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Summary	
  
	
  

Type	
   I	
   and	
   type	
   III	
   interferons	
   (IFNs)	
   act	
   as	
   the	
   first	
   line	
   of	
   defense	
   against	
   invading	
  

pathogens	
  by	
  inducing	
  a	
  fast	
  and	
  strong	
  host	
  response	
  characterized	
  by	
  the	
  expression	
  

of	
   hundreds	
   of	
   interferon	
   stimulated	
   genes	
   (ISGs).	
   However,	
   the	
   magnitude	
   and	
  

duration	
   of	
   cellular	
   responses	
   to	
   viral	
   and	
   bacterial	
   infections	
   needs	
   to	
   be	
   controlled	
  

properly	
   to	
   maintain	
   tissue	
   homeostasis.	
   Ubiquitin	
   specific	
   peptidase	
   18	
   (USP18),	
  

suppressor	
   of	
   cytokine	
   signaling	
  1	
   (SOCS1)	
   and	
   SOCS3	
   are	
   the	
   three	
   known	
   inducible	
  

negative	
  regulators	
  of	
  the	
  IFN-­‐α	
  induced	
  signaling	
  cascade.	
  However,	
  the	
  role	
  of	
  USP18	
  

on	
  IFN-­‐λ	
  signaling	
  is	
  a	
  matter	
  of	
  controversy.	
  Furthermore,	
  the	
  physiological	
  relevance	
  

of	
  the	
  relative	
  contribution	
  of	
  SOCS1	
  and	
  SOCS3	
  on	
  in	
  vitro	
  IFN-­‐λ	
  signaling	
  needs	
  to	
  be	
  

validated	
  in	
  vivo.	
  Thus,	
  we	
  aimed	
  to	
  investigate	
  the	
  role	
  of	
  USP18,	
  SOCS1	
  and	
  SOCS3	
  on	
  

the	
  IFN-­‐λ induced	
  signaling	
  cascade	
  both	
  in	
  vitro	
  and	
  in	
  vivo.	
  	
  

Based	
  on	
  experiments	
  with	
  USP18,	
  SOCS1	
  and	
  SOCS3	
  knockout	
  cells,	
  we	
  demonstrated	
  

that	
   USP18	
   is	
   the	
   major	
   negative	
   regulator	
   of	
   IFN-­‐α	
   induced	
   JAK-­‐STAT	
   signaling	
  

whereas	
  IFN-­‐λ	
  is	
  negatively	
  regulated	
  by	
  SOCS1.	
  Furthermore,	
  using	
  USP18	
  and	
  SOCS1	
  

knockout	
   mice,	
   we	
   confirmed	
   USP18	
   and	
   SOCS1	
   as	
   physiological	
   relevant	
   negative	
  

regulators	
  of	
  IFN-­‐α	
  and	
  IFN-­‐λ,	
  respectively.	
  Importantly,	
  we	
  demonstrated	
  that	
  negative	
  

regulation	
   of	
   IFN-­‐α	
   was	
   strong	
   and	
   immediate	
   while	
   that	
   for	
   IFN-­‐λ	
   was	
  more	
   subtle	
  

both	
   in	
   kinetics	
   as	
   well	
   as	
   magnitude.	
   Taken	
   together,	
   our	
   results	
   suggest	
   that	
   the	
  

differences	
   in	
   negative	
   regulations	
   are	
   the	
   basis	
   for	
   the	
   distinct	
   kinetic	
   properties	
   of	
  

IFN-­‐α	
  and	
  IFN-­‐λ	
  signaling	
  reflecting	
  their	
  specific	
  functions.	
  IFN-­‐α	
  signaling	
  provides	
  a	
  

powerful	
   and	
   immediate	
   defense	
   system	
   against	
   systemic	
   infections	
   but	
   has	
   to	
   be	
  

controlled	
  tightly	
  to	
  maintain	
  tissue	
  homeostasis.	
  Therefore	
  a	
  strong	
  negative	
  regulator	
  

like	
   USP18	
   that	
   completely	
   shuts	
   down	
   the	
   system	
   is	
   needed.	
   By	
   contrast,	
   IFN-­‐λ	
  

provides	
   a	
   continuous	
   first	
   line	
  defense	
   in	
  mucosal	
   epithelial	
   cells	
   that	
   are	
   constantly	
  

exposed	
   to	
   pathogens.	
   Thus,	
   SOCS1	
   facilitates	
   a	
   maintained	
   but	
   controlled	
   IFN-­‐λ	
  

signaling	
  that	
  allows	
  fighting	
  invading	
  pathogens	
  without	
  loosing	
  tissue	
  homeostasis.	
  	
  

	
  

Hepatocellular	
   carcinoma	
   (HCC)	
   is	
   the	
   second	
  deadliest	
   cancer	
  worldwide	
  with	
  yearly	
  

increasing	
  incidence	
  and	
  unsatisfying	
  treatment	
  options.	
  Thus,	
  there	
  is	
  a	
  clear	
  need	
  for	
  

new	
   and	
   more	
   efficient	
   drugs	
   for	
   the	
   treatment	
   of	
   HCC.	
   A	
   major	
   obstacle	
   for	
   the	
  



	
  

	
  

understanding	
  of	
   the	
  pathogenesis	
  of	
  HCC	
   is	
   the	
   lack	
  of	
  an	
  efficient	
   in	
  vivo	
  model	
   that	
  

accurately	
  reflects	
  the	
  broad	
  spectrum	
  of	
  human	
  HCC.	
  Patient-­‐derived	
  xenograft	
  (PDX)	
  

models	
   gained	
   a	
   lot	
   of	
   interest	
   in	
   pre-­‐clinical	
   studies	
   of	
   anti-­‐cancer	
   drugs.	
   Indeed,	
  

several	
   HCC	
   PDX	
   models	
   have	
   been	
   established	
   in	
   recent	
   years.	
   However,	
   all	
   these	
  

models	
   are	
   derived	
   from	
   resected	
  HCC	
   specimen	
   and	
   therefore	
   limited	
   to	
   early	
   stage	
  

disease.	
   Patients	
   with	
   advanced	
   stage	
   HCC	
   are	
   not	
   represented,	
   although	
   they	
  would	
  

benefit	
  most	
   from	
  new	
   treatment	
   options.	
   Therefore,	
  we	
   aimed	
   to	
   generate	
  HCC	
   PDX	
  

models	
   from	
   fresh	
   human	
   HCC	
   biopsies	
   that	
   cover	
   all	
   disease	
   stages,	
   with	
   special	
  

interest	
  in	
  advanced	
  stage	
  HCC.	
  

We	
  successfully	
  established	
  and	
  passaged	
  eleven	
  HCC	
  PDX	
  mouse	
  models	
  from	
  patients	
  

presenting	
   with	
   all	
   major	
   underlying	
   liver	
   diseases.	
   The	
   biopsies	
   that	
   successfully	
  

engrafted	
  were	
  representative	
  of	
  the	
  spectrum	
  of	
  poorly	
  differentiated	
  HCCs,	
  including	
  

both	
   early	
   and	
   late-­‐stage	
   disease.	
   Importantly,	
   the	
   PDX	
   models	
   recapitulated	
   tumor	
  

morphology,	
   differentiation	
   grade	
   and	
   the	
   expression	
  pattern	
  of	
   known	
  HCC	
  markers.	
  

Finally,	
   RNA	
   sequencing	
   analyses	
   demonstrated	
   that	
   our	
   PDX	
  models	
  maintained	
   the	
  

transcriptomic	
  profiles	
  and	
  expression	
  of	
  somatic	
  mutations	
  of	
  their	
  originating	
  tumors	
  

over	
  at	
  least	
  four	
  generations.	
  Taken	
  together,	
  these	
  novel	
  HCC	
  PDX	
  models	
  do	
  not	
  only	
  

allow	
  investigation	
  of	
  the	
  biology	
  of	
  all	
  stages	
  of	
  HCC	
  but	
  also	
  the	
  study	
  of	
  drug-­‐induced	
  

resistance	
  mechanisms	
  and	
  the	
  development	
  of	
  new	
  HCC	
  therapies.	
  	
