  that	
  EBV	
  does	
  

up-­‐regulate	
  TGFβR3	
  also	
   in	
  LCLs	
   (fig.	
  6.8B).	
  Although	
  after	
  primary	
  B	
   infections,	
  TGFβR2	
   is	
  

repressed	
  and	
  TGFβR3	
  is	
  up-­‐regulated	
  by	
  EBV,	
  the	
  timing	
  of	
  these	
  changes	
  is	
  different,	
  and	
  

it	
  was	
   surprising	
   to	
   see	
   that	
  TGFβR3	
  was	
   in	
   fact	
   initially	
  down-­‐regulated	
  before	
  being	
  up-­‐

regulated	
  later,	
  and	
  much	
  more	
  slowly,	
  after	
  infection	
  (fig.	
  6.8B).	
  Thus	
  the	
  up-­‐regulation	
  of	
  

TGFβR3	
  occurs	
  later	
  than	
  the	
  down-­‐regulation	
  of	
  TGFβR2.	
  

	
  

The	
  role	
  of	
  individual	
  latent	
  proteins	
  in	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  was	
  also	
  investigated.	
  

EBNA3B	
  and	
  EBNA3C	
  apparently	
  cooperate	
  in	
  this,	
  to	
  a	
  greater	
  extent	
  for	
  the	
  up-­‐regulation	
  

of	
   TGFβR3	
   than	
   for	
   the	
   down-­‐regulation	
   of	
   TGFβR2	
   (figs.	
   6.9,	
   6.10	
   and	
   6.11).	
   The	
  

involvement	
  of	
  LMP1,	
  LMP2A	
  or	
   indeed	
  EBNA2	
  in	
  these	
  changes	
  in	
  LCLs	
  could	
  not	
  be	
  fully	
  

ascertained	
  due	
  to	
  the	
   limitations	
  described	
  above	
  (section	
  6.3.4).	
  Since	
  the	
  up-­‐regulation	
  

of	
  TGFβR3	
  occurred	
   later	
   than	
   the	
  down-­‐regulation	
  of	
  TGFβR2,	
   this	
   suggests	
   that	
  TGFβR2	
  

and	
  TGFβR3	
  are	
  not	
  directly	
  reciprocally	
  regulated,	
  at	
   least	
   in	
  LCLs.	
   It	
   is	
  possible	
  that	
  once	
  

TGFβR2	
  expression	
  falls	
  below	
  a	
  threshold,	
  then	
  TGFβR3	
  is	
  up-­‐regulated.	
  	
  

	
  

In	
  the	
  p16-­‐null	
  3CHT-­‐LCLs,	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  depends	
  on	
  the	
  presence	
  of	
  4HT	
  in	
  

the	
   medium,	
   i.e.	
   the	
   continued	
   presence	
   of	
   EBNA3C	
   is	
   required	
   for	
   the	
   maintenance	
   of	
  

TGFβR3	
  up-­‐regulation	
  (figs.	
  6.10	
  and	
  6.11).	
   In	
  addition,	
  after	
  4HT	
   is	
  withdrawn	
  from	
  these	
  

cells,	
  TGFβR3	
  expression	
  decreases	
  quickly,	
  with	
  expression	
  similar	
  5	
  days	
  after	
  withdrawal	
  

to	
   that	
   at	
   33	
   days,	
   whereas	
   following	
   addition	
   of	
   4HT,	
   the	
   expression	
   is	
   only	
   slightly	
  

increased	
  by	
  5	
  days	
  but	
  more	
  so	
  at	
  33	
  days	
  (fig.	
  6.10B).	
  Therefore,	
  4HT	
  is	
  slower	
  to	
  induce	
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TGFβR3	
   than	
   its	
   withdrawal	
   is	
   to	
   decrease	
   it.	
   In	
   3CHT-­‐LCLs,	
   EBNA3C	
   expression	
   was	
   not	
  

significantly	
   decreased	
   until	
   7	
   days	
   after	
   withdrawal,	
   but	
   significant	
   amounts	
   were	
   again	
  

expressed	
   just	
   one	
   day	
   after	
   re-­‐addition	
   (Skalska	
   et	
   al.	
   2010),	
   and	
   thus	
   the	
   difference	
   in	
  

timings	
  of	
  TGFβR3	
  expression	
  upon	
  addition	
  or	
  withdrawal	
  of	
  4HT	
  are	
  not	
  due	
  to	
  variations	
  

in	
  time	
  to	
  alter	
  EBNA3C	
  expression.	
  	
  

	
  

Once	
  LCLs	
  were	
  established	
  in	
  the	
  presence	
  of	
  4HT,	
  and	
  thus	
  EBNA3C,	
  this	
  led	
  to	
  repression	
  

of	
   TGFβR2,	
   which	
   was	
   not	
   reversed	
   even	
   if	
   4HT	
   (functional	
   EBNA3C)	
   was	
   subsequently	
  

withdrawn	
  (figs.	
  6.4	
  and	
  6.5A-­‐C).	
  This	
  contrasts	
  with	
  the	
  regulation	
  of	
  TGFβR3	
  in	
  these	
  cells,	
  

where	
  TGFβR3	
  expression	
   is	
  altered	
  fairly	
   rapidly	
  according	
  to	
  the	
  presence	
  or	
  absence	
  of	
  

4HT,	
   with	
   the	
   withdrawal	
   of	
   4HT	
   in	
   particular	
   leading	
   to	
   a	
   fairly	
   rapid,	
   near	
   maximal,	
  

decrease	
   in	
   TGFβR3	
  expression	
   even	
  before	
   EBNA3C	
  expression	
  has	
   been	
   completely	
   lost	
  

(fig.	
  6.10).	
  

	
  

There	
  are	
  several	
  possible	
  mechanisms	
  for	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
   in	
  LCLs;	
   these	
  will	
  

be	
  discussed	
  in	
  turn.	
  Firstly,	
  this	
  could	
  be	
  a	
  clonal	
  selection	
  process.	
  This	
  may	
  be	
  suggested	
  

by	
  the	
  very	
  gradual	
  increase	
  over	
  a	
  ten-­‐week	
  period	
  after	
  initial	
  infection	
  of	
  primary	
  B	
  cells,	
  

and	
  the	
  fact	
  that	
  down-­‐regulation	
  of	
  TGFβR3	
  is	
  seen	
  over	
  the	
  first	
  few	
  days	
  post-­‐infection.	
  

In	
  further	
  support	
  of	
  this	
  clonal	
  selection,	
  a	
  lack	
  of	
  up-­‐regulation	
  of	
  TGFβR3,	
  despite	
  TGFβR2	
  

down-­‐regulation,	
  was	
  seen	
  by	
  day	
  42	
  in	
  one	
  particular	
  experiment	
  in	
  which	
  primary	
  B	
  cells	
  

were	
  infected	
  with	
  EBNA3B	
  revertant	
  (see	
  figure	
  7.10C).	
  However,	
  the	
  fact	
  that	
  TGFβR3	
  up-­‐

regulation	
  occurred	
  consistently	
  in	
  the	
  majority	
  of	
  experiments	
  in	
  LCLs,	
  and	
  was	
  consistent	
  

in	
   BL31s,	
   suggests	
   that	
   if	
   this	
   is	
   a	
   clonal	
   selection	
   process	
   then	
   there	
   must	
   be	
   highly	
  

favourable	
  conditions	
  for	
  this	
  to	
  develop.	
  	
  

	
  

The	
  functions	
  of	
  TGFβR3	
  in	
  B	
  cells	
  are	
  not	
  completely	
  understood,	
  and	
  although	
  in	
  certain	
  

contexts	
   it	
   can	
   inhibit	
   TGFβ	
   signalling,	
   it	
   generally	
   serves	
   to	
   enhance	
   signalling.	
   It	
   has	
  

tumour	
   suppressor	
   properties,	
   with	
   loss	
   of	
   expression	
   occurring	
   in	
   many	
   non-­‐

haematopoietic	
  malignancies	
  (Florio	
  et	
  al.	
  2005,	
  Dong	
  et	
  al.	
  2007,	
  Hempel	
  et	
  al.	
  2007,	
  Turley	
  

et	
  al.	
  2007,	
  Finger	
  et	
  al.	
  2008b,	
  Gordon	
  et	
  al.	
  2008,	
  Margulis	
  et	
  al.	
  2008,	
  Cooper	
  et	
  al.	
  2010),	
  

and	
  has	
  more	
  recently	
  been	
  shown	
  to	
  be	
  tumour	
  suppressive	
  in	
  multiple	
  myeloma	
  cell	
  lines	
  

(Lambert	
  et	
  al.	
  2011);	
  however,	
  its	
  expression	
  is	
  increased	
  in	
  CLL	
  cells	
  compared	
  to	
  normal	
  B	
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cells,	
   although	
   the	
   reason	
   for	
   this	
   is	
   not	
   known	
   (Klein	
   et	
   al.	
   2001,	
   Jelinek	
   et	
   al.	
   2003).	
   In	
  

addition,	
   it	
   is	
   essential	
   for	
   haematopoiesis,	
   although	
   its	
   exact	
   functions	
   in	
   this	
   are	
   not	
  

known	
   (Stenvers	
   et	
   al.	
   2003).	
   	
   Since	
   it	
   is	
   required	
   for	
   signalling	
   by	
   TGFβ2	
   (Stenvers	
   et	
   al.	
  

2003),	
  and	
  also	
  enhances	
  signalling	
  by	
  activins/inhibins,	
   it	
   is	
  possible	
  that	
   its	
  up-­‐regulation	
  

may	
  provide	
  a	
  selective	
  advantage	
  due	
  to	
  the	
  effects	
  of	
  one	
  of	
  these	
  ligands.	
  	
  

	
  

EBNA3B	
  and	
  EBNA3C	
  seem	
  to	
  be	
  very	
  clearly	
  necessary	
  for	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  so	
  

this	
  does	
  not	
  entirely	
  fit	
  with	
  a	
  clonal	
  selection	
  process	
  –	
  unless	
  they	
  are	
  necessary,	
  instead,	
  

for	
   an	
   unknown	
   intermediate	
   event	
   which	
   itself	
   strongly	
   predisposes	
   to	
   TGFβR3	
   up-­‐

regulation.	
   Furthermore,	
   TGFβR3	
   expression	
   continues	
   to	
   vary	
   with	
   the	
   addition	
   and	
  

removal	
   of	
   4HT	
   in	
   p16-­‐null	
   3CHT-­‐LCLs	
   (figs.	
   6.10	
   and	
   6.11),	
   suggesting	
   a	
   direct	
   effect	
   of	
  

EBNA3C	
  on	
  TGFβR3	
  expression,	
  and	
  hence	
  not	
  entirely	
  consistent	
  with	
  the	
  hypothesis	
  that	
  

this	
  is	
  a	
  clonal	
  selection	
  process.	
  	
  

	
  

The	
  second	
  possibility	
   is	
   the	
  relief	
  of	
  TGFβ1-­‐mediated	
  repression	
  of	
  TGFβR3,	
  as	
  suggested	
  

by	
  the	
  de-­‐repression	
  of	
  TGFβR3	
  upon	
  treatment	
  of	
  EBV-­‐negative	
  BL31	
  cells	
  with	
  the	
  TGFβR1	
  

inhibitor	
   SB431542	
   (see	
   chapter	
   3,	
   fig.	
   3.13).	
   If	
   this	
   were	
   the	
   case	
   in	
   LCLs,	
   then	
   the	
  

repression	
   of	
   TGFβR2	
   in	
   wild-­‐type	
   LCLs,	
   leading	
   to	
   suppression	
   of	
   TGFβ	
   signalling	
   via	
  

pSMAD2	
   (fig.	
   6.1A-­‐B),	
   would	
   block	
   the	
   TGFβ1-­‐mediated	
   repression	
   of	
   TGFβR3	
   and	
   hence	
  

lead	
  to	
  up-­‐regulation	
  of	
  TGFβR3.	
  Thus,	
  after	
  primary	
  B	
  cell	
  infection,	
  TGFβR3	
  would	
  not	
  be	
  

de-­‐repressed	
  until	
  TGFβR2	
  repression	
  reaches	
  a	
  level	
  at	
  which	
  TGFβ	
  signalling	
  is	
  suppressed	
  

enough	
  to	
  block	
  the	
  TGFβ1-­‐mediated	
  repression	
  of	
  TGFβR3.	
  This	
  could	
  explain	
  why	
  the	
  up-­‐

regulation	
  of	
  TGFβR3	
  does	
  not	
  occur	
  until	
  after	
  the	
  down-­‐regulation	
  of	
  TGFβR2	
  (fig.	
  6.8).	
  In	
  

addition,	
   in	
   EBNA3B	
   KO	
   LCLs	
   and	
   p16-­‐null	
   3CHT-­‐LCLs	
   established	
   without	
   4HT,	
   in	
   which	
  

TGFβR2	
   is	
   slightly	
   de-­‐repressed	
   compared	
   to	
   wild-­‐type,	
   and	
   in	
   which	
   this	
   is	
   sufficient	
   to	
  

restore	
   TGFβ	
   signalling	
   via	
   pSMAD2	
   (figs.	
   6.3	
   and	
   6.5),	
   TGFβ1-­‐mediated	
   repression	
   of	
  

TGFβR3	
  would	
  still	
  occur	
  and	
  hence	
  TGFβR3	
  remains	
  repressed.	
  Furthermore,	
  since	
  TGFβ1	
  

and	
   TGFβR1	
   expression	
   were	
   not	
   significantly	
   altered	
   after	
   primary	
   B	
   cell	
   infection	
   (fig.	
  

6.13),	
  the	
  main	
  variable	
  affecting	
  the	
  TGFβR3	
  expression	
  after	
  primary	
  B	
  cell	
  infection	
  would	
  

be	
   the	
  presence	
  of	
  TGFβ	
  signalling	
   through	
  TGFβR2.	
  This	
  could	
  also	
  be	
  an	
  explanation	
   for	
  

why	
  EBNA3B	
  and	
  EBNA3C	
  seem	
  to	
  be	
  more	
  clearly	
  involved	
  in	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
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than	
   the	
   down-­‐regulation	
   of	
   TGFβR2,	
   i.e.	
   that	
   the	
   TGFβR3	
   expression	
   is	
   related	
   to	
   the	
  

degree	
  of	
  TGFβ	
  signalling,	
  rather	
  than	
  to	
  the	
  expression	
  of	
  TGFβR2	
  itself.	
  	
  

	
  

However,	
   in	
   p16-­‐null	
   3CHT-­‐LCLs	
   established	
   with	
   4HT,	
   TGFβR2	
   remains	
   repressed,	
   with	
  

suppression	
  of	
  TGFβ	
  signalling,	
  even	
  when	
  4HT	
   is	
  subsequently	
  withdrawn	
  (fig.	
  6.4C).	
  This	
  

would	
  be	
  expected	
   to	
  produce	
   continued	
  de-­‐repression	
  of	
   TGFβR3,	
   i.e.	
   TGFβR3	
  would	
  be	
  

up-­‐regulated	
   in	
   these	
   cells	
   regardless	
   of	
   whether	
   4HT	
   was	
   continued	
   or	
   withdrawn.	
  

However,	
  this	
  is	
  not	
  the	
  case,	
  as	
  TGFβR3	
  expression	
  continues	
  to	
  vary	
  with	
  the	
  presence	
  or	
  

absence	
  of	
  4HT,	
  and	
  thus	
  EBNA3C,	
  even	
  though	
  TGFβR2	
  does	
  not	
  vary	
  in	
  this	
  way.	
  Therefore	
  

the	
   findings	
   in	
   the	
   p16-­‐null	
   3CHT-­‐LCLs	
   established	
   without	
   4HT	
   do	
   not	
   fit	
   with	
   the	
  

hypothesis	
  of	
  TGFβ1-­‐mediated	
  repression	
  of	
  TGFβR3.	
  	
  

	
  

A	
   third	
  mechanism	
   is	
   that	
   the	
   up-­‐regulation	
   of	
   TGFβR3	
   by	
   EBV	
   occurs	
   directly,	
   i.e.	
   is	
   not	
  

dependent	
   on	
   TGFβR2	
   expression.	
   This	
   is	
   suggested	
   by	
   the	
   fairly	
   rapid	
   and	
   continued	
  

variation	
  of	
  TGFβR3	
  expression	
   in	
  p16-­‐null	
  3CHT-­‐LCLs	
  as	
  4HT	
   is	
  added	
  or	
  withdrawn	
   from	
  

the	
  medium	
  (figs.	
  6.10	
  and	
  6.11).	
  However,	
  if	
  this	
  were	
  a	
  direct	
  effect	
  of	
  EBV	
  (EBNA3C)	
  on	
  

TGFβR3	
  transcription,	
  then	
  it	
  is	
  not	
  clear	
  why	
  the	
  process	
  of	
  TGFβR3	
  up-­‐regulation	
  occurs	
  so	
  

slowly	
   after	
   primary	
   B	
   cell	
   infection	
   (fig.	
   6.8).	
   It	
   is	
   also	
   possible	
   that	
   EBV	
   up-­‐regulates	
  

TGFβR3	
   directly	
   via	
   epigenetic	
  mechanisms	
   in	
   LCLs,	
   in	
   a	
   similar	
  way	
   to	
   that	
   suggested	
   in	
  

BL31	
  cells	
  by	
   the	
  variation	
   in	
  histone	
  modifications	
  at	
   the	
  proximal	
  TGFβR3	
  promoter	
   (fig.	
  

3.12),	
  although	
  this	
  has	
  not	
  been	
  investigated	
  in	
  3CHT-­‐LCLs.	
  TGFβR3	
  has	
  been	
  shown	
  to	
  be	
  

de-­‐repressed	
  by	
   treatment	
  with	
  TSA	
  and	
  azacytidine,	
   suggesting	
   it	
   is	
  epigenetically	
  down-­‐

regulated,	
  in	
  prostate	
  and	
  ovarian	
  cancer	
  (Hempel	
  et	
  al.	
  2007,	
  Turley	
  et	
  al.	
  2007).	
  	
  	
  

	
  

A	
   fourth	
   possible	
  mechanism	
   for	
   the	
   up-­‐regulation	
   of	
   TGFβR3	
   is	
   that	
   the	
   suppression	
   of	
  

TGFβ	
  signalling	
   leads	
   the	
  cell	
   to	
   increase	
  TGFβR3	
   in	
  order	
   to	
   try	
   to	
   restore	
  signalling.	
  This	
  

could	
  occur	
  if	
  there	
  was	
  an	
  advantage	
  to	
  the	
  cells	
  having	
  intact	
  TGFβ	
  signalling	
  in	
  vitro,	
  and	
  

thus	
  the	
  cellular	
  response	
  to	
  lack	
  of	
  TGFβR2	
  and	
  consequent	
  lack	
  of	
  signalling	
  would	
  be	
  to	
  

up-­‐regulate	
   its	
   TGFβR3	
   in	
   order	
   to	
   try	
   to	
   augment	
   signalling	
   from	
   any	
   remaining	
   TGFβR2	
  

receptors.	
  However,	
  there	
  is	
  no	
  evidence	
  that	
  this	
  occurs	
  in	
  other	
  cell	
  types,	
  for	
  instance	
  in	
  

solid	
  tumours/epithelial	
  cells	
  where	
  TGFβR2	
  is	
  mutated	
  or	
  repressed	
  there	
  are	
  no	
  reports	
  of	
  

up-­‐regulation	
  of	
  TGFβR3.	
  Furthermore,	
   it	
   is	
   likely	
  to	
  be	
  an	
  advantage	
  to	
  cells	
   in	
  culture	
  to	
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become	
  resistant	
  to	
  TGFβ	
  signalling	
  which	
  could	
  otherwise	
  limit	
  their	
  proliferation.	
  Also,	
  this	
  

mechanism	
  again	
  does	
  not	
  really	
  fit	
  with	
  the	
  findings	
  of	
  variation	
  of	
  TGFβR3	
  expression	
  with	
  

presence/absence	
  of	
  4HT	
  in	
  3CHT-­‐LCLs.	
  	
  

	
  

Therefore,	
  no	
  single	
  mechanism	
  for	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  by	
  EBV	
  appears	
  to	
  fit	
  with	
  

all	
  the	
  findings	
  in	
  the	
  current	
  study.	
  Nevertheless,	
  it	
  is	
  possible	
  that	
  a	
  combination	
  of	
  these	
  

mechanisms	
  may	
  occur,	
  for	
  instance	
  the	
  TGFβ1-­‐mediated	
  repression	
  of	
  TGFβR3	
  occurs	
  but	
  

there	
  is	
  an	
  additional	
  direct	
  effect	
  of	
  EBNA3C	
  on	
  TGFβR3	
  transcription.	
  	
  	
  

	
  

As	
  discussed	
  in	
  chapter	
  3	
  and	
  above,	
  the	
  consequences	
  of	
  the	
  up-­‐regulation	
  of	
  TGFβR3	
  by	
  

EBV	
  are	
  not	
  known;	
  however,	
  one	
  possibility	
  is	
  that	
  this	
  promotes	
  or	
  inhibits	
  BMP	
  signalling.	
  

This	
  will	
  be	
  investigated	
  in	
  the	
  next	
  chapter,	
  chapter	
  7.	
  

	
  

In	
  LCLs,	
  EBNA3C	
  represses	
  p15INK4B;	
  however,	
  TGFβ	
  does	
  not	
  induce	
  its	
  expression	
  in	
  LCLs	
  

In	
  this	
  study,	
  the	
  expression	
  of	
  p15INK4B	
  (referred	
  to	
  hereafter	
  as	
  p15)	
  was	
  also	
  investigated	
  

in	
   LCLs,	
   since	
  preliminary	
   investigations	
  by	
   colleagues	
   in	
   the	
   laboratory	
  had	
   revealed	
   that	
  

EBNA3C	
   binds	
   to	
   the	
   promoter	
   region	
   of	
   p15	
   (Skalska	
   et	
   al.	
   2013).	
   It	
   was	
   therefore	
  

hypothesised	
  that	
  by	
  repressing	
  p15	
  in	
  LCLs,	
  EBV	
  would	
  prevent	
  TGFβ-­‐mediated	
  induction	
  of	
  

p15,	
  which	
   is	
  a	
  mechanism	
  for	
  TGFβ-­‐induced	
  growth	
  arrest	
   in	
  epithelial	
  cells	
   (Hannon	
  and	
  

Beach	
   1994).	
   This	
   study	
   confirmed	
   that	
   p15	
   is	
   repressed	
   in	
   wild-­‐type	
   LCLs,	
   with	
   de-­‐

repression	
  in	
  p16-­‐null	
  3CHT-­‐LCLs	
  which	
  have	
  never	
  been	
  exposed	
  to	
  4HT	
  and	
  hence	
  EBNA3C	
  

(fig.	
  6.15A).	
  However,	
  even	
  in	
  the	
  cell	
  lines	
  where	
  total	
  p15	
  was	
  de-­‐repressed,	
  there	
  was	
  no	
  

induction	
  of	
  p15	
  by	
  TGFβ	
  treatment	
  (fig.	
  6.15B).	
  p15	
  was	
  similarly	
  not	
   induced	
  by	
  TGFβ	
  in	
  

BL31	
   cells,	
   when	
   pSMAD2,	
   Id1	
   and	
   Id2	
  were	
   all	
   induced	
   (fig.	
   3.9).	
   This	
   is	
   consistent	
  with	
  

previous	
   findings	
   in	
   B	
   cells,	
   in	
   which	
   TGFβ	
   generally	
   does	
   not	
   induce	
   p15,	
   and	
   the	
  

mechanism	
   of	
   TGFβ-­‐induced	
   growth	
   arrest	
   is	
   different	
   from	
   that	
   in	
   epithelial	
   cells	
  

(Horndasch	
  et	
  al.	
  2002,	
  Spender	
  and	
   Inman	
  2009b).	
  Thus	
   the	
  TGFβ-­‐mediated	
   induction	
  of	
  

p15	
  may	
  be	
  specific	
  to	
  epithelial	
  cells.	
  

	
  

In	
  EBV-­‐negative	
  BL31	
  cells,	
  p15	
  expression	
  was	
  completely	
  repressed,	
  but	
  was	
  up-­‐regulated	
  

by	
  EBV	
   (fig.	
   3.9).	
  Despite	
   the	
  up-­‐regulation	
  by	
  EBV	
   in	
  BL31	
   cells,	
  no	
   induction	
  of	
  p15	
  was	
  

seen	
  in	
  response	
  to	
  TGFβ	
  (fig.	
  3.9);	
  this	
  would	
  be	
  consistent	
  with	
  the	
  repression	
  of	
  TGFβR2	
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and	
   suppression	
   of	
   TGFβ	
   signalling	
   by	
   EBV.	
   It	
   has	
   been	
   reported	
   that	
   the	
   p15	
   promoter	
  

often	
  shows	
  CpG	
  methylation,	
  consistent	
  with	
  gene	
  silencing,	
   in	
  BLs	
   (Klangby	
  et	
  al.	
  1998).	
  

Therefore	
  EBV	
  infection	
  seems	
  to	
  de-­‐repress	
  p15	
  in	
  BL31	
  cells,	
  but	
  the	
  effect	
  of	
  this	
   is	
  not	
  

known.	
  	
  

	
  

The	
  effect	
  of	
  EBV	
  on	
  p15	
  expression	
  is	
  therefore	
  completely	
  different	
  in	
  BL31	
  cells	
  and	
  LCLs,	
  

since	
   EBV	
   up-­‐regulates	
   (or	
   de-­‐represses)	
   p15	
   in	
   BL31	
   cells,	
   yet	
   represses	
   it	
   in	
   LCLs.	
  

Nevertheless,	
  future	
  work	
  could	
  investigate	
  the	
  apparent	
  repression	
  of	
  p15	
  by	
  EBNA3A	
  and	
  

EBNA3C	
  in	
  LCLs,	
  since	
  these	
  same	
  latent	
  proteins	
  are	
  already	
  known	
  to	
  repress	
  p16	
  and	
  thus	
  

this	
  could	
  be	
  another	
  mechanism	
  by	
  which	
  EBV	
  promotes	
  lymphomagenesis.	
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  The	
   effects	
   of	
   EBV	
   on	
   BMP	
   signalling	
   and	
   its	
   canonical	
  Chapter	
  7

receptor-­‐mediated	
  SMADs	
  in	
  B	
  cells	
  

7.1	
  Introduction	
  

BMP	
  signalling	
  pathways	
  are	
  considerably	
  more	
  diverse	
  than	
  TGFβ	
  signalling,	
  involving	
  four	
  

type	
  I	
  and	
  three	
  type	
  II	
  receptors,	
  in	
  contrast	
  to	
  one	
  of	
  each	
  in	
  the	
  TGFβ	
  signalling	
  pathway.	
  

There	
  are	
  also	
  at	
   least	
  20	
  different	
   ligands	
   for	
  BMP	
  receptors.	
  At	
   the	
  start	
  of	
   this	
  project,	
  

relatively	
  little	
  was	
  known	
  about	
  the	
  effects	
  of	
  BMPs	
  in	
  lymphoid	
  cells.	
   It	
  had	
  been	
  shown	
  

that	
  BMP6	
  inhibits	
  proliferation	
  of	
  human	
  peripheral	
  blood	
  naïve	
  and	
  memory	
  B	
  cells	
  that	
  

had	
  been	
  stimulated	
  to	
  proliferate	
  by	
  treatment	
  with	
  anti-­‐IgM	
  alone	
  or	
  with	
  CD40L,	
  as	
  well	
  

as	
  in	
  the	
  EBV-­‐negative	
  BL	
  line	
  Ramos	
  (Kersten	
  et	
  al.	
  2005).	
  BMP6	
  also	
  inhibits	
  proliferation	
  

of	
   bone	
   marrow	
   normal	
   human	
   B	
   cell	
   progenitor	
   cells	
   in	
   vitro	
   (Kersten	
   et	
   al.	
   2006).	
   In	
  

addition,	
   several	
   BMP	
   ligands	
   are	
   pro-­‐apoptotic	
   or	
   anti-­‐proliferative	
   in	
   myeloma	
   cells	
  

(Kawamura	
  et	
  al.	
  2000,	
  Hjertner	
  et	
  al.	
  2001,	
  Ro	
  et	
  al.	
  2004,	
  Fukuda	
  et	
  al.	
  2006b,	
  Seckinger	
  et	
  

al.	
  2009).	
  However,	
  the	
  effects	
  of	
  BMPs	
  in	
  other	
  malignant	
  B	
  cell	
  disorders	
  or	
  EBV-­‐infected	
  B	
  

cells	
  were	
  not	
  known.	
  

	
  

BMP	
  signalling	
   is	
   closely	
   related	
   to	
  TGFβ	
  signalling,	
  and	
   the	
  current	
   study	
  has	
   shown	
   that	
  

EBV	
   up-­‐regulates	
   TGFβR3,	
   which	
   is	
   also	
   a	
   co-­‐receptor	
   for	
   BMP	
   signalling.	
   Thus	
   it	
   was	
  

hypothesised	
   that	
   the	
  up-­‐regulation	
  of	
  TGFβR3	
  by	
  EBV	
  may	
  alter	
  BMP	
  signalling,	
  and	
   that	
  

this	
  may	
  in	
  turn	
  lead	
  to	
  tumour-­‐promoting	
  effects.	
  Therefore,	
  in	
  this	
  chapter,	
  the	
  effects	
  of	
  

EBV	
  on	
  BMP	
  signalling	
  and	
  expression	
  of	
  some	
  of	
  its	
  components	
  were	
  investigated.	
  	
  

	
  

7.2	
  The	
  effects	
  of	
  EBV	
  on	
  BMP	
  signalling	
  and	
  its	
  effectors	
  in	
  BL31	
  cells	
  	
  

7.2.1	
  In	
  BL31	
  cells,	
  latent	
  EBV	
  leads	
  to	
  increased	
  signalling	
  in	
  response	
  to	
  BMP2,	
  BMP4	
  and	
  

BMP6	
  but	
  not	
  BMP7	
  or	
  BMP9	
  	
  

TGFβR3	
   directly	
   binds	
  multiple	
   ligands,	
   including	
   BMP2,	
   BMP4	
   and	
   BMP7,	
   and	
   facilitates	
  

their	
  binding	
  to	
  the	
  relevant	
  type	
  II	
  receptors,	
  therefore	
  enhancing	
  BMP	
  signalling	
  (Gatza	
  et	
  

al.	
   2010).	
   It	
   has	
   also	
   been	
   shown	
   that	
   TGFβR3	
   presents	
   BMP2	
   to	
   the	
   type	
   I	
   receptors	
  

BMPRIA	
   or	
   BMPRIB,	
   increasing	
   signalling	
   by	
   BMP2	
   (Kirkbride	
   et	
   al.	
   2008).	
   Conversely,	
  

inhibin,	
  an	
   inhibitor	
  of	
  BMP	
  signalling,	
   requires	
  TGFβR3	
  for	
  binding	
  to	
   its	
   type	
   II	
   receptors	
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activin	
  receptor	
  II	
  and	
  BMPR2	
  (Gatza	
  et	
  al.	
  2010).	
  Hence	
  theoretically	
  the	
  up-­‐regulation	
  of	
  

TGFβR3	
   could	
   also	
   result	
   in	
   enhanced	
   inhibition	
   of	
   BMP	
   signalling.	
   It	
   was	
   therefore	
  

hypothesised	
   that,	
  as	
  a	
  consequence	
  of	
  up-­‐regulating	
  TGFβR3	
  expression,	
  EBV	
  might	
  alter	
  

BMP	
  signalling.	
  	