  

	
   	
  



	
  

Abbreviations	
  
	
  

Aa	
   Amino	
  acids	
  

AFP	
   Alpha-­‐fetoprotein	
  

BCLC	
   Barcelona	
  Clinic	
  Liver	
  Cancer	
  

CIS	
   Cytokine-­‐inducible	
  SH2-­‐containing	
  

protein	
  

CT	
   Computed	
  tomography	
  

DAA	
   Direct-­‐acting	
  antivirals	
  

DEN	
   Diethylnitrosamine	
  

ESS	
   Extended	
  SH2-­‐subdomain	
  

GAF	
   Gamma	
  activated	
  factor	
  

GAS	
   Gamma	
  activated	
  sequence	
  

GEM	
   Genetically	
  engineered	
  mouse	
  

GPC3	
   Glypican-­‐3	
  

GS	
   Glutamine	
  Synthetase	
  

H&E	
   Hematoxylin	
  &	
  Eosin	
  

HBV	
   Hepatitis	
  B	
  virus	
  

HBx	
   Hepatitis	
  B	
  protein	
  X	
  

HCC	
   Hepatocellular	
  carcinoma	
  

HCV	
   Hepatitis	
  C	
  virus	
  

HSP70	
   Heat	
  Shock	
  protein	
  70	
  

IFN	
   Interferon	
  

IFNAR	
   Interferon-­‐α	
  receptor	
  

IFNGR	
   Interferon-­‐γ	
  receptor	
  

IFNLR	
   Interferon-­‐λ	
  receptor	
  

IHC	
   Immunohistochemistry	
  

IRF9	
   Interferon	
  regulatory	
  factor	
  9	
  

ISG	
   Interferon	
  stimulated	
  gene	
  

ISGF3	
   Interferon-­‐stimulated	
  gene	
  factor	
  3	
  

ISRE	
   Interferon-­‐stimulated	
  response	
  

element	
  

JAK	
   Janus	
  kinase	
  

KIR	
   Kinase	
  inhibitory	
  region	
  

LPS	
   Lipopolysaccharide	
  

MRI	
   Magnetic	
  resonance	
  imaging	
  

NAFLD	
   Non-­‐alcoholic	
  fatty	
  liver	
  disease	
  

NASH	
   Non-­‐alcoholic	
  steatohepatitis	
  

pDCs	
   Plasmacytoid	
  dentritic	
  cells	
  

PDX	
   Patient-­‐derived	
  xenograft	
  

pegIFN	
   Pegylated	
  interferon	
  

PIAS	
   Protein	
  inhibitor	
  of	
  activated	
  STAT	
  

PTP	
   Protein	
  tyrosine	
  phosphatase	
  

PTP1B	
   Protein	
  tyrosine	
  phosphatase	
  1B	
  

RBV	
   Ribavirin	
  

S.c.	
   Subcutaneous	
  

SH2	
   Src-­‐homology	
  2	
  

SOCS	
   Suppressor	
  of	
  cytokine	
  signaling	
  

STAT	
   Signal	
  transducers	
  and	
  activators	
  of	
  

transcription	
  

SVR	
   Sustained	
  virological	
  response	
  

TACE	
   Transcatheter	
  arterial	
  

chemoembolization	
  

TC-­‐PTP	
   T	
  cell	
  protein	
  tyrosine	
  phosphatase	
  

TERT	
   Telomerase	
  reverse-­‐transcriptase	
  

TVR	
   Telaprevir	
  

TYK2	
   Tyrosine	
  kinase	
  2	
  

UBP	
   Ubiquitin-­‐specific	
  protease	
  

USP18	
   Ubiquitin-­‐specific	
  peptidase	
  18	
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   1	
  

1.1.1	
  	
   Type	
  I	
  interferons	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  1	
  

1.1.2	
   Type	
  II	
  interferon	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
   2	
  

1.1.3	
   Type	
  III	
  interferons	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
  	
  	
  .	
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1	
  The	
  Interferon	
  System	
  

1.1	
  Interferons	
  

Interferons	
   (IFNs)	
   are	
   cytokines,	
   which	
   are	
   crucial	
   for	
   the	
   induction	
   of	
   an	
   efficient	
  

immune	
   response	
   against	
   foreign	
  material.	
   Already	
   early	
   chordates	
   500	
  million	
   years	
  

ago	
   have	
   developed	
   IFNs	
   as	
   early	
   elements	
   of	
   their	
   innate	
   and	
   adaptive	
   immune	
  

system1.	
   In	
  1957,	
   IFNs	
  were	
   first	
  described	
  by	
   Isaacs	
  and	
  Lindenmann	
  as	
  a	
   substance	
  

that	
  protects	
  cells	
  from	
  viral	
  infection2.	
  IFNs	
  belong	
  to	
  the	
  Class	
  II	
  cytokines	
  known	
  to	
  be	
  

involved	
  in	
  minimizing	
  the	
  damage	
  induced	
  by	
  external	
  noninfectious	
  agents,	
  viruses	
  or	
  

other	
   microorganisms1.	
   They	
   have	
   a	
   broad	
   range	
   of	
   biological	
   activities,	
   including	
  

inhibition	
   of	
   cell	
   proliferation,	
   immunomodulatory	
   effects	
   and	
   induction	
   of	
   antiviral	
  

responses3,4.	
  10	
  mammalian	
  IFN	
  species	
  (IFN-­‐α,	
  IFN-­‐β,	
  IFN-­‐ε,	
  IFN-­‐κ,	
  IFN-­‐ω,	
  IFN-­‐δ,	
  IFN-­‐τ,	
  

IFN-­‐ζ/limitin,	
   IFN-­‐γ	
  and	
   IFN-­‐λ)	
  have	
  been	
  discovered	
   from	
  which	
  seven	
  (IFN-­‐α,	
   IFN-­‐β,	
  

IFN-­‐ε,	
   IFN-­‐κ,	
   IFN-­‐ω,	
   IFN-­‐γ	
  and	
  IFN-­‐λ)	
  are	
  found	
  in	
  humans5,6.	
  Based	
  on	
  their	
  structural	
  

features,	
   receptor	
   usage	
   and	
   biological	
   activities,	
   they	
   are	
   divided	
   into	
   three	
   groups:	
  

type	
   I,	
   type	
   II	
   and	
   type	
   III	
   IFNs6-­‐8.	
  The	
  different	
   IFN	
  classes	
  will	
  be	
  described	
   in	
  more	
  

detail	
  in	
  the	
  following	
  chapters.	
  

	
  

1.1.1	
  Type	
  I	
  interferons	
  

In	
  humans,	
  the	
  group	
  of	
  type	
  I	
  IFNs	
  comprises	
  12	
  functional	
  IFN-­‐α	
  species	
  and	
  a	
  single	
  

member	
   each	
   of	
   IFN-­‐β,	
   IFN-­‐ε,	
   IFN-­‐κ	
   and	
   IFN-­‐ω5.	
   All	
   genes	
   encoding	
   type	
   I	
   IFNs	
   are	
  

clustered	
   on	
   chromosome	
   9	
   and	
   are	
   devoid	
   of	
   introns4,9.	
   While	
   type	
   I	
   IFNs	
   can	
   be	
  

produced	
  by	
  all	
  nucleated	
  cells	
  in	
  response	
  to	
  invading	
  pathogens10,11,	
  macrophages	
  and	
  

plasmacytoid	
   dendritic	
   cells	
   (pDCs)	
   additionally	
   produce	
   type	
   I	
   IFNs	
   in	
   response	
   to	
   a	
  

variety	
   of	
   foreign	
  material	
   that	
   they	
   sample	
   from	
   the	
   outside,	
   without	
   being	
   infected	
  

themselves.	
   Indeed,	
   pDCs	
   are	
   considered	
   as	
   professional	
   type	
   I	
   IFN	
   producers12-­‐14.	
  

Within	
  the	
  first	
  24	
  hours	
  upon	
  viral	
  infection,	
  pDCs	
  produce	
  100-­‐1000	
  times	
  more	
  type	
  I	
  

IFN	
  compared	
  to	
  other	
  blood	
  cell	
  types11,12.	
  	
  

Type	
   I	
   IFNs	
  signal	
   through	
  a	
  single	
  cell	
   surface	
  receptor	
   that	
   is	
   found	
  on	
  all	
  nucleated	
  

cells10.	
  The	
  IFN-­‐α/β	
  receptor	
  (IFNAR)	
  is	
  composed	
  of	
  the	
  IFNAR1	
  and	
  IFNAR2	
  subunits,	
  

the	
   latter	
  one	
  harboring	
  the	
  major	
   ligand	
  binding	
  domain6.	
  The	
  essential	
  role	
  of	
   type	
  I	
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IFNs	
  in	
  the	
  antiviral	
  defense	
  has	
  been	
  demonstrated	
  in	
  mice	
  deficient	
  for	
  components	
  of	
  

the	
  type	
  I	
  IFN	
  system.	
  These	
  mice	
  are	
  highly	
  susceptible	
  to	
  and	
  unable	
  to	
  cope	
  with	
  viral	
  

infections15.	
  Similarly,	
  two	
  infants	
  with	
  genetic	
  defects	
  in	
  the	
  IFN	
  system	
  died	
  from	
  viral	
  

infection	
  despite	
  best	
  medical	
  care16.	
  	
  

	
  

1.1.2	
  Type	
  II	
  interferon	
  

The	
   only	
   member	
   of	
   the	
   type	
   II	
   IFN	
   family	
   is	
   IFN-­‐γ,	
   which	
   is	
   encoded	
   by	
   a	
   gene	
  

containing	
  three	
  introns	
  located	
  on	
  human	
  chromosome	
  124,9.	
  IFN-­‐γ	
  is	
  secreted	
  by	
  cells	
  

of	
  the	
  innate	
  and	
  adaptive	
  immune	
  system	
  such	
  as	
  natural	
  killer	
  (NK)	
  and	
  natural	
  killer	
  

T	
   cells	
   and	
   activated	
   T	
   cells,	
   respectively13,17.	
   In	
   contrast	
   to	
   type	
   I	
   and	
   III	
   IFNs,	
   IFN-­‐

γ forms	
  homodimers	
  and	
  signals	
  through	
  a	
  heterotetrameric	
  receptor	
  comprised	
  of	
  two	
  

IFN-­‐γ	
  receptor	
  1	
  (IFNGR1)	
  and	
  two	
  IFNGR2	
  chains18,19.	
  	
  

IFN-­‐γ	
   is	
  involved	
  in	
  the	
  innate	
  and	
  adaptive	
  immune	
  response	
  against	
  viruses,	
  bacteria	
  

and	
   parasites8,20.	
   Beside	
   its	
   direct	
   antiviral	
   effect,	
   IFN-­‐γ	
   has	
   immunostimulatory	
   and	
  

immunomodulatory	
   roles.	
   For	
   example,	
   it	
   activates	
   macrophages,	
   mediators	
   of	
  

nonspecific,	
   cell-­‐mediated	
   host	
   defense	
   and	
   stimulates	
   their	
   antigen	
   presentation	
  

through	
   major	
   histocompatibility	
   complex	
   class	
   I	
   and	
   II	
   molecules.	
   Furthermore,	
   it	
  

induces	
   the	
   transcription	
   of	
   interferon	
   stimulated	
   genes	
   (ISGs),	
   many	
   of	
   which	
   have	
  

antiviral	
   activities21-­‐23.	
   Mice	
   deficient	
   for	
   IFN-­‐γ	
   signaling	
   have	
   shown	
   an	
   impaired	
  

capacity	
  to	
  cope	
  with	
  viruses,	
  bacteria	
  and	
  parasites,	
  demonstrating	
  the	
   importance	
  of	
  

IFN-­‐γ−mediated	
  immune	
  responses17,22,24.	
  

Taken	
   together,	
   type	
   I	
   and	
   type	
   II	
   IFNs	
   work	
   synergistically	
   to	
   induce	
   innate	
   and	
  

adaptive	
  immune	
  responses	
  that	
  contribute	
  to	
  the	
  clearance	
  of	
  viral	
  infections.	
  	
  

	
  

1.1.3	
  Type	
  III	
  interferons	
  

Type	
  III	
  IFNs	
  functionally	
  resemble	
  type	
  I	
  IFNs,	
  inducing	
  antiviral	
  protection	
  in	
  vitro9,25	
  

and	
  in	
  vivo26.	
  In	
  humans,	
  the	
  type	
  III	
  IFN	
  family	
  consists	
  of	
  four	
  members;	
  IFN-­‐λ1	
  (IL29),	
  

IFN-­‐λ2	
   (IL28A),	
   IFN-­‐λ3	
   (IL28B)	
   and	
   the	
   newly	
   discovered	
   IFN-­‐λ427.	
   The	
   distinct	
   but	
  

closely	
  related	
  IFN-­‐λ1,	
  -­‐λ2	
  and	
  -­‐λ3	
  have	
  been	
  discovered	
  by	
  two	
  independent	
  groups	
  in	
  

20039,25	
   whereas	
   the	
   IFN-­‐λ4	
   has	
   been	
   identified	
   only	
   in	
   2013	
   in	
   the	
   polyI:C-­‐induced	
  

gene	
  expression	
  profile	
  of	
  primary	
  human	
  hepatocytes27.	
  The	
  genes	
  encoding	
  IFN-­‐λ1,	
  -­‐

λ2	
  and	
   -­‐λ3	
  are	
  clustered	
  on	
  human	
  chromosome	
  19	
  and	
  each	
  of	
   them	
   is	
   composed	
  of	
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five	
   exons9.	
   The	
   newly	
   discovered	
   IFNL4	
   gene	
   is	
   also	
   located	
   within	
   the	
   IFNL	
   locus,	
  

upstream	
  of	
  the	
  IFNL3	
  gene	
  and,	
  at	
   the	
  protein	
   level,	
   is	
  only	
  expressed	
  in	
  a	
   fraction	
  of	
  

the	
   human	
   population	
   as	
   a	
   consequence	
   of	
   a	
   genetic	
   polymorphism	
   that	
   induces	
   a	
  

deletion	
   frameshift	
   in	
   the	
  ss469415590	
  allele27	
   (Figure	
  1).	
  Paradoxically,	
   the	
  potential	
  

to	
   produce	
   the	
   fully	
   active	
   IFN-­‐λ4	
   is	
   strongly	
   associated	
   with	
   impaired	
   clearance	
   of	
  

hepatitis	
  C	
  virus	
  (HCV)	
  and	
  a	
  poorer	
  response	
  to	
  pegylated	
  (peg)	
  IFN-­‐α/ribavirin	
  (RBV)	
  

combination	
  treatment	
  of	
  chronic	
  HCV	
  patients27,28.	
  However,	
  the	
  exact	
  role	
  of	
  IFN-­‐λ4	
  in	
  

HCV	
  clearance	
  remains	
  to	
  be	
  elucidated.	
  	
  

Type	
   I	
   and	
   type	
   III	
   IFNs	
   are	
   induced	
   by	
   similar	
   signaling	
   pathways29,30	
   and	
   pDCs	
   are	
  

currently	
  thought	
  to	
  be	
  the	
  main	
  producers	
  of	
  IFN-­‐λ31,32.	
  Besides	
  pDCs,	
  other	
  cells	
  such	
  

as	
   respiratory	
   epithelial	
   cells,	
   keratinocytes,	
   hepatocytes	
   and	
   primary	
   neuronal	
   cells	
  

have	
   also	
   been	
   reported	
   to	
   produce	
   IFN-­‐λ33.	
   Type	
   III	
   IFNs	
   signal	
   through	
   a	
  

heterodimeric	
   IFN-­‐λ	
   receptor	
   (IFNLR)	
   complex	
   consisting	
   of	
   the	
   IFN-­‐λ	
   specific	
  

IFNLR1 chain	
   and	
   the	
   ubiquitously	
   expressed	
   accessory	
   chain	
   IL-­‐10R2,	
   used	
   by	
   IL-­‐10	
  

and	
  related	
  cytokines9,20,25,34,35.	
  In	
  contrast	
  to	
  the	
  ubiquitous	
  expression	
  of	
  the	
  type	
  I	
  IFN	
  

receptor,	
   the	
   expression	
   of	
   the	
   IFNLR1	
   chain	
   is	
   mostly	
   restricted	
   to	
   epithelial	
   cells,	
  

especially	
  in	
  the	
  respiratory	
  and	
  the	
  gastrointestinal	
  tract33,36-­‐38.	
  Given	
  the	
  epithelial	
  cell	
  

restricted	
   IFNLR1	
   expression,	
   the	
   type	
   III	
   IFN	
   system	
   is	
   believed	
   to	
   primarily	
   protect	
  

mucosal	
  epithelial	
  cells	
  from	
  infection38,39	
  and	
  thus	
  to	
  serve	
  as	
  a	
  defense	
  system	
  at	
  the	
  

border,	
  where	
  virus	
  infection	
  is	
  a	
  frequent	
  challenge36,39.	
  Nevertheless,	
  type	
  III	
  IFNs	
  are	
  

also	
  involved	
  in	
  the	
  defense	
  of	
  hepatotropic	
  viruses,	
  shown	
  for	
  hepatitis	
  B	
  virus	
  (HBV)	
  

and	
  HCV40,41.	
  	
  
	
  

1.1.3.1	
  Human	
  versus	
  mouse	
  IFN-­‐λ  

One	
  major	
  difference	
  between	
   the	
  human	
  and	
   the	
  mouse	
   type	
   III	
   interferon	
  system	
   is	
  

the	
  number	
  of	
  functional	
  IFN-­‐λs.	
  As	
  described	
  above	
  in	
  chapter	
  1.1.3,	
  the	
  human	
  type	
  III	
  

IFN	
   family	
   encompasses	
   four	
   members;	
   IFN-­‐λ1-­‐4.	
   In	
   contrast,	
   the	
   mouse	
   genome	
  

encodes	
   only	
   for	
   functional	
   IFN-­‐λ2	
   and	
   IFN-­‐λ3	
   proteins	
   whereas	
   Ifnl1	
   is	
   a	
  

pseudogene20,39.	
   Furthermore,	
   it	
   has	
   been	
   demonstrated	
   that	
  while	
   IFN-­‐λ4	
   sequences	
  

exist	
   in	
   most	
   mammalian	
   species	
   they	
   are	
   absent	
   in	
   rodents42.	
   At	
   the	
   protein	
   level,	
  

human	
  and	
  mouse	
  type	
  III	
  IFNs	
  differ	
  in	
  their	
  glycosylation.	
  In	
  mice,	
  IFN-­‐λ2	
  and	
  IFN-­‐λ3	
  

are	
  N-­‐glycosylated	
  whereas	
  in	
  humans,	
  only	
  IFN-­‐λ4	
  is	
  glycosylated20,34,43.	
  Interestingly,	
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the	
   IFNLR1	
   is	
   weakly	
   expressed	
   on	
   hepatocytes	
   in	
   the	
   human41	
   but	
   not	
   the	
   mouse	
  

liver38,44.	
  Accordingly,	
  the	
  mouse	
  liver	
  is	
  not	
  responsive	
  to	
  IFN-­‐λ.	
  The	
  weak	
  response	
  to	
  

IFN-­‐λ	
  stimulation	
  observed	
  in	
  mouse	
  liver	
  is	
  derived	
  from	
  cholangiocytes,	
  the	
  epithelial	
  

cells	
   forming	
   the	
   bile	
   duct44.	
   Despite	
   these	
   differences,	
   mouse	
   IFN-­‐λs	
   have	
   strong	
  

antiviral	
   and	
   immunomodulatory	
   capacities,	
   similar	
   to	
   their	
   human	
   orthologues20,25.	
  