  

	
  

Uninfected	
  and	
  wild-­‐type	
  EBV	
  infected	
  BL31	
  cells	
  were	
  treated	
  with	
  a	
  range	
  of	
  BMP	
  ligands.	
  

The	
  BMPs	
  used	
  were	
  selected	
  to	
   include	
  BMP2,	
  BMP4	
  and	
  BMP7	
  because	
  they	
  have	
  been	
  

shown	
   to	
  bind	
   to	
   TGFβR3,	
   as	
  well	
   as	
  BMP6	
  as	
   it	
   has	
   been	
   shown	
   to	
  have	
  effects	
   in	
   both	
  

normal	
   and	
  malignant	
   B	
   cells.	
   BMP2	
   and	
   BMP4	
   are	
   from	
   the	
   same	
   subgroup	
   of	
   ligands;	
  

similarly	
  BMP6	
  and	
  BMP7	
  are	
  from	
  the	
  same	
  subgroup	
  (Derynck	
  and	
  Miyazono	
  2008).	
  BMP9	
  

was	
  also	
  investigated	
  as	
  it	
  was	
  predicted	
  to	
  behave	
  somewhat	
  differently	
  from	
  the	
  others:	
  it	
  

is	
   from	
  a	
   third	
   subgroup,	
  has	
  been	
  shown	
   to	
  be	
  pro-­‐proliferative	
   in	
   certain	
  cell	
   types	
  and	
  

conditions	
  (Herrera	
  et	
  al.	
  2009,	
  Herrera	
  et	
  al.	
  2013),	
  but	
  anti-­‐proliferative	
  in	
  others	
  (David	
  et	
  

al.	
  2007),	
  and	
  had	
  not	
  been	
  shown	
  to	
  have	
  effects	
  in	
  lymphoid	
  cells.	
  	
  

	
  

A	
   preliminary	
   experiment	
   was	
   performed	
   using	
   BMP4	
   at	
   two	
   different	
   concentrations	
  

(50ng/ml	
   and	
   100ng/ml);	
   the	
   induction	
   of	
   C-­‐terminal	
   phosphorylation	
   of	
   SMAD1/5/8	
  

(pSMAD1/5/8)	
   was	
   similar	
   with	
   both	
   doses,	
   so	
   50ng/ml	
   was	
   used	
   in	
   subsequent	
  

experiments	
   (data	
  not	
  shown).	
  For	
   the	
  other	
   ligands,	
  a	
  single	
  dose	
  was	
  selected	
  based	
  on	
  

previous	
   literature	
   and	
   if	
   this	
   induced	
  pSMAD1/5/8	
   in	
   preliminary	
   experiments,	
   the	
   same	
  

dose	
  was	
  used	
  for	
  any	
  further	
  experiments.	
  The	
  canonical	
  signalling	
  response	
  to	
  ligand	
  was	
  

assessed	
   after	
   one	
   hour	
   of	
   treatment	
  with	
   the	
   relevant	
   BMP	
   or	
   an	
   equivalent	
   volume	
   of	
  

vehicle	
   (0.5%	
   BSA	
   in	
   4mM	
   HCl),	
   by	
   performing	
   western	
   blot	
   for	
   total	
   SMAD1,	
   SMAD5,	
  

SMAD1	
   linker	
   phosphorylation	
   (pSMAD1),	
   SMAD5	
   C-­‐terminal	
   phosphorylation	
   (pSMAD5)	
  

and	
   pSMAD1/5/8	
   in	
   parallel	
   (fig.	
   7.1).	
   No	
   commercially	
   available	
   antibody	
   could	
   be	
  

identified	
   for	
   SMAD8	
   or	
   pSMAD8	
   and	
   the	
   antibody	
   to	
   SMAD5	
   proved	
   variable	
   in	
   its	
  

successful	
  use.	
  	
  

	
  

Although	
  total	
  SMAD1	
  expression	
  was	
   increased	
   in	
  EBV-­‐infected,	
   relative	
   to	
  EBV-­‐negative,	
  

BL31	
  cells	
   (see	
  section	
  7.2.5	
   for	
   further	
  details),	
   there	
  was	
  a	
  more	
  marked	
   increase	
   in	
   the	
  

induction	
   of	
   pSMAD1	
   with	
   BMP2,	
   BMP4	
   and	
   BMP6	
   in	
   EBV-­‐infected	
   compared	
   to	
   EBV-­‐

negative	
   BL31	
   (fig.	
   7.1A-­‐C).	
   pSMAD5	
   and	
   pSMAD1/5/8	
   were	
   also	
   increased	
   more	
   in	
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response	
   to	
   BMP	
   treatment	
   in	
   EBV-­‐infected	
   than	
   uninfected	
   BL31	
   cells,	
   although	
   the	
  

difference	
  between	
  these	
  was	
  less	
  marked	
  than	
  for	
  pSMAD1,	
  even	
  taking	
  into	
  account	
  the	
  

increase	
  in	
  total	
  SMAD1	
  in	
  EBV-­‐infected	
  compared	
  to	
  uninfected	
  cells.	
  These	
  findings	
  were	
  

consistent	
   for	
   BMP2,	
   BMP4	
   and	
   BMP6	
   (fig.	
   7.1A-­‐C).	
   However,	
   with	
   BMP7	
   and	
   BMP9,	
  

although	
   there	
   was	
   a	
   slight	
   increase	
   in	
   pSMAD1	
   in	
   the	
   presence	
   of	
   EBV,	
   this	
   was	
  

commensurate	
  with	
   the	
   increase	
   in	
   total	
   SMAD1	
   (fig.	
   7.1D-­‐E).	
  With	
   BMP7	
   and	
   BMP9,	
   no	
  

difference	
  was	
  seen	
  in	
  the	
  induction	
  of	
  pSMAD5	
  whether	
  or	
  not	
  EBV	
  was	
  present,	
  and	
  for	
  

pSMAD1/5/8	
  there	
  was	
  only	
  a	
  slight	
  increase	
  in	
  the	
  presence	
  of	
  EBV,	
  reflecting	
  the	
  increase	
  

in	
  pSMAD1	
  as	
  a	
  result	
  of	
  increased	
  total	
  SMAD1.	
  	
  

	
  

It	
  was	
  noted	
  in	
  these	
  experiments	
  that	
  generally	
  the	
  amount	
  of	
  pSMAD1/5/8	
  reflected	
  that	
  

of	
   pSMAD1	
   plus	
   pSMAD5	
   (fig.	
   7.1),	
   suggesting	
   that	
   SMAD8	
   phosphorylation	
   is	
   not	
  

prominent	
   in	
   this	
   cell	
   type,	
   as	
   has	
   been	
   found	
   previously	
   (Bakkebo	
   et	
   al.	
   2010,	
   Yin	
   et	
   al.	
  

2010).	
  Haematopoietic	
  stem	
  cells	
  also	
  express	
  SMADs	
  1	
  and	
  5	
  but	
  not	
  SMAD8	
  (Bhatia	
  et	
  al.	
  

1999),	
  suggesting	
  that	
  SMAD8	
  may	
  not	
  be	
  important	
  in	
  lymphoid	
  cells;	
  the	
  EBV-­‐negative	
  BL	
  

cell	
   line	
   Ramos	
   has	
   recently	
   been	
   shown	
   to	
   lack	
   expression	
   of	
   SMAD8	
   (Kawabata	
   et	
   al.	
  

2013).	
  	
  

	
  

SMAD1	
  and	
   SMAD5	
  are	
  more	
   similar	
   to	
   each	
  other	
   (at	
   amino	
   acid	
   level)	
   than	
   to	
   SMAD8.	
  

BMP2	
  and	
  BMP4	
  have	
  been	
  shown	
  to	
  activate	
  SMAD1,	
  SMAD5	
  and	
  SMAD8	
  whereas	
  BMP6	
  

and	
  BMP7	
  only	
  activate	
  SMAD1	
  and	
  SMAD5	
  (Ebisawa	
  et	
  al.	
  1999,	
  Aoki	
  et	
  al.	
  2001).	
   In	
  the	
  

current	
  study,	
  for	
  BMP2	
  and	
  BMP4	
  the	
  effect	
  of	
  EBV	
  was	
  particularly	
  marked	
  for	
  induction	
  

of	
  pSMAD1	
  rather	
  than	
  pSMAD5	
  (fig.	
  7.1A-­‐B).	
  For	
  BMP6,	
  the	
  increased	
  induction	
  with	
  EBV	
  

infection	
  was	
  marked	
   for	
  both	
  pSMAD1	
  and	
  pSMAD5	
   (fig.	
  7.1C),	
  whereas	
   for	
  BMP7	
   there	
  

was	
  no	
  increase	
  in	
  induction	
  of	
  pSMAD1/5	
  with	
  EBV	
  infection	
  compared	
  to	
  uninfected	
  (fig.	
  

7.1D).	
   Generally	
   pSMAD1	
  was	
   found	
   to	
   be	
   constitutively	
   present,	
   even	
   in	
   the	
   absence	
   of	
  

exogenous	
  BMPs,	
  whereas	
  pSMAD5	
  was	
  only	
   induced	
  with	
  BMP	
  (fig.	
  7.1).	
  Furthermore,	
   it	
  

appears	
  that	
  in	
  BL31	
  cells,	
  BMP	
  treatment	
  does	
  not	
  induce	
  pSMAD1,	
  i.e.	
  there	
  is	
  no	
  increase	
  

in	
  pSMAD1	
  with	
  BMP	
  compared	
  to	
  vehicle	
  alone	
  (fig.	
  7.1).	
  However,	
  in	
  the	
  presence	
  of	
  EBV	
  

infection,	
  BMP2,	
  BMP4	
  and	
  BMP6	
  do	
  induce	
  pSMAD1.	
  Although	
  the	
  constitutive	
  pSMAD1	
  is	
  

likely	
   to	
   reflect	
   background	
   linker	
   phosphorylation	
   by	
   MAP	
   kinases,	
   SMAD1	
   linker	
  

phosphorylation	
  can	
  also	
  be	
  induced	
  by	
  BMP	
  treatment	
  (Sapkota	
  et	
  al.	
  2007).	
  The	
  induction	
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seen	
  in	
  EBV-­‐infected	
  cells	
  therefore	
  suggests	
  that	
  EBV	
  infection	
  enables	
  signalling	
  by	
  BMP2,	
  

BMP4	
  and	
  BMP6.	
  

	
  

On	
  the	
  basis	
  of	
  these	
  results,	
  as	
  well	
  as	
  the	
  known	
  binding	
  of	
  BMP2	
  to	
  TGFβR3	
  and	
  because	
  

much	
  previously	
  published	
  work	
  is	
  based	
  on	
  BMP2,	
  it	
  was	
  decided	
  to	
  focus	
  mainly	
  on	
  BMP2	
  

in	
   subsequent	
   experiments.	
   In	
   order	
   to	
   confirm	
   that	
   EBV	
   increases	
   BMP	
   signalling	
   in	
  

response	
  to	
  BMP2,	
  as	
  suggested	
  by	
  the	
  increased	
  induction	
  of	
  pSMAD1/5,	
  the	
  response	
  of	
  a	
  

known	
  BMP	
  target	
  gene	
   ID1	
  was	
  assessed	
  by	
  qRT-­‐PCR	
  (fig.	
  7.1F).	
   ID1	
  expression	
  remained	
  

extremely	
   low	
   in	
  both	
  EBV-­‐infected	
  and	
  EBV-­‐negative	
  BL31	
   cells	
   in	
   the	
  absence	
  of	
  BMP2.	
  

However,	
   in	
   the	
   presence	
   of	
   BMP2,	
   ID1	
   mRNA	
   was	
   induced,	
   peaking	
   at	
   two	
   hours	
   but	
  

persisting	
   for	
   at	
   least	
   24	
   hours.	
   It	
   should	
   be	
   noted	
   that	
   no	
   time	
   points	
   were	
   measured	
  

between	
  2	
  and	
  24	
  hours,	
  so	
  the	
  peak	
  reached	
  may	
  have	
  been	
  higher	
  and	
  occurred	
  at	
  any	
  

time	
   up	
   to	
   24	
   hours;	
   however,	
   BMP	
   treatment	
   has	
   previously	
   been	
   shown	
   to	
   induce	
   ID1	
  

mRNA	
  maximally	
  at	
  2	
  hours	
  in	
  resting	
  mature	
  human	
  B	
  cells,	
  with	
  levels	
  remaining	
  elevated	
  

for	
  up	
  to	
  24	
  hours	
   (Kersten	
  et	
  al.	
  2005).	
   In	
   the	
  current	
  study,	
   the	
  peak	
   levels	
  of	
   ID1	
  were	
  

higher	
   in	
  both	
  wild-­‐type	
  EBV-­‐infected	
  cell	
   lines	
  than	
   in	
  the	
  uninfected	
  cell	
   line,	
  supporting	
  

the	
  increased	
  responsiveness	
  to	
  BMP2	
  in	
  EBV-­‐infected	
  compared	
  to	
  uninfected	
  BL31.	
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Figure	
  7.1:	
  EBV	
  infection	
  leads	
  to	
  increased	
  signalling	
  in	
  response	
  to	
  BMP2,	
  BMP4	
  and	
  BMP6,	
  but	
  not	
  BMP7	
  

or	
  BMP9,	
  in	
  BL31	
  cells	
  	
  

(A-­‐E):	
   Western	
   blot	
   analysis	
   showing	
   phosphorylated	
   SMAD1	
   linker	
   region,	
   SMAD5	
   and	
   SMAD1/5/8	
   in	
  

response	
  to	
  treatment	
  with	
  BMP	
  ligands	
  or	
  vehicle	
  (0.5%	
  BSA	
  in	
  4mM	
  HCl)	
  for	
  one	
  hour.	
  Total	
  SMAD1	
  is	
  shown	
  

for	
   comparison,	
   with	
   γ-­‐tubulin	
   as	
   a	
   loading	
   control.	
   (A)	
   BMP2	
   100ng/ml,	
   (B)	
   BMP4	
   50ng/ml,	
   (C)	
   BMP6	
  

100ng/ml,	
  (D)	
  BMP7	
  100ng/ml	
  and	
  (E)	
  BMP9	
  10ng/ml.	
  (F):	
  qRT-­‐PCR	
  for	
  mRNA	
  expression	
  of	
  ID1,	
  a	
  known	
  BMP	
  

target	
  gene,	
  with	
   time	
  after	
   treatment	
  with	
  BMP2	
  or	
  vehicle	
   in	
  uninfected	
  and	
  wild-­‐type	
  EBV-­‐infected	
  BL31	
  

cells.	
  ID1	
  is	
  expressed	
  relative	
  to	
  the	
  endogenous	
  control	
  gene	
  GNB2L1.	
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7.2.2	
   EBNA2,	
   EBNA3B	
   and	
   EBNA3C	
   are	
   unnecessary	
   for	
   the	
   increased	
   signalling	
   in	
  

response	
  to	
  BMP2	
  in	
  EBV-­‐infected	
  compared	
  to	
  uninfected	
  BL31	
  cells	
  	
  

The	
  current	
  study	
  has	
  shown	
  that	
  EBV	
  up-­‐regulates	
  TGFβR3	
  in	
  BL31	
  cells,	
  with	
  reduced	
  up-­‐

regulation	
   when	
   EBNA2,	
   EBNA3B	
   or	
   EBNA3C	
   are	
   deleted	
   (fig.	
   3.11A-­‐B).	
   Signalling	
   in	
  

response	
   to	
   BMP2	
   is	
   increased	
   in	
   EBV-­‐infected	
   relative	
   to	
   uninfected	
   BL31	
   (fig.	
   7.1A).	
  

Therefore,	
   to	
   investigate	
  whether	
   the	
   increase	
   in	
  BMP	
   signalling	
  occurs	
   as	
   a	
   result	
   of	
   the	
  

increased	
  TGFβR3	
  expression,	
  the	
  effect	
  of	
  deletion	
  of	
  the	
  relevant	
  latent	
  proteins	
  on	
  BMP	
  

signalling	
  was	
  investigated.	
  A	
  panel	
  of	
  BL31	
  cell	
  lines	
  were	
  treated	
  with	
  BMP2	
  or	
  vehicle	
  for	
  

one	
  hour	
  and	
   then	
  western	
  blot	
  performed	
   for	
  SMAD1,	
  SMAD5,	
  pSMAD1	
   linker,	
  pSMAD5	
  

and	
   pSMAD1/5/8.	
   These	
   included	
   BL31	
   infected	
   with	
   viruses	
   with	
   deletions	
   of	
   EBNA2,	
  

EBNA3B	
   and	
   EBNA3C	
   as	
   well	
   as	
   their	
   respective	
   revertants	
   (fig.	
   7.2).	
   Increases	
   in	
   BMP2-­‐

induced	
   pSMAD1	
   linker,	
   pSMAD5	
   and	
   pSMAD1/5/8	
   were	
   seen	
   in	
   the	
   revertants	
   (which	
  

should	
  behave	
  as	
  wild-­‐type)	
  compared	
  to	
  uninfected	
  BL31.	
  However,	
  when	
  EBNA2,	
  EBNA3B	
  

or	
   EBNA3C	
   were	
   deleted,	
   signalling	
   remained	
   similar	
   to	
   that	
   seen	
   in	
   the	
   revertants	
   (fig.	
  

7.2A-­‐C).	
   This	
   suggests	
   that	
   these	
   latent	
   proteins	
   are	
   not	
   necessary	
   for	
   the	
   increased	
  

responsiveness	
   to	
   BMP	
   signalling	
   as	
   a	
   result	
   of	
   EBV	
   infection.	
   Therefore,	
   the	
   increased	
  

signalling	
  in	
  EBV-­‐infected	
  compared	
  to	
  uninfected	
  cells	
  is	
  unlikely	
  to	
  occur	
  as	
  a	
  direct	
  result	
  

of	
  the	
  increased	
  TGFβR3	
  expression.	
  

	
  

It	
   was	
   also	
   noted	
   that	
   there	
   was	
   a	
   significant	
   reduction	
   in	
   SMAD5	
   protein	
   level	
   in	
   EBV-­‐

infected	
  (wild-­‐type	
  and	
  revertant)	
  BL31	
  compared	
  to	
  uninfected	
  BL31	
  (fig.	
  7.2);	
  this	
  will	
  be	
  

discussed	
  further	
  in	
  section	
  7.2.6.	
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Figure	
  7.2:	
  EBNA2,	
  EBNA3B	
  and	
  EBNA3C	
  are	
  not	
  necessary	
  for	
  the	
  increased	
  signalling	
  in	
  response	
  to	
  BMP2	
  

in	
  EBV-­‐infected	
  compared	
  to	
  uninfected	
  BL31	
  cells	
  	
  

Western	
  blot	
  analysis	
  showing	
  the	
  effect	
  of	
  treatment	
  with	
  exogenous	
  BMP2	
  (100	
  ng/ml)	
  or	
  vehicle	
  (0.5%	
  BSA	
  

in	
  4mM	
  HCl)	
  for	
  one	
  hour	
  on	
  levels	
  of	
  phosphorylated	
  SMAD1	
  linker	
  (pSMAD1),	
  pSMAD5	
  and	
  pSMAD1/5/8	
  in	
  a	
  

panel	
  of	
  BL31	
  cells	
  infected	
  with	
  recombinant	
  virus,	
  showing	
  the	
  effect	
  of:	
  (A)	
  EBNA2	
  KO,	
  (B)	
  EBNA3B	
  KO	
  and	
  

(C)	
  EBNA3C	
  KO.	
  Total	
  SMAD1	
  and	
  SMAD5	
  levels	
  are	
  shown	
  for	
  comparison	
  and	
  γ-­‐tubulin	
  was	
  used	
  as	
  a	
  loading	
  

control.	
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7.2.3	
   The	
   increased	
   BMP	
   signalling	
   occurring	
   in	
   EBV-­‐infected	
   BL31	
   may	
   be	
   due	
   to	
   up-­‐

regulation	
  of	
  BMPR1A	
  

Since	
  the	
  increase	
  in	
  BMP	
  signalling	
  is	
  unlikely	
  to	
  be	
  via	
  the	
  up-­‐regulation	
  of	
  TGFβR3,	
  it	
  was	
  

hypothesised	
   that	
   EBV	
   may	
   alter	
   one	
   of	
   the	
   other	
   components	
   of	
   the	
   BMP	
   signalling	
  

pathway.	
  This	
  could	
  occur	
  via	
  several	
  mechanisms,	
  including	
  up-­‐regulation	
  of	
  type	
  I	
  or	
  type	
  

II	
   BMP	
   receptors.	
  Review	
  of	
  microarray	
  data	
   suggested	
   that	
   EBV	
  moderately	
  up-­‐regulates	
  

BMPRIA,	
   with	
   EBNA3A	
   and	
   EBNA3C	
   contributing	
   to	
   the	
   up-­‐regulation	
   (fig.	
   7.3B)	
  

[www.epstein-­‐barrvirus.org.uk	
  and	
  (White	
  et	
  al.	
  2010)].	
  qRT-­‐PCR	
  for	
  BMPRIA	
   in	
  a	
  panel	
  of	
  

BL31	
  cell	
   lines	
  showed	
  up-­‐regulation	
  by	
  EBV,	
  with	
  the	
  possible	
  exception	
  of	
  EBNA3A	
  KO	
  1	
  

(fig.	
  7.3A).	
  However,	
  due	
  to	
  time	
  constraints	
   it	
  was	
  not	
  possible	
   to	
   further	
   investigate	
  the	
  

mechanism	
  of	
  increased	
  BMP	
  signalling	
  by	
  EBV.	
  

	
  

	
  

	
  
	
  

	
  

	
  

Figure	
  7.3:	
  BMPRIA	
  (ALK3)	
  is	
  up-­‐regulated	
  by	
  EBV	
  in	
  BL31	
  cells	
  

(A)	
  qRT-­‐PCR	
  for	
  BMPRIA	
  mRNA	
  in	
  panel	
  of	
  BL31	
  cell	
  lines.	
  The	
  values	
  are	
  expressed	
  relative	
  to	
  the	
  endogenous	
  

gene	
  GNB2L1.	
  Error	
  bars	
  represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions.	
  (B)	
  Microarray	
  data	
  for	
  

BMPRIA	
  expression	
   in	
  uninfected	
  BL31	
  cells,	
  plus	
   those	
   infected	
  with	
  wild-­‐type,	
  EBNA3A	
  KO,	
  EBNA3B	
  KO,	
  or	
  

EBNA3C	
  KO	
  EBV	
  (labelled	
  WT	
  EBV,	
  E3A	
  KO,	
  E3B	
  KO	
  and	
  E3C	
  KO	
  respectively).	
  Each	
  point	
  represents	
  a	
  single	
  

cell	
  line,	
  with	
  the	
  degree	
  of	
  expression	
  shown	
  on	
  the	
  y	
  axis.	
  From	
  [www.epstein-­‐barrvirus.org.uk	
  and	
  (White	
  et	
  

al.	
  2010)].	
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7.2.4	
  BMP2	
  and	
  BMP4,	
  but	
  not	
  BMP6,	
  cause	
  G1	
  growth	
  arrest	
  in	
  both	
  uninfected	
  and	
  EBV-­‐

infected	
  BL31	
  cells	
  

In	
  view	
  of	
  the	
  observation	
  that	
  EBV	
  enhances	
  BMP	
  signalling,	
  for	
  BMP2,	
  BMP4	
  and	
  BMP6,	
  

the	
  consequences	
  of	
  this	
  were	
  considered.	
  It	
  had	
  been	
  shown	
  that	
  BMP6	
  is	
  anti-­‐proliferative	
  

in	
  naïve	
  or	
  memory	
  B	
  cells	
  (stimulated	
  to	
  proliferate	
  by	
  anti-­‐IgM)	
  and	
  CD10+ve	
  B	
  progenitor	
  

cells	
   (Kersten	
  et	
   al.	
   2005,	
   Kersten	
  et	
   al.	
   2006),	
   that	
  BMP6	
   is	
   anti-­‐proliferative	
   in	
   the	
  EBV-­‐

negative	
  BL	
   line	
  Ramos	
   (Kersten	
  et	
  al.	
   2005)	
  and	
   that	
  BMP2,	
  BMP4,	
  BMP6	
  and	
  BMP7	
  are	
  

anti-­‐proliferative	
  or	
  pro-­‐apoptotic	
   in	
  myeloma	
  cells	
   (Kawamura	
  et	
  al.	
  2000,	
  Hjertner	
  et	
  al.	
  

2001,	
  Ro	
  et	
  al.	
  2004,	
  Fukuda	
  et	
  al.	
  2006b,	
  Seckinger	
  et	
  al.	
  2009).	
  However,	
  little	
  was	
  known	
  

about	
  the	
  effects	
  of	
  BMP	
  ligands	
  on	
  B-­‐lymphoma,	
  including	
  EBV-­‐positive	
  BL,	
  cells	
  at	
  the	
  time	
  

these	
  investigations	
  were	
  performed.	
  In	
  order	
  to	
  investigate	
  the	
  functional	
  effects	
  of	
  BMPs	
  

in	
   BL	
   cells,	
   and	
   to	
   see	
   whether	
   the	
   increase	
   in	
   BMP	
   signalling	
   by	
   EBV	
   may	
   alter	
   this,	
  

uninfected	
   and	
   EBV-­‐infected	
   BL31	
   cells	
   were	
   treated	
   with	
   BMP2,	
   BMP4	
   and	
   BMP6,	
   or	
  

vehicle,	
   for	
   48	
   hours,	
   stained	
   with	
   propidium	
   iodide	
   and	
   analysed	
   by	
   FC	
   (fig.	
   7.4).	
   This	
  

showed	
  that,	
  in	
  uninfected	
  BL31	
  cells,	
  treatment	
  with	
  BMP2	
  and	
  BMP4	
  results	
  in	
  G1	
  arrest,	
  

as	
  indicated	
  by	
  an	
  increase	
  in	
  the	
  G1	
  phase	
  with	
  reductions	
  in	
  S	
  and	
  G2/M	
  phases	
  relative	
  to	
  

untreated	
   cells	
   (fig.	
   7.4A-­‐B,	
   upper	
   figures).	
   For	
  BMP6	
   treatment	
   (100ng/ml)	
   there	
  was	
  no	
  

difference	
  between	
  the	
  profiles	
  for	
  treated	
  versus	
  untreated	
  BL31	
  (fig.	
  7.4C,	
  upper	
  figure),	
  

even	
  though	
  this	
  dose	
  induced	
  pSMAD5	
  and	
  pSMAD1/5/8	
  in	
  BL31	
  (see	
  fig.	
  7.1C).	
  	
  	
  	
  

	
  

When	
  EBV-­‐infected	
  BL31	
  cells	
  were	
  treated	
  with	
  BMP2	
  and	
  BMP4,	
  G1	
  arrest	
  again	
  occurred,	
  

to	
   a	
   similar	
   degree	
   as	
   in	
   uninfected	
   BL31	
   cells	
   (fig.	
   7.4A-­‐B,	
   lower	
   figures).	
   With	
   BMP6	
  

treatment,	
   there	
   was	
   a	
   moderate	
   increase	
   in	
   the	
   G1	
   and	
   decreases	
   in	
   the	
   S	
   and	
   G2/M	
  

components,	
   suggesting	
   that	
   BMP6	
   at	
   this	
   dose	
   (100ng/ml)	
  may	
   cause	
   G1	
   arrest	
   in	
   EBV-­‐

infected	
  but	
  not	
  in	
  EBV-­‐negative	
  BL31	
  (fig.	
  7.4C,	
  lower	
  figures),	
  although	
  it	
  did	
  induce	
  strong	
  

phosphorylation	
  of	
  pSMAD1,	
  pSMAD5	
  and	
  pSMAD1/5/8	
  even	
  in	
  EBV-­‐negative	
  BL31	
  (see	
  fig.	
  

7.1C).	
  	
  

	
  

In	
  EBV-­‐negative	
  BL31,	
  there	
  was	
  also	
  noted	
  to	
  be	
  an	
  increase	
  in	
  the	
  sub-­‐G1	
  component	
  with	
  

BMP2	
  in	
  treated	
  compared	
  to	
  untreated	
  cells	
  (figs.	
  7.4A).	
  However,	
  western	
  blot	
  for	
  PARP	
  

cleavage	
  as	
  a	
  measure	
  of	
  apoptosis	
  did	
  not	
  show	
  any	
  difference	
  in	
  PARP	
  cleavage	
  between	
  

BMP2-­‐treated	
  and	
  untreated	
  BL31	
  cells	
  (fig.	
  7.4D).	
  	
  	
  



Chapter	
  7.	
  Results	
  
	
  

	
  
	
  

246	
  

	
  

A	
  

B	
  



Chapter	
  7.	
  Results	
  
	
  

	
  
	
  

247	
  

	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  7.4:	
  The	
  effects	
  of	
  BMP2,	
  BMP4	
  and	
  BMP6	
  on	
  cell	
  cycle	
  arrest	
  and	
  apoptosis	
  in	
  uninfected	
  and	
  EBV-­‐

infected	
  BL31	
  cells	
  

(A-­‐C)	
  Equal	
  numbers	
  of	
  BL31	
  and	
  wild-­‐type	
  EBV-­‐infected	
  (BL31	
  WT)	
  cells	
  were	
  treated	
  with	
  BMP	
  ligand	
  (left-­‐

hand	
  figures)	
  or	
  vehicle	
  (0.5%	
  BSA	
  in	
  4mM	
  HCl;	
  right-­‐hand	
  figures)	
  for	
  48	
  hours	
  and	
  then	
  cells	
  harvested,	
  fixed	
  

and	
  stained	
  with	
  propidium	
   iodide	
  before	
  performing	
  FC	
  analysis	
   to	
  quantify	
   the	
  proportion	
  of	
   cells	
   in	
  each	
  

phase	
  of	
  the	
  cell	
  cycle.	
  (A)	
  BMP2	
  (100ng/ml),	
  (B)	
  BMP4	
  (50ng/ml)	
  and	
  (C)	
  BMP6	
  (100ng/ml).	
  (D)	
  The	
  effect	
  of	
  

BMP2	
  treatment	
  on	
  PARP	
  cleavage	
  in	
  uninfected	
  and	
  EBV-­‐infected	
  BL31	
  cells.	
  BL31	
  and	
  BL31	
  WT	
  were	
  treated	
  

for	
  72	
  hours	
  with	
  BMP2	
  100ng/ml	
  or	
   vehicle,	
   followed	
  by	
  protein	
  extraction	
  and	
  western	
  blot	
   for	
   total	
   and	
  

cleaved	
  PARP.	
  γ-­‐tubulin	
  was	
  used	
  as	
  a	
  loading	
  control.	
  	