Viral	
  infection	
  studies	
  in	
  Ifnlr1	
  knock	
  out	
  mice	
  identified	
  IFN-­‐λ	
  as	
  a	
  potent	
  contributor	
  in	
  

controlling	
   respiratory	
   and	
   gastrointestinal	
   viruses36.	
   Furthermore,	
   and	
   unlike	
   type	
   I	
  

and	
  II	
  IFNs45,	
  mouse	
  and	
  human	
  IFN-­‐λs	
  are	
  not	
  species	
  specific	
  and	
  are	
  able	
  to	
  bind	
  the	
  

receptors	
  of	
  both	
  species.	
  Mouse	
  IFN-­‐λ2	
  and	
  IFN-­‐λ3	
  were	
  capable	
  of	
  inducing	
  antiviral	
  

protection	
  and	
  MHC	
  class	
  I	
  antigen	
  expression	
  in	
  several	
  human	
  cell	
  lines.	
  The	
  same	
  was	
  

true	
  for	
  human	
  IFN-­‐λ1	
  in	
  mouse	
  B16	
  cells20. 

 

Figure	
   1.	
   Schematic	
   representation	
   of	
   the	
   genomic	
   organization	
   of	
   the	
   IFN-­‐λ 	
   genes	
   on	
   human	
  

chromosome	
   19	
   and	
   mouse	
   chromosome	
   7.	
   In	
   humans,	
   the	
   type	
   III	
   IFN	
   family	
   consists	
   of	
   four	
  

members;	
  IFN-­‐λ1-­‐λ4,	
  with	
  their	
  genes	
  located	
  on	
  chromosome	
  19.	
  An	
  intact	
  IFN-­‐λ4	
  open	
  reading	
  frame	
  is	
  

only	
  present	
  in	
  the	
  human	
  sub-­‐population	
  bearing	
  the	
  ΔG	
  genotype.	
  The	
  mouse	
  genome	
  encodes	
  for	
  only	
  

two	
  functional	
  IFN-­‐λ	
  proteins;	
  IFN-­‐λ2	
  and	
  IFN-­‐λ3.	
  IFN-­‐λ1	
  is	
  a	
  pseudogene	
  because	
  of	
  a	
  stop	
  codon	
  in	
  exon	
  

1	
  and	
  lack	
  of	
  exon	
  2.	
  Ψ,	
  pseudogene46.	
  	
  

	
  

1.1.4	
  Clinical	
  relevance	
  of	
  interferons	
  

After	
   the	
   discovery	
   of	
   IFNs	
   in	
   1957,	
   it	
   was	
   expected	
   that	
   they	
   would	
   be	
   rapidly	
  

developed	
   for	
   the	
   treatment	
   of	
   a	
   variety	
   of	
   viral	
   infections.	
   However,	
   their	
   species	
  

specificity47	
   and	
   difficult	
   purification6	
   slowed	
   down	
   their	
   therapeutic	
   development48.	
  

Recombinant	
  IFN-­‐α-­‐2b	
  was	
  first	
  described	
  by	
  Hoofnagle	
  et	
  al.	
  as	
  potential	
  treatment	
  of	
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non-­‐A,	
   non-­‐B	
   hepatitis,	
   even	
   before	
   HCV	
   was	
   first	
   described49.	
   Finally,	
   IFN-­‐α-­‐2b	
   was	
  

approved	
   for	
   the	
   treatment	
   of	
   HCV	
   in	
   199150.	
   The	
   combination	
   of	
   IFN-­‐α-­‐2b	
  with	
   the	
  

nucleoside	
   analogue	
   RBV	
   further	
   improved	
   the	
   rate	
   of	
   sustained	
   virological	
   response	
  

(SVR:	
   undetectable	
   HCV-­‐RNA	
   6	
   month	
   after	
   end	
   of	
   treatment)	
   in	
   HCV	
   infected	
  

patients51,52.	
   Later	
  on,	
   IFN-­‐α-­‐2b	
  was	
   replaced	
  by	
   IFN-­‐α-­‐2b	
   conjugated	
   to	
  polyethylene	
  

glycol	
   (peginterferon),	
   extending	
   its	
   half-­‐life	
   and	
   improving	
   the	
   treatment	
   outcome	
   in	
  

HCV	
   infected	
   patients48,53.	
   However,	
   the	
   development	
   of	
   new	
   direct-­‐acting	
   antivirals	
  

(DAAs)	
  has revolutionized	
  the	
  field	
  of	
  hepatitis	
  C	
  treatment	
  with	
  SVRs	
  higher	
  than	
  90%	
  

for	
  all	
  genotypes28,54.	
  Apart	
  from	
  its	
  use	
  in	
  hepatitis	
  C,	
  IFN-­‐α	
  has	
  been	
  developed	
  for	
  the	
  

treatment	
   of	
   hairy	
   cell	
   leukemia6,55,	
   malignant	
  melanoma56	
   and	
   chronic	
   hepatitis	
   B57.	
  

IFN-­‐β	
  underwent	
  clinical	
  development	
   for	
  multiple	
  sclerosis	
  and	
   is	
  currently	
  still	
  used	
  

for	
   this	
   treatment	
   indication6,48,58.	
   IFN-­‐γ	
   is	
   approved	
   for	
   the	
   treatment	
   of	
   chronic	
  

granulomatous	
  disease59,60.	
  	
  

Although	
   type	
   I	
   IFNs	
  are	
  approved	
   for	
   the	
   treatment	
  of	
  HCV,	
   their	
   severe	
   side-­‐effects,	
  

probably	
   a	
   function	
   of	
   the	
   ubiquitously	
   expressed	
   IFNAR,	
   often	
   require	
   dosing	
  

reductions	
  or	
  treatment	
  discontinuations	
  and	
  thus,	
  make	
  it	
  difficult	
  to	
  achieve	
  a	
  SVR61.	
  

Therefore	
   IFN-­‐λs	
   might	
   be	
   an	
   alternative	
   to	
   the	
   current	
   IFN-­‐α	
   therapy	
   as	
   it	
   induces	
  

fewer	
  side	
  effects	
  with	
  restricted	
  inflammatory	
  costs	
  for	
  the	
  host39	
  due	
  to	
  the	
  cell	
  type	
  

specific	
   IFNLR	
   expression	
   and	
   a	
   more	
   restricted	
   cell	
   response	
   pattern60.	
   Indeed,	
   the	
  

milder	
   side	
   effects	
   of	
   IFN-­‐λ	
   compared	
   to	
   IFN-­‐α were	
   confirmed	
   in	
   phase	
   I62	
   and	
   II40	
  

clinical	
  trials	
  with	
  pegIFN-­‐λ1	
  on	
  chronic	
  HCV	
  patients.	
  However,	
  the	
  phase	
  III	
  study	
  with	
  

chronic	
   HCV	
   patients	
   could	
   not	
   demonstrate	
   a	
   beneficial	
   role	
   of	
   pegIFN-­‐

λ/RBV/telaprevir	
  (TVR)	
  combination	
  compared	
  to	
  pegIFN-­‐α/RBV/TVR63.	
  Although	
  IFN-­‐

λ	
   will	
   most	
   probably	
   not	
   become	
   the	
   standard	
   of	
   care	
   for	
   HCV	
   patients,	
   it	
   has	
   the	
  

potential	
   to	
  be	
  used	
   in	
   the	
   treatment	
  of	
  other	
  diseases.	
   Indeed,	
   in	
  vivo	
   studies	
  using	
  a	
  

B16	
   murine	
   melanoma	
   model	
   revealed	
   antitumor	
   activities	
   for	
   IFN-­‐λ20,	
   suggesting	
   a	
  

therapeutic	
  potential	
  in	
  cancer	
  treatment.	
  	
  

	
  

1.2	
  The	
  JAK-­‐STAT	
  signal	
  transduction	
  pathway	
  

The	
   binding	
   of	
   IFNs	
   as	
   well	
   as	
   other	
   cytokines	
   to	
   their	
   cognate	
   receptors	
   initiates	
   a	
  

signaling	
   cascade	
   involving	
   Janus	
   kinases	
   (JAKs),	
   the	
   IFN	
   receptor	
   itself	
   and	
  

transcription	
   factors	
   termed	
   signal	
   transducers	
   and	
   activators	
   of	
   transcription	
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(STATs)21,64.	
   This	
   signal	
   cascade	
   is	
   tailored	
   to	
   transmit	
   the	
   IFN	
   signal	
   from	
   the	
   cell	
  

surface	
  to	
  the	
  nucleus,	
  resulting	
  in	
  transcriptional	
  induction	
  of	
  hundreds	
  of	
  IFN	
  induced	
  

effector	
   genes	
   termed	
   interferon	
   stimulated	
   genes	
   (ISGs)21,65	
   (Figure	
  2).	
   The	
   so-­‐called	
  

canonical	
   JAK-­‐STAT	
   pathway	
   is	
   evolutionary	
   conserved	
   in	
   eukaryotic	
   organisms	
   from	
  

slime	
  molds	
  to	
  humans	
  and	
  is	
  well	
  characterized	
  (reviewed	
  in23,64,66-­‐69).	
  	
  

Figure	
  2.	
  Canonical	
  JAK-­‐STAT	
  pathway.	
  The	
  binding	
  of	
  the	
  ligand	
  to	
  its	
  corresponding	
  receptor	
  induces	
  

a	
  cascade	
  of	
   tyrosine	
  phosphorylation	
  events	
   that	
   finally	
   induce	
   the	
  expression	
  of	
   interferon	
  stimulated	
  

genes	
   (ISGs).	
   Cytokine-­‐receptor	
   interaction	
   triggers	
   dimerization	
   of	
   the	
   receptor,	
   followed	
   by	
  

transphosphorylation	
   and	
   activation	
   of	
   the	
   receptor-­‐associated	
   Janus	
   kinases	
   (JAKs).	
   This	
   leads	
   to	
   the	
  

phosphorylation	
  of	
  the	
  cytoplasmic	
  receptor	
  tails	
  and	
  recruitment	
  of	
  the	
  signal	
  transducers	
  and	
  activators	
  

of	
   transcription	
   (STATs)	
   proteins.	
   STATs	
   become	
   activated	
   by	
   phosphorylation,	
   form	
   dimers	
   and	
  

translocate	
  to	
  the	
  nucleus	
  where	
  they	
  induce	
  the	
  expression	
  of	
  ISGs.	
  Modified	
  from66.	
  

	
  

1.2.1	
  Janus	
  kinases	
  

JAKs	
   are	
   evolutionary	
   conserved	
   tyrosine	
   kinases	
   that	
   associate	
   with	
   cytokine	
  

receptors67.	
  In	
  mammals,	
  the	
  family	
  of	
  JAKs	
  comprises	
  four	
  members;	
  JAK1,	
  JAK2,	
  JAK3	
  

and	
   tyrosine	
   kinase	
   2	
   (TYK2)70-­‐76.	
   While	
   JAK1,	
   JAK2	
   and	
   TYK2	
   are	
   ubiquitously	
  

expressed,	
  JAK3	
  expression	
  is	
  mostly	
  restricted	
  to	
  NK	
  and	
  T	
  cells74.	
  	
  

As	
  shown	
  in	
  Figure	
  3,	
  different	
  cytokine	
  receptor	
  chains	
  are	
  associated	
  with	
  particular	
  

JAKs.	
  Specifically,	
  JAK1	
  and	
  TYK2	
  associate	
  with	
  the	
  type	
  I	
  IFN	
  receptor	
  chains	
  IFNAR2	
  

ISGs
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and	
   IFNAR168,77,78	
   and	
   also	
   with	
   the	
   type	
   III	
   IFN	
   receptor	
   chains	
   IFNLR128,79	
   and	
   IL-­‐

10R235,80,	
  respectively.	
  The	
  type	
  II	
  IFN	
  receptor	
  chains	
  IFNGR1	
  and	
  IFNGR2	
  on	
  the	
  other	
  

hand	
   are	
   complexed	
   with	
   JAK1	
   and	
   JAK2,	
   respectively81,82.	
   Cytokine	
   binding	
   leads	
   to	
  

receptor	
  dimerization	
  that	
   in	
   turn	
   facilitates	
   transactivation	
  of	
   the	
  receptor-­‐associated	
  

JAKs	
  through	
  mutual	
  tyrosine	
  phosphorylation.	
  Next,	
  the	
  activated	
  JAKs	
  phosphorylate	
  

tyrosine	
   residues	
   on	
   the	
   intracellular	
   receptor	
   chains	
   creating	
   docking	
   sites	
   for	
  

STATs7,67,68	
  (Figure	
  2).	
  	
  

	
  

1.2.2	
  Signal	
  transducers	
  and	
  activators	
  of	
  transcription	
  

STATs	
   comprise	
   a	
   family	
   of	
   latent,	
   cytoplasmic	
   transcription	
   factors	
   that	
   are	
   rapidly	
  

activated	
   upon	
   receptor-­‐ligand	
   coupling.	
   They	
   act	
   as	
   both,	
   signaling	
   molecules	
   and	
  

transcription	
  factors,	
  shuttling	
  between	
  cytoplasm	
  and	
  nucleus21,69.	
  In	
  mammals,	
  seven	
  

STAT	
  genes	
  have	
  been	
  identified67,83,	
  STAT1	
  and	
  STAT284,	
  STAT385,	
  STAT486,87,	
  STAT5A88,	
  

STAT5B89	
  and	
  STAT690.	
  Due	
   to	
  differential	
   splicing,	
  STAT1	
  exists	
   in	
   two	
   forms,	
   the	
   full	
  

length	
   STAT1α	
   (91kDa)	
   and	
   the	
   C-­‐terminal	
   truncated	
   STAT1β	
   (84kDa)21,91.	
   All	
   STATs	
  

contain	
   a	
   Src-­‐homology	
   2	
   (SH2)	
   domain	
   with	
   which	
   they	
   specifically	
   bind	
   to	
   the	
  

phospho-­‐tyrosine	
  residues	
  of	
  the	
  intracellular	
  part	
  of	
  the	
  cytokine	
  receptors92	
  followed	
  

by	
   JAK-­‐mediated	
  STAT	
  phosphorylation91,93.	
  Phosphorylated	
  STATs	
   form	
  stable	
  homo-­‐	
  

and	
  heterodimers	
  and	
  translocate	
  to	
  the	
  nucleus,	
  where	
  they	
  function	
  as	
  transcriptional	
  

activators	
   for	
   ISGs65,67,68,94	
   (Figure	
   3).	
   In	
   the	
   following,	
   the	
  most	
   important	
   STATs	
   for	
  

type	
  I,	
  II	
  and	
  III	
  IFNs	
  will	
  be	
  discussed.	
  

Type	
  I	
  and	
  type	
  III	
  IFN	
  primarily	
  activate	
  STAT1	
  and	
  STAT29,95	
  that	
  form	
  heterodimers	
  

which	
   associate	
   with	
   another	
   transcription	
   factor	
   (interferon	
   regulatory	
   factor	
   9	
  

(IRF9))96	
   to	
   form	
   a	
   heterotrimeric	
   complex	
   called	
   interferon-­‐stimulated	
   gene	
   factor	
   3	
  

(ISGF3)35,97,98.	
   This	
   complex	
   translocates	
   to	
   the	
   nucleus	
   where	
   it	
   binds	
   to	
   interferon	
  

stimulated	
   response	
   elements	
   (ISREs)	
   in	
   the	
   promotors	
   of	
   ISGs9,97,99,100.	
   Alternatively,	
  

type	
   I	
   and	
   type	
   III	
   IFNs	
   and	
   especially	
   IFN-­‐γ	
   trigger	
   formation	
   of	
   STAT1	
  homodimers	
  

(also	
  designated	
  GAF	
  for	
  gamma	
  activated	
  factor)	
  101	
  that	
  bind	
  to	
  the	
  promoter	
  regions	
  

of	
  ISGs	
  containing	
  a	
  gamma	
  activated	
  sequence	
  (GAS)	
  21,68,69	
  (Figure	
  3).	
  

The	
   central	
   role	
   of	
   STAT1	
   in	
   IFN	
   regulated	
   gene	
   transcription	
   is	
   underscored	
   by	
   the	
  

finding	
   that	
   STAT1	
   deficient	
   mice	
   develop	
   normally	
   but	
   their	
   IFN-­‐α, −β, −γ	
   or	
   IFN-­‐λ	
  

responsiveness	
   is	
   severely	
   compromised	
   and	
   they	
   are	
   highly	
   sensitive	
   to	
   viral	
   or	
  

bacterial	
  infections102-­‐104.	
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Figure	
   3.	
   IFN	
   signaling	
   through	
   the	
   JAK-­‐STAT	
   pathway.	
   All	
   IFN	
   receptors	
   connect	
   to	
   the	
   JAK-­‐STAT	
  

pathway	
  to	
  transmit	
  signals	
  from	
  the	
  cell	
  surface	
  to	
  the	
  nucleus.	
  Type	
  I	
  and	
  type	
  III	
   IFNs	
  signal	
  through	
  

distinct	
  receptors	
  but	
  activate	
  the	
  same	
  downstream	
  signaling	
  cascade.	
  They	
  mainly	
  induce	
  the	
  formation	
  

of	
   the	
   heterotrimeric	
   transcription	
   factor	
   IFN-­‐stimulated	
   gene	
   factor	
   3	
   (ISGF3)	
   complexes	
   and	
   STAT1	
  

homodimers	
  that	
  bind	
  to	
  IFN-­‐stimulated	
  response	
  elements	
  (ISRE)	
  and	
  gamma	
  activated	
  sequence	
  (GAS)	
  

elements	
  in	
  the	
  nucleus,	
  respectively.	
  This	
  leads	
  to	
  the	
  expression	
  of	
  a	
  highly	
  overlapping	
  set	
  of	
  interferon	
  

stimulated	
  gens	
  (ISGs).	
  By	
  contrast,	
  IFN-­‐γ	
  (the	
  only	
  type	
  II	
  IFN),	
  induces	
  STAT1	
  homodimers	
  but	
  does	
  not	
  

activate	
  the	
  ISGF3	
  complex	
  thus,	
  inducing	
  a	
  partially	
  overlapping	
  but	
  distinct	
  set	
  of	
  ISGs	
  compared	
  to	
  type	
  

I	
  and	
  III	
  IFNs.	
  Modified	
  from13.	
  