  	
  

C	
  

D	
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7.2.5	
  EBV	
  moderately	
  up-­‐regulates	
  SMAD1	
   in	
  BL31	
  cells,	
  due	
  to	
   the	
  combined	
  effects	
  of	
  

EBNA3	
  proteins	
  and	
  LMP2A	
  

The	
   previous	
   experiments	
   on	
   the	
   effect	
   of	
   EBV	
   on	
   BMP	
   signalling	
   in	
   BL31	
   cells	
   had	
  

suggested,	
  in	
  some	
  cases,	
  that	
  SMAD1	
  is	
  up-­‐regulated	
  by	
  EBV	
  (see	
  figs.	
  7.1	
  and	
  7.2),	
  hence	
  

this	
  was	
  further	
  investigated,	
  including	
  the	
  effect	
  of	
  the	
  individual	
  latent	
  proteins.	
  qRT-­‐PCR	
  

for	
   SMAD1	
   in	
   a	
   panel	
   of	
   BL31	
   cell	
   lines	
   showed	
   a	
   relatively	
   high	
   baseline	
   expression	
   in	
  

uninfected	
   BL31	
   with	
   a	
   moderate	
   up-­‐regulation	
   by	
   EBV	
   (fig.	
   7.5A).	
   These	
   findings	
   were	
  

consistent	
   with	
   microarray	
   data	
   in	
   BL31	
   [www.epstein-­‐barrvirus.org.uk	
   and	
   (White	
   et	
   al.	
  

2010)].	
  SMAD1	
  expression	
  was	
  reduced	
  when	
  either	
  LMP2A,	
  or	
  the	
  entire	
  EBNA3	
  locus,	
  was	
  

deleted	
  (fig.	
  7.5A).	
  EBNA2	
  deletion	
  had	
  no	
  effect,	
  EBNA3B	
  deletion	
  had	
  a	
  minimal	
  effect	
  and	
  

EBNA3C	
  deletion	
  had	
  an	
  intermediate	
  effect.	
  EBNA3A	
  deletion	
  had	
  an	
  effect	
  in	
  only	
  in	
  two	
  

out	
  of	
  four	
  cell	
  lines	
  (EBNA3A	
  KOs	
  1	
  and	
  2)	
  (fig.	
  7.5A).	
  Thus	
  it	
  appears	
  that	
  the	
  up-­‐regulation	
  

of	
  SMAD1	
  involves	
  cooperation	
  between	
  the	
  EBNA3	
  proteins	
  and	
  LMP2A.	
  	
  

	
  

Western	
  blotting	
  for	
  SMAD1	
  confirmed	
  the	
  up-­‐regulation	
  of	
  SMAD1	
  in	
  EBV-­‐infected	
  relative	
  

to	
  uninfected	
  BL31s	
  (fig.	
  7.5B).	
  SMAD1	
  was	
  again	
  reduced	
  when	
  the	
  whole	
  EBNA3	
  locus	
  was	
  

deleted,	
  or	
  when	
  LMP2A	
  was	
  deleted.	
  However,	
  the	
  effects	
  for	
  individual	
  EBNA3s	
  were	
  less	
  

marked.	
   In	
   particular,	
   EBNA3C	
   deletion	
   had	
   a	
   greater	
   effect	
   than	
   EBNA3B	
   deletion	
   in	
  

reduction	
  of	
  SMAD1	
  expression	
  compared	
  to	
  wild-­‐type/revertant	
  infected	
  BL31s	
  (fig.	
  7.5B).	
  	
  

	
  

In	
  order	
  to	
  investigate	
  whether	
  the	
  lack	
  of	
  up-­‐regulation	
  of	
  SMAD1	
  in	
  EBNA3	
  KO	
  BL31	
  could	
  

in	
  fact	
  be	
  due	
  to	
  lower	
  LMP2A	
  expression,	
  qRT-­‐PCR	
  was	
  performed	
  for	
  LMP2A	
  in	
  these	
  cell	
  

lines.	
   Western	
   blot	
   for	
   LMP2A	
   was	
   also	
   attempted	
   for	
   these	
   cell	
   lines;	
   however,	
   the	
  

performance	
  of	
  the	
  antibody	
  was	
  too	
  poor	
  to	
  interpret	
  the	
  result.	
  Expression	
  of	
  LMP2A	
  by	
  

qRT-­‐PCR	
  was	
  markedly	
  lower	
  in	
  the	
  EBNA3	
  KO	
  than	
  wild-­‐type	
  or	
  revertant	
  BL31	
  (fig.	
  7.5C),	
  

hence	
  the	
  low	
  LMP2A	
  expression	
  may	
  be	
  contributing	
  to	
  the	
  reduced	
  SMAD1	
  expression	
  in	
  

EBNA3	
  KO.	
  Nevertheless,	
  since	
  SMAD1	
  expression	
  is	
  lower	
  in	
  EBNA3	
  KO	
  (which	
  express	
  low	
  

levels	
  of	
  LMP2A)	
  than	
  the	
  LMP2A	
  KO	
  (which	
  completely	
  lack	
  LMP2A),	
  it	
  is	
  likely	
  that	
  there	
  is	
  

some	
   additional	
   contribution	
   from	
   the	
   EBNA3	
   proteins	
   as	
   well	
   as	
   LMP2A	
   to	
   the	
   up-­‐

regulation	
  of	
  SMAD1	
  in	
  BL31	
  (fig.	
  7.5B).	
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Figure	
  7.5:	
  EBV	
  infection	
  up-­‐regulates	
  expression	
  of	
  SMAD1	
  in	
  BL31	
  cells	
  	
  

(A)	
  qRT-­‐PCR	
  for	
  SMAD1	
  in	
  a	
  panel	
  of	
  BL31	
  cell	
  lines,	
  including	
  those	
  infected	
  with	
  virus	
  with	
  KO	
  of	
  the	
  entire	
  

EBNA3	
  locus	
  (EBNA3	
  KO)	
  and	
  its	
  revertant	
  (EBNA3	
  rev).	
  The	
  values	
  are	
  expressed	
  relative	
  to	
  the	
  endogenous	
  

gene	
  GNB2L1.	
  Error	
  bars	
  represent	
  standard	
  deviations	
   from	
  triplicate	
  qPCR	
  reactions.	
   (B)	
  Western	
  blots	
   for	
  

SMAD1	
  expression	
  in	
  a	
  panel	
  of	
  BL31	
  cell	
  lines.	
  γ-­‐tubulin	
  is	
  shown	
  as	
  a	
  loading	
  control.	
  (C)	
  qRT-­‐PCR	
  for	
  LMP2A	
  

mRNA	
  in	
  EBNA3	
  KO	
  and	
  revertant	
  BL31s.	
  The	
  values	
  are	
  expressed	
  relative	
  to	
  the	
  endogenous	
  gene	
  GNB2L1.	
  

Error	
  bars	
  represent	
  standard	
  deviations	
  from	
  triplicate	
  qPCR	
  reactions.	
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7.2.6	
  Latent	
  EBV	
  down-­‐regulates	
  SMAD5	
  in	
  BL31	
  cells	
  	
  

Whilst	
   examining	
   the	
  effects	
  of	
   EBV	
   infection	
  on	
  BMP-­‐induced	
   signalling,	
   it	
  was	
  observed	
  

that	
  EBV	
  down-­‐regulates	
  SMAD5	
  expression	
  in	
  BL31	
  cells,	
  with	
  reduced	
  protein	
  expression	
  

shown	
  in	
  all	
  wild-­‐type	
  and	
  revertant	
  infected	
  lines	
  (figs.	
  7.2A-­‐C).	
  	
  

	
  

To	
  investigate	
  whether	
  the	
  down-­‐regulation	
  of	
  SMAD5	
  by	
  EBV	
  occurs	
  at	
  the	
  transcriptional	
  

level	
   in	
   BL31,	
   qRT-­‐PCR	
   for	
   SMAD5	
  was	
   performed,	
   showing	
   a	
   reduction	
   in	
   SMAD5	
  mRNA	
  

with	
  EBV	
  infection	
  (fig.	
  7.6A).	
  Western	
  blot	
  for	
  SMAD5	
  expression	
  in	
  the	
  BL31	
  cell	
  line	
  panel	
  

confirmed	
   that	
   SMAD5	
   protein	
   expression	
   is	
   reduced	
   in	
   wild-­‐type	
   EBV-­‐infected	
   cells	
  

compared	
  to	
  uninfected	
  BL31	
  (fig.	
  7.6B).	
  	
  

	
  

It	
  has	
  been	
  reported	
  that	
  microRNA	
  155	
  (miR-­‐155)	
  (encoded	
  by	
  B	
  cell	
  integration	
  cluster	
  or	
  

BIC)	
   targets	
  SMAD5	
  (Rai	
  et	
  al.	
  2010,	
  Yin	
  et	
  al.	
  2010),	
  and	
  that	
  LMP1	
  up-­‐regulates	
  miR-­‐155	
  

expression	
   (Rahadiani	
   et	
   al.	
   2008).	
   Indeed	
   the	
   microarray	
   data	
   shows	
   a	
   significant	
   up-­‐

regulation	
   of	
   miR-­‐155	
   by	
   EBV	
   (fig.	
   7.6C)	
   [www.epstein-­‐barrvirus.org.uk	
   and	
   (White	
   et	
   al.	
  

2010)].	
   It	
   is	
   therefore	
  possible	
   that	
   the	
  up-­‐regulation	
  of	
  BIC/miR-­‐155	
  by	
  EBV	
   leads	
   to	
   the	
  

reduction	
  in	
  SMAD5	
  expression.	
  	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

	
  

Figure	
  7.6:	
  EBV	
  down-­‐regulates	
  SMAD5	
  and	
  up-­‐regulates	
  miR-­‐155	
  expression	
  in	
  BL31	
  cells	
  

(A)	
  qRT-­‐PCR	
   for	
   SMAD5	
  mRNA	
   in	
   BL31	
   and	
  BL31	
  WT.	
   The	
   values	
   are	
   expressed	
   relative	
   to	
   the	
   endogenous	
  

gene	
  GNB2L1.	
   Error	
   bars	
   represent	
   standard	
  deviations	
   from	
   triplicate	
  qPCR	
   reactions.	
   (B)	
  Western	
  blot	
   for	
  

SMAD5,	
  with	
  γ-­‐tubulin	
  as	
  a	
   loading	
  control.	
   (C)	
  MiR-­‐155	
  expression	
   in	
  BL31	
  cell	
   lines	
   in	
  microarray	
  analysis.	
  

Expression	
   of	
   miR-­‐155	
   in	
   BL31	
   cells	
   uninfected	
   or	
   infected	
   with	
   wild-­‐type	
   (including	
   revertant)	
   EBV.	
   The	
  

vertical	
   axis	
   represents	
  quantity	
  of	
  RNA	
  on	
  a	
   log2	
   scale.	
  A	
   value	
  of	
   <3	
  generally	
   indicates	
   that	
   a	
   gene	
   is	
   not	
  

detectably	
  expressed.	
  Each	
  point	
   represents	
  a	
  single	
  cell	
   line.	
  From	
  [www.epstein-­‐barrvirus.org.uk	
   (White	
  et	
  

al.	
  2010)].	
  

A	
   B	
  

0	
  

0.5	
  

1	
  

BL31	
   BL31	
  WT	
  

SM
AD

5/
G
N
B2

L1
	
   C	
  



Chapter	
  7.	
  Results	
  
	
  

	
  
	
  

251	
  

Since	
  EBV	
  up-­‐regulates	
   SMAD1	
   (section	
  7.2.5)	
   and	
  down-­‐regulates	
   SMAD5	
   in	
  BL31,	
   it	
  was	
  

hypothesised	
   that	
  EBV	
  may	
  alter	
   the	
  downstream	
  effectors	
  of	
  BMP	
  signalling	
   in	
   favour	
  of	
  

SMAD1	
  rather	
  than	
  SMAD5.	
  In	
  this	
  way,	
  the	
  target	
  gene	
  profile	
  of	
  BMPs	
  could	
  theoretically	
  

be	
  altered,	
   thus	
   changing	
   the	
  ultimate	
  effect	
  of	
  BMP	
  signalling.	
   In	
   response	
   to	
  BMP2	
  and	
  

BMP4,	
  pSMAD1	
  induction	
  is	
  increased	
  more	
  by	
  EBV	
  than	
  pSMAD5	
  induction	
  (see	
  figs.	
  7.1A-­‐

B),	
  which	
  could	
  be	
  consistent	
  with	
  EBV	
  altering	
  the	
  SMAD	
  usage	
  in	
  favour	
  of	
  SMAD1	
  rather	
  

than	
   SMAD5.	
   However,	
   for	
   BMP6,	
   both	
   pSMAD1	
   and	
   pSMAD5	
   are	
  markedly	
   increased	
   in	
  

EBV-­‐infected	
  compared	
  to	
  uninfected	
  cells	
  (fig.	
  7.1C).	
  Moreover,	
  even	
  though	
  total	
  SMAD5	
  

is	
   reduced	
   by	
   wild-­‐type/revertant	
   EBV,	
   the	
   induction	
   of	
   pSMAD5	
   by	
   BMP2	
   is	
   actually	
  

increased	
   in	
  EBV-­‐infected	
  compared	
   to	
  uninfected	
  BL31	
  cells	
   (figs	
  7.2A-­‐C),	
   suggesting	
   that	
  

actually	
  EBV	
  is	
  not	
  altering	
  the	
  pattern	
  of	
  SMADs	
  phosphorylated	
  upon	
  BMP2	
  treatment.	
  	
  

	
  

7.2.7	
  EBV	
  infection	
  leads	
  to	
  abrogation	
  of	
  non-­‐canonical	
  TGFβ-­‐induced	
  phosphorylation	
  of	
  

SMAD5	
  in	
  BL31	
  cells	
  

It	
  has	
  been	
  reported	
  that	
  TGFβ	
  ligands	
  can	
  induce	
  phosphorylation	
  of	
  SMAD1/5	
  via	
  a	
  non-­‐

canonical	
  pathway	
  in	
  B	
  cells	
  including	
  B-­‐lymphoma	
  cell	
  lines	
  (Munoz	
  et	
  al.	
  2004,	
  Bakkebo	
  et	
  

al.	
  2010,	
  Rai	
  et	
  al.	
  2010,	
  Kawabata	
  et	
  al.	
  2013).	
  More	
  recently	
  it	
  has	
  been	
  demonstrated	
  that	
  

this	
  pathway	
  is	
  important	
  for	
  TGFβ-­‐induced	
  growth	
  arrest	
  in	
  B	
  cells,	
  enhancing	
  the	
  induction	
  

of	
   p15	
   and	
   p21	
   (Jiang	
   and	
   Aguiar	
   2014).	
   Therefore	
   the	
   existence	
   of	
   such	
   a	
   pathway	
  was	
  

investigated	
   in	
   BL31	
   cells,	
   in	
   order	
   to	
   see	
   whether,	
   by	
   up-­‐regulating	
   SMAD1	
   and	
   down-­‐

regulating	
   SMAD5	
   expression,	
   EBV	
  may	
   alter	
   this	
   non-­‐canonical	
   pathway.	
  Uninfected	
   and	
  

wild-­‐type	
  EBV-­‐infected	
  BL31	
  were	
   treated	
  with	
  TGFβ1	
  or	
   vehicle	
   alone	
  and	
   samples	
  were	
  

collected	
  at	
  several	
  time	
  points	
  up	
  to	
  24	
  hours.	
  This	
  showed	
  transient	
  induction	
  of	
  pSMAD5	
  

by	
  TGFβ1	
  at	
  2	
  hours	
  in	
  BL31,	
  no	
  longer	
  seen	
  at	
  later	
  time	
  points,	
  hence	
  only	
  the	
  data	
  for	
  up	
  

to	
  6	
  hours	
  are	
  shown	
  here.	
  This	
  effect	
  was	
  abrogated	
  in	
  the	
  presence	
  of	
  EBV	
  infection	
  (fig.	
  

7.7).	
  	
  

	
  

As	
   shown	
   previously,	
   EBV	
   infection	
   increased	
   total	
   SMAD1	
   and	
   decreased	
   total	
   SMAD5.	
  

There	
   was	
   a	
   constitutive	
   increase	
   in	
   SMAD1	
   linker	
   phosphorylation	
   (pSMAD1)	
   in	
   EBV-­‐

infected	
   cells,	
   not	
   induced	
   by	
   TGFβ1,	
   commensurate	
   with	
   the	
   increase	
   in	
   total	
   SMAD1.	
  

There	
   was	
   also	
   constitutive	
   expression	
   of	
   pSMAD5	
   in	
   BL31,	
   generally	
   reduced	
   by	
   EBV	
  



Chapter	
  7.	
  Results	
  
	
  

	
  
	
  

252	
  

infection,	
  commensurate	
  with	
  the	
  decrease	
  in	
  total	
  SMAD5.	
  There	
  was	
  a	
  general	
  decrease	
  in	
  

pSMAD1/5/8	
  with	
  EBV	
  infection,	
  reflecting	
  the	
  more	
  marked	
  decrease	
  in	
  total	
  SMAD5	
  than	
  

the	
  increase	
  in	
  total	
  SMAD1	
  by	
  EBV	
  (fig.	
  7.7).	
  	
  

	
  

Thus,	
   although	
   a	
   non-­‐canonical	
   signalling	
   response	
   does	
   occur	
   with	
   TGFβ	
   at	
   2	
   hours,	
  

increasing	
   pSMAD5,	
   the	
   down-­‐regulation	
   of	
   SMAD5	
   and	
   up-­‐regulation	
   of	
   SMAD1	
   by	
   EBV	
  

does	
  not	
  appear	
  to	
  result	
  in	
  a	
  switch	
  from	
  SMAD5	
  to	
  SMAD1	
  usage	
  in	
  this	
  pathway;	
  rather,	
  

EBV	
   infection	
   appears	
   to	
   abrogate	
   this	
   pathway.	
   EBV	
   does,	
   however,	
   alter	
   constitutive	
  

signalling	
   in	
  favour	
  of	
  pSMAD1	
  rather	
  than	
  pSMAD5	
  as	
  a	
  result	
  of	
  the	
  changes	
   in	
   levels	
  of	
  

total	
  SMAD1	
  and	
  SMAD5,	
  and	
  it	
  is	
  possible	
  that	
  this	
  alters	
  its	
  downstream	
  effects.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  7.7:	
  A	
  non-­‐canonical	
  pathway,	
   in	
  which	
  TGFβ	
   induces	
  phosphorylation	
  of	
   SMAD5,	
   is	
   active	
   in	
  BL31	
  

cells	
  and	
  is	
  abrogated	
  by	
  EBV	
  infection	
  	
  

Equal	
  numbers	
  of	
  BL31	
  and	
  BL31	
  WT	
  were	
  treated	
  with	
  TGFβ1	
  10ng/ml	
  or	
  vehicle	
  (2mg/ml	
  BSA	
  in	
  sterile	
  PBS)	
  

for	
   up	
   to	
   6	
   hours	
   and	
   samples	
   harvested	
   at	
   the	
   time	
   points	
   shown.	
   Protein	
  was	
   extracted	
   and	
   then	
   equal	
  

amounts	
  loaded	
  into	
  gels	
  for	
  SDS-­‐PAGE	
  followed	
  by	
  western	
  blot	
  for	
  SMAD1,	
  pSMAD1	
  linker,	
  SMAD5,	
  pSMAD5	
  

and	
  pSMAD1/5/8.	
  γ-­‐tubulin	
  was	
  used	
  as	
  a	
  loading	
  control.	
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7.3	
  The	
  effects	
  of	
  EBV	
  on	
  BMP	
  signalling	
  and	
  its	
  effectors	
  in	
  LCLs	
  	
  

7.3.1	
  SMAD1	
  expression	
  is	
  increased	
  in	
  wild-­‐type	
  compared	
  to	
  EBNA3B	
  KO	
  LCLs	
  

The	
   effects	
   of	
   EBV	
   on	
   BMP	
   signalling	
   and	
   its	
   components	
  were	
   also	
   investigated	
   in	
   LCLs.	
  

Microarray	
  analysis	
  had	
  suggested	
  that	
  SMAD1	
  expression	
  was	
  markedly	
   lower	
   in	
  EBNA3B	
  

KO	
  compared	
  to	
  wild-­‐type	
  LCLs	
  [www.epstein-­‐barrvirus.org.uk	
  (White	
  et	
  al.	
  2010)].	
  qRT-­‐PCR	
  

and	
   western	
   blot	
   analysis	
   in	
   several	
   sets	
   of	
   established	
   EBNA3B	
   KO	
   compared	
   to	
   their	
  

counterpart	
   wild-­‐type	
   LCLs	
   confirmed	
   that	
   SMAD1	
   expression	
   is	
   markedly	
   reduced	
   in	
  

EBNA3B	
  KO	
  LCLs	
  (see	
  fig.	
  7.8	
  for	
  representative	
  data).	
  This	
  suggested	
  that	
  EBV	
  up-­‐regulates	
  

SMAD1,	
  with	
  EBNA3B	
  being	
  necessary.	
  	
  

	
  

	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  7.8:	
  SMAD1	
  expression	
  is	
  markedly	
  reduced	
  in	
  EBNA3B	
  KO	
  compared	
  to	
  wild-­‐type	
  LCLs	
  	
  

(A)	
  qRT-­‐PCR	
  for	
  SMAD1	
  in	
  WT,	
  EBNA3B	
  KO	
  and	
  EBNA3B	
  revertant	
  LCLs.	
  The	
  values	
  are	
  expressed	
  relative	
  to	
  

the	
   endogenous	
   gene	
  GNB2L1.	
   Error	
   bars	
   represent	
   standard	
   deviations	
   from	
   triplicate	
   qPCR	
   reactions.	
   (B)	
  

Western	
   blot	
   for	
   SMAD1	
   in	
  WT,	
   EBNA3B	
  KO	
   and	
   EBNA3B	
   revertant	
   LCLs,	
   also	
   showing	
   EBNA1	
   and	
   EBNA3B	
  

expression	
  plus	
  γ-­‐tubulin	
  as	
  a	
   loading	
  control.	
   The	
  blot	
   shown	
   is	
   from	
  an	
  experiment	
   in	
  which	
   the	
  cells	
  had	
  

been	
   treated	
   with	
   TGFβ1	
   5ng/ml	
   or	
   vehicle	
   for	
   one	
   hour	
   before	
   harvesting	
   cells	
   for	
   protein	
   extraction;	
  

however,	
  the	
  results	
  are	
  representative	
  of	
  at	
  least	
  three	
  experiments	
  using	
  different	
  sets	
  of	
  LCLs.	
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7.3.2	
   The	
   up-­‐regulation	
   of	
   SMAD1	
   by	
   EBNA3B	
   in	
   LCLs	
   is	
   associated	
   with	
   chromatin	
  

modifications	
  at	
  the	
  SMAD1	
  promoter	
  

Having	
   previously	
   shown	
   that	
   EBV	
   regulates	
   both	
   TGFβR2	
   and	
   TGFβR3	
   by	
   epigenetic	
  

mechanisms,	
   	
  and	
  since	
  the	
  up-­‐regulation	
  by	
  wild-­‐type	
  compared	
  to	
  EBNA3B	
  KO	
  LCLs	
  was	
  

significant,	
  the	
  question	
  was	
  addressed	
  of	
  whether	
  SMAD1	
  is	
  regulated	
  by	
  similar	
  epigenetic	
  

mechanisms	
   in	
   LCLs.	
   Therefore	
   several	
   set	
   of	
   primers	
  were	
   designed	
   covering	
   the	
   region	
  

including	
  the	
  transcription	
  start	
  sites	
  of	
  the	
  majority	
  of	
  SMAD1	
  transcripts.	
  Five	
  primer	
  sets	
  

were	
   ultimately	
   selected	
   from	
   those	
   designed	
   (see	
   fig.	
   7.9A).	
   Chromatin	
  

immunoprecipitation	
   analysis	
  was	
   performed	
   in	
   EBNA3B	
   KO	
   and	
  wild-­‐type/revertant	
   LCLs	
  

for	
   H3K27Me3,	
   H3K9Ac	
   and	
   H3K4Me3	
   (figs.	
   7.9B-­‐D).	
   These	
   showed	
   an	
   increase	
   in	
   the	
  

repressive	
  mark	
  H3K27Me3	
   in	
  EBNA3B	
  KO	
  compared	
  to	
  wild-­‐type	
  LCLs,	
  with	
  reductions	
   in	
  

the	
   activation	
   marks	
   H3K9Ac	
   and	
   H3K4Me3.	
   For	
   H3K27Me3,	
   values	
   were	
   lower	
   for	
   LCL-­‐

EBNA3B	
   revertant	
   than	
  wild-­‐type;	
   however,	
   the	
   value	
   for	
   globin	
  was	
   also	
   reduced	
   in	
   this	
  

sample	
   compared	
   to	
   the	
  others	
   suggesting	
   that	
   this	
   reflects	
  a	
   reduction	
   in	
  binding	
   in	
   this	
  

particular	
   sample	
   (fig.	
   7.9B).	
   For	
   H3K27Me3	
   a	
   broad	
   peak	
   was	
   seen	
   covering	
   the	
   region	
  

tested,	
  whereas	
  for	
  H3K9Ac	
  and	
  H3K4Me3,	
  a	
  peak	
  was	
  seen	
  at	
  the	
  site	
  of	
  primer	
  set	
  C,	
  near	
  

the	
   transcription	
   start	
   site	
   of	
   transcript	
   1	
   (figs.	
   7.9C-­‐D).	
   Taken	
   together,	
   these	
   findings	
  

confirm	
  that	
  SMAD1	
  expression	
  is	
  also	
  epigenetically	
  regulated	
  in	
  LCLs.	
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Figure	
  7.9:	
  The	
  up-­‐regulation	
  of	
  SMAD1	
  by	
  EBNA3B	
  in	
  LCLs	
  is	
  epigenetically	
  mediated	
  	
  

(A)	
  Schematic	
  diagram	
  of	
  the	
  SMAD1	
  promoter	
  showing	
  the	
  location	
  of	
  products	
  of	
  primer	
  sets	
  used	
  and	
  the	
  

putative	
  transcription	
  start	
  sites	
  (TSS)	
  of	
  three	
  transcripts;	
  the	
  region	
  shown	
  covers	
  the	
  TSS	
  of	
  the	
  majority	
  of	
  

transcript	
   variants	
   (www.ensembl.org).	
   The	
   coloured	
   blocks	
   represent	
   the	
   primer	
   pairs	
   A-­‐E,	
   shown	
   as	
   bars	
  

from	
  left	
  to	
  right	
  for	
  each	
  cell	
  line	
  in	
  the	
  remaining	
  figures.	
  (B-­‐D)	
  qPCRs	
  showing	
  ratio	
  of	
  histone	
  modification	
  

to	
   input	
   DNA	
   at	
   the	
   SMAD1	
   promoter	
   for	
   (B)	
   H3K27Me3,	
   (C)	
   H3K9Ac	
   and	
   (D)	
   H3K4Me3.	
   The	
   results	
   are	
  

compared	
  to	
  those	
  for	
  the	
  control	
  promoter	
  primers	
  globin	
  (repressed)	
  and	
  GAPDH	
  (active),	
  whose	
  colours	
  are	
  

shown	
   in	
   the	
   legends	
   on	
   each	
   chart.	
   The	
   error	
   bars	
   represent	
   standard	
   deviations	
   from	
   triplicate	
   qPCR	
  

reactions	
  for	
  both	
  input	
  and	
  immunoprecipitation.	
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7.3.3	
  EBNA3B	
  up-­‐regulates	
  SMAD1	
  expression	
  after	
  infection	
  of	
  primary	
  B	
  cells	
  with	
  EBV	
  

In	
  order	
   to	
   confirm	
   that	
  EBV	
  up-­‐regulates	
  SMAD1,	
  with	
  EBNA3B	
  being	
  necessary,	
  purified	
  

primary	
  B	
  cells	
  were	
   infected	
  with	
  wild-­‐type,	
  EBNA3B	
  KO	
  and	
  EBNA3B	
  revertant	
  virus	
  and	
  

the	
   expression	
   of	
   SMAD1	
   measured	
   with	
   time	
   after	
   infection	
   by	
   qRT-­‐PCR.	
   SMAD1	
  

expression	
  was	
   low	
  until	
  around	
  14	
  days	
  after	
   infection,	
  when	
   levels	
  began	
   to	
   increase	
   in	
  

the	
  wild-­‐type	
  and	
  revertant	
   infected	
  cells.	
  SMAD1	
  expression	
  peaked	
  at	
  28	
  days	
  and	
  then	
  

appeared	
  to	
  reach	
  a	
  stable	
  level	
  of	
  expression.	
  In	
  EBNA3B	
  KO,	
  SMAD1	
  remained	
  extremely	
  

low	
  (fig.	
  7.10A).	
   	
   In	
  contrast,	
  CD23,	
  a	
  marker	
  of	
  B	
  cell	
  activation,	
  was	
  up-­‐regulated	
  by	
  day	
  

two	
  post-­‐infection	
  (fig.	
  7.10B).	
  	