	
  

1.3	
  Negative	
  regulators	
  of	
  the	
  JAK-­‐STAT	
  pathway	
  

While	
   a	
   fast	
   and	
   strong	
   activation	
   of	
   the	
   IFN	
   system	
   is	
   crucial	
   to	
   combat	
   invading	
  

pathogens,	
  prolonged	
   IFN	
   signaling	
   is	
   associated	
  with	
   auto-­‐immune	
  disorders	
   such	
  as	
  

systemic	
   lupus	
   erythematosus,	
   rheumatoid	
   arthritis	
   and	
   Aicardi-­‐Goutieres	
  	
  

syndrome105-­‐108	
  and	
  tumor	
  promotion107.	
  Therefore,	
  cytokine	
  production	
  and	
  signaling	
  

is	
  tightly	
  controlled107,109.	
  Several	
  groups	
  of	
  proteins	
  have	
  been	
  reported	
  to	
  be	
  involved	
  

in	
  the	
  regulation	
  of	
  the	
  JAK-­‐STAT	
  pathway	
  targeting	
  the	
  receptors,	
  signaling	
  molecules	
  

and	
  transcription	
  factors	
  (reviewed	
  in107,110-­‐112).	
  Some	
  of	
   these	
  regulatory	
  proteins	
  are	
  

constitutively	
   expressed	
   (e.g.	
   phosphatases	
   and	
   protein	
   inhibitor	
   of	
   activated	
   STAT	
  

Nucleus'

Cytoplasm'

ISGs%

(Interferon%s-mulated%genes)%

Type%I% Type%III% Type%II%

α α

α
α

α

α

β

IFN7α%family%
IFN7β%

IFN7λ%family%
λ1% λ2%

λ3%

λ4%

γ%

IFN7γ%

Jak1%

IFNAR2%IFNAR1%

Tyk2% Jak1% Jak1%Tyk2% Jak2%

P%

P%P%

P%

ISRE'

P%

P%

ISGs%
GAS'

IL710R2%IFNLR1% IFNGR2%IFNGR1%

(Interferon%s-mulated%genes)%

ISGF3%



I	
  Introduction	
  

	
   9	
  

(PIAS)),	
  while	
  others	
  are	
  ISGs	
  themselves	
  that	
  are	
  transcriptionally	
  induced	
  by	
  IFNs.	
  The	
  

latter	
   group	
   is	
   represented	
   by	
   suppressor	
   of	
   cytokine	
   signaling	
   (SOCS)	
   and	
  ubiquitin-­‐

specific	
   peptidase	
   18	
   (USP18)	
   that	
   act	
   in	
   a	
   negative-­‐feedback	
   loop	
   on	
   the	
   JAK-­‐STAT	
  

cascade.	
  	
  

	
  

1.3.1	
  Constitutively	
  expressed	
  negative	
  regulators	
  of	
  the	
  JAK-­‐STAT	
  pathway	
  

The	
  first	
  group	
  of	
  molecules	
  identified	
  as	
  negative	
  regulators	
  of	
  cytokine	
  signaling	
  were	
  

protein	
  tyrosine	
  phosphatases	
  (PTPs)113.	
  They	
  encompass	
  a	
  large	
  and	
  diverse	
  family	
  of	
  

more	
  than	
  100	
  enzymes	
  with	
  high	
  substrate	
  specificity114,115.	
  

SH2	
   domain-­‐containing	
   phosphatase	
   1	
   (SHP1)	
   and	
   SHP2	
   are	
   two	
   constitutively	
  

expressed	
  cytoplasmic	
  PTPs.	
  SHP1	
  is	
  mainly	
  expressed	
  in	
  hematopoietic	
  cells	
  and	
  has	
  an	
  

important	
   regulatory	
   function	
   in	
   immune	
   cells116,117.	
   In	
   contrast,	
   SHP2	
   is	
   ubiquitously	
  

expressed	
   and	
   appears	
   to	
   be	
   involved	
   in	
   many	
   signaling	
   pathways	
   downstream	
   of	
  

growth	
  factors	
  and	
  cytokines118,119.	
  SHP2	
  serves	
  primarily	
  as	
  a	
  positive	
  regulator	
  during	
  

cell	
  growth	
  and	
  development119.	
  However,	
  SHP2	
  has	
  dual	
   functions	
  as	
   it	
  also	
  regulates	
  

the	
   JAK-­‐STAT	
   pathway	
   upon	
   IFN-­‐γ	
   and	
   to	
   lesser	
   extent	
   IFN-­‐α	
   induction	
   in	
   mouse	
  

fibroblast	
   cells118.	
   Both	
   SHP1	
   and	
   SHP2	
   attenuate	
   the	
   cytokine-­‐mediated	
   signal	
  

transduction	
   by	
   dephosphorylating	
   the	
   cytokine	
   receptors,	
   JAKs	
   and/or	
  

STATs107,110,111,116	
  (Figure	
  4).	
  	
  

Protein	
  tyrosine	
  phosphatase	
  1B	
  (PTP1B)	
  and	
  T	
  cell	
  protein	
  tyrosine	
  phosphatase	
  (TC-­‐

PTP)	
   are	
   two	
   closely	
   related	
   PTPs	
   involved	
   in	
   regulation	
   of	
   several	
   signaling	
  

pathways120.	
  Although	
  closely	
  related,	
  knockout	
  studies	
  in	
  mice	
  suggest	
  distinct	
  function	
  

of	
  the	
  two	
  proteins120.	
  PTP1B	
  knockout	
  studies	
  demonstrated	
  that	
  this	
  PTP	
  plays	
  a	
  role	
  

in	
   the	
   leptin	
   and	
   insulin	
   metabolism114,120,	
   suggesting	
   to	
   be	
   the	
   key	
   link	
   between	
  

metabolic	
   diseases	
   and	
   inflammation115.	
   On	
   the	
   other	
   hand,	
   TC-­‐PTP	
   is	
   strongly	
  

expressed	
   in	
   the	
   hematopoietic	
   system	
   and	
   has	
   a	
   critical	
   role	
   in	
   the	
   regulation	
   of	
  

immune	
   homeostasis121,	
   as	
   shown	
   in	
   knockout	
   mice	
   that	
   die	
   from	
   systemic	
  

inflammation	
   and	
  defects	
   in	
   hematopoiesis122.	
   Furthermore,	
   it	
  was	
   demonstrated	
   that	
  

PTP1B	
  and	
  TC-­‐PTP	
  negatively	
  regulate	
  cytokine	
  signaling	
  at	
  the	
  level	
  of	
  the	
  receptors	
  by	
  

dephosphorylation	
   of	
   JAK2	
   and	
   TYK2114	
   and	
   JAK1	
   and	
   JAK3121,	
   respectively.	
   Of	
   note,	
  

TC45	
  (also	
  named	
  TC-­‐PTPa),	
  the	
  nuclear	
  isoform	
  of	
  TC-­‐PTP	
  is	
  able	
  to	
  dephosphorylate	
  

STAT1	
   and	
   STAT3	
   induced	
   by	
   IFN-­‐α,	
   IFN-­‐γ	
   and	
   IL-­‐6	
  within	
   the	
   nucleus	
   of	
  MEFs	
   and	
  

primary	
  thymocytes123	
  (Figure	
  4).	
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CD45	
  is	
  a	
  another	
  negative	
  regulator	
  of	
  cytokine	
  signaling	
  that	
  specifically	
  bind	
  to	
  and	
  

dephosphorylates	
   JAKs	
   within	
   hematopoietic	
   cells124.	
   Its	
   role	
   on	
   hematopoiesis	
   is	
  

underscored	
  by	
  the	
  finding	
  that	
  10%	
  of	
  lymphoblastic	
  leukemia	
  patients	
  show	
  a	
  loss	
  of	
  

CD45125.	
  	
  

The	
  mammalian	
  PIAS	
   family	
   includes	
   PIAS1,	
   PIAS3,	
   PIASx	
   and	
  PIASy126,127.	
   PIAS1	
   and	
  

PIAS3	
   specifically	
   bind	
   to	
   dimers	
   of	
   tyrosine	
   phosphorylated	
   STAT1126	
   and	
   STAT3127,	
  

respectively,	
   and	
   block	
   their	
   DNA	
   binding	
   capacity,	
   thereby	
   inhibiting	
   transcriptional	
  

activation107,126.	
  PIAS	
  proteins	
  may	
  act	
  like	
  a	
  buffer	
  titrating	
  the	
  concentration	
  of	
  active	
  

STAT	
  dimers	
  that	
  are	
  available	
  within	
  a	
  cell	
  upon	
  cytokine	
  stimulation112	
  (Figure	
  4).	
  	
  	
  

Taken	
  together,	
  these	
  constitutively	
  expressed	
  molecules	
  have	
  a	
  different	
  physiological	
  

function	
   compared	
   to	
   the	
   inducible	
  negative	
   regulators	
   that	
   act	
   in	
   a	
   classical	
  negative	
  

feedback	
  loop	
  on	
  cytokine	
  stimulation	
  (described	
  in	
  section	
  1.3.2).	
  	
  
	
  

	
  

Figure	
  4.	
  Negative	
  regulation	
  of	
  the	
  JAK-­‐STAT	
  pathway.	
  The	
  Janus	
  kinase	
  (JAK)-­‐signal	
  transducer	
  and	
  

activator	
  of	
   transcription	
   (STAT)	
  pathway	
   is	
   regulated	
  at	
   the	
   level	
  of	
   the	
  receptors,	
   signaling	
  molecules	
  

and	
   transcription	
   factors.	
  Protein	
   tyrosine	
  phosphatases	
   (PTPs)	
  and	
  protein	
   inhibitor	
  of	
  activated	
  STAT	
  

(PIAS)	
   represent	
   the	
   constitutively	
   expressed	
   negative	
   regulators.	
   In	
   contrast,	
   suppressor	
   of	
   cytokine	
  

signaling	
   (SOCS)	
   and	
  ubiquitin-­‐specific	
  peptidase	
  18	
   (USP18)	
  belong	
   to	
   the	
  group	
  of	
   cytokine-­‐inducible	
  

regulators	
  that	
  inhibit	
  the	
  JAK-­‐STAT	
  pathway.	
  Modified	
  from111.	
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1.3.2	
  Cytokine-­‐inducible	
  negative	
  regulators	
  of	
  the	
  JAK-­‐STAT	
  pathway	
  

As	
   mentioned	
   above,	
   besides	
   constitutively	
   expressed	
   regulators,	
   there	
   are	
   also	
  

inducible	
  negative	
   regulators	
   of	
   the	
   JAK-­‐STAT	
   signaling	
   cascade,	
   namely	
   several	
   SOCS	
  

proteins	
  and	
  USP18.	
  	
  

	
  	
  

1.3.2.1	
  Suppressor	
  of	
  cytokine	
  signaling	
  

Soon	
  after	
   the	
   JAK-­‐STAT	
  signaling	
  transduction	
  was	
  delineated,	
  several	
  groups	
  started	
  

to	
  investigate	
  the	
  feedback	
  mechanism	
  responsible	
  for	
  switching	
  off	
  cytokine	
  signaling.	
  

In	
  1995,	
  the	
  cytokine-­‐inducible	
  SH2-­‐containing	
  protein	
  (CIS)	
  was	
  described	
  as	
  the	
  first	
  

member	
   of	
   the	
   SOCS	
   family	
   that	
   could	
   potentially	
   function	
   as	
   a	
   negative	
   regulator	
   of	
  

cytokine	
  signal	
   transduction128.	
  Two	
  years	
   later,	
   three	
   independent	
  groups	
  discovered	
  

SOCS1	
  as	
  a	
  negative	
  regulator	
  of	
  cytokine	
  signaling129-­‐131.	
  They	
  postulated	
  that	
  cytokine	
  

induced	
   SOCS1	
   (also	
   referred	
   to	
   as	
   JAB	
   and	
   SSI-­‐1)	
   associates	
   with	
   JAK	
   kinases	
   and	
  

specifically	
  inhibits	
  their	
  catalytic	
  activity130,	
  thus	
  providing	
  a	
  negative-­‐feedback	
  loop	
  of	
  

the	
   JAK-­‐STAT	
   pathway	
   upon	
   cytokine	
   stimulation.	
   At	
   the	
   same	
   time,	
   Starr	
   et	
   al.	
  

described	
  SOCS2	
  and	
  SOCS3	
  as	
  additional	
  members	
  of	
  the	
  SOCS	
  family129.	
  By	
  searching	
  

human	
  DNA	
  databases	
   for	
   a	
   conserved	
  motif	
   of	
   CIS	
   and	
   SOCS1-­‐3	
   (the	
   so	
   called	
   SOCS-­‐

box)129,	
  four	
  additional	
  SOCS	
  were	
  identified,	
  designated	
  as	
  SOCS4-­‐7132.	
  Taken	
  together,	
  

the	
  human	
  and	
  mouse	
  genome	
  both	
  encode	
  eight	
  SOCS	
  proteins;	
  SOCS1-­‐7	
  and	
  CIS.	
  	
  

All	
   proteins	
   of	
   the	
   SOCS	
   family	
   share	
   a	
   similar	
   structure.	
   They	
   contain	
   a	
   highly	
  

conserved	
   C-­‐terminal	
   region	
   called	
   SOCS-­‐box129,132,	
   a	
   central	
   SH2	
   domain129,130,	
   an	
  

extended	
   SH2-­‐subdomain	
   (ESS)133	
   and	
   a	
   N-­‐terminal	
   region	
   that	
   varies	
   in	
   length	
   and	
  

amino	
  acid	
  (aa)	
  composition,	
  ranging	
  from	
  50-­‐380	
  aa132	
  (Figure	
  5A).	
  SOCS1	
  and	
  SOCS3	
  

are	
  the	
  only	
  members	
  that	
  have	
  an	
  additional	
  N-­‐terminal	
  kinase	
  inhibitory	
  region	
  (KIR)	
  

upstream	
  of	
  the	
  SH2	
  domain133,134	
  (Figure	
  5A).	
  	
  

Transcriptional	
  induction	
  of	
  SOCS	
  genes	
  in	
  response	
  to	
  cytokines	
  follows	
  a	
  fast	
  kinetics	
  

both,	
   in	
   vitro	
   and	
   in	
   vivo132,135	
   (Figure	
   5B,	
   left	
   side).	
  Upon	
   induction,	
   individual	
   SOCS	
  

proteins	
   inhibit	
   JAK-­‐STAT	
   signaling	
   by	
   multiple	
   complementary	
   mechanisms	
   as	
  

described	
  below.	
  

	
  

	
  

	
  

	
  



I	
  Introduction	
  

	
  12	
  

	
  
Figure	
   5.	
   Structural	
   organization	
   and	
   mode	
   of	
   action	
   of	
   SOCS	
   proteins.	
   (A)	
   The	
   suppressor	
   of	
  

cytokine	
  signaling	
  (SOCS)	
  family	
  consists	
  of	
  8	
  members,	
  including	
  the	
  cytokine-­‐inducible	
  SH2-­‐containing	
  

protein	
   (CIS)	
   and	
   SOCS1-­‐7.	
   All	
   of	
   these	
   proteins	
   share	
   a	
   similar	
   structure	
   with	
   a	
   variable	
   N-­‐terminal	
  

domain,	
  an	
  extended	
  SH2	
  domain	
  (ESS),	
  a	
  SH2	
  domain	
  and	
  a	
  C-­‐terminal	
  SOCS	
  box.	
  SOCS1	
  and	
  SOCS3	
  are	
  

the	
   only	
   members	
   that	
   have	
   an	
   additional	
   kinase	
   inhibitory	
   region	
   (KIR)	
   domain.	
   (B)	
   Left	
   side:	
   Upon	
  

binding	
  of	
  cytokines	
  to	
  the	
  corresponding	
  receptor,	
  the	
  JAK-­‐STAT	
  cascade	
  becomes	
  activated	
  and	
  induces	
  

the	
  transcription	
  of	
  several	
  IFN-­‐stimulated	
  genes	
  (ISGs),	
   including	
  SOCS	
  genes.	
  Right	
  side:	
  SOCS	
  proteins	
  

inhibit	
  JAK-­‐STAT	
  signaling	
  by	
  multiple	
  mechanisms	
  including	
  (1.)	
  the	
  KIR-­‐dependent	
  JAK	
  inhibition,	
  (2.)	
  

the	
   SH2-­‐dependent	
   competition	
   for	
   receptor	
   motifs	
   and	
   (3.)	
   the	
   SOCS	
   box-­‐dependent	
   proteasomal	
  

targeting.	
  The	
  colors	
  used	
  for	
  the	
  different	
  parts	
  of	
  the	
  SOCS	
  proteins	
  correspond	
  to	
  those	
  in	
  Figure	
  5A135.	
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One	
   important	
   mechanism	
   is	
   the	
   KIR-­‐dependent	
   JAK	
   inhibition	
   (shown	
   under	
   1.	
   in	
  

Figure	
   5B,	
   right	
   side).	
   The	
   KIR	
   domain	
   of	
   SOCS1	
   and	
   SOCS3	
   directly	
   inhibits	
   the	
   JAK	
  

catalytic	
   activity133,134.	
   It	
   was	
   demonstrated	
   that	
   SOCS1	
   directly	
   binds	
   to	
   the	
   tyrosine	
  

residue	
   in	
  the	
  activation	
   loop	
  of	
   JAKs129-­‐131	
  whereas	
  SOCS3	
  inhibits	
   JAKs	
  by	
  binding	
  to	
  

the	
   tyrosine	
   residues	
   of	
   the	
   cytokine	
   receptor	
   in	
   close	
   proximity	
   of	
   the	
   kinase136,137.	
  

Furthermore,	
  SOCS1	
  is	
  able	
  to	
   inhibit	
  all	
   four	
  known	
  mammalian	
  JAKs	
  whereas	
  SOCS3	
  

affects	
  only	
  three	
  of	
  them;	
  JAK1,	
  JAK2	
  and	
  Tyk2	
  but	
  not	
  JAK3138,139.	
  	
  

An	
  additional	
  mode	
  of	
  action	
  of	
  the	
  SOCS	
  proteins	
  is	
  the	
  SH2-­‐dependent	
  competition	
  for	
  

receptor	
   motifs	
   (shown	
   under	
   2.	
   in	
   Figure	
   5B,	
   right	
   side).	
   For	
   example,	
   CIS	
   prevents	
  

STAT5	
   recruitment	
   by	
   binding	
   with	
   its	
   SH2	
   domain	
   to	
   the	
   phosphorylated	
   cytokine	
  

receptor140-­‐142.	
  	