  

	
  

EBV	
   up-­‐regulates	
   both	
   SMAD1	
   and	
   TGFβR3.	
   In	
   BL31	
   cells,	
   EBNA3s	
   (3B/3C)	
   and	
   LMP2A	
  

appear	
  to	
  be	
  necessary	
  for	
  up-­‐regulation	
  of	
  both.	
  This	
  led	
  to	
  the	
  hypothesis	
  that	
  SMAD1	
  and	
  

TGFβR3	
  may	
  be	
  co-­‐regulated	
  in	
  some	
  way.	
  However,	
  the	
  correlation	
  in	
  BL31s	
  is	
  difficult	
  to	
  

assess	
   since	
   the	
   expression	
   of	
   SMAD1	
   is	
   relatively	
   high	
   in	
   uninfected	
   BL31	
   cells,	
   and	
   is	
  

increased	
   only	
  moderately	
   by	
   EBV	
   infection	
   (fig.	
   7.5),	
  whereas	
   TGFβR3	
   expression	
   is	
   very	
  

low	
  in	
  uninfected	
  BL31	
  and	
  therefore	
  the	
  effect	
  of	
  EBV	
  to	
  increase	
  it	
   is	
  much	
  greater	
  than	
  

for	
  SMAD1	
  (fig.	
  3.11).	
  

	
  

The	
  same	
  question	
  was	
  therefore	
  addressed	
  in	
  LCLs,	
  where	
  SMAD1	
  and	
  TGFβR3	
  expression	
  

are	
   both	
   low	
   in	
   uninfected	
  primary	
  B	
   cells.	
  However,	
   in	
   one	
  of	
   the	
   experiments	
   in	
  which	
  

primary	
  B	
  cells	
  were	
  infected	
  with	
  wild-­‐type,	
  EBNA3B	
  KO	
  or	
  revertant	
  EBV,	
  there	
  was	
  noted	
  

to	
   be	
   discordance	
   between	
   SMAD1	
   and	
   TGFβR3	
   up-­‐regulation	
   for	
   EBNA3B	
   revertant:	
  

SMAD1	
  was	
  up-­‐regulated	
  by	
  both	
  wild-­‐type	
   and	
   revertant	
   EBV,	
  whereas	
   TGFβR3	
  was	
  not	
  

up-­‐regulated	
  by	
   revertant	
   EBV	
   in	
   this	
   case	
   (figs.	
   7.10A&C).	
   This	
   suggests	
   that	
   SMAD1	
  and	
  

TGFβR3	
   are	
   not	
   directly	
   co-­‐regulated.	
   Nevertheless	
   it	
   remains	
   possible	
   that	
   SMAD1	
   up-­‐

regulation	
  may	
   result	
   in	
   favourable	
   conditions	
   for	
   TGFβR3	
   up-­‐regulation,	
   for	
   instance	
   by	
  

clonal	
  selection.	
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Figure	
  7.10:	
  SMAD1	
  compared	
  with	
  CD23	
  and	
  TGFβR3	
  expression	
  after	
  infection	
  of	
  purified	
  primary	
  B	
  cells	
  

with	
  wild-­‐type,	
  EBNA3B	
  KO	
  and	
  revertant	
  EBV	
  

(A-­‐B)	
  qRT-­‐PCR	
  measuring	
  expression	
  over	
  time	
  of	
  (A)	
  SMAD1	
  and	
  (B)	
  CD23,	
  a	
  marker	
  of	
  B	
  cell	
  activation	
  which	
  

is	
   known	
   to	
   be	
   up-­‐regulated	
   by	
   EBV	
   infection,	
   in	
   primary	
   B	
   cells	
   infected	
   with	
   wild-­‐type,	
   EBNA3B	
   KO	
   or	
  

EBNA3B	
   revertant	
   virus.	
   (C)	
   SMAD1	
   and	
   TGFβR3	
   expression	
   are	
   not	
   directly	
   co-­‐regulated	
   after	
   infection	
   of	
  

primary	
   B	
   cells.	
   qRT-­‐PCR	
   for	
   TGFβR3	
   expression	
  with	
   time	
   after	
   infection	
   of	
   primary	
   B	
   cells	
  with	
  wild-­‐type,	
  

EBNA3B	
   KO	
   and	
   EBNA3B	
   revertant	
   EBV,	
   showing	
   that	
   in	
   this	
   particular	
   experiment	
   TGFβR3	
   expression	
  

remained	
   lower	
   than	
   for	
   wild-­‐type	
   EBV.	
   All	
   values	
   are	
   expressed	
   as	
   ratio	
   to	
   the	
   endogenous	
   control	
   gene	
  

GNB2L1.	
  Error	
  bars	
  represent	
  the	
  standard	
  deviation	
  of	
  triplicate	
  qPCR	
  reactions.	
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7.3.4	
  BMP	
  signalling	
  still	
  occurs	
  in	
  EBNA3B	
  KO	
  LCLs	
  despite	
  the	
  lack	
  of	
  SMAD1	
  expression	
  

Since	
  in	
  EBNA3B	
  KO	
  LCLs,	
  expression	
  of	
  SMAD1	
  is	
  very	
  low,	
  it	
  seemed	
  likely	
  that	
  this	
  could	
  

alter	
  the	
  response	
  to	
  BMP	
  signalling.	
  Therefore	
  the	
  effect	
  of	
  EBNA3B	
  KO	
  on	
  BMP	
  signalling	
  

in	
  LCLs	
  was	
   investigated.	
   In	
  particular,	
   it	
  was	
  again	
  hypothesised	
  that	
  EBV	
  may	
  promote	
  a	
  

switch	
   from	
   use	
   of	
   SMAD5	
   in	
   favour	
   of	
   SMAD1	
   as	
   downstream	
   effectors	
   of	
   signalling.	
  

EBNA3B	
  KO	
  and	
  WT	
  LCLs	
  were	
  treated	
  with	
  BMP2	
  and	
  BMP4,	
  followed	
  by	
  protein	
  extraction	
  

and	
  western	
   blotting	
   for	
   SMADs	
   1	
   and	
   5,	
   pSMAD1	
   linker,	
   pSMAD5	
   and	
   pSMAD1/5/8	
   (fig.	
  

7.11).	
  	
  As	
  expected,	
  this	
  showed	
  that	
  in	
  EBNA3B	
  KO	
  LCLs,	
  there	
  was	
  no	
  SMAD1	
  present	
  and	
  

therefore	
  no	
  pSMAD1	
  was	
  detected	
  after	
  BMP	
  treatment.	
  In	
  EBNA3B	
  KO	
  LCLs,	
  total	
  SMAD5	
  

did	
  not	
  appear	
  to	
  be	
  altered	
  compared	
  to	
  wild-­‐type	
  LCLs.	
  However,	
  there	
  was	
  less	
  pSMAD5	
  

induced	
   by	
   both	
   BMP2	
   and	
   BMP4	
   in	
   EBNA3B	
   KO	
   than	
   in	
   wild-­‐type	
   LCLs.	
   	
   The	
   total	
  

pSMAD1/5/8	
  was	
  also	
  reduced	
  for	
  EBNA3B	
  KO	
  compared	
  to	
  wild-­‐type	
  LCLs	
  (fig.	
  7.11).	
  Hence	
  

BMP	
  signalling	
   is	
  generally	
   reduced	
   in	
  EBNA3B	
  KO	
  compared	
  to	
  wild-­‐type	
  LCLs,	
  disproving	
  

the	
   hypothesis	
   that	
   EBV	
   promotes	
   a	
   switch	
   from	
   SMAD5	
   to	
   SMAD1	
   in	
   BMP	
   signalling,	
   at	
  

least	
  at	
  the	
  level	
  of	
  SMAD	
  phosphorylation.	
  	
  	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

	
  

Figure	
  7.11:	
  BMP	
  signalling	
  via	
  SMADs	
  1,	
  5	
  and	
  8	
  is	
  reduced	
  in	
  EBNA3B	
  KO	
  compared	
  to	
  wild-­‐type	
  LCLs	
  

Western	
  blot	
  analysis	
  showing	
  the	
  effect	
  of	
  exogenous	
  BMP2	
  (100	
  ng/ml),	
  BMP4	
  (50	
  ng/ml)	
  or	
  vehicle	
  (0.5%	
  

BSA	
   in	
   4mM	
   HCl)	
   alone	
   for	
   1	
   hour	
   on	
   levels	
   of	
   phosphorylated	
   SMAD1	
   linker	
   (pSMAD1),	
   pSMAD5	
   and	
  

pSMAD1/5/8.	
  	
  Total	
  SMAD1	
  and	
  SMAD5	
  levels	
  are	
  shown	
  for	
  comparison	
  and	
  γ-­‐tubulin	
  was	
  used	
  as	
  a	
  loading	
  

control.	
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7.4	
  Discussion	
  

EBV	
  increases	
  signalling	
  in	
  response	
  to	
  BMP2,	
  BMP4	
  and	
  BMP6	
  in	
  BL31	
  cells,	
  but	
  not	
  via	
  

up-­‐regulation	
  of	
  TGFβR3	
  	
  

Since	
  EBV	
  up-­‐regulates	
  TGFβR3,	
  and	
  TGFβR3	
  is	
  a	
  co-­‐receptor	
  for	
  BMP	
  signalling,	
  the	
  effect	
  

of	
   EBV	
   on	
   BMP	
   signalling	
  was	
   investigated.	
   This	
   showed	
   that	
   EBV	
   increased	
   signalling,	
   as	
  

detected	
  by	
  phosphorylation	
  of	
  SMAD1,	
  5	
  and	
  1/5/8,	
  in	
  response	
  to	
  BMP2,	
  BMP4	
  and	
  BMP6	
  

(fig.	
   7.1A-­‐C).	
   However,	
   although	
   BMP7	
   and	
   BMP9	
   also	
   induced	
   phosphorylation	
   of	
  

SMAD1/5,	
  EBV	
  did	
  not	
  appear	
  to	
  increase	
  signalling	
  in	
  response	
  to	
  these	
  ligands	
  (fig.	
  7.1D-­‐

E).	
  When	
  the	
  effect	
  of	
  deletion	
  of	
  the	
  individual	
  latent	
  proteins	
  which	
  regulate	
  TGFβR3	
  was	
  

investigated,	
  however,	
   signalling	
   in	
   response	
   to	
  BMP2	
   remained	
  at	
   the	
   same	
   levels	
   as	
   for	
  

wild-­‐type	
  EBV	
  when	
  EBNA2,	
  EBNA3B	
  or	
  EBNA3C	
  were	
  deleted	
  (fig.	
  7.2).	
  Hence	
  the	
  increased	
  

BMP	
  signalling	
  in	
  EBV	
  infection	
  is	
  not	
  a	
  direct	
  consequence	
  of	
  the	
  up-­‐regulation	
  of	
  TGFβR3.	
  	
  

	
  

BMPs	
  can	
  be	
  divided	
  into	
  subgroups	
  based	
  on	
  structural	
  similarity	
  and	
  their	
  affinity	
  for	
  type	
  

I	
   receptors.	
  BMP2	
  and	
  BMP4	
  form	
  one	
  subgroup,	
  binding	
  preferentially	
   to	
  ALK3	
  (BMPRIA)	
  

and	
   ALK6	
   (BMPRIB).	
   BMP6	
   and	
   BMP7	
   are	
   structurally	
   related	
   members	
   of	
   a	
   second	
  

subgroup,	
  whose	
  members	
  bind	
  preferentially	
   to	
  ALK2	
  and	
  ALK6	
  but	
  only	
  weakly	
  to	
  ALK3.	
  

BMP9	
   belongs	
   to	
   a	
   third	
   subgroup,	
   binding	
   to	
   ALK1	
   and	
   ALK2.	
   Normal	
   B	
   cells	
   have	
   been	
  

variably	
  shown	
  to	
  express	
  ALK2,	
  ALK3	
  and	
  ALK6,	
  suggesting	
  that	
  they	
  can	
  respond	
  to	
  BMP2,	
  

BMP4,	
  BMP6	
  and	
  BMP7	
  (Kersten	
  et	
  al.	
  2005,	
  Seckinger	
  et	
  al.	
  2009).	
  

	
  

As	
   expected,	
   BMP2	
   and	
   BMP4	
   showed	
   similar	
   effects,	
   with	
   EBV	
   infection	
   resulting	
   in	
   a	
  

greater	
   induction	
  of	
  phosphorylation	
  of	
  both	
  SMAD1	
  and	
  SMAD5	
  than	
   in	
  uninfected	
  cells,	
  

but	
   with	
   a	
   more	
   pronounced	
   effect	
   on	
   phosphorylation	
   of	
   SMAD1	
   than	
   of	
   SMAD5	
   (figs.	
  

7.1A-­‐B).	
  The	
  increased	
  effects	
  by	
  EBV	
  could	
  be	
  explained	
  by,	
  for	
  example,	
  up-­‐regulation	
  of	
  

ALK3	
   or	
   ALK6,	
   as	
   these	
   are	
   the	
   type	
   I	
   receptors	
   used	
   by	
   BMP2	
   and	
   BMP4.	
   A	
   preliminary	
  

investigation	
   of	
   effects	
   of	
   EBV	
   on	
   BMP	
   receptors	
   suggested	
   that	
   EBV	
   does	
   indeed	
   up-­‐

regulate	
   ALK3	
   (BMPRIA)	
   in	
   BL31	
   (fig.	
   7.3),	
   therefore	
   this	
  may	
   be	
   a	
   contributing	
   factor	
   to	
  

increased	
  BMP	
  signalling.	
  

	
  

EBV	
  infection	
  markedly	
  increased	
  the	
  induction	
  of	
  both	
  SMAD1	
  linker	
  phosphorylation	
  and	
  

C-­‐terminal	
  SMAD5	
  phosphorylation	
  in	
  response	
  to	
  BMP6	
  (fig.	
  7.1C).	
  Although	
  BMP7,	
  which	
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is	
  part	
  of	
  the	
  same	
  subgroup,	
  induced	
  phosphorylation	
  of	
  SMAD1	
  and	
  SMAD5,	
  EBV	
  did	
  not	
  

appear	
   to	
   increase	
   this	
   induction	
   (fig.	
   7.1D).	
   Members	
   of	
   this	
   ligand	
   subgroup	
   bind	
  

preferentially	
   to	
   ALK2	
   and	
   ALK6	
   but	
   only	
   weakly	
   to	
   ALK3.	
   Naïve	
   B	
   cells	
   stimulated	
   to	
  

differentiate	
   into	
   Ig-­‐producing	
   plasmablasts	
   by	
   treatment	
   with	
   CD40	
   ligand	
   and	
   IL-­‐21	
  

showed	
  induction	
  of	
  ALK2	
  expression,	
  which	
  would	
  enhance	
  response	
  to	
  BMP6	
  and	
  BMP7,	
  

but	
   the	
   inhibition	
   of	
   this	
   induced	
   Ig	
   production	
  was	
   greater	
   with	
   BMP6	
   than	
  with	
   BMP7	
  

(Huse	
  et	
  al.	
  2011).	
  In	
  the	
  current	
  study	
  only	
  BMP6,	
  but	
  not	
  BMP7,	
  signalling	
  was	
  enhanced	
  

by	
  EBV	
  (fig.	
  7.1C-­‐D).	
  Despite	
  their	
  structural	
  similarity	
  and	
  use	
  of	
  the	
  same	
  type	
  I	
  receptors,	
  

BMP6	
  and	
  BMP7	
  can	
  have	
  different	
  effects	
  in	
  B	
  cells.	
  In	
  naïve	
  and	
  memory	
  B	
  cells	
  that	
  had	
  

been	
   stimulated	
   to	
   proliferate	
   by	
   anti-­‐IgM	
   treatment,	
   BMP6	
   inhibited	
   proliferation	
   and	
  

induced	
   only	
   a	
  minimal	
   increase	
   in	
   apoptosis,	
   whereas	
   BMP7	
   strongly	
   induced	
   apoptosis	
  	
  

(Kersten	
  et	
  al.	
  2005,	
  Huse	
  et	
  al.	
  2011)	
  and	
   in	
  B-­‐lymphoma	
  cell	
   lines	
  BMP6,	
  but	
  not	
  BMP7,	
  

inhibits	
  growth	
  (Huse	
  et	
  al.	
  2012).	
  	
  	
  

	
  

BMP9	
  was	
   also	
   tested	
  as	
   a	
  member	
  of	
   a	
   third	
   subgroup.	
   It	
   uses	
  ALK1	
  and	
  ALK2	
  as	
   type	
   I	
  

receptors;	
   however,	
   ALK1	
   is	
   expressed	
   on	
   endothelial	
   cells	
   and	
   fibroblasts	
   but	
   not	
   in	
  

haematopoietic	
  cells.	
  It	
  is	
  not	
  known	
  to	
  have	
  any	
  effects	
  in	
  lymphoid	
  cells,	
  and	
  can	
  be	
  pro-­‐

proliferative	
  in	
  some	
  circumstances	
  (Herrera	
  et	
  al.	
  2009,	
  Herrera	
  et	
  al.	
  2013).	
  In	
  the	
  current	
  

study,	
  it	
  induced	
  phosphorylation	
  of	
  SMAD1	
  and	
  of	
  SMAD5,	
  but	
  EBV	
  infection	
  had	
  no	
  effect	
  

on	
   these	
   (fig.	
   7.1E).	
  Hence	
  although	
  BMP9	
   can	
   induce	
   signalling	
   in	
  BL	
   cells,	
   EBV	
  does	
  not	
  

alter	
  this.	
  

	
  

As	
  well	
  as	
  changes	
  in	
  expression	
  of	
  type	
  I	
  or	
  type	
  II	
  BMP	
  receptors,	
  possible	
  mechanisms	
  for	
  

the	
  enhancement	
  of	
  BMP	
  signalling	
  by	
  EBV	
  could	
  include:	
  reduced	
  availability	
  or	
  activity	
  of	
  

extracellular	
  BMP	
  antagonists	
  such	
  as	
  noggin	
  and	
  chordin,	
  altered	
  availability	
  or	
  activity	
  of	
  

intracellular	
  accessory	
  proteins	
  which	
  control	
  access	
  of	
  R-­‐SMADs	
  to	
  the	
  internal	
  portion	
  of	
  

receptors,	
  decreased	
  activity	
  of	
  inhibitory	
  SMADs	
  (SMAD6	
  and	
  SMAD7)	
  which	
  compete	
  with	
  

R-­‐SMADs	
  for	
  binding	
  to	
  type	
  I	
  receptors,	
  or	
  increased	
  availability	
  of	
  R-­‐SMADs.	
  However,	
  for	
  

the	
   purposes	
   of	
   this	
   study	
   the	
   exact	
   mechanism	
   was	
   not	
   investigated;	
   this	
   could	
   be	
  

investigated	
  further	
  in	
  future	
  work.	
  	
  

	
  

	
  



Chapter	
  7.	
  Results	
  
	
  

	
  
	
  

262	
  

BMP2	
   and	
  BMP4,	
   but	
   not	
   BMP6,	
   induce	
  G1	
   arrest	
   in	
   both	
   uninfected	
   and	
   EBV-­‐infected	
  

BL31	
  cells	
  

At	
  the	
  start	
  of	
  this	
  project,	
  there	
  was	
  little	
  published	
  data	
  available	
  on	
  the	
  effects	
  of	
  BMPs	
  in	
  

B	
  cells.	
  BMP6	
  had	
  been	
  shown	
  to	
  be	
  anti-­‐proliferative	
  in	
  lymphoid	
  progenitors	
  and	
  mature	
  B	
  

cells	
   (Kersten	
  et	
  al.	
  2005,	
  Kersten	
  et	
  al.	
  2006),	
  and	
  several	
  studies	
  had	
  shown	
  BMPs	
  to	
  be	
  

pro-­‐apoptotic	
  and	
  anti-­‐proliferative	
  in	
  myeloma	
  cells	
  (Kawamura	
  et	
  al.	
  2000,	
  Hjertner	
  et	
  al.	
  

2001,	
  Ro	
  et	
  al.	
   2004,	
   Fukuda	
  et	
  al.	
   2006b,	
   Seckinger	
  et	
  al.	
   2009).	
   Since	
  EBV	
   infection	
  had	
  

been	
  shown	
  to	
  increase	
  BMP	
  signalling	
  in	
  BL31	
  cells,	
  the	
  effect	
  of	
  this	
  on	
  the	
  cell	
  cycle	
  was	
  

investigated.	
   BMP2	
   and	
   BMP4	
   caused	
   G1	
   arrest	
   in	
   BL31	
   cells,	
   and	
   EBV	
   infection	
   possibly	
  

slightly	
  enhanced	
  this	
  (figs.	
  7.4A-­‐B).	
  Since	
  this	
  work	
  was	
  done,	
  BMP2	
  and	
  BMP4	
  have	
  been	
  

shown	
  to	
  inhibit	
  growth	
  of	
  several	
  B-­‐lymphoma-­‐derived	
  cell	
  lines	
  (Huse	
  et	
  al.	
  2012).	
  	
  

	
  

On	
  the	
  other	
  hand,	
  BMP6	
  did	
  not	
  induce	
  growth	
  arrest	
  or	
  significant	
  apoptosis	
  in	
  uninfected	
  

BL31	
  cells	
  (fig.	
  7.4C).	
  This	
  is	
  in	
  contrast	
  to	
  the	
  findings	
  of	
  BMP6-­‐induced	
  growth	
  arrest	
  seen	
  

in	
   studies	
   on	
   normal	
   B	
   cells	
   and,	
   more	
   recently,	
   other	
   B-­‐lymphoma	
   lines	
   (Kersten	
   et	
   al.	
  

2005,	
  Huse	
  et	
  al.	
   2011,	
  Huse	
  et	
  al.	
   2012),	
   as	
  well	
   as	
  BMP6-­‐induced	
  apoptosis	
   in	
   the	
  EBV-­‐

negative	
  BL	
  Ramos	
  (Kersten	
  et	
  al.	
  2005).	
  However,	
  in	
  the	
  current	
  study	
  a	
  dose	
  of	
  100ng/ml	
  

of	
  BMP6	
  was	
  used,	
  which	
  was	
  nevertheless	
  sufficient	
  to	
  induce	
  pSMAD1/5/8.	
  It	
   is	
  possible	
  

that	
   higher	
   doses	
   would	
   be	
   needed	
   to	
   induce	
   growth	
   arrest	
   and/or	
   apoptosis;	
   a	
   dose-­‐

response	
  curve	
  showed	
  that	
  at	
  100ng/ml	
  inhibition	
  of	
  proliferation	
  in	
  Ramos	
  cells	
  was	
  only	
  

modest	
  whereas	
  1000ng/ml	
  had	
  a	
  much	
  more	
  marked	
  effect	
   (Kersten	
  et	
  al.	
  2005),	
  and	
   in	
  

the	
   later	
  studies	
  by	
  Huse	
  et	
  al	
  a	
  dose	
  of	
  500ng/ml	
  was	
  used	
  (Huse	
  et	
  al.	
  2011,	
  Huse	
  et	
  al.	
  

2012).	
  	
  	
  

	
  

In	
   addition,	
   these	
   findings	
   may	
   reflect	
   something	
   specific	
   to	
   BL31,	
   as	
   the	
   effects	
   were	
  

variable	
   between	
   different	
   cell	
   lines	
   used	
   in	
   the	
   previous	
   studies.	
   In	
   the	
   current	
   study,	
  

although	
  BMP6	
  did	
  not	
  cause	
  growth	
  arrest	
  or	
  apoptosis	
  in	
  EBV-­‐negative	
  BL31,	
  signalling	
  in	
  

response	
   to	
  BMP6	
  was	
  enhanced	
  by	
  EBV,	
  which	
   then	
  appeared	
   to	
  enable	
  BMP6	
   to	
   cause	
  

growth	
   arrest	
   (figs.	
   7.1C	
   and	
   7.4C).	
   It	
   is	
   also	
   possible	
   that	
   the	
   enhancement	
   of	
   BMP6	
  

signalling	
  by	
  EBV	
  also	
  has	
  an	
  alternative	
  effect,	
  such	
  as	
  enhancement	
  of	
  the	
  inhibitory	
  effect	
  

of	
   BMP6	
   on	
   plasmacytic	
   differentiation,	
   since	
   BMP2,	
   BMP4	
   and	
   in	
   particular	
   BMP6	
   have	
  

been	
  shown	
  to	
  inhibit	
  differentiation	
  of	
  mature	
  B	
  cells	
  into	
  plasma	
  cells	
  (Huse	
  et	
  al.	
  2011).	
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Since	
   plasmacytic	
   differentiation	
   would	
   favour	
   lytic	
   infection,	
   this	
   would	
   be	
   a	
   means	
   of	
  

promoting	
  EBV	
  latency,	
  rather	
  than	
  lytic	
  infection,	
  as	
  is	
  normally	
  the	
  case	
  in	
  memory	
  B	
  cells.	
  	
  	
  

The	
  finding	
  that	
  EBV-­‐infected	
  as	
  well	
  as	
  uninfected	
  BL31	
  cells	
  undergo	
  G1	
  arrest	
  in	
  response	
  

to	
   BMP2	
   and	
   BMP4	
   was	
   initially	
   surprising,	
   since	
   the	
   effect	
   of	
   EBV	
   on	
   BMP	
   signalling	
   is	
  

growth-­‐inhibitory	
  whereas	
  the	
  effects	
  of	
  EBV	
  on	
  TGFβ	
  signalling	
  is	
  anti-­‐apoptotic	
  or	
  growth-­‐

promoting,	
  i.e.	
  EBV	
  appears	
  to	
  have	
  opposing	
  effects	
  on	
  TGFβ	
  and	
  BMP	
  signalling.	
  However,	
  

the	
   significance	
   of	
   these	
   findings	
   presumably	
   depends	
   on	
   the	
   local	
   environment	
   in	
   vivo.	
  

Resistance	
  to	
  TGFβ	
  signalling	
  is	
  likely	
  to	
  be	
  important	
  in	
  the	
  germinal	
  centre	
  reaction,	
  where	
  

TGFβ-­‐induced	
  apoptosis	
   is	
  a	
  prominent	
  mechanism	
  of	
  removing	
  B	
  cells	
  which	
   lack	
  survival	
  

signals	
  (Spender	
  et	
  al.	
  2009),	
  in	
  order	
  to	
  enable	
  the	
  EBV-­‐infected	
  B	
  cells	
  to	
  survive	
  and	
  thus	
  

maintain	
   latent	
   infection	
   in	
  memory	
  B	
  cells.	
   It	
   is	
  possible	
   that	
  BMP-­‐induced	
  growth	
  arrest	
  

could	
  be	
  favourable	
  in	
  another	
  part	
  of	
  the	
  lymphoid	
  system,	
  as	
  it	
  is	
  thought	
  that	
  infected	
  B	
  

cells	
  continuously	
  circulate	
  around	
  the	
  blood	
  and	
  lymphoid	
  organs.	
  For	
  instance,	
  BMP	
  levels	
  

could	
   be	
   increased	
   in	
   the	
   peripheral	
   blood,	
   where	
   infected	
   B	
   cells	
   would	
   not	
   be	
  

proliferating.	
   The	
  BMP	
  milieu	
   of	
   various	
   components	
   of	
   the	
   lymphoid	
   system	
   is	
   generally	
  

unknown,	
  although	
  several	
  recent	
  papers	
  by	
  a	
  Norwegian	
  group	
  have	
  suggested	
  that	
  BMP	
  

signalling	
  in	
  lymphoid	
  cells	
  is	
  likely	
  to	
  be	
  important	
  (Bakkebo	
  et	
  al.	
  2010,	
  Huse	
  et	
  al.	
  2011,	
  

Huse	
   et	
   al.	
   2012).	
   Since	
   normal	
   B	
   cells	
   and	
   lymphoma	
   cells	
   express	
   BMP	
   receptors	
   and	
  

respond	
  to	
  BMP	
  signalling,	
  it	
  is	
  likely	
  that	
  BMP	
  signalling	
  in	
  B	
  cells,	
  and	
  the	
  effects	
  of	
  EBV	
  on	
  

it,	
  are	
  biologically	
  relevant.	
  	
  

	
  

EBV	
  up-­‐regulates	
  SMAD1	
  in	
  BL31	
  and	
  LCLs;	
  however,	
  the	
  mechanism	
  for	
  this	
  appears	
  to	
  be	
  

different	
  in	
  the	
  two	
  cell	
  types	
  

In	
   BL31	
   cells	
   and	
   after	
   infection	
   of	
   primary	
   B	
   cells	
   with	
   wild-­‐type	
   EBV	
   to	
   produce	
   LCLs,	
  

SMAD1	
  is	
  up-­‐regulated	
  by	
  EBV	
  (figs.	
  7.5A-­‐B,	
  7.10A).	
  However,	
  in	
  BL31s,	
  the	
  baseline	
  SMAD1	
  

expression	
  is	
  relatively	
  high	
  (fig.	
  7.5A-­‐B),	
  whereas	
  in	
  primary	
  B	
  cells	
  it	
  is	
  low	
  (fig.	
  7.10A).	
  The	
  

degree	
   of	
   up-­‐regulation	
   by	
  wild-­‐type	
   EBV	
   in	
   LCLs	
   is	
   therefore	
  much	
   greater	
   than	
   in	
   BL31	
  

cells.	
  	
  

	
  

SMAD1	
  expression	
  has	
  been	
  shown	
  to	
  be	
  relatively	
   low	
   in	
  naïve	
  and	
  memory	
  B	
  cells	
   from	
  

peripheral	
   blood,	
   whereas	
   centroblasts	
   and	
   centrocytes	
   have	
   higher	
   levels,	
   although	
   it	
  

should	
   be	
   noted	
   that	
   in	
   that	
   study	
   only	
   five	
   samples	
   per	
   cell	
   type	
   were	
   investigated	
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(Bakkebo	
  et	
  al.	
  2010).	
  Nevertheless,	
   in	
  the	
  current	
  study	
  SMAD1	
  was	
   low	
  in	
  all	
  uninfected	
  

primary	
  B	
  cell	
  samples	
  (fig.	
  7.10A),	
  in	
  each	
  case	
  combined	
  from	
  several	
  healthy	
  individuals.	
  	
  

SMAD1	
  has	
  been	
  shown	
  to	
  be	
  overexpressed	
  in	
  some	
  BL	
  (Maesako	
  et	
  al.	
  2003,	
  Bakkebo	
  et	
  

al.	
  2010)	
  and	
  in	
  some	
  cases	
  of	
  follicular	
  lymphoma	
  (FL),	
  although	
  in	
  these	
  cases	
  expression	
  

was	
  highly	
  variable	
  between	
  different	
  tumours	
  (Husson	
  et	
  al.	
  2002,	
  Munoz	
  et	
  al.	
  2004).	
  C-­‐

terminal	
  phosphorylation	
  of	
  SMAD1	
  has	
  been	
  identified	
  in	
  clinical	
  biopsy	
  samples	
  of	
  FL,	
  but	
  

not	
  in	
  normal	
  lymphoid	
  tissue	
  (Munoz	
  et	
  al.	
  2004).	
  BL	
  cell	
  lines,	
  such	
  as	
  BL31,	
  have	
  already	
  

acquired	
  several	
  genetic/epigenetic	
  changes	
  in	
  vivo	
  in	
  order	
  to	
  become	
  malignant,	
  and	
  have	
  

probably	
  undergone	
  further	
  clonal	
  changes	
  in	
  vitro	
  during	
  repeated	
  passage.	
  Since	
  SMAD1	
  is	
  

overexpressed	
  in	
  several	
  B	
  cell	
  malignancies,	
  this	
  suggests	
  that	
  up-­‐regulation	
  of	
  SMAD1	
  may	
  

confer	
   an	
   advantage	
   on	
   tumour	
   cells;	
   the	
   worse	
   prognosis	
   seen	
   in	
   clinical	
   FL	
   cases	
   with	
  

SMAD1	
   overexpression	
   would	
   also	
   support	
   this	
   (Harjunpaa	
   et	
   al.	
   2006).	
   It	
   is	
   therefore	
  

possible	
  that	
  the	
  high	
  baseline	
  SMAD1	
  expression	
  in	
  BL31	
  (and	
  certain	
  other	
  lymphoma	
  cell	
  

lines)	
  has	
  occurred	
  via	
  a	
  clonal	
  selective	
  process.	
  	
  

	
  

The	
   up-­‐regulation	
   of	
   SMAD1	
   by	
   EBV	
   would	
   be	
   expected	
   to	
   increase	
   BMP	
   signalling	
   via	
  

pSMAD1.	
   In	
   the	
  current	
  study,	
  SMAD1	
  appears	
   to	
  be	
  constitutively	
  phosphorylated	
  at	
   the	
  

linker	
  region	
  in	
  BL31	
  cells	
  and	
  LCLs,	
  possibly	
  via	
  action	
  of	
  MAP	
  kinases	
  (Sapkota	
  et	
  al.	
  2007),	
  

whereas	
  it	
  is	
  not	
  induced	
  by	
  the	
  BMP	
  ligands	
  tested	
  in	
  EBV-­‐negative	
  BL31s	
  (fig.	
  7.1)	
  or	
  wild-­‐

type/revertant	
   LCLs	
   (fig.	
  7.11).	
  However,	
   in	
  BL31	
  cells	
   infected	
  with	
  wild-­‐type	
  EBV,	
  BMP2,	
  

BMP4	
   and	
   BMP6	
   do	
   increase	
   induction	
   of	
   SMAD1	
   linker	
   phosphorylation	
   compared	
   to	
  

vehicle	
  alone	
  (figs.	
  7.1A-­‐C).	
  	
  Thus	
  EBV	
  appears	
  to	
  enable	
  these	
  BMPs	
  to	
  induce	
  SMAD1	
  linker	
  

phosphorylation.	
  C-­‐terminal	
  phosphorylation	
  of	
   SMAD1	
  alone	
  was	
  not	
   investigated	
   in	
   this	
  

study;	
  however,	
   it	
   is	
   possible	
   that	
  EBV	
  may	
  also	
  enable	
  or	
  enhance	
   this.	
   This	
  may	
  have	
  a	
  

specific	
  effect,	
  for	
  instance	
  if	
  pSMAD1	
  targets	
  specific	
  genes	
  not	
  targeted	
  by	
  pSMAD5.	
  The	
  

differential	
  effects	
  of	
  C-­‐terminal	
  phosphorylation	
  of	
  SMAD1	
  versus	
  SMAD5	
  on	
  target	
  genes	
  

are	
  not	
  known,	
  but	
  this	
  could	
  be	
  investigated	
  in	
  future	
  work.	
  	
  

	
  

Another	
   possibility	
   is	
   that	
   by	
   increasing	
   SMAD1,	
   EBV	
   increases	
   the	
   amount	
   of	
   SMAD1	
  

available	
   for	
  non-­‐canonical	
  TGFβ	
  signalling.	
  However,	
  TGFβ1	
  did	
  not	
   increase	
   induction	
  of	
  

SMAD1	
   linker	
   phosphorylation	
   compared	
   with	
   vehicle	
   whether	
   or	
   not	
   EBV	
   infection	
   was	
  

present	
   (fig.	
   7.7),	
   although	
   TGFβ1	
   has	
   been	
   shown	
   to	
   induce	
   linker	
   phosphorylation	
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(Sapkota	
   et	
   al.	
   2007).	
   Furthermore,	
   in	
   BL31	
   cells	
   EBV	
   infection	
   led	
   to	
   a	
   decrease	
   in	
  

constitutive	
   pSMAD1/5/8	
   consistent	
   with	
   the	
   decrease	
   in	
   SMAD5	
   expression,	
   with	
   no	
  

induction	
  of	
  pSMAD1/5/8	
  by	
  TGFβ	
  seen	
  in	
  EBV-­‐infected	
  cells	
  (fig.	
  7.7).	
  Hence	
  EBV	
  infection	
  

probably	
   does	
   not	
   lead	
   to	
   TGFβ-­‐mediated	
   induction	
   of	
   C-­‐terminal	
   phosphorylation	
   of	
  

SMAD1	
  in	
  BL31	
  cells.	
  The	
  effect	
  of	
  TGFβ1	
  on	
  pSMAD1/5	
  in	
  LCLs	
  was	
  not	
  investigated,	
  but	
  it	
  

would	
   be	
   interesting	
   to	
   see	
   whether	
   non-­‐canonical	
   induction	
   of	
   pSMAD1/5	
   with	
   TGFβ	
  

occurs	
  in	
  LCLs.	
  Moreover,	
  if	
  this	
  non-­‐canonical	
  signalling	
  occurs	
  via	
  TGFβR2,	
  this	
  would	
  not	
  

be	
   expected	
   to	
   occur	
   in	
   wild-­‐type	
   LCLs	
   since	
   TGFβR2	
   is	
   repressed	
   and	
   canonical	
   TGFβ	
  

signalling	
  suppressed	
  (see	
  figs.	
  6.1A-­‐B).	
  	
  

	
  

A	
  third	
  possibility	
  is	
  that	
  by	
  increasing	
  SMAD1,	
  EBV	
  may	
  increase	
  competition	
  with	
  canonical	
  

TGFβ-­‐responsive	
   SMAD2	
   and/or	
   SMAD3	
   for	
   binding	
   to	
   SMAD4.	
   This	
   would	
   be	
   relevant	
   if	
  

both	
  BMPs	
  and	
  TGFβ	
  were	
  acting	
  at	
  same	
  time,	
  in	
  which	
  case	
  excess	
  pSMAD1	
  would	
  reduce	
  

TGFβ	
   signalling	
   via	
   pSMAD2/3	
   and	
   hence	
   enhance	
   resistance	
   to	
   TGFβ;	
   however,	
   a	
   recent	
  

study	
  has	
  suggested	
  that	
  the	
  opposite	
  occurs	
  if	
  cells	
  are	
  co-­‐stimulated	
  with	
  TGFβ	
  and	
  BMP	
  

ligands,	
  with	
  TGFβ	
  repressing	
  BMP-­‐induced	
  target	
  gene	
  transcription	
  (Gronroos	
  et	
  al.	
  2012).	
  

Nevertheless,	
  as	
  the	
  converse	
  was	
  not	
  specifically	
  investigated,	
  it	
  remains	
  possible	
  that	
  the	
  

up-­‐regulation	
   of	
   SMAD1,	
   and	
   enhancement	
   of	
   BMP-­‐induced	
   pSMAD1,	
   by	
   EBV	
   may	
   be	
  

another	
  mechanism	
  for	
  reducing	
  canonical	
  TGFβ	
  signalling,	
   in	
  addition	
  to	
  down-­‐regulation	
  

of	
  TGFβR2.	
  	
  

	
  

It	
  has	
  been	
  shown	
  that	
  SMAD1	
  is	
  necessary	
  for	
  the	
  anti-­‐proliferative	
  effects	
  of	
  TGFβ1	
  and	
  

enhances	
  the	
  anti-­‐proliferative	
  effect	
  of	
  BMP2,	
  without	
  being	
  absolutely	
  necessary	
  for	
  this	
  

(Munoz	
   et	
   al.	
   2004).	
   In	
   this	
   case	
   SMAD1	
   would	
   be	
   acting	
   as	
   a	
   tumour	
   suppressor	
   and	
  

therefore	
   it	
   would	
   be	
   advantageous	
   to	
   the	
   cells	
   to	
   lose	
   SMAD1	
   expression	
   rather	
   than	
  

increasing	
   it,	
   so	
   it	
   is	
   unclear	
   why	
   there	
   would	
   be	
   advantage	
   to	
   tumour	
   cells	
   or	
   EBV	
   in	
  

increasing	
   SMAD1	
   expression.	
   In	
   the	
   current	
   study,	
   BMP2	
   caused	
   growth	
   arrest	
   in	
   both	
  

uninfected	
  and	
  EBV-­‐infected	
  BL31	
  cells	
  (fig.	
  7.4A),	
  consistent	
  with	
  the	
  expression	
  of	
  SMAD1.	
  	
  

When	
  the	
  effects	
  of	
  individual	
  latent	
  proteins	
  on	
  SMAD1	
  expression	
  were	
  investigated,	
  the	
  

extent	
  to	
  which	
  EBNA3B	
  and	
  EBNA3C	
  were	
  involved	
  in	
  the	
  up-­‐regulation	
  were	
  different	
   in	
  

BL31	
  and	
  LCLs:	
  in	
  LCLs,	
  there	
  was	
  a	
  marked	
  requirement	
  for	
  EBNA3B	
  for	
  the	
  up-­‐regulation,	
  

whereas	
   in	
  BL31,	
  although	
  a	
   loss	
  of	
  up-­‐regulation	
  was	
   seen	
  when	
   the	
  entire	
  EBNA3	
   locus	
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was	
  deleted,	
  there	
  was	
  only	
  a	
  minimal	
  effect	
  for	
  EBNA3B,	
  and	
  a	
  modest	
  effect	
  for	
  EBNA3C	
  

(fig.	
   7.5A-­‐B);	
   in	
   addition,	
   LMP2A	
  was	
   required	
   for	
   the	
   up-­‐regulation	
   of	
   SMAD1.	
   Hence	
   in	
  

BL31	
  cells,	
  EBNA3B,	
  EBNA3C	
  and	
  LMP2A	
  apparently	
  cooperate	
  to	
  up-­‐regulate	
  SMAD1.	
  This	
  

is	
   consistent	
   with	
   the	
   recent	
   finding	
   that	
   SMAD1	
   expression	
   is	
   increased	
   in	
   EBNA3-­‐

expressing,	
  Wp-­‐restricted	
   versus	
   latency	
   I	
   Awia-­‐BL	
   (Kelly	
   et	
   al.	
   2013),	
   i.e.	
   up-­‐regulated	
  by	
  

the	
  EBNA3	
  proteins.	
  	
  

	
  

After	
   infection	
   of	
   primary	
   B	
   cells	
   with	
   EBV,	
   it	
   was	
   EBNA3B	
   that	
   had	
   the	
  major	
   effect	
   on	
  

SMAD1	
  expression;	
  in	
  the	
  absence	
  of	
  EBNA3B,	
  SMAD1	
  expression	
  remained	
  extremely	
  low	
  

(fig.	
   7.10A).	
   In	
   stable	
   LCLs,	
   EBNA3B	
   KO	
   again	
   have	
   extremely	
   low	
   SMAD1	
   expression	
  

compared	
   to	
  wild-­‐type	
   or	
   revertant	
   LCLs	
   (fig.	
   7.8A-­‐B).	
   Unfortunately	
   the	
   effect	
   of	
   LMP2A	
  

deletion	
   on	
   the	
   expression	
   of	
   SMAD1	
   after	
   infection	
   of	
   primary	
   B	
   cells	
   could	
   not	
   be	
  

investigated,	
   but	
   this	
   should	
   be	
   done	
   in	
   future	
   work.	
   The	
   involvement	
   of	
   specific	
   latent	
  

proteins	
  in	
  the	
  up-­‐regulation	
  of	
  SMAD1	
  is	
  therefore	
  different	
  between	
  BL31	
  cells	
  and	
  LCLs.	
  

In	
  BL31s,	
  EBNA3B	
  is	
  much	
  less	
  clearly	
  involved	
  than	
  in	
  LCLs,	
  and	
  the	
  other	
  EBNA3	
  proteins	
  

do	
  not	
  appear	
  to	
  be	
  involved	
  in	
  LCLs.	
  	
  

	
  

The	
  up-­‐regulation	
  of	
  SMAD1	
  by	
  EBV	
  after	
   infection	
  of	
  primary	
  B	
  cells	
  does	
  not	
  occur	
  until	
  

around	
   11-­‐14	
   days	
   after	
   infection	
   (fig.	
   7.10A).	
   The	
   timing	
   of	
   this	
   is	
   consistent	
   between	
  

experiments	
  and,	
  although	
  delayed	
  in	
  comparison	
  to	
  other	
  genes	
  up-­‐regulated	
  by	
  EBV	
  (fig.	
  

7.10B),	
   it	
   occurs	
   too	
   soon	
   after	
   infection	
   to	
   represent	
   a	
   clonal	
   selection	
   process;	
   the	
   up-­‐

regulation	
   of	
   TGFβR3	
   in	
   LCLs,	
   however,	
   occurs	
  more	
   gradually	
   over	
   a	
   longer	
   time	
  period,	
  

suggesting	
  that	
  this	
  may	
  be	
  due	
  to	
  clonal	
  selection	
  (see	
  chapter	
  6).	
  	
  

	
  

It	
  was	
  hypothesised	
  that	
  the	
  up-­‐regulation	
  of	
  SMAD1	
  by	
  EBV	
  may	
  lead	
  to	
  increased	
  use	
  of	
  

pSMAD1	
  and	
  reduced	
  use	
  of	
  pSMAD5	
   in	
  response	
  to	
  BMP	
  signalling.	
  However,	
   in	
  EBNA3B	
  

KO	
  LCLs,	
  as	
  expected	
  BMPs	
  do	
  not	
   induce	
  pSMAD1	
   (since	
  SMAD1	
  expression	
   is	
  extremely	
  

low	
  in	
  the	
  absence	
  of	
  EBNA3B),	
  but	
  surprisingly,	
  the	
  induction	
  of	
  pSMAD5	
  was	
  also	
  less	
   in	
  

EBNA3B	
   KO	
   than	
  wild-­‐type/revertant	
   LCLs	
   (fig.	
   7.11).	
   Hence	
   BMP	
   signalling	
  was	
   generally	
  

reduced	
  when	
  SMAD1	
  was	
  poorly	
  expressed;	
  the	
  reason	
  for	
  this	
  is	
  not	
  clear.	
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EBV	
  down-­‐regulates	
  SMAD5	
  in	
  BL31	
  cells	
  	
  

In	
   the	
  experiments	
   investigating	
   the	
  effects	
  of	
  EBV	
  on	
  BMP	
  signalling	
   in	
  BL31	
  cells,	
   it	
  was	
  

observed	
   that	
   the	
  expression	
  of	
   SMAD5	
  was	
   reduced	
  by	
  EBV	
   (figs	
  7.2).	
   Therefore	
   SMAD5	
  

expression	
  was	
  investigated	
  by	
  qRT-­‐PCR	
  and	
  western	
  blot	
  (fig.	
  7.6A-­‐B).	
  This	
  confirmed	
  that	
  

SMAD5	
  is	
  down-­‐regulated	
  by	
  wild-­‐type/revertant	
  EBV	
  in	
  BL31	
  cells.	
  	
  

	
  

MicroRNA	
   155	
   (miR-­‐155)	
   has	
   been	
   shown	
   to	
   be	
   overexpressed	
   in	
   DLBCL,	
   particularly	
   the	
  

activated	
  B	
  cell	
  type,	
  which	
  has	
  a	
  poorer	
  prognosis	
  (Eis	
  et	
  al.	
  2005)	
  and	
  it	
  has	
  been	
  shown	
  to	
  

bind	
  to	
  the	
  3’UTR	
  of	
  SMAD5,	
  repressing	
  SMAD5	
  protein	
  expression	
  (Rai	
  et	
  al.	
  2010,	
  Yin	
  et	
  al.	
  

2010).	
   LMP1	
   up-­‐regulates	
   miR-­‐155	
   (Rahadiani	
   et	
   al.	
   2008).	
   Microarray	
   analysis	
   showed	
  

marked	
  up-­‐regulation	
  of	
  miR-­‐155	
  by	
  EBV	
  in	
  BL31	
  (fig.	
  7.6C),	
  consistent	
  with	
  up-­‐regulation	
  of	
  

miR-­‐155	
  by	
  LMP1	
  [www.epstein-­‐barrvirus.org.uk	
  and	
  (White	
  et	
  al.	
  2010)].	
  

	
  

Repression	
   of	
   SMAD5	
   by	
   expression	
   of	
  microRNAs	
  which	
   target	
   it	
   or	
   by	
   shRNA-­‐mediated	
  

knockdown	
  rendered	
  Ramos	
  and	
  DLBCL	
  cell	
   lines	
  resistant	
  to	
  the	
  growth-­‐inhibitory	
  effects	
  

of	
   TGFβ	
   (Rai	
   et	
   al.	
   2010,	
   Liu	
   et	
   al.	
   2012),	
   suggesting	
   that	
   SMAD5,	
   and	
   TGFβ-­‐induced	
  

phosphorylation	
  of	
   it,	
   is	
  necessary	
   for	
  TGFβ-­‐induced	
  growth	
   inhibition,	
   recently	
  confirmed	
  

by	
  the	
  same	
  group	
  (Jiang	
  and	
  Aguiar	
  2014).	
  SMAD5	
  knockdown	
  also	
  resulted	
  in	
  resistance	
  to	
  

the	
  growth-­‐inhibitory	
  effects	
  of	
  BMP2/BMP4,	
   suggesting	
   that	
   SMAD5	
  may	
  have	
  a	
   tumour	
  

suppressive	
   function	
   in	
   lymphoid	
   cells	
   (Rai	
   et	
   al.	
   2010).	
   Thus	
   EBV-­‐mediated	
   repression	
   of	
  

SMAD5	
  would	
   result	
   in	
   resistance	
   to	
   the	
   growth-­‐inhibitory	
   effects	
   of	
   TGFβ	
   and	
   BMP2/4.	
  

However,	
   in	
   the	
   current	
   study,	
   BMP2	
   and	
   BMP4	
   resulted	
   in	
   growth	
   arrest	
   in	
   both	
   EBV-­‐

negative	
  and	
  –positive	
  BL31	
  (figs.	
  7.4A-­‐B).	
  This	
   is	
  consistent	
  with	
  the	
  fact	
  that,	
  although	
  in	
  

BL31-­‐WT	
  SMAD5	
  was	
  markedly	
  repressed,	
  pSMAD5	
  was	
  still	
  strongly	
  induced	
  by	
  BMP2	
  (fig.	
  

7.2).	
  	
  	
  

	
  

A	
   non-­‐canonical	
   signalling	
   pathway	
   is	
   seen	
   in	
   BL31s,	
   in	
   which	
   TGFβ	
   induces	
  

phosphorylation	
   of	
   SMAD5;	
   this	
   pathway	
   is	
   abrogated	
   by	
   EBV,	
   suggesting	
   that	
   it	
   may	
  

occur	
  via	
  TGFβR2	
  

It	
  has	
  been	
  previously	
  shown	
  that	
  SMAD1	
  phosphorylation	
  can	
  occur	
  in	
  response	
  to	
  TGFβ1	
  

in	
  various	
  epithelial	
  and	
  endothelial	
  cell	
  lines.	
  In	
  most	
  cases	
  this	
  requires	
  the	
  combination	
  of	
  

TGFβR1,	
  one	
  of	
  the	
  BMP	
  type	
  I	
  receptors	
  and	
  TGFβR2	
  (Goumans	
  et	
  al.	
  2002,	
  Goumans	
  et	
  al.	
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2003,	
  Liu	
  et	
  al.	
  2009,	
  Wrighton	
  et	
  al.	
  2009).	
  	
  This	
  alternative	
  pathway	
  appears	
  to	
  require	
  a	
  

higher	
   dose	
   of	
   TGFβ1,	
   be	
   activated	
   later	
   after	
   TGFβ1	
   stimulation	
   and	
   be	
   sustained	
   for	
   a	
  

shorter	
  time	
  than	
  canonical	
  TGFβ1	
  signalling	
  via	
  SMAD2/3;	
  hence	
  it	
  has	
  been	
  proposed	
  that	
  

this	
  pathway	
  has	
  a	
  distinct	
  function	
  from	
  either	
  the	
  canonical	
  TGFβ	
  pathway	
  via	
  SMAD2/3	
  or	
  

the	
  canonical	
  BMP	
  pathway	
  via	
  SMAD1/5/8	
  (Wrighton	
  et	
  al.	
  2009).	
  Distinct	
  functions	
  have	
  

been	
  shown	
  for	
  the	
  non-­‐canonical	
  pathway	
  in	
  endothelial	
  and	
  epithelial	
  cells	
  (Goumans	
  et	
  

al.	
  2002,	
  Daly	
  et	
  al.	
  2008).	
  	
  

	
  

TGFβ-­‐induced	
   phosphorylation	
   of	
   SMAD1	
   and/or	
   SMAD5	
   has	
   also	
   been	
   demonstrated	
   in	
  

several	
  different	
  B	
  cell	
   lymphoma	
  cell	
   lines	
  (Munoz	
  et	
  al.	
  2004,	
  Bakkebo	
  et	
  al.	
  2010,	
  Rai	
  et	
  

al.	
   2010)	
   as	
   well	
   as	
   primary	
   human	
   B	
   cells	
   (Bakkebo	
   et	
   al.	
   2010).	
   TGFβ1-­‐induced	
  

phosphorylation	
  of	
  SMAD1	
  and/or	
  SMAD5	
  has	
  been	
  shown	
  to	
  occur	
  from	
  30	
  minutes	
  after	
  

treatment,	
   peaking	
   at	
   one	
   hour	
   but	
   lasting	
   for	
   between	
   2	
   and	
   6	
   hours	
   post-­‐treatment	
  

(Munoz	
  et	
  al.	
  2004,	
  Bakkebo	
  et	
  al.	
  2010).	
  	
  	
  

	
  

TGFβR2	
   was	
   found	
   to	
   be	
   necessary	
   for	
   this	
   pathway	
   in	
   B-­‐lymphoma	
   cells	
   (Munoz	
   et	
   al.	
  

2004),	
   whereas	
   the	
   findings	
   of	
   Rai	
   et	
   al	
   suggested	
   that	
   both	
   TGFβR1	
   and	
   TGFβR2	
   were	
  

important	
   (Rai	
  et	
  al.	
  2010).	
  The	
  pathway	
  was	
  also	
  partially	
  blocked	
  by	
   inhibition	
  of	
   type	
   I	
  

BMPRs,	
  supporting	
  the	
  proposition	
  of	
  Daly	
  et	
  al	
  that	
  heteromultimeric	
  receptor	
  complexes	
  

are	
  involved	
  (Daly	
  et	
  al.	
  2008).	
  In	
  lymphoma	
  cell	
  lines	
  in	
  which	
  TGFβ-­‐induced	
  pSMAD1/5	
  did	
  

not	
  occur,	
  reduced	
  levels	
  of	
  TGFβR1	
  and/or	
  TGFβR2	
  expression	
  were	
  demonstrated.	
  The	
  cell	
  

lines	
   in	
   which	
   TGFβ	
   induced	
   pSMAD1/5	
   also	
   showed	
   induction	
   of	
   pSMAD2,	
   and	
   all	
   were	
  

sensitive	
  to	
  TGFβ-­‐induced	
  growth	
  inhibition	
  (Bakkebo	
  et	
  al.	
  2010).	
  	
  

	
  

Since	
  this	
  pathway	
  involves	
  SMAD1	
  and	
  SMAD5,	
  it	
  was	
  hypothesised	
  that	
  this	
  pathway	
  may	
  

also	
  occur	
  in	
  BL31	
  cells	
  and	
  that,	
  if	
  so,	
  the	
  up-­‐regulation	
  of	
  SMAD1	
  and	
  down-­‐regulation	
  of	
  

SMAD5	
   by	
   EBV	
   may	
   alter	
   this.	
   Treatment	
   of	
   BL31	
   cells	
   with	
   TGFβ	
   induced	
   transient	
  

phosphorylation	
   of	
   SMAD5	
   at	
   two	
   hours,	
   with	
   pSMAD5	
   levels	
   returning	
   to	
   baseline	
   at	
   4	
  

hours	
  and	
  beyond	
   (fig.	
  7.7).	
  Thus	
   the	
  non-­‐canonical	
  pathway	
  occurs	
   in	
  EBV-­‐negative	
  BL31	
  

cells	
  as	
  has	
  been	
  seen	
   in	
  other	
  B	
  cell	
   lines.	
  Although	
  Rai	
  et	
  al	
   (2010)	
  used	
  an	
  antibody	
   to	
  

pSMAD1	
  and/or	
   5,	
   they	
  went	
  on	
   to	
  demonstrate	
  by	
   co-­‐immunoprecipitation	
   experiments	
  

that	
   the	
   effect	
   occurred	
   predominantly	
   through	
   SMAD5,	
   whereas	
   Munoz	
   et	
   al	
   (2004)	
  



Chapter	
  7.	
  Results	
  
	
  

	
  
	
  

269	
  

showed	
  induction	
  of	
  pSMAD1,	
  but	
  did	
  not	
  investigate	
  pSMAD5,	
  and	
  Bakkebo	
  et	
  al	
  (2010)	
  did	
  

not	
  distinguish	
  between	
  pSMAD1	
  and	
  pSMAD5.	
  	
  

	
  

In	
  EBV-­‐infected	
  BL31,	
  no	
  induction	
  of	
  pSMAD5	
  was	
  seen	
  with	
  TGFβ	
  (fig.	
  7.7),	
  suggesting	
  that	
  

EBV	
   abrogates	
   this	
   non-­‐canonical	
   pathway	
   in	
   a	
   similar	
  way	
   to	
   its	
   abrogation	
   of	
   canonical	
  

TGFβ	
   signalling.	
   This	
   suggests	
   that	
   the	
   non-­‐canonical	
   pathway	
   may	
   also	
   be	
   mediated	
   by	
  

TGFβR2,	
  as	
  EBV	
  down-­‐regulates	
  TGFβR2	
  (see	
  chapter	
  3).	
  Due	
  to	
  time	
  constraints,	
  the	
  effect	
  

of	
   deletion	
  of	
   the	
   individual	
   latent	
   proteins	
   on	
   this	
  was	
  not	
   investigated,	
   but	
   if	
   the	
   same	
  

proteins	
   appeared	
   to	
   be	
   involved	
   as	
   for	
   the	
   down-­‐regulation	
   of	
   TGFβR2,	
   that	
   would	
   be	
  

consistent	
   with	
   the	
   hypothesis	
   that	
   this	
   is	
   mediated	
   by	
   TGFβR2.	
   Within	
   this	
   pathway,	
  

however,	
  EBV	
  increased	
  the	
  constitutive	
  phosphorylation	
  of	
  the	
  SMAD1	
  linker	
  and	
  reduced	
  

the	
   constitutive	
   C-­‐terminal	
   phosphorylation	
   of	
   SMAD5,	
   as	
   well	
   as	
   that	
   of	
   SMAD1/5/8,	
  

generally	
   correlating	
   with	
   the	
   increases	
   in	
   total	
   SMAD1	
   and	
   total	
   SMAD5	
   respectively.	
   It	
  

remains	
   possible	
   that	
   EBV	
   alters	
   constitutive	
   signalling	
   in	
   favour	
   of	
   SMAD1	
   rather	
   than	
  

SMAD5	
   C-­‐terminal	
   phosphorylation	
   and	
   activation,	
   as	
   a	
   result	
   of	
   the	
   changes	
   in	
   levels	
   of	
  

total	
   SMAD1	
   and	
   SMAD5;	
   however	
   it	
   is	
   not	
   known	
  what	
   the	
   downstream	
   effects	
   of	
   this	
  

would	
  be.	
  



Chapter	
  8.	
  Discussion	
  
	
  

	
  
	
  

270	
  

 	
  	
  	
  Discussion	
  Chapter	
  8

8.1	
   Latent	
   EBV	
   leads	
   to	
   PRC2-­‐mediated	
   repression	
   of	
   TGFβR2	
   and	
   suppression	
   of	
   TGFβ	
  

signalling	
  via	
  SMAD2	
  

This	
  study	
  has	
  shown	
  that	
  latent	
  EBV	
  infection	
  leads	
  to	
  down-­‐regulation	
  of	
  TGFβR2	
  in	
  both	
  

BL31	
  cells	
  and	
  established	
  LCLs,	
  and	
  leads	
  to	
  near-­‐complete	
  repression	
  by	
  approximately	
  21	
  

days	
  after	
   infection	
  of	
  purified	
  primary	
  B	
  cells.	
  TGFβR2	
  binding	
   to	
  TGFβR1	
   is	
  necessary	
   to	
  

propagate	
  signals	
  from	
  TGFβ	
  ligands.	
  Accordingly,	
  the	
  down-­‐regulation	
  of	
  TGFβR2	
  in	
  these	
  

cell	
  types	
  leads	
  to	
  suppression	
  of	
  TGFβ	
  signalling	
  via	
  phosphorylation	
  of	
  SMAD2.	
  

	
  

TGFβ	
  signalling	
   is	
  generally	
   tumour	
  suppressive,	
  being	
  pro-­‐apoptotic	
  and	
  anti-­‐proliferative	
  

in	
   B	
   cells	
   and	
   most	
   other	
   cell	
   types.	
   EBV	
   has	
   been	
   shown	
   to	
   repress	
   other	
   tumour	
  

suppressor	
   genes,	
   including	
   BIM	
   and	
   p16INK4A,	
   via	
   epigenetic	
   mechanisms	
   including	
  

polycomb-­‐mediated	
   repression	
   (Paschos	
   et	
   al.	
   2009,	
   Skalska	
   et	
   al.	
   2010,	
   Paschos	
   et	
   al.	
  

2012).	
   The	
   transcriptional	
   repression	
   of	
   TGFβR2	
   by	
   EBV	
   was	
   accompanied	
   by	
   increased	
  

H3K27Me3	
   deposition	
   and	
   binding	
   of	
   SUZ12,	
   a	
   component	
   of	
   PRC2,	
   to	
   the	
   TGFβR2	
  

promoter.	
   Therefore	
   this	
   study	
   has	
   demonstrated	
   polycomb-­‐mediated,	
   epigenetic,	
  

repression	
  by	
  EBV	
  of	
  another	
  TSG	
  in	
  addition	
  to	
  p16INK4A	
  and	
  BIM.	
  