  

Finally,	
  SOCS	
  box-­‐dependent	
  proteasomal	
  targeting	
  represents	
  the	
  third	
  mode	
  of	
  action	
  

of	
  SOCS	
  proteins	
  (shown	
  under	
  3.	
  in	
  Figure	
  5B,	
  right	
  side).	
  The	
  SH2	
  and	
  the	
  ESS	
  domain	
  

bind	
  phosphorylated	
  tyrosine	
  motifs133	
  while	
  the	
  SOCS	
  box	
  forms	
  an	
  E3	
  ubiquitin	
  ligase	
  

complex	
  that	
  leads	
  to	
  the	
  ubiquitination	
  of	
  the	
  target	
  proteins135,143.	
  Thus,	
  marking	
  SOCS	
  

target	
  proteins	
  for	
  proteasomal	
  degradation135,144.	
  	
  

	
  

1.3.2.1.1	
  Suppressor	
  of	
  cytokine	
  signaling	
  1	
  and	
  3	
  

SOCS	
  family	
  proteins	
  are	
  induced	
  by	
  cytokines	
  and	
  growth	
  factors	
  including	
  IFN-­‐α,	
  IFN-­‐

β,	
   IFN-­‐γ	
   and	
   IFN-­‐λ	
   in	
   vitro	
   and	
   in	
   vivo145-­‐150	
   with	
   the	
   magnitude	
   of	
   induction	
   being	
  

dependent	
  on	
  the	
  cell-­‐type	
  and	
  stimuli129,151.	
  	
  

SOCS1	
  and	
  SOCS3	
  are	
  considered	
  as	
   the	
   two	
  most	
  potent	
  members	
  of	
   the	
  SOCS	
   family	
  

probably	
  because	
   their	
  primary	
  mode	
  of	
  action	
   is	
  mediated	
  by	
   the	
  KIR	
  domain	
   that	
   is	
  

absent	
   from	
   all	
   other	
   SOCS	
   proteins133,134.	
   The	
   KIR	
   domain	
   enables	
   direct	
   SOCS-­‐JAK	
  

interaction	
  and	
  thus	
  inhibition	
  of	
  the	
  JAKs	
  enzymatic	
  activity152.	
  Of	
  note,	
  SOCS2,	
  a	
  SOCS	
  

member	
   devoid	
   of	
   the	
   KIR	
   domain,	
   has	
   no	
   inhibitory	
   effect	
   on	
   the	
   type	
   I	
   and	
   II	
   IFN-­‐

induced	
  signaling	
  cascade153.	
  Interestingly	
  however,	
  the	
  C-­‐terminal	
  SOCS-­‐box,	
  although	
  

conserved	
  in	
  all	
  SOCS,	
  seems	
  to	
  be	
  dispensable	
  for	
  the	
  inhibition	
  of	
  cytokine	
  signaling154.	
  

Initially	
  SOCS1	
  and	
  SOCS3	
  were	
  identified	
  as	
  inhibitors	
  of	
  the	
  type	
  I	
  and	
  II	
  IFN-­‐induced	
  

JAK-­‐STAT	
  signaling	
   in	
   in	
  vitro	
   studies	
   including	
  SOCS	
  overexpression153,155	
  with	
  SOCS1	
  

showing	
  more	
   potent	
   inhibition	
   than	
   SOCS3153.	
   The	
   effect	
   of	
   SOCS1	
   on	
   IFN-­‐γ-­‐induced	
  

signaling	
   was	
   further	
   confirmed	
   using	
   SOCS1	
   knockout	
   cells156.	
   More	
   recent	
  

overexpression	
  studies	
  established	
  that	
  SOCS1	
  and	
  SOCS3	
  also	
  act	
  as	
  negative	
  regulators	
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on	
  IFN-­‐λ	
  signaling	
  and	
  expression	
  of	
  antiviral	
  genes157-­‐159.	
  Taken	
  together,	
  according	
  to	
  

the	
  in	
  vitro	
  data,	
  the	
  negative	
  regulatory	
  activity	
  of	
  SOCS1	
  and	
  SOCS3	
  extends	
  to	
  type	
  I,	
  II	
  

and	
  III	
  IFN	
  signaling.	
  

In	
  vivo	
  studies	
  with	
  Socs1	
  –	
  Ifng	
  double	
  knockout	
  mice	
  confirmed	
  the	
  effect	
  of	
  SOCS1	
  on	
  

type	
  I	
  and	
  II	
  IFN	
  signaling	
  observed	
  in	
  vitro145,149,156,160.	
  Of	
  note,	
  the	
  premature	
  death	
  of	
  

Socs1	
   single	
   knockout	
   mice	
   caused	
   primarily	
   by	
   hypersensitivity	
   to	
   IFN-­‐γ161,162	
   is	
  

prevented	
  by	
  Socs1	
  –	
  Ifng	
  double	
  knockout163,	
  demonstrating	
  SOCS1	
  as	
  a	
  key	
  modulator	
  

of	
  IFN-­‐γ	
  signaling.	
  	
  

SOCS3	
  deficient	
  mice	
  exhibit	
  embryonic	
  lethality164,165.	
  However,	
  studies	
  of	
  mice	
  with	
  a	
  

conditional	
  SOCS3	
  deletion	
  in	
  the	
  liver	
  or	
  in	
  macrophages	
  demonstrated	
  normal	
  STAT1	
  

activation	
   by	
   IFN-­‐γ156,	
   contradicting	
   the	
   in	
   vitro	
   results	
   obtained	
   with	
   SOCS3	
  

overexpression.	
   Although	
   SOCS	
   overexpression	
   studies	
   showed	
   that	
   they	
   have	
  

inhibitory	
   effects	
   on	
   a	
   wide	
   range	
   of	
   cytokines,	
   in	
   vitro	
   and	
   in	
   vivo	
   knock	
   out	
  

experiments	
  revealed	
  a	
  much	
  more	
  specific	
  activity	
  for	
  only	
  a	
  few	
  cytokines139.	
  	
  

Taken	
  together,	
  it	
  seems	
  clear	
  that	
  SOCS1	
  is	
  a	
  potent	
  negative	
  regulator	
  of	
  type	
  I	
  and	
  II	
  

IFN	
  signaling	
  in	
  vitro	
  and	
  in	
  vivo,	
  whereas	
  its	
  role	
  on	
  IFN-­‐λ	
  signaling	
  needs	
  to	
  be	
  further	
  

investigated	
   in	
   a	
   more	
   physiological	
   experimental	
   setting.	
   Similarly,	
   while	
   SOCS3	
  

overexpression	
   in	
   vitro	
   inhibits	
   IFN-­‐λ	
   signaling,	
   its	
   role	
   in	
   vivo	
   needs	
   to	
   be	
   further	
  

clarified.	
  	
  

	
  
1.3.2.2	
  Ubiquitin-­‐specific	
  peptidase	
  18	
  

Besides	
   the	
   SOCS	
   proteins	
   discussed	
   in	
   the	
   previous	
   section,	
   USP18	
   is	
   an	
   additional	
  

cytokine-­‐inducible	
  negative	
  regulator	
  of	
  the	
  JAK-­‐STAT	
  pathway.	
  USP18	
  is	
  known	
  to	
  play	
  

a	
  dual	
  role;	
  as	
  an	
  ISG15	
  isopeptidase	
  as	
  well	
  as	
  a	
  negative	
  regulator	
  of	
  the	
  IFN	
  system166.	
  

USP18	
   (initially	
   named	
   UBP43	
   because	
   of	
   its	
   molecular	
   weight	
   of	
   43kDa)	
   was	
   first	
  

described	
   in	
   1999	
   as	
   a	
   murine	
   protein	
   with	
   deubiquitinating	
   enzyme	
   activity167.	
   The	
  

human	
   orthologue	
   showing	
   70%	
   homology	
   with	
   the	
   murine	
   USP18	
   protein	
   was	
  

identified	
  one	
  year	
  later168.	
  Human	
  USP18	
  exists	
  as	
  two	
  isoforms;	
  the	
  full	
  length	
  and	
  the	
  

N-­‐terminal	
  truncated	
  form.	
  The	
  translation	
  of	
  the	
  full-­‐length	
  USP18	
  protein	
  is	
   initiated	
  

by	
   a	
   rare	
   start	
   codon	
   CUG,	
   characterized	
   by	
   a	
   low	
   translation	
   initiation	
   efficiency	
  

followed	
  by	
  a	
  frequent	
  skip	
  by	
  the	
  scanning	
  ribosome	
  that	
  promotes	
  the	
  expression	
  of	
  

the	
  truncated	
  USP18169.	
  USP18	
  belongs	
  to	
  a	
  large	
  family	
  of	
  ubiquitin-­‐specific	
  proteases,	
  

enzymes	
   that	
   cleave	
   ubiquitin	
   from	
   ubiquitinated	
   protein	
   substrates167,168.	
   Although	
  



I	
  Introduction	
  

	
   15	
  

USP18	
  shows	
  significant	
  homology	
  to	
  well-­‐characterized	
  ubiquitin-­‐specific