	
  

H3K27Me3	
   can	
   increase	
   the	
   likelihood	
   of	
   the	
   more	
   stable	
   epigenetic	
   repression	
   by	
   CpG	
  

methylation	
   of	
   DNA.	
   In	
   certain	
   cell	
   lines	
   DNA	
   hypermethylation	
   of	
   the	
   TGFβR2	
   promoter	
  

occurred,	
   in	
   some	
   cases	
   replacing	
  H3K27Me3,	
   causing	
   repression	
   of	
   TGFβR2.	
   In	
   future,	
   it	
  

would	
   be	
   interesting	
   to	
   investigate	
   for	
   DNA	
   methylation	
   at	
   this	
   locus	
   in	
   tumour	
   biopsy	
  

samples.	
  

	
  

8.2	
   The	
   cooperation	
   between	
   EBNA3B,	
   EBNA3C,	
   LMP1	
   and	
   LMP2A	
   in	
   the	
   repression	
   of	
  

TGFβR2	
  

By	
  using	
  a	
  panel	
  of	
   EBV-­‐negative	
  BL31	
   cells	
   infected	
  with	
  BAC-­‐derived	
   recombinant	
  EBVs,	
  

this	
   study	
   aimed	
   to	
   identify	
   which	
   latent	
   proteins	
   are	
   responsible	
   for	
   the	
   repression	
   of	
  

TGFβR2.	
   In	
   initial	
   experiments,	
   when	
   EBNA2,	
   EBNA3B	
   or	
   EBNA3C	
   were	
   deleted,	
   de-­‐

repression	
  of	
  TGFβR2	
  was	
  seen,	
  as	
  well	
  as	
  restoration	
  of	
  TGFβ	
  signalling	
  via	
  phosphorylation	
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of	
  SMAD2,	
  suggesting	
  cooperation	
  between	
  these	
  three	
  latent	
  proteins	
  in	
  the	
  repression	
  of	
  

TGFβR2.	
  

	
  

The	
   EBNA3	
   proteins	
   are	
   a	
   closely	
   related	
   set	
   of	
   proteins	
   that	
   regulate	
   transcription	
   of	
  

multiple	
   cellular	
   genes,	
   by	
   targeting	
   DNA	
   via	
   interaction	
   with	
   RBP-­‐Jκ	
   and	
   probably	
   other	
  

transcription	
  factors.	
  Several	
  recent	
  studies	
  have	
  demonstrated	
  binding	
  sites	
  of	
  EBNA3C	
  to	
  

target	
  gene	
  promoters	
  and	
  distal	
  regulatory	
  elements	
  (e.g.	
  enhancers)	
  (Skalska	
  et	
  al.	
  2010,	
  

McClellan	
  et	
  al.	
  2012,	
  Paschos	
  et	
  al.	
  2012,	
  McClellan	
  et	
  al.	
  2013).	
  The	
  EBNA3	
  proteins	
  often	
  

cooperate	
   in	
   regulation	
   of	
   target	
   genes,	
   with	
   the	
   extent	
   of	
   cooperation	
   revealed	
   by	
   an	
  

exome	
   microarray	
   analysis	
   (Paschos	
   et	
   al.	
   2009,	
   Skalska	
   et	
   al.	
   2010,	
   White	
   et	
   al.	
   2010,	
  

Paschos	
   et	
   al.	
   2012,	
   Skalska	
   et	
   al.	
   2013).	
   An	
   attempt	
   to	
   show	
   binding	
   of	
   EBNA3C	
   to	
   the	
  

TGFβR2	
   promoter	
   was	
   unsuccessful,	
   however	
   this	
   has	
   been	
   shown	
   for	
   other	
   genes	
  

repressed	
   by	
   EBNA3C	
   (Skalska	
   et	
   al.	
   2010,	
   McClellan	
   et	
   al.	
   2012,	
   Paschos	
   et	
   al.	
   2012,	
  

McClellan	
   et	
   al.	
   2013,	
   Skalska	
   et	
   al.	
   2013)	
   and	
   other	
   members	
   of	
   the	
   laboratory	
   are	
  

currently	
  investigating	
  binding	
  of	
  EBNA3B	
  to	
  promoters.	
  	
  

	
  

The	
  effect	
  of	
   EBNA3B	
  deletion	
  was	
   also	
   investigated	
   In	
   LCLs	
   and	
  primary	
  B	
   cell	
   infections	
  

with	
   EBNA3B	
   KO	
   virus,	
   since	
   EBNA3B	
   is	
   dispensable	
   for	
   transformation	
   (Tomkinson	
   et	
   al.	
  

1993).	
   Initial	
   experiments	
   suggested	
   an	
   extremely	
   moderate	
   de-­‐repression	
   of	
   TGFβR2	
   in	
  

EBNA3B	
  KO	
  compared	
  to	
  wild-­‐type	
  LCLs.	
  However,	
  even	
  though	
  the	
  degree	
  of	
  de-­‐repression	
  

was	
  small,	
  this	
  led	
  a	
  to	
  a	
  definite	
  increase	
  in	
  the	
  amount	
  of	
  pSMAD2,	
  suggesting	
  that	
  the	
  de-­‐

repression	
  was	
   enough	
   to	
   bring	
   TGFβR2	
   expression	
   above	
   a	
   threshold	
   required	
   for	
   TGFβ	
  

signalling.	
  

	
  

Investigation	
   of	
   the	
   effect	
   of	
   EBNA3C	
   in	
   LCLs	
   was	
   more	
   difficult,	
   since	
   EBNA3C	
   was	
  

previously	
   thought	
   to	
  be	
  absolutely	
   required	
   for	
   transformation	
   to	
   LCLs	
   (Tomkinson	
  et	
  al.	
  

1993).	
   Therefore	
   initial	
   experiments	
   were	
   done	
   using	
   3CHT-­‐LCLs,	
   which	
   have	
   conditional	
  

expression	
   of	
   functional	
   EBNA3C,	
   established	
   from	
   donor	
   B	
   cells	
   with	
   wild-­‐type	
   p16INK4A.	
  

This	
  showed	
  that	
  TGFβR2	
  remained	
  repressed	
  even	
  after	
  withdrawal	
  of	
  functional	
  EBNA3C,	
  

suggesting	
  that	
  EBNA3C	
  was	
  not	
  necessary	
   for	
   the	
  repression	
   in	
  LCLs,	
  unlike	
   in	
  BL31	
  cells.	
  

However,	
  the	
  known	
  epigenetic	
  mechanism	
  of	
  repression	
  by	
  EBNA3C	
  in	
  BL31	
  cells	
  led	
  to	
  the	
  

alternative	
  hypothesis	
  that	
  previous	
  exposure	
  to	
  functional	
  EBNA3C	
  would	
  repress	
  TGFβR2	
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and	
   that	
   since	
   this	
   is	
   epigenetic,	
   the	
   repression	
   would	
   persist	
   even	
   after	
   withdrawal	
   of	
  

EBNA3C	
   function.	
   Fortuitously,	
   at	
   this	
   time	
   other	
   colleagues	
   in	
   the	
   laboratory	
   were	
  

investigating	
  the	
  effect	
  of	
  EBNA3C	
  on	
  p16INK4A	
  and	
  had	
  therefore	
  obtained	
  B	
  cells	
   from	
  an	
  

individual	
  with	
  a	
  homozygous	
  mutation	
  of	
  p16INK4A	
   (Skalska	
  et	
  al.	
  2013).	
   Infection	
  of	
  these	
  

cells	
  with	
  3CHT-­‐EBV	
  was	
  able	
  to	
  successfully	
  produce	
  LCLs	
  even	
  in	
  the	
  absence	
  of	
  4HT,	
  and	
  

thus	
  which	
  had	
  never	
  expressed	
  functional	
  EBNA3C.	
  By	
  investigating	
  these	
  cells,	
  and	
  other	
  

sets	
  which	
  had	
  been	
  established	
  with	
  4HT	
  but	
  then	
  had	
  4HT	
  withdrawn,	
  the	
  current	
  study	
  

was	
   able	
   to	
   confirm	
   the	
   hypothesis	
   of	
   prior	
   exposure	
   to	
   EBNA3C	
   leading	
   to	
   persistent	
  

repression	
  of	
  TGFβR2.	
  Similarly	
  to	
  the	
  case	
  with	
  EBNA3B	
  KO,	
  the	
  degree	
  of	
  de-­‐repression	
  of	
  

TGFβR2	
   in	
   those	
  cells	
  which	
  had	
  never	
  been	
  exposed	
   to	
  4HT,	
  and	
   therefore	
  EBNA3C,	
  was	
  

very	
  moderate;	
  however,	
  this	
  was	
  again	
  sufficient	
  to	
  lead	
  to	
  a	
  definite	
  increase	
  in	
  signalling	
  

via	
   phosphorylation	
   of	
   SMAD2.	
   In	
   future,	
   investigation	
   of	
   chromatin	
  modifications	
   at	
   the	
  

TGFβR2	
   promoter	
   could	
   be	
   performed	
   in	
   the	
   p16-­‐null	
   3CHT-­‐LCLs	
   established	
   with	
   4HT	
  

compared	
   to	
   without	
   4HT,	
   in	
   order	
   to	
   confirm	
   this	
   epigenetic	
   repression	
   of	
   TGFβR2	
   by	
  

EBNA3C.	
  

	
  

The	
  apparent	
  involvement	
  of	
  EBNA2	
  in	
  repression	
  of	
  TGFβR2	
  and	
  suppression	
  of	
  signalling	
  

in	
   BL31	
   cells	
   was	
   surprising,	
   as	
   EBNA2	
   generally	
   up-­‐regulates	
   cellular	
   genes	
   and	
   has	
  

opposing	
  effects	
  to	
  the	
  EBNA3	
  proteins,	
  which	
  are	
  transcriptional	
  repressors.	
  This	
  led	
  to	
  the	
  

hypothesis	
   that	
   in	
   fact	
  LMP1	
  and/or	
  LMP2A	
  were	
   involved	
   in	
   the	
   repression,	
   since	
  EBNA2	
  

transactivates	
  their	
  expression.	
  Therefore,	
  towards	
  the	
  end	
  of	
  the	
  project,	
  LMP1	
  and	
  LMP2A	
  

KO	
  viruses	
  were	
  obtained	
  and	
  used	
  to	
  produce	
  BL31	
  LMP1	
  KO	
  and	
  BL31	
  LMP2A	
  KO	
  cell	
  lines,	
  

established	
   in	
   a	
   similar	
  manner	
   to	
   the	
  other	
   recombinant-­‐infected	
  BL31	
   cell	
   lines	
   used	
   in	
  

this	
  project.	
  Investigation	
  of	
  latent	
  protein	
  expression	
  in	
  these	
  cell	
   lines,	
  however,	
  showed	
  

that	
   the	
   LMP2A	
  KO	
   lines	
  also	
   lacked	
  expression	
  of	
   LMP1,	
  and	
   the	
   two	
  different	
   LMP1	
  KO	
  

lines	
  expressed	
  LMP2A	
  in	
  different	
  amounts.	
  

	
  

Investigation	
   of	
   TGFβR2	
   expression	
   and	
   TGFβ	
   signalling	
   showed	
   de-­‐repression	
   of	
   TGFβR2	
  

and	
   restoration	
  of	
   signalling	
   in	
  both	
   LMP1	
  KO	
  and	
  LMP2A	
  KO	
   lines.	
  Although	
  an	
  effect	
  of	
  

EBNA2	
   itself	
  also	
  could	
  not	
  entirely	
  be	
  excluded,	
  due	
  to	
  the	
  nature	
  of	
  expression	
  of	
  other	
  

latent	
  proteins	
  in	
  all	
  these	
  cell	
  lines	
  (see	
  chapter	
  4	
  for	
  full	
  explanation),	
  it	
  therefore	
  seems	
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likely	
  that	
  both	
  LMP1	
  and	
  LMP2A	
  cooperate,	
  with	
  EBNA3B	
  and	
  EBNA3C,	
  in	
  the	
  repression	
  of	
  

TGFβR2	
  and	
  suppression	
  of	
  TGFβ	
  signalling.	
  	
  

	
  

LMP1	
   and	
   LMP2A	
   are	
   both	
   membrane	
   proteins	
   and	
   have	
   many	
   similar	
   effects,	
   both	
  

mimicking	
  signalling	
  processes	
  (those	
  of	
  CD40L	
  and	
  BCR	
  respectively)	
  that	
  promote	
  survival	
  

of	
  infected	
  B	
  cells	
  within	
  germinal	
  centres,	
  thus	
  enabling	
  infected	
  cells	
  to	
  survive	
  and	
  reach	
  

the	
  memory	
  B	
  cell	
  stage.	
  This	
  is	
  necessary	
  according	
  to	
  the	
  Thorley-­‐Lawson	
  model,	
  in	
  which	
  

EBV	
  uses	
  normal	
  B	
  cell	
  developmental	
  pathways	
  to	
  establish	
  latency	
  (Thorley-­‐Lawson	
  2001,	
  

Thorley-­‐Lawson	
   and	
   Gross	
   2004,	
   Thorley-­‐Lawson	
   et	
   al.	
   2013).	
   LMP1	
   and	
   LMP2A	
   are	
  

expressed	
  in	
  latency	
  II,	
  found	
  in	
  HL	
  and	
  NPC,	
  as	
  well	
  as	
  latency	
  III,	
  found	
  in	
  tumours	
  in	
  the	
  

setting	
   of	
   immunosuppression.	
   They	
   both	
   activate	
   other	
   cellular	
   signalling	
   pathways,	
  

including	
   the	
   generally	
   pro-­‐survival	
   NFκB,	
   and	
   they	
   both	
   have	
   several	
   different	
   anti-­‐

apoptotic	
   effects.	
   Recent	
   microarray	
   studies	
   in	
   transgenic	
   mice	
   have	
   shown	
   that	
   they	
  

cooperate	
   to	
   regulate	
   many	
   cellular	
   genes,	
   and	
   together	
   cooperate	
   to	
   enhance	
  

carcinogenesis	
  (Shair	
  et	
  al.	
  2012);	
  however,	
  in	
  lymphoid	
  cells	
  their	
  combined	
  effects	
  can	
  be	
  

synergistic	
  or	
   in	
  some	
  cases	
  antagonistic	
   (Shair	
  and	
  Raab-­‐Traub	
  2012).	
  Unlike	
  the	
  EBNA3s,	
  

they	
  do	
  not	
  alter	
   transcription	
  through	
  DNA	
  binding	
   factors,	
  as	
   they	
  are	
   found	
  on	
  the	
  cell	
  

membrane.	
  However,	
  since	
  they	
  do	
  alter	
  transcription	
  of	
  multiple	
  cellular	
  genes,	
  this	
  is	
  likely	
  

to	
   occur	
   via	
   their	
   effects	
   on	
   other	
   cellular	
   pathways.	
   Thus	
   it	
   is	
   feasible	
   that	
   they	
   could	
  

cooperate	
  to	
  alter	
  transcription	
  of	
  TGFβR2.	
  	
  

	
  

Few	
   studies,	
   if	
   any,	
   have	
   previously	
   demonstrated	
   the	
   combined	
   effects	
   of	
   EBNA3s	
   and	
  

LMPs	
   in	
   regulation	
  of	
   gene	
  expression,	
  but	
   it	
   seems	
   likely	
   that	
  many	
  more	
  genes	
  may	
  be	
  

regulated	
   in	
   this	
   way.	
   Previous	
   studies	
   have	
   tended	
   to	
   focus	
   either	
   on	
   the	
   effects	
   of	
  

individual	
  latent	
  proteins,	
  expressed	
  in	
  isolation	
  in	
  EBV-­‐negative	
  cells,	
  or	
  have	
  investigated	
  

the	
   effects	
   of	
   deletion	
   of	
   latent	
   proteins	
   on	
   cellular	
   gene	
   expression.	
   Since	
   these	
   studies	
  

have	
  shown	
  cooperation	
  between	
  EBNA3	
  proteins	
  (Anderton	
  et	
  al.	
  2008,	
  Skalska	
  et	
  al.	
  2010,	
  

White	
  et	
  al.	
  2010,	
  Maruo	
  et	
  al.	
  2011,	
  Skalska	
  et	
  al.	
  2013),	
  between	
  LMP1	
  and	
  LMP2A	
  (Shair	
  

et	
  al.	
  2012,	
  Shair	
  and	
  Raab-­‐Traub	
  2012),	
  or	
  between	
  EBNA2	
  and	
  EBNA3C	
  (Zhao	
  et	
  al.	
  2011),	
  

it	
  seems	
  entirely	
  feasible	
  that	
  more	
  cooperation	
  could	
  be	
  found	
  between	
  LMPs	
  and	
  EBNA3s.	
  

Now	
  that	
  the	
  LMP1	
  and	
  LMP2A	
  KO	
  BL31	
  cell	
   lines	
  have	
  been	
  established,	
  the	
  cooperation	
  

between	
  these	
  latent	
  proteins	
  and	
  EBNA3	
  proteins	
  in	
  regulation	
  of	
  cellular	
  gene	
  expression	
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could	
   be	
   used	
   in	
   a	
   similar	
   microarray-­‐based	
   approach	
   as	
   used	
   by	
   White	
   and	
   colleagues	
  

(White	
  et	
  al.	
  2010).	
   Ideally	
  such	
  a	
  study	
  would	
  also	
   investigate	
  the	
  revertants	
  to	
  wild-­‐type	
  

from	
  each	
  knockout,	
  in	
  order	
  to	
  confirm	
  that	
  nothing	
  else	
  is	
  altered	
  apart	
  from	
  the	
  gene	
  of	
  

interest;	
  this	
  was	
  done	
  for	
  the	
  EBNA3s	
  study,	
  but	
  revertants	
  for	
  the	
  LMP1	
  KO	
  and	
  LMP2A	
  KO	
  

BACs	
   used	
   in	
   the	
   current	
   study	
   were	
   not	
   available.	
   A	
   limitation	
   of	
   such	
   experiments,	
  

however,	
  is	
  that	
  often	
  deletion	
  of	
  one	
  latent	
  gene	
  seems	
  to	
  affect	
  expression	
  of	
  others,	
  for	
  

instance	
  as	
   shown	
  here	
   for	
   the	
  EBNA3	
  KO	
   cell	
   lines	
  which	
   also	
   lacked	
   LMP2A	
  expression,	
  

and	
  the	
  LMP2A	
  KO	
  lines	
  that	
  lack	
  LMP1	
  expression.	
  	
  

	
  

Unfortunately	
   in	
   the	
  current	
  study	
  an	
  attempt	
   to	
   infect	
  primary	
  B	
  cells	
  with	
   the	
  LMP1	
  KO	
  

and	
  LMP2A	
  KO	
  viruses,	
  to	
  investigate	
  their	
  involvement	
  in	
  repression	
  of	
  TGFβR2	
  also	
  in	
  LCLs,	
  

was	
  unsuccessful,	
  but	
   this	
  experiment	
  could	
  be	
   re-­‐attempted.	
  Using	
   the	
  EREB2.5	
  cell	
   line,	
  

withdrawal	
  of	
  β-­‐estradiol	
  from	
  the	
  medium,	
  and	
  hence	
  withdrawal	
  of	
  functional	
  EBNA2	
  as	
  

well	
  as	
  LMP1	
  and	
  LMP2A,	
  resulted	
  in	
  de-­‐repression	
  of	
  TGFβR2,	
  suggesting	
  that	
  one	
  or	
  more	
  

of	
  these	
  latent	
  proteins	
  may	
  also	
  repress	
  TGFβR2	
  in	
  LCLs.	
  However,	
  this	
  approach	
  had	
  many	
  

limitations,	
   since	
   the	
   cells	
   undergo	
   arrest,	
   and	
   approximately	
   half	
   die	
   by	
   apoptosis,	
   upon	
  

withdrawal	
   of	
   estradiol	
   (Kempkes	
   et	
   al.	
   1995),	
   and	
   the	
   EBNA3	
   expression	
   could	
   not	
   be	
  

investigated	
  in	
  them	
  due	
  to	
  the	
  lack	
  of	
  appropriate	
  (type	
  2	
  EBV-­‐specific)	
  antibodies	
  as	
  well	
  

as	
  the	
  relatively	
  long	
  half-­‐life	
  of	
  the	
  EBNA3	
  proteins.	
  	
  	
  

	
  

8.3	
  The	
  up-­‐regulation	
  of	
  TGFβR3	
  by	
  EBV	
  

This	
   study	
   has	
   confirmed	
   that	
   EBV,	
   in	
   addition	
   to	
   down-­‐regulating	
   TGFβR2,	
   up-­‐regulates	
  

TGFβR3	
  expression	
   in	
  BL31	
  cells	
  and	
  LCLs.	
   In	
  BL31	
  cells	
  the	
  same	
  latent	
  proteins,	
  EBNA3B,	
  

EBNA3C,	
   LMP1	
  and	
   LMP2A	
  are	
   also	
   responsible	
   for	
   the	
  up-­‐regulation	
  of	
   TGFβR3.	
   In	
  most	
  

cases	
   the	
   expression	
   of	
   TGFβR2	
   and	
   TGFβR3	
   appeared	
   to	
   be	
   reciprocal,	
   and	
   the	
   ChIP	
   for	
  

H3K27me3	
   and	
   H3K9Ac	
   were	
   generally	
   also	
   reciprocal,	
   although	
   there	
   were	
   some	
  

exceptions	
   in	
   the	
   EBNA3A	
   KO	
   lines,	
   which	
   as	
   described	
   in	
   section	
   4.6	
   were	
   rather	
  

heterogeneous.	
  This	
  apparently	
   reciprocal	
  nature	
  of	
  expression	
   led	
   to	
   the	
  hypothesis	
   that	
  

TGFβR2	
   and	
   TGFβR3	
   were	
   somehow	
   co-­‐regulated.	
   TGFβ1–mediated	
   transcriptional	
  

repression	
   of	
   TGFβR3,	
   via	
   the	
   TGFβR3	
   proximal	
   promoter,	
   had	
   been	
   shown	
   in	
  

breast/ovarian	
  carcinoma	
  cell	
   lines	
   (Hempel	
  et	
  al.	
  2008).	
  Treatment	
  of	
  BL31	
  cells	
  with	
  the	
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specific	
   TGFβR1	
   inhibitor	
   SB431542	
   led	
   to	
   a	
   2.5-­‐fold	
   increase	
   in	
   transcription	
   of	
   TGFβR3,	
  

suggesting	
   that	
   a	
   similar	
  mechanism	
  may	
  be	
   present	
   in	
   BL31	
   cells.	
   This	
   could	
   explain	
   the	
  

reciprocal	
   expression	
   of	
   TGFβR2	
   and	
   TGFβR3,	
   as	
   once	
   TGFβR2	
   expression	
   falls	
   below	
   a	
  

threshold,	
  so	
  that	
  signalling	
  is	
  repressed,	
  this	
  TGFβ1-­‐mediated	
  repression	
  of	
  TGFβR3	
  would	
  

no	
  longer	
  occur,	
  allowing	
  de-­‐repression	
  of	
  TGFβR3.	
  	
  

	
  

After	
  infection	
  of	
  primary	
  B	
  cells	
  there	
  was	
  an	
  initial	
  down-­‐regulation	
  of	
  TGFβR3	
  in	
  the	
  first	
  

7-­‐10	
   days.	
   TGFβR3	
   expression	
   then	
   increased	
   very	
   gradually,	
   and	
   this	
   gradual	
   increase	
  

appeared	
  to	
  start	
  only	
  after	
  the	
  repression	
  of	
  TGFβR2	
  had	
  reached	
  a	
  certain	
  level.	
  This	
  may	
  

also	
  be	
  consistent	
  with	
  de-­‐repression	
  of	
  TGFβR3	
  as	
  a	
  result	
  of	
   loss	
  of	
  TGFβ	
  signalling	
  once	
  

TGFβR2	
   is	
   repressed	
   below	
   a	
   threshold,	
   supported	
   by	
   the	
   relatively	
   stable	
   expression	
   of	
  

TGFβ1	
   mRNA	
   after	
   B	
   cell	
   infection.	
   However,	
   the	
   very	
   slow	
   increase	
   in	
   TGFβR3	
   also	
  

suggested	
   a	
   possible	
   clonal	
   selection	
   process,	
   especially	
   as	
   in	
   one	
   particular	
   experiment	
  

TGFβR3	
  was	
  not	
  up-­‐regulated	
  by	
  six	
  weeks	
   in	
  one	
  revertant	
  cell	
   line,	
  even	
  though	
  TGFβR2	
  

was	
  near	
  maximally	
  repressed	
  by	
  four	
  weeks	
  post-­‐infection	
  in	
  that	
  experiment.	
  	
  

	
  

The	
   consequences	
   of	
   TGFβR3	
   up-­‐regulation	
   are	
   not	
   known.	
   A	
   recent	
   study	
   showed	
   low	
  

TGFβR2	
  and	
  high	
  TGFβR3	
  expression	
  in	
  several	
  B	
  cell	
  lymphoma	
  lines,	
  although	
  in	
  the	
  small	
  

number	
  of	
  primary	
  B-­‐NHL	
  tumour	
  samples	
  tested,	
  TGFβR3	
  expression	
  was	
  low	
  (Yang	
  et	
  al.	
  

2013).	
  This	
  again	
  could	
  be	
  due	
  to	
  clonal	
  selection	
  within	
  culture	
  of	
  the	
  cell	
  lines	
  and	
  may	
  not	
  

occur	
  in	
  vivo.	
  However,	
  increased	
  TGFβR3	
  has	
  also	
  been	
  shown	
  in	
  CLL,	
  possibly	
  suggesting	
  a	
  

tumour	
  promoting	
  effect,	
  in	
  two	
  studies	
  (Klein	
  et	
  al.	
  2001,	
  Jelinek	
  et	
  al.	
  2003).	
  	
  

	
  

In	
  non-­‐haematopoietic	
  malignancies	
  TGFβR3	
  is	
  generally	
  tumour	
  suppressive	
  and	
  has	
  been	
  

shown	
   to	
  be	
  down-­‐regulated	
   in	
  many	
  different	
   epithelial	
  malignancies	
   (Florio	
   et	
   al.	
   2005,	
  

Dong	
  et	
  al.	
  2007,	
  Hempel	
  et	
  al.	
  2007,	
  Turley	
  et	
  al.	
  2007,	
  Finger	
  et	
  al.	
  2008b,	
  Gordon	
  et	
  al.	
  

2008,	
  Margulis	
  et	
  al.	
  2008,	
  Cooper	
  et	
  al.	
  2010).	
   It	
   is	
  possible	
   that	
   the	
  cellular	
   response	
   to	
  

loss	
  of	
  TGFβR2	
  is	
  to	
  increase	
  TGFβR3	
  in	
  order	
  to	
  try	
  to	
  augment	
  remaining	
  TGFβ	
  signalling;	
  

however	
  there	
  is	
  no	
  evidence	
  that	
  this	
  occurs	
  in	
  other	
  cell	
  types	
  such	
  as	
  epithelial	
  cells	
  and	
  

so	
   seems	
   an	
   unlikely	
   explanation.	
   TGFβR3	
   is	
   a	
   co-­‐receptor	
   for	
   BMP	
   signalling	
   as	
   well	
   as	
  

activin/inhibin	
   signalling	
   and	
   is	
   specifically	
   required	
   for	
   TGFβ2	
   signalling.	
   Therefore	
   it	
   is	
  

possible	
  that	
  by	
  up-­‐regulating	
  TGFβR3,	
  EBV	
  is	
  altering	
  one	
  of	
  these	
  pathways,	
  but	
  there	
  was	
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not	
  sufficient	
  time	
  to	
  investigate	
  any	
  of	
  them	
  in	
  this	
  study.	
  Only	
  the	
  possibility	
  that	
  it	
  would	
  

alter	
   BMP	
   signalling	
   was	
   investigated	
   (see	
   chapter	
   7),	
   but	
   although	
   EBV	
   increased	
   BMP	
  

signalling,	
   the	
   mechanism	
   was	
   not	
   via	
   the	
   up-­‐regulation	
   of	
   TGFβR3.	
   The	
   significance	
   of	
  

TGFβR3	
  up-­‐regulation	
  is	
  therefore	
  still	
  not	
  known.	
  Nevertheless,	
   it	
  would	
  be	
  interesting	
  to	
  

investigate	
   whether	
   increased	
   TGFβR3	
   expression	
   is	
   seen	
   in	
   tumours,	
   especially	
   EBV-­‐

positive	
   lymphomas,	
  as	
  this	
  could	
  possibly	
  represent	
  a	
  marker	
  for	
  EBV-­‐positivity	
  or	
  even	
  a	
  

target	
  for	
  therapy.	
  	
  

	
  

8.4	
  The	
  effects	
  of	
  EBV	
  on	
  BMP	
  signalling	
  and	
  SMAD1/5	
  expression	
  

In	
   chapter	
   7,	
   the	
   effects	
   of	
   EBV	
   on	
   BMP	
   signalling	
  were	
   investigated.	
   At	
   the	
   start	
   of	
   the	
  

project	
  very	
  little	
  was	
  known	
  about	
  the	
  effects	
  of	
  BMPs	
  in	
  B	
  cells,	
  but	
  during	
  the	
  course	
  of	
  

the	
   project,	
   several	
   papers	
   were	
   published	
   investigating	
   expression	
   of	
   BMPs	
   and	
   BMP	
  

receptors	
  in	
  B	
  cells	
  and	
  lymphomas	
  (Bakkebo	
  et	
  al.	
  2010,	
  Huse	
  et	
  al.	
  2011,	
  Huse	
  et	
  al.	
  2012),	
  

suggesting	
  that	
  BMP	
  signalling	
  may	
  be	
  important	
  in	
  the	
  B	
  cell	
  system.	
  	
  

	
  

Treatment	
   with	
   BMP2	
   and	
   BMP4,	
   which	
   act	
   preferentially	
   via	
   ALK3	
   (BMPRIA)	
   and	
   ALK6,	
  

induced	
  phosphorylation	
  of	
  SMAD1/5	
  and	
  G1	
  arrest	
   in	
  BL31	
  cells.	
  EBV	
   infection	
  enhanced	
  

SMAD1	
   linker	
   phosphorylation,	
   but	
   not	
   SMAD5	
   phosphorylation,	
   in	
   response	
   to	
   BMP2/4.	
  

Preliminary	
  investigations	
  also	
  suggested	
  that	
  EBV	
  up-­‐regulates	
  expression	
  of	
  BMPRIA/ALK3,	
  

which	
  would	
  be	
  expected	
  to	
  enhance	
  signalling	
  and	
  the	
  effects	
  of	
  BMP2/4,	
  as	
  was	
  seen.	
  

	
  

BMP6	
  also	
  induced	
  pSMAD1/5	
  in	
  BL31	
  cells	
  but	
  did	
  not	
  induce	
  G1	
  arrest	
  at	
  the	
  dose	
  used.	
  In	
  

the	
   presence	
   of	
   EBV	
   infection,	
   the	
   induction	
   of	
   both	
   SMAD1	
   linker	
   phosphorylation	
   and	
  

SMAD5	
  C-­‐terminal	
  phosphorylation	
  by	
  BMP6	
  was	
  increased,	
  and	
  BMP6	
  did	
  induce	
  cell	
  cycle	
  

arrest.	
  BMP6	
  acts	
  preferentially	
  via	
  ALK2	
  and	
  ALK6	
  and	
  binds	
  only	
  weakly	
  to	
  ALK3.	
  	
  

	
  

EBV	
   infection	
  was	
  also	
   found	
   to	
   robustly	
  up-­‐regulate	
   SMAD1	
  expression	
   in	
  both	
   LCLs	
   and	
  

BL31	
  cells,	
  although	
  the	
  latent	
  proteins	
  involved	
  seem	
  to	
  be	
  different	
  between	
  the	
  two	
  cell	
  

types.	
   In	
  BL31	
  cells	
  LMP2A,	
  EBNA3C	
  and	
  to	
  a	
   lesser	
  extent	
  EBNA3B	
  were	
  required	
   for	
   the	
  

up-­‐regulation.	
  In	
  LCLs	
  and	
  primary	
  B	
  cells,	
  however,	
  this	
  was	
  clearly	
  an	
  effect	
  of	
  EBNA3B,	
  as	
  

SMAD1	
  expression	
  remained	
  extremely	
  low	
  in	
  EBNA3B	
  KO	
  LCLs.	
  In	
  LCLs	
  the	
  up-­‐regulation	
  of	
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SMAD1	
   by	
   EBNA3B	
   also	
   appears	
   to	
   be	
   via	
   epigenetic	
   regulation	
   of	
   transcription.	
  

Interestingly,	
  the	
  up-­‐regulation	
  of	
  SMAD1	
  expression	
  after	
  primary	
  B	
  cell	
  infection	
  does	
  not	
  

occur	
  until	
  around	
  14	
  days	
  post-­‐infection,	
  whereas	
  EBNA3B	
  would	
  be	
  fully	
  expressed	
  in	
  the	
  

first	
   few	
   days.	
   LMP1	
   is	
   generally	
   not	
   fully	
   expressed	
   until	
   much	
   later	
   than	
   the	
   EBNA3	
  

proteins	
  after	
  primary	
  B	
  cell	
   infection,	
  with	
  maximal	
  expression	
  seen	
  at	
  around	
  3-­‐4	
  weeks.	
  

LMP1	
   and	
   LMP2A	
   mRNA	
   expression	
   were	
   both	
   slow	
   to	
   increase	
   in	
   the	
   current	
   study,	
  

reaching	
  maximum	
  at	
  around	
  25-­‐30	
  days	
  post-­‐infection	
  (data	
  not	
  shown).	
  Thus	
  it	
  is	
  possible	
  

that	
  LMP2A	
  also	
  contributes	
  to	
  the	
  up-­‐regulation	
  of	
  SMAD1,	
  hence	
  why	
  this	
  is	
  delayed	
  until	
  

around	
  14	
  days	
  post-­‐infection.	
   This	
   could	
  be	
   investigated	
   in	
   future	
  by	
   infecting	
  primary	
  B	
  

cells	
  with	
  LMP2A	
  KO	
  virus	
  and	
  thus	
  hopefully	
  establishing	
  LMP2A	
  KO	
  LCLs.	
  The	
  other	
  latent	
  

proteins	
  have	
  a	
   very	
  minimal	
   contribution,	
   if	
   any,	
   to	
   the	
  up-­‐regulation	
  of	
   SMAD1	
   in	
   LCLs.	
  

However,	
   in	
  BL31	
  cells,	
   the	
  overall	
  up-­‐regulation	
  of	
  SMAD1	
  by	
  EBV	
   is	
   less	
  marked	
   than	
   in	
  

LCLs,	
  although	
  this	
  may	
  be	
  partly	
  because	
  BL31	
  have	
  a	
  relatively	
  high	
  baseline	
  expression.	
  	
  

	
  

EBV	
  infection	
  was	
  also	
  found	
  to	
  down-­‐regulate	
  SMAD5	
  in	
  BL31	
  in	
  preliminary	
  experiments.	
  

This	
  could	
  be	
  via	
  the	
  up-­‐regulation	
  of	
  BIC/miR-­‐155	
  by	
  LMP1	
  (Rahadiani	
  et	
  al.	
  2008),	
  which	
  

would	
   lead	
   to	
   reduced	
   SMAD5	
   expression	
   (Rai	
   et	
   al.	
   2010),	
   but	
   the	
  mechanism	
  was	
   not	
  

investigated	
  in	
  the	
  current	
  study	
  because	
  of	
  time	
  constraints.	
  The	
  up-­‐regulation	
  of	
  SMAD1	
  

and	
  down-­‐regulation	
  of	
  SMAD5	
  by	
  EBV	
  led	
  to	
  the	
  hypothesis	
  that	
  EBV	
  may	
  alter	
  expression	
  

of	
  BMP	
  target	
  genes	
  by	
  altering	
  SMAD	
  usage.	
  In	
  addition,	
  a	
  non-­‐canonical	
  pathway	
  involving	
  

TGFβ-­‐mediated	
  induction	
  of	
  phosphorylated	
  SMAD1/5	
  had	
  been	
  shown	
  in	
  many	
  cell	
  types,	
  

more	
  recently	
  including	
  B	
  cells	
  (Munoz	
  et	
  al.	
  2004,	
  Bakkebo	
  et	
  al.	
  2010,	
  Rai	
  et	
  al.	
  2010,	
  Jiang	
  

and	
  Aguiar	
   2014),	
   and	
   it	
  was	
  hypothesised	
   that	
   EBV	
  may	
   alter	
   this;	
   this	
  will	
   be	
  discussed	
  

further	
  below.	
  	
  	
  

	
  

In	
   EBV-­‐negative	
   BL31	
   cells,	
   very	
   little	
   phosphorylation	
   of	
   the	
   SMAD1	
   linker	
   was	
   seen,	
  

whereas	
  in	
  the	
  presence	
  of	
  EBV	
  infection	
  this	
  phosphorylation	
  was	
  induced	
  by	
  BMP2,	
  BMP4	
  

and	
   BMP6,	
   but	
   not	
   BMP7	
   or	
   BMP9.	
   Phosphorylation	
   of	
   SMAD5	
  was	
   strongly	
   induced	
   by	
  

BMP2	
  and	
  BMP4	
   in	
  EBV-­‐negative	
  BL31,	
  and	
  only	
  slightly	
   increased	
  with	
  EBV	
   infection	
   (fig.	
  

7.1).	
  With	
  BMP6,	
   however,	
   there	
  was	
   very	
   little	
   phosphorylation	
  of	
   SMAD5	
   in	
   uninfected	
  

BL31,	
  but	
   this	
  was	
  markedly	
   increased	
   in	
  EBV-­‐infected	
  cells.	
  BMP6-­‐induced	
  G1	
  arrest	
  was	
  

seen	
   in	
   EBV-­‐infected	
   but	
   not	
   in	
   EBV-­‐negative	
   BL31,	
   whereas	
   both	
   EBV-­‐infected	
   and	
   –
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uninfected	
  BL31	
  cells	
  underwent	
  G1	
  arrest,	
  in	
  conjunction	
  with	
  strong	
  induction	
  of	
  SMAD5	
  

phosphorylation,	
  after	
  BMP2/4	
  treatment.	
  In	
  those	
  experiments	
  the	
  levels	
  of	
  pSMAD5	
  were	
  

generally	
   similar	
   to	
   those	
   for	
  pSMAD1/5/8,	
   suggesting	
   that	
   SMAD5	
   is	
   the	
  predominant	
  R-­‐

SMAD	
  used	
   in	
   these	
   cells.	
   Taken	
   together,	
   these	
   findings	
   suggest	
   that	
  phosphorylation	
  of	
  

SMAD5	
  is	
  important	
  for	
  BMP-­‐induced	
  growth	
  arrest.	
  	
  

	
  

8.5	
  TGFβ-­‐induced	
  phosphorylation	
  of	
  SMAD1/5	
  in	
  B	
  cells	
  

TGFβ-­‐induced	
  phosphorylation	
  of	
   SMAD1/5	
  has	
   recently	
   been	
   shown	
   to	
   be	
   important	
   for	
  

TGFβ-­‐induced	
  cell	
  cycle	
  arrest,	
   in	
  murine	
  B	
  cells	
  and	
  B	
  lymphoma	
  cell	
   lines	
  (Bakkebo	
  et	
  al.	
  

2010,	
  Rai	
  et	
  al.	
  2010,	
  Jiang	
  and	
  Aguiar	
  2014),	
  although	
  a	
  role	
  for	
  SMAD1	
  in	
  BMP	
  and	
  TGFβ	
  

induced	
  arrest	
  had	
  also	
  been	
  suggested	
  previously	
  (Munoz	
  et	
  al.	
  2004).	
  Although	
  Rai	
  et	
  al	
  

(2010)	
   used	
   an	
   antibody	
   to	
   phosphorylated	
   SMAD1	
   and/or	
   SMAD5,	
   they	
   went	
   on	
   to	
  

demonstrate	
   by	
   co-­‐immunoprecipitation	
   experiments	
   that	
   TGFβ-­‐induced	
   pSMAD1/5	
  

occurred	
  predominantly	
  through	
  SMAD5,	
  whereas	
  Munoz	
  et	
  al	
  (2004)	
  showed	
  induction	
  of	
  

phosphorylated	
   SMAD1,	
   but	
   did	
   not	
   investigate	
   phosphorylation	
  of	
   SMAD5.	
   Furthermore,	
  

Bakkebo	
  et	
  al	
   (2010)	
  did	
  not	
  distinguish	
  between	
  phosphorylation	
  of	
  SMAD1	
  and	
  SMAD5.	
  

Jiang	
  and	
  Aguiar	
  (2014)	
  showed	
  that	
  knockdown	
  of	
  SMAD5	
  by	
  miR-­‐155	
  or	
  by	
  siRNA	
  led	
  to	
  

loss	
  of	
  TGFβ-­‐induced	
  p15INK4B/p21CIP1/WAF1	
   induction	
  and	
  concomitant	
  cell	
   cycle	
  arrest;	
   this	
  

also	
  occurred	
   in	
  one	
  cell	
   line	
  which	
  completely	
   lacked	
  SMAD1	
  expression,	
   suggesting	
   that	
  

SMAD1	
  was	
  not	
  necessary.	
  Thus	
  it	
  is	
  not	
  entirely	
  clear	
  whether	
  TGFβ-­‐induced	
  arrest	
  occurs	
  

only	
   via	
   SMAD5	
   (as	
   suggested	
   by	
   the	
   Aguiar	
   group	
   studies)	
   or	
   whether	
   SMAD1	
   can	
   also	
  

contribute,	
  as	
  suggested	
  by	
  the	
  Munoz	
  study	
  (Munoz	
  et	
  al.	
  2004).	
  

	
  

In	
   the	
   current	
   study,	
   TGFβ-­‐induced	
  phosphorylation	
  of	
   SMAD5	
  was	
   confirmed	
   in	
  BL31,	
   at	
  

two	
  hours	
  post	
  treatment,	
  but	
  was	
  not	
  sustained	
  beyond	
  this	
  time	
  point.	
  Previous	
  studies	
  

had	
   shown	
   that	
   the	
  TGFβ-­‐induced	
  phosphorylation	
  of	
   SMAD5	
  was	
   similarly	
   short-­‐lived.	
   In	
  

EBV-­‐infected	
   BL31,	
   no	
   induction	
   of	
   pSMAD5	
   was	
   seen	
   with	
   TGFβ,	
   suggesting	
   that	
   EBV	
  

abrogates	
  this	
  non-­‐canonical	
  pathway	
   in	
  a	
  similar	
  way	
  to	
   its	
  abrogation	
  of	
  canonical	
  TGFβ	
  

signalling.	
  This	
  suggests	
  that	
  the	
  non-­‐canonical	
  pathway	
  may	
  also	
  be	
  mediated	
  by	
  TGFβR2,	
  

as	
  EBV	
  down-­‐regulates	
  TGFβR2.	
  

	
  



Chapter	
  8.	
  Discussion	
  
	
  

	
  
	
  

279	
  

Although	
  EBV	
  infection	
  increased	
  constitutive	
  SMAD1	
  linker	
  phosphorylation	
  and	
  decreased	
  

constitutive	
   SMAD5	
   C-­‐terminal	
   phosphorylation,	
   these	
   seemed	
   to	
   be	
   commensurate	
  with	
  

the	
  total	
  SMAD1/5	
  levels	
  in	
  BL31	
  and	
  so	
  it	
  did	
  not	
  appear	
  that	
  EBV	
  was	
  promoting	
  a	
  switch	
  

from	
   use	
   of	
   SMAD5	
   to	
   SMAD1	
   in	
   this	
   non-­‐canonical	
   TGFβ	
   pathway.	
   In	
   EBNA3B	
   KO	
   LCLs,	
  

treatment	
  with	
  BMPs	
  surprisingly	
  led	
  to	
  a	
  general	
  reduction	
  in	
  BMP	
  signalling	
  in	
  EBNA3B	
  KO	
  

compared	
   to	
  wild-­‐type	
  LCLs,	
  with	
   reductions	
  of	
  phosphorylated	
  SMAD5	
  as	
  well	
  as	
  SMAD1	
  

linker	
   phosphorylation.	
   Again	
   the	
   consequence	
   of	
   this	
   is	
   not	
   clear;	
   it	
   may	
   alter	
   the	
  

responsiveness	
  to	
  TGFβ	
  or	
  BMPs	
  in	
  EBNA3B	
  KO	
  LCLs,	
  although	
  a	
  preliminary	
  experiment	
  did	
  

not	
  show	
  any	
  difference	
   in	
  cell	
   cycle	
  profile	
  between	
  EBNA3B	
  KO	
  and	
  wild-­‐type	
  LCLs	
  with	
  

TGFβ	
  or	
  BMP	
  treatment	
  (data	
  not	
  shown).	
  However,	
  due	
  to	
  time	
  constraints	
  this	
  experiment	
  

was	
  only	
  attempted	
  on	
  one	
  occasion	
  and	
  should	
  be	
  repeated,	
  ideally	
  in	
  conjunction	
  with	
  an	
  

array	
   analysis	
   to	
   investigate	
   the	
   BMP	
   and	
   TGFβ	
   target	
   gene	
   profile	
   of	
   wild-­‐type	
   versus	
  

EBNA3B	
  KO	
  LCLs	
  when	
  treated	
  with	
  TGFβ	
  and	
  BMP	
  ligands.	
  In	
  addition,	
  siRNA	
  could	
  be	
  used	
  

to	
   knock	
   down	
   expression	
   of	
   SMAD1	
   and	
   SMAD5	
   separately,	
   in	
   order	
   to	
   investigate	
   the	
  

hypothesis	
  that	
  EBV	
  changes	
  the	
  target	
  gene	
  profile	
  by	
  altering	
  SMAD1/5	
  expression.	
  Even	
  if	
  

this	
   were	
   confirmed	
   not	
   to	
   alter	
   the	
   cell	
   cycle	
   profile	
   in	
   response	
   to	
   TGFβ/BMPs,	
   it	
   is	
  

possible	
   that	
   the	
   change	
   in	
   SMAD	
   expression	
   alters	
   other	
   cellular	
   processes	
   such	
   as	
  

differentiation.	
  	
  

	
  

8.6	
  The	
  effects	
  of	
  EBV	
  on	
  TGFβ-­‐induced	
  arrest	
  and	
  apoptosis	
  

Prior	
   to	
   this	
   work,	
   the	
   majority	
   of	
   studies	
   on	
   the	
   effects	
   of	
   EBV	
   on	
   TGFβ	
   signalling	
   had	
  

investigated	
  the	
  effects	
  on	
  cellular	
  responses	
  to	
  TGFβ.	
  TGFβ	
  generally	
  promotes	
  apoptosis	
  

and/or	
   is	
   anti-­‐proliferative,	
   and	
   multiple	
   studies	
   had	
   suggested	
   that	
   cells	
   expressing	
   full	
  

latency	
   III	
   EBV	
   were	
   resistant	
   to	
   the	
   anti-­‐proliferative	
   effects	
   of	
   EBV.	
   However,	
   the	
  

mechanisms	
   for	
   this	
   were	
   not	
   entirely	
   understood,	
   with	
   only	
   a	
   few	
   studies	
   investigating	
  

expression	
  of	
  TGFβR1	
  and/or	
  TGFβR2,	
  often	
  showing	
  discrepant	
  results.	
  These	
  studies	
  had	
  

been	
  done	
  in	
  several	
  different	
  cell	
   types,	
   largely	
  tumour	
  cell	
   lines	
  which	
  may	
  have	
  altered	
  

cell	
  cycle/apoptotic	
  pathways	
  anyway	
  as	
  part	
  of	
  the	
  tumour	
  development,	
  and	
  which	
  may	
  

have	
  acquired	
  further	
  changes	
  by	
  clonal	
  selection	
  in	
  culture.	
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Several	
  studies	
  had	
  shown	
  that	
  LCLs	
  were	
  resistant	
  to	
  the	
  effects	
  of	
  TGFβ.	
  Although	
  LCLs	
  are	
  

more	
  reflective	
  of	
  the	
  situation	
  in	
  vivo,	
  they	
  are	
  still	
  subject	
  to	
  changes	
  during	
  culture	
  (Lee	
  

et	
   al.	
   2010).	
   However,	
   investigation	
   of	
   the	
   EBV-­‐negative	
   counterpart	
   to	
   LCLs	
   is	
   more	
  

problematic;	
  most	
  previous	
  studies	
  used	
  murine	
  B	
  cells	
  isolated	
  from	
  spleen,	
  murine	
  B	
  cell	
  

lymphoma	
  cell	
  lines,	
  again	
  subject	
  to	
  the	
  problems	
  of	
  tumour	
  cells	
  and	
  selection	
  in	
  culture,	
  

or	
  used	
  human	
  B	
  cells	
   isolated	
   from	
  peripheral	
  blood	
  or	
   from	
  tonsillar	
  extracts.	
  However,	
  

there	
   appear	
   to	
   be	
   some	
   differences	
   in	
   TGFβ	
   responsiveness	
   and	
   apoptotic	
   pathways	
  

between	
  human	
  and	
  murine	
  B	
  cells	
  (Spender	
  et	
  al.	
  2013).	
  Furthermore,	
  the	
  mature	
  B	
  cells	
  

used	
  in	
  these	
  studies	
  would	
  have	
  been	
  quiescent	
  and	
  therefore	
  some	
  means	
  was	
  required	
  

of	
   artificially	
   inducing	
   their	
  proliferation	
  before	
   investigating	
   the	
  effects	
  of	
   TGFβ.	
   In	
   some	
  

cases	
  B	
  lymphoma	
  cell	
  lines	
  were	
  used,	
  including	
  BL,	
  DLBCL,	
  unspecified	
  B	
  cell	
  lymphomas,	
  

or	
   CLL	
   cells,	
   but	
   these	
   are	
   all	
   subject	
   to	
   the	
   biases	
   of	
   tumours	
   and	
   cell	
   lines	
   as	
   already	
  

described.	
  	
  

	
  

The	
   current	
   study,	
   having	
   shown	
   that	
   EBNA3B,	
   EBNA3C,	
   LMP1	
   and	
   LMP2A	
   cooperate	
   to	
  

repress	
  TGFβR2	
  and	
  suppress	
  signalling	
   in	
  BL	
  cells,	
   investigated	
   the	
  effects	
  of	
  knockout	
  of	
  

these	
   latent	
   proteins	
   on	
   TGFβ-­‐induced	
   apoptosis	
   and/or	
   cell	
   cycle	
   arrest,	
   since	
   it	
   was	
  

hypothesised	
  that	
  the	
  same	
  latent	
  proteins	
  may	
  be	
  protective	
  against	
  the	
  effects	
  of	
  TGFβ.	
  

However,	
  TGFβ	
   treatment	
  of	
   the	
  panel	
  of	
  BL31	
  cell	
   lines	
   showed	
   that	
  although	
  BL31	
  cells	
  

underwent	
  apoptosis	
  with	
  TGFβ,	
  none	
  of	
   the	
  KO	
  cell	
   lines	
   showed	
  apoptosis	
   to	
   the	
   same	
  

degree.	
  TGFβ-­‐induced	
  apoptosis	
  may	
  occur	
  via	
  SMAD3,	
  which	
  was	
  not	
   investigated	
   in	
   this	
  

study,	
  or	
  via	
  SMAD-­‐independent	
  pathways	
  involving	
  cross-­‐talk	
  with	
  other	
  cellular	
  pathways;	
  

the	
  mechanism	
  could	
  be	
  investigated	
  further	
  in	
  future.	
  This	
  study	
  has	
  similar	
  limitations	
  to	
  

previous	
   studies,	
   as	
   it	
   used	
   a	
   tumour	
   cell	
   line	
   that	
   already	
   has	
   alterations	
   in	
   cell	
   cycle	
  

regulation.	
  Furthermore,	
  it	
  is	
  very	
  important	
  to	
  remember	
  that	
  EBV	
  has	
  multiple	
  effects	
  on	
  

apoptotic	
  pathways	
  (Allday	
  2009,	
  Spender	
  and	
  Inman	
  2011,	
  Allday	
  2013)	
  and	
  these	
  may	
  also	
  

alter	
  the	
  final	
  responses	
  of	
  B	
  cells	
  to	
  TGFβ.	
  It	
  is	
  likely	
  that	
  anti-­‐apoptotic	
  effects	
  of	
  other	
  EBV	
  

latent	
  proteins	
  can	
  protect	
  B	
  cells	
  from	
  TGFβ-­‐induced	
  apoptosis	
  even	
  when	
  individual	
  latent	
  

genes	
  are	
  deleted	
  such	
  that	
  TGFβ	
  signalling	
  is	
  restored.	
  	
  

	
  

In	
   agreement	
  with	
  previous	
   studies,	
   BL31-­‐WT	
  and	
   LCL-­‐WT	
   showed	
  no	
   apoptosis	
   or	
   arrest	
  

with	
  TGFβ	
  treatment.	
  Several	
  of	
  the	
  BL31	
  recombinant	
  cell	
  lines	
  did,	
  however,	
  undergo	
  G1	
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cell	
   cycle	
   arrest	
  with	
   TGFβ,	
   in	
   contrast	
   to	
   the	
   apoptosis	
   seen	
   in	
   uninfected	
   cells.	
   The	
   cell	
  

lines	
  that	
  underwent	
  G1	
  arrest	
  all	
  lacked	
  LMP2A	
  expression,	
  suggesting	
  that	
  LMP2A	
  may	
  be	
  

required	
   to	
   inhibit	
   the	
   anti-­‐proliferative	
   effects	
   of	
   TGFβ.	
   LMP2A	
   is	
   known	
   to	
   have	
   anti-­‐

apoptotic	
  effects,	
  but	
  little	
  is	
  known	
  of	
  its	
  effects	
  on	
  cell	
  cycle	
  progression.	
  	
  

	
  

As	
   described	
   above,	
   a	
   recent	
   study	
   in	
   murine	
   B	
   cells	
   and	
   human	
   DLBCL	
   cell	
   lines	
   had	
  

demonstrated	
   that	
   TGFβ	
   induced	
   p15INK4B	
   and	
   p21CIP1/WAF1,	
   as	
   well	
   as	
   reduction	
   in	
  

phosphorylation	
  of	
  Rb,	
  leading	
  to	
  arrest	
  (Jiang	
  and	
  Aguiar	
  2014).	
  Knockdown	
  of	
  SMAD5	
  by	
  

siRNA	
   or	
   via	
   overexpression	
   of	
  miR-­‐155,	
   which	
   the	
   same	
   group	
   had	
   previously	
   shown	
   to	
  

target	
   SMAD5	
   (Rai	
   et	
   al.	
   2010),	
   led	
   to	
   interruption	
   of	
   the	
   TGFβ-­‐induced	
   induction	
   of	
  

p15INK4B/	
  p21CIP1/WAF1	
   and	
   cell	
   cycle	
   arrest,	
   suggesting	
   that	
   SMAD5	
  was	
   required	
   for	
   TGFβ-­‐

induced	
   arrest.	
   However,	
   in	
   the	
   EBV-­‐negative	
   BL	
   line	
   CA46,	
   which	
   is	
   unable	
   to	
   undergo	
  

apoptosis	
  due	
  to	
  lack	
  of	
  BAX	
  expression,	
  Spender	
  and	
  Inman	
  had	
  shown	
  that	
  the	
  mechanism	
  

of	
  TGFβ-­‐induced	
  arrest	
  occurred	
   independently	
  of	
  p15INK4B/	
  p21CIP1/WAF1	
   induction,	
   instead	
  

occurring	
   via	
   repression	
   of	
   E2F1	
   (Spender	
   and	
   Inman	
   2009b).	
   In	
   another	
   study,	
   TGFβ	
   did	
  

induce	
  p21CIP1/WAF1	
  expression	
  in	
  the	
  EBV-­‐negative	
  BL	
  cell	
  line	
  Ramos	
  (Di	
  Bartolo	
  et	
  al.	
  2008).	
  	
  

In	
   the	
   current	
   study,	
   TGFβ	
   treatment	
   did	
   not	
   induce	
   p15INK4B	
   in	
   either	
   BL31	
   or	
   LCLs.	
   The	
  

differences	
  between	
  studies	
  may	
  reflect	
  different	
  arrest	
  mechanisms	
  between	
  BL	
  (as	
  used	
  in	
  

the	
  current	
  study	
  and	
  in	
  (Spender	
  and	
  Inman	
  2009b)	
  and	
  DLBCL	
  lines	
  or	
  murine	
  B	
  cells	
  (as	
  

used	
  in	
  Jiang	
  and	
  Aguiar	
  2014).	
  	
  

	
  

8.7	
  The	
  significance	
  of	
  BMP	
  signalling	
  in	
  B	
  cell	
  biology	
  and	
  B	
  cell	
  malignancies	
  

The	
  significance	
  of	
  the	
  increased	
  BMP	
  signalling	
  and	
  concomitant	
  cell	
  cycle	
  arrest	
  by	
  EBV	
  is	
  

not	
  known,	
  and	
  there	
   is	
   limited	
   information	
  available	
  about	
  the	
  expression	
  and	
  activity	
  of	
  

BMPs	
  within	
  the	
  peripheral	
   lymphoid	
  system.	
   Initially	
  BMPs	
  were	
  thought	
  to	
  be	
  produced	
  

only	
  in	
  bone,	
  by	
  osteoclasts,	
  but	
  it	
  has	
  since	
  been	
  shown	
  that	
  they	
  are	
  expressed	
  by	
  various	
  

other	
  cell	
  types,	
  including	
  within	
  the	
  bone	
  marrow	
  where	
  they	
  are	
  important	
  for	
  controlling	
  

haematopoiesis	
  (Bhatia	
  et	
  al.	
  1999,	
  Passa	
  et	
  al.	
  2011).	
  BMP7	
  is	
  expressed	
  in	
  normal	
  B	
  cells	
  

(Detmer	
  et	
  al.	
  1999),	
  and	
  tonsillar	
  centroblasts/centrocytes	
  also	
  showed	
  high	
  expression	
  of	
  

BMP7,	
  with	
  low	
  BMP6	
  expression	
  (Huse	
  et	
  al.	
  2012).	
  In	
  several	
  B	
  lymphoma	
  cell	
  lines	
  BMP2	
  

expression	
  was	
  undetectable,	
  whereas	
  BMP4	
  expression	
  varied	
  between	
  cell	
  lines	
  (Huse	
  et	
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al.	
   2012).	
   Naïve	
   and	
   memory	
   B	
   cells	
   express	
   ALK2,	
   ALK3	
   and	
   ALK6	
   (Kersten	
   et	
   al.	
   2005,	
  

Seckinger	
   et	
   al.	
   2009)	
   and	
   so	
  would	
   be	
   expected	
   to	
   respond	
   to	
   BMP2,	
   BMP4,	
   BMP6	
   and	
  

BMP7.	
  	
  

	
  

The	
  studies	
  described	
  above	
  have	
  investigated	
  BMP	
  expression	
  by	
  B	
  cells	
  themselves,	
  which	
  

would	
   be	
   important	
   for	
   autocrine/paracrine	
   signalling.	
   However,	
   it	
   is	
   also	
   possible	
   that	
  

secretion	
  of	
  BMPs	
  by	
  other	
  cell	
  types,	
  such	
  as	
  stromal	
  cells	
  and	
  other	
   immune	
  cells,	
  could	
  

occur	
   in	
   different	
   compartments	
   of	
   the	
   lymphoid	
   system.	
   Since	
   EBV	
   enhances	
   the	
   anti-­‐

proliferative	
  effects	
  of	
  BMP2,	
  BMP4	
  and	
  BMP6,	
  signalling	
  by	
   these	
   ligands	
   is	
  probably	
  not	
  

prominent	
  in	
  GCs	
  otherwise	
  this	
  would	
  inhibit	
  proliferation	
  of	
  EBV-­‐infected	
  cells.	
  However,	
  

it	
  is	
  possible	
  that	
  in	
  another	
  part	
  of	
  the	
  lymphoid	
  system,	
  it	
  may	
  be	
  advantageous	
  for	
  EBV	
  to	
  

enhance	
   the	
   anti-­‐proliferative	
   effects	
   of	
   these	
   BMPs.	
   BMP2,	
   BMP4	
   and	
   BMP6	
   inhibit	
  

differentiation	
   of	
   mature	
   B	
   cells	
   into	
   plasma	
   cells	
   (Huse	
   et	
   al.	
   2011),	
   so	
   perhaps	
   EBV	
  

enhances	
   this	
   inhibition,	
   thus	
  maintaining	
   latency	
  by	
  preventing	
  differentiation	
   to	
  plasma	
  

cells	
  which	
  would	
  result	
  in	
  lytic	
  infection.	
  Alternatively,	
  BMP2,	
  BMP6	
  and	
  BMP7	
  can	
  induce	
  

EBV	
  lytic	
  replication	
  in	
  latency	
  I	
  but	
  not	
  latency	
  III	
  infected	
  Mutu	
  (BL)	
  cells	
  in	
  vitro	
  (Yin	
  et	
  al.	
  

2010),	
  so	
  it	
  is	
  possible	
  that	
  BMPs	
  may	
  be	
  more	
  active	
  in	
  the	
  oropharynx	
  thus	
  enhancing	
  lytic	
  

replication	
  where	
  it	
  is	
  desired.	
  	
  

	
  

A	
   few	
  studies	
  have	
   investigated	
   the	
  expression	
  of	
  BMPs	
   in	
   tumour	
   samples	
   from	
  patients	
  

with	
   B	
   cell	
  malignancies.	
   BMP4	
   and	
   BMP6	
   are	
   secreted	
   by	
   the	
  malignant	
   plasma	
   cells	
   of	
  

myeloma	
   patients	
   (Grcevic	
   et	
   al.	
   2010),	
  with	
   another	
   study	
   showing	
   BMP6	
   expression	
   by	
  

both	
   normal	
   plasma	
   cells	
   and	
   myeloma	
   cell	
   lines	
   (Seckinger	
   et	
   al.	
   2009).	
   BMP6	
   inhibits	
  

proliferation	
   of	
   myeloma	
   cells,	
   and	
   high	
   BMP6	
   expression	
   was	
   associated	
   with	
   a	
   better	
  

prognosis	
   (Seckinger	
   et	
   al.	
   2009),	
   suggesting	
   that	
   autocrine/paracrine	
  BMP	
   signalling	
  may	
  

limit	
   proliferation	
   in	
   myeloma	
   cells.	
   However,	
   BMP2,	
   BMP4	
   and	
   BMP6	
   were	
   all	
   able	
   to	
  

partially	
   protect	
   myeloma	
   cells	
   from	
   apoptosis	
   induced	
   by	
   the	
   proteasome	
   inhibitor	
  

bortezomib,	
   which	
   is	
   used	
   as	
   part	
   of	
   the	
   treatment	
   for	
   myeloma	
   (Grcevic	
   et	
   al.	
   2010).	
  

Furthermore,	
   increased	
   BMP7	
   expression	
   has	
   been	
   found	
   at	
   relapse	
   in	
   mantle	
   cell	
  

lymphoma	
   (MCL),	
   suggesting	
   selective	
   survival	
   of	
   BMP7-­‐expressing	
   cells	
   after	
   initial	
  

chemotherapy.	
   The	
   increased	
   BMP7	
   expression	
   correlated	
   with	
   resistance	
   to	
   both	
  

bortezomib	
  and	
  cytarabine,	
  although	
  the	
  numbers	
  were	
  small	
  in	
  this	
  study	
  (Camara-­‐Clayette	
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et	
  al.	
  2013).	
  Thus	
   it	
   is	
  possible	
  that	
  BMPs	
  may	
   limit	
  proliferation,	
  but	
  also	
  by	
   inducing	
  cell	
  

cycle	
  arrest	
  may	
  render	
  cells	
  relatively	
  resistant	
  to	
  chemotherapy.	
  	
  

	
  

It	
  would	
  be	
  interesting	
  to	
  further	
  investigate	
  the	
  expression	
  of	
  BMPs	
  and	
  their	
  receptors	
  in	
  

different	
  lymphoid	
  tissues,	
  for	
  example	
  by	
  immunohistochemistry	
  of	
  human	
  tonsillar	
  tissue	
  

and	
   lymphoma	
   biopsy	
   samples.	
   In	
   addition,	
   ELISA	
   for	
   BMPs	
   could	
   be	
   performed	
   on	
  

peripheral	
  blood	
  of	
  healthy	
   volunteers,	
   compared	
  with	
  patients	
  with	
  active	
   lymphoma,	
   in	
  

order	
  to	
  investigate	
  the	
  relevance	
  of	
  BMP	
  signalling	
  in	
  B	
  cell	
  malignancies.	
  	
  

	
  

8.8	
  The	
  importance	
  of	
  suppressing	
  TGFβ	
  signalling	
  in	
  lymphoma	
  development	
  

For	
  a	
  tumour	
  to	
  develop,	
  it	
  needs	
  to	
  switch	
  off	
  TSGs	
  within	
  the	
  cell	
  itself,	
  but	
  also	
  needs	
  to	
  

alter	
   its	
   microenvironment	
   to	
   favour	
   tumour	
   growth,	
   for	
   instance	
   by	
   evading	
   immune	
  

responses.	
   EBV,	
   along	
   with	
   other	
   gamma-­‐herpesviruses	
   and	
   other	
   tumour	
   viruses,	
   has	
  

evolved	
  multiple	
  mechanisms	
  to	
  suppress	
  TSGs,	
  allowing	
  infected	
  cells	
  to	
  survive	
  in	
  order	
  to	
  

establish	
   latency.	
   In	
  addition	
  EBV	
  has	
  evolved	
  several	
  means	
  of	
  avoiding	
  host	
  cell	
   immune	
  

responses,	
   again	
   important	
   to	
   allow	
   survival	
   of	
   the	
   infected	
   cell.	
   By	
   switching	
   off	
   TGFβ	
  

signalling	
  EBV	
  is	
  achieving	
  both	
  of	
  these	
  aims,	
  as	
  this	
  allows	
  the	
  infected	
  cell	
  to	
  survive	
  the	
  	
  

GC	
  environment	
  in	
  order	
  to	
  get	
  into	
  the	
  memory	
  B	
  cell	
  pool	
  and	
  thereby	
  establish	
  latency,	
  

from	
  where	
  it	
  can	
  infect	
  other	
  hosts,	
  and	
  also	
  inhibits	
  T	
  cell	
   immune	
  responses.	
  Successful	
  

viruses	
  aim	
  to	
   transmit	
  virus	
  widely	
  between	
  hosts,	
   ideally	
  without	
   threatening	
   the	
   life	
  of	
  

the	
  host.	
  Herpesviruses,	
  including	
  EBV,	
  are	
  highly	
  successful	
  at	
  this,	
  as	
  demonstrated	
  by	
  the	
  

fact	
  that	
  most	
  people	
  are	
  latently	
  infected	
  with	
  EBV,	
  in	
  a	
  worldwide	
  distribution,	
  and	
  most	
  

are	
  asymptomatic	
  and	
  yet	
  continue	
  to	
  shed	
  virus	
  so	
  that	
  new	
  hosts	
  can	
  become	
  infected.	
  	
  

	
  

In	
   order	
   to	
   establish	
   latency,	
   however,	
   EBV	
   must	
   stimulate	
   B	
   cells	
   to	
   differentiate	
   into	
  

hyper-­‐proliferating	
  lymphoblasts,	
  within	
  the	
  GC,	
  requiring	
  expressing	
  of	
   its	
   latent	
  proteins,	
  

including	
   pro-­‐survival	
   LMP1	
   and	
   LMP2A,	
   in	
   order	
   to	
   survive	
   in	
   the	
   pro-­‐apoptotic	
   GC	
  

environment.	
   Expression	
   of	
   the	
   EBNA3	
   proteins	
   is	
   then	
   switched	
   off,	
   once	
   the	
   cell	
   is	
  

proliferating,	
  as	
  EBNA3A	
  and	
  EBNA3C	
  are	
  highly	
  oncogenic	
  and	
  immunogenic.	
  However,	
  the	
  

physiological	
  GC	
  environment	
  is	
  high-­‐risk	
  since	
  double	
  strand	
  breaks	
  (DSBs)	
  and	
  mutations	
  

are	
   induced	
  as	
  part	
   of	
   SHM;	
   it	
   is	
   no	
   coincidence	
   that	
   so	
  many	
  different	
   lymphomas	
   arise	
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from	
  cells	
  within	
  the	
  GC.	
  Under	
  normal	
  circumstances,	
  the	
  majority	
  of	
  cells	
  with	
  abnormal	
  

DNA	
   would	
   quickly	
   be	
   destroyed	
   by	
   pro-­‐apoptotic	
   mechanisms	
   within	
   the	
   GC.	
   However,	
  

expression	
   of	
   EBV	
   latent	
   proteins	
  might	
   enable	
   cells	
   to	
   tolerate	
   certain	
  mutations,	
  which	
  

would	
   otherwise	
   result	
   in	
   destruction	
   of	
   the	
   affected	
   cell.	
   Therefore	
   EBV	
   infection	
   can	
  

substitute	
  for	
  some	
  additional	
  mutations	
  which	
  occur	
  in	
  the	
  development	
  of	
  tumours,	
  thus	
  

increasing	
  the	
  likelihood	
  of	
  tumour	
  development,	
  even	
  though	
  this	
  is	
  not	
  the	
  ‘intention’	
  of	
  

the	
  virus.	
  	
  

	
  

TGFβ	
   signalling	
   is	
   an	
   important	
   component	
  of	
   apoptotic	
  mechanisms	
  within	
  GC	
  B	
   cells,	
   in	
  

the	
  process	
  of	
  ‘death	
  by	
  neglect’.	
  Therefore	
  switching	
  off	
  TGFβ	
  signalling	
  helps	
  the	
  infected	
  

cells	
   to	
   survive	
   the	
   GC	
   environment.	
   In	
   addition,	
   TGFβ	
   signalling	
   is	
   generally	
   immuno-­‐

suppressive,	
  by	
  suppressing	
  T	
  cell	
  responses.	
  Tumour	
  cells,	
  including	
  lymphoma	
  cells,	
  often	
  

continue	
  to	
  secrete	
  TGFβ,	
  which	
  can	
  inhibit	
  T	
  cells	
  thus	
  inhibiting	
  the	
  immune	
  response	
  to	
  

tumour.	
  Meanwhile	
  the	
  tumour	
  itself	
  has	
  become	
  resistant,	
  by	
  switching	
  off	
  TGFβ	
  signalling,	
  

so	
  is	
  able	
  to	
  proliferate	
  without	
  being	
  destroyed	
  by	
  this	
  arm	
  of	
  the	
  immune	
  system.	
  	
  

	
  

Herpesviruses	
  have	
  developed	
  multiple	
  mechanisms	
  for	
  targeting	
  TGFβ	
  signalling,	
  including	
  

via	
  epigenetic	
  regulation	
  and	
  miRNAs.	
  KSHV	
  LANA	
  epigenetically	
  silences	
  TGFβR2	
  in	
  PEL	
  cell	
  

lines	
  (Di	
  Bartolo	
  et	
  al.	
  2008)	
  and	
  the	
  virus	
  also	
  secretes	
  a	
  miRNA	
  which	
  targets	
  TGFβR2	
  (Lei	
  

et	
   al.	
   2012).	
   In	
   addition,	
   another	
   miRNA	
   produced	
   by	
   KSHV	
   targets	
   SMAD5	
   and	
   thus	
  

suppresses	
  the	
  non-­‐canonical	
  TGFβ	
  signalling	
  pathway	
  when	
  ectopically	
  expressed	
  in	
  Ramos	
  

(Liu	
  et	
  al.	
  2012).	
  	
  MiR-­‐155	
  is	
  induced	
  by	
  EBV,	
  and	
  KSHV	
  and	
  Marek’s	
  disease	
  virus	
  (MDV,	
  an	
  

oncogenic	
  herpesvirus	
  found	
  in	
  chickens),	
  encode	
  homologues	
  of	
  miR-­‐155	
  (Yin	
  et	
  al.	
  2010).	
  

miR-­‐155	
  is	
  a	
  known	
  oncogenic	
  miRNA	
  (oncomiR),	
  with	
  expression	
  leading	
  to	
  development	
  of	
  

high	
  grade	
   lymphoma	
   in	
  a	
   transgenic	
  mouse	
  model	
   (Costinean	
  et	
  al.	
   2006),	
   and	
  has	
  been	
  

shown	
   to	
   be	
   overexpressed	
   in	
   DLBCL	
   (Eis	
   et	
   al.	
   2005).	
   Thus	
   epigenetic	
   and/or	
   miRNA-­‐

induced	
   changes	
   to	
   TGFβ	
   signalling	
   are	
   commonly	
   used	
   by	
   oncogenic	
   herpesviruses	
   to	
  

enable	
   them	
   to	
   reach	
   latency	
   -­‐	
   but	
   in	
   doing	
   so,	
   these	
   changes	
   may	
   promote	
   tumour	
  

development.	
  	
  

	
  

Furthermore,	
  other	
  oncogenic	
  viruses	
  alter	
  TGFβ	
  signalling,	
   for	
  example	
  overexpression	
  of	
  

adenovirus	
   E1A	
   leads	
   to	
   down-­‐regulation	
   of	
   TGFβR2	
   (Tarakanova	
   and	
   Wold	
   2003)	
   and	
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inhibits	
   TGFβ-­‐mediated	
   induction	
   of	
   p15	
   and	
   p21	
   (Datto	
   et	
   al.	
   1997).	
   The	
   Tax	
   protein	
   of	
  

HTLV1	
  represses	
  TGFβ	
  signalling	
  by	
  interfering	
  with	
  recruitment	
  of	
  the	
  co-­‐activator	
  p300	
  to	
  

SMAD-­‐responsive	
  elements	
  (Mori	
  et	
  al.	
  2001)	
  and	
  a	
  viral	
  protein	
  of	
  hepatitis	
  C	
   inhibits	
  the	
  

DNA-­‐binding	
   ability	
   of	
   SMAD3	
   interfering	
  with	
   SMAD3-­‐mediated	
   transcriptional	
   activation	
  

(Cheng	
  et	
  al.	
  2004).	
  	
  

	
  

8.9	
  Clinical	
  implications	
  of	
  the	
  findings	
  in	
  this	
  project	
  

Transfection	
   of	
   the	
   EBV-­‐negative	
   BL	
   cell	
   line	
   Ramos	
   with	
   dominant-­‐negative	
   TGFβR2,	
  

leading	
  to	
  suppression	
  of	
  SMAD2	
  phosphorylation,	
  resulted	
  in	
  increased	
  tumour	
  growth	
  and	
  

decreased	
   apoptosis	
   in	
   vivo,	
   demonstrating	
   the	
   importance	
   of	
   inhibition	
   of	
   TGFβ-­‐induced	
  

apoptosis	
   in	
  promoting	
   tumour	
  development	
   (Kawabata	
  et	
  al.	
  2013).	
  Therefore,	
   inhibition	
  

of	
  TGFβ	
  signalling,	
  which	
   is	
   tumour	
  suppressive,	
   is	
  a	
  mechanism	
  for	
  promoting	
   lymphoma	
  

development.	
   It	
   could	
   be	
   hypothesised	
   that	
   suppression	
   of	
   TGFβ	
   signalling	
  might	
   also	
   be	
  

also	
  found	
  in	
  non-­‐EBV-­‐associated	
  B	
  cell	
  lymphomas.	
  

	
  

In	
  a	
  gene	
  expression	
  profiling	
  study	
  of	
  DLBCL,	
  TGFβR2	
  expression	
  was	
  higher	
  in	
  the	
  activated	
  

B	
  cell-­‐like,	
  which	
  have	
  a	
  worse	
  prognosis,	
   than	
   the	
  GC-­‐like	
   subtype	
   (Alizadeh	
  et	
  al.	
  2000).	
  

Tumours	
   may	
   use	
   several	
   alternative	
   mechanisms	
   to	
   evade	
   apoptosis,	
   for	
   example	
  

suppressing	
   TGFβ	
   signalling	
   in	
   one	
   particular	
   tumour,	
   or	
   mutating	
   p53	
   in	
   another.	
   The	
  

mechanism	
   of	
   disruption	
   of	
   apoptosis	
   may	
   alter	
   the	
   tumour’s	
   responsiveness	
   to	
  

chemotherapy.	
  For	
  many	
  chemotherapy	
  agents,	
  the	
  exact	
  mechanism	
  by	
  which	
  they	
  induce	
  

apoptosis	
  are	
  not	
  entirely	
  understood.	
  

	
  

The	
   treatment	
   of	
   lymphomas,	
   and	
   other	
  malignancies,	
   is	
  moving	
  more	
   towards	
   targeted	
  

therapies,	
   amidst	
   recognition	
   that	
   even	
   within	
   a	
   particular	
   type	
   of	
   tumour	
   there	
   are	
  

differences	
   in	
   the	
  acquired	
  abnormalities	
  between	
   individual	
   tumours,	
   and	
  even	
  between	
  

different	
   sub-­‐clones	
   within	
   the	
   same	
   tumour.	
   Treatment	
   of	
   lymphomas	
   was	
   previously	
  

based	
  on	
  chemotherapy,	
  which	
  has	
  non-­‐specific	
  cytotoxic	
  effects;	
  however,	
  the	
  introduction	
  

of	
   the	
   anti-­‐CD20	
   monoclonal	
   antibody	
   Rituximab	
   revolutionised	
   treatment	
   of	
   B	
   cell	
  

lymphomas,	
  which	
  commonly	
  express	
  CD20.	
  Several	
  drugs	
  now	
  in	
  development	
  or	
  in	
  early	
  

clinical	
   trials	
   inhibit	
   specific	
   signalling	
  pathways	
  within	
  B	
   cells,	
   such	
  as	
  PI3K	
   inhibitors	
  and	
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BCR	
  antagonists.	
  The	
  suppression	
  of	
  TGFβ	
  signalling	
  by	
  EBV	
  suggests	
  that	
  another	
  means	
  of	
  

targeting	
  EBV-­‐positive	
  tumours	
  could	
   involve	
  activation	
  of	
  TGFβR2	
  and	
  thus	
  restoration	
  of	
  

TGFβ	
  signalling.	
  Several	
  compounds	
  targeting	
  TGFβ	
  signalling	
  are	
  currently	
  in	
  development,	
  

but	
  unfortunately	
  all	
  are	
  aimed	
  at	
  inhibiting	
  TGFβ	
  signalling,	
  due	
  to	
  the	
  tumour-­‐promoting	
  

effects	
   of	
   TGFβ	
   in	
   several	
   carcinomas	
   (Smith	
   et	
   al.	
   2012).	
   Nevertheless,	
   if	
   suppression	
   of	
  

TGFβ	
  signalling	
  were	
  found	
  to	
  be	
  a	
  mechanism	
  used	
  by	
  many	
  B	
  cell	
  malignancies,	
  it	
  should	
  

theoretically	
   be	
   possible	
   to	
   develop	
   a	
   pharmaceutical	
   means	
   of	
   restoring	
   signalling.	
   The	
  

importance	
   of	
   TGFβ	
   signalling	
   disruption	
   in	
   development	
   of	
   lymphomas	
   has	
   not	
   been	
  

systematically	
   investigated,	
   thus	
   it	
  would	
  be	
   interesting	
   to	
   investigate	
   tumour	
  biopsies	
   of	
  

EBV-­‐positive	
  and	
  negative	
  lymphomas	
  to	
  see	
  whether	
  this	
  occurs.	
  	
  

	
  

Since	
   this	
   study	
  has	
   shown	
   that	
   EBV	
   induces	
   epigenetic	
   repression	
  of	
   TGFβR2,	
   associated	
  

with	
   decreased	
   H3K9Ac	
   and	
   increased	
   H3K27Me3,	
   this	
   suggest	
   that	
   drugs	
   targeting	
  

epigenetic	
   modifications	
   may	
   be	
   beneficial	
   in	
   EBV-­‐associated	
   lymphomas.	
   Such	
   drugs	
  

include	
  HDAC	
  inhibitors,	
  DNMT	
  inhibitors	
  and	
  histone	
  methyltransferase	
  inhibitors.	
  Several	
  

such	
   drugs	
   have	
   been	
   investigated	
   in	
   early	
   clinical	
   trials	
   in	
   lymphomas	
   and	
   other	
   B	
   cell	
  

malignancies	
   [reviewed	
   in	
   (Hassler	
   et	
   al.	
   2013)].	
   These	
   drugs	
   would	
   have	
   the	
   additional	
  

benefit	
  of	
  stimulating	
  lytic	
  viral	
  infection	
  and	
  so	
  could	
  be	
  combined	
  with	
  anti-­‐viral	
  therapy.	
  

DNMT	
   inhibitors,	
   such	
   as	
   azacytidine,	
   are	
   already	
   in	
   clinical	
   use	
   for	
   the	
   treatment	
   of	
  

myelodysplastic	
  syndrome	
  (Fenaux	
  et	
  al.	
  2009)	
  and	
  the	
  HDAC	
  inhibitor	
  vorinostat	
  is	
  licensed	
  

in	
  the	
  USA	
  for	
  treatment	
  of	
  cutaneous	
  T-­‐cell	
  lymphoma	
  (Hassler	
  et	
  al.	
  2013).	
  

	
  	
  

8.10	
  Directions	
  for	
  future	
  work	
  	
  	
  

This	
  study	
  has	
  raised	
  several	
  questions	
  for	
  further	
  investigation:	
  

1. What	
  are	
  the	
  consequences	
  of	
  the	
  up-­‐regulation	
  of	
  TGFβR3?	
  In	
  particular,	
  does	
  this	
  

alter	
  cellular	
  responses	
  to	
  TGFβ2,	
  activins	
  and/or	
  inhibins?	
  

2. How	
   and	
   to	
  what	
   extent	
   do	
   the	
   EBNA3	
   proteins	
   and	
   LMPs	
   together	
   cooperate	
   in	
  

regulating	
  gene	
  expression?	
  Do	
  LMP1	
  and	
  LMP2A	
  cooperate	
  via	
  modulation	
  of	
  other	
  

cellular	
  signalling	
  cascades	
  such	
  as	
  NFκB	
  or	
  PI3K/Akt?	
  	
  	
  

3. Are	
  LMP1	
  and	
  LMP2A	
  also	
   required	
   for	
  TGFβR2	
   repression	
  and/or	
  TGFβR3/SMAD1	
  

up-­‐regulation	
  in	
  LCLs?	
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4. What	
   are	
   the	
   consequences	
   of	
   EBV	
   up-­‐regulating	
   SMAD1	
   and	
   down-­‐regulating	
  

SMAD5	
  –	
  does	
   this	
   alter	
   responses	
   to	
  BMPs	
  and/or	
  non-­‐canonical	
   TGFβ	
   signalling,	
  

particularly	
  in	
  terms	
  of	
  cell	
  cycle	
  arrest?	
  Does	
  this	
  alter	
  the	
  BMP	
  target	
  gene	
  profile?	
  	
  

5. What	
  are	
  the	
  mechanisms	
  of	
  TGFβ-­‐induced	
  arrest	
  and	
  apoptosis	
  in	
  B	
  cells	
  -­‐	
  are	
  these	
  

mediated	
  via	
  SMAD3,	
  or	
  by	
  non-­‐SMAD	
  pathways?	
  

6. Do	
   biopsy	
   samples	
   of	
   lymphoma	
   (especially	
   EBV-­‐positive,	
   but	
   also	
   EBV-­‐negative)	
  

show	
  DNA	
  methylation	
  of	
  TGFβR2?	
  Are	
  TGFβR3	
  and	
  SMAD1	
  expression	
  increased	
  in	
  

EBV-­‐positive	
   tumours?	
   Does	
   TGFβR2	
   repression	
   replace	
   deregulation	
   of	
   other	
  

tumour	
   suppressor	
   pathways,	
   e.g.	
   p53	
   mutations,	
   and	
   if	
   so	
   is	
   this	
   of	
   prognostic	
  

relevance?	
  	
  	
  

7. Does	
   EBV,	
   via	
   EBNA3C,	
   repress	
   p15	
   in	
   a	
   similar	
   way	
   to	
   p16,	
   and	
   what	
   are	
   the	
  

consequences	
  of	
  this?	
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8.11	
  Summary	
  of	
  the	
  main	
  findings	
  of	
  this	
  study	
  

	
  
Figure	
  8.1:	
  The	
  effects	
  of	
  latent	
  EBV	
  infection	
  on	
  TGFβ	
  and	
  BMP	
  signalling	
  

The	
  effects	
  of	
  latent	
  EBV	
  infection	
  on	
  TGFβ	
  signalling	
  (left	
  side	
  of	
  figure)	
  and	
  on	
  BMP	
  signalling	
  (right	
  side),	
  as	
  

demonstrated	
  in	
  this	
  study,	
  are	
  shown.	
  The	
  effects	
  of	
  EBV	
  on	
  TGFβ	
  signalling	
  are	
  generally	
  inhibitory,	
  shown	
  in	
  

red,	
  whereas	
   the	
  effects	
  of	
   EBV	
  on	
  BMP	
   signalling	
   components	
   are	
   generally	
   enhancing	
   (black	
   arrows).	
   The	
  

latent	
  proteins	
  EBNA3B,	
  EBNA3C,	
  LMP1	
  and	
  LMP2A	
  cooperate	
  to	
  repress	
  transcription	
  of	
  TGFβR2,	
   leading	
  to	
  

suppression	
   of	
   TGFβ-­‐induced	
   phosphorylation	
   of	
   SMAD2	
   (pSMAD2)	
   and	
   hence	
   inhibition	
   of	
   TGFβ-­‐mediated	
  

induction	
   of	
   target	
   genes	
   ID1	
   and	
   ID2.	
   However,	
   even	
   though	
   knockout	
   of	
   EBNA3B,	
   EBNA3C,	
   LMP1	
   and/or	
  

LMP2A	
   leads	
   to	
   restoration	
  of	
  TGFβR2	
  expression	
  and	
  TGFβ-­‐induced	
  pSMAD2,	
   this	
  does	
  not	
   result	
   in	
  TGFβ-­‐

induced	
  apoptosis.	
  This	
  is	
  likely	
  to	
  be	
  because	
  EBV	
  has	
  multiple	
  mechanisms	
  to	
  protect	
  the	
  cell	
  from	
  apoptosis.	
  

Knockout	
  of	
  LMP2A,	
  but	
  not	
  the	
  other	
  latent	
  genes,	
  results	
  in	
  TGFβ-­‐induced	
  cell	
  cycle	
  arrest,	
  suggesting	
  that	
  

LMP2A	
   protects	
   against	
   this.	
   EBNA3B,	
   EBNA3C,	
   LMP1	
   and	
   LMP2A	
   also	
   cooperate	
   in	
   transcriptional	
   up-­‐

regulation	
  of	
  TGFβR3,	
  possibly	
  via	
  relief	
  of	
  TGFβ1-­‐mediated	
  transcriptional	
  repression	
  of	
  TGFβR3.	
  	
  

The	
   effects	
   of	
   EBV	
   on	
   BMP	
   signalling	
   are	
   generally	
   opposite	
   to	
   those	
   for	
   BMP	
   signalling,	
   as	
   seen	
   in	
   other	
  

cellular	
  systems.	
  EBV	
  infection	
  enhances	
  phosphorylation	
  of	
  SMAD1/5/8	
  by	
  BMP2,	
  BMP4	
  and	
  BMP6,	
  leading	
  to	
  

enhancement	
  of	
  BMP-­‐induced	
  cell	
  cycle	
  arrest	
  and	
  enhanced	
  induction	
  of	
  ID1	
  expression.	
  This	
  enhancement	
  

of	
   BMP	
   signalling	
   by	
   EBV	
  may	
   be	
   due	
   to	
   up-­‐regulation	
   of	
   BMPRIA,	
   but	
   is	
   not	
   due	
   to	
   the	
   up-­‐regulation	
   of	
  

TGFβR3.	
  EBV	
   infection	
  also	
   leads	
  to	
  up-­‐regulation	
  of	
  SMAD1	
  but	
  down-­‐regulation	
  of	
  SMAD5	
  expression.	
  The	
  

effects	
  of	
  EBV	
  on	
  TGFβ	
  signalling	
  via	
  SMAD3	
  were	
  not	
   investigated	
  in	
  this	
  study,	
  and	
  SMAD8	
  is	
  probably	
  not	
  

important/expressed	
  in	
  B	
  cells.	
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8.12	
  Final	
  conclusions	
  

In	
   summary,	
   this	
   thesis	
   has	
   shown	
   that	
   EBV	
   represses	
   TGFβ	
   signalling	
   via	
   polycomb-­‐

mediated	
   repression	
   of	
   TGFβR2,	
   and	
   has	
   indicated	
  which	
   latent	
   proteins	
   are	
   responsible.	
  

This	
  repression	
  involves	
  cooperation	
  between	
  two	
  EBNA3	
  proteins	
  (EBNA3B	
  and	
  EBNA3C)	
  as	
  

well	
   as	
   two	
   latent	
  membrane	
  proteins,	
   LMP1	
  and	
   LMP2A,	
   suggesting	
   there	
  may	
  be	
  more	
  

cooperation	
   between	
   these	
   different	
   types	
   of	
   latent	
   protein	
   than	
   has	
   previously	
   been	
  

shown.	
   The	
   suppression	
   of	
   TGFβ	
   signalling	
   is	
   presumably	
   a	
   mechanism	
   used	
   by	
   EBV	
   to	
  

promote	
  survival	
  of	
  infected	
  B	
  cells	
  in	
  order	
  to	
  establish	
  latency	
  and	
  long-­‐term	
  persistence;	
  

however,	
  in	
  doing	
  this	
  EBV	
  also	
  increases	
  the	
  risk	
  of	
  lymphoma	
  development.	
  	
  	
  

	
  

Furthermore,	
   this	
   thesis	
   has	
   demonstrated	
   that	
   EBV	
   up-­‐regulates	
   expression	
   of	
   the	
   co-­‐

receptor	
   TGFβR3,	
   although	
   the	
   significance	
   of	
   this	
   is	
   not	
   yet	
   known.	
   EBV	
   also	
   increases	
  

signalling	
   in	
   response	
   to	
   BMP2,	
   BMP4	
   and	
   BMP6,	
   although	
   not	
   by	
   the	
   up-­‐regulation	
   of	
  

TGFβR3.	
  It	
  also	
  up-­‐regulates	
  SMAD1	
  expression,	
  although	
  it	
   is	
  not	
  yet	
  clear	
  how	
  this	
  alters	
  

BMP	
  signalling	
  responses	
  or	
  non-­‐canonical	
  TGFβ	
  signalling.	
  

	
  

The	
   repression	
   of	
   TGFβR2	
   and	
   suppression	
   of	
   TGFβ	
   signalling,	
   as	
  well	
   as	
   up-­‐regulation	
   of	
  

TGFβR3	
  and	
  SMAD1,	
  has	
  been	
  demonstrated	
   in	
  an	
  EBV-­‐negative	
  BL	
  cell	
   line	
   infected	
  with	
  

BAC-­‐derived	
   recombinant	
   viruses,	
   after	
   infection	
   of	
   purified	
   primary	
   B	
   cells	
   and	
   in	
  

established	
   LCLs.	
   The	
   findings	
   on	
   BMP	
   responses	
   in	
   B	
   cells	
   suggest	
   that	
   BMP	
   signalling	
   is	
  

likely	
   to	
   be	
   important	
   in	
   B	
   cell	
   biology,	
   a	
   field	
   that	
   has	
   been	
   hitherto	
   overlooked,	
   but	
   is	
  

gradually	
  attracting	
  attention.	
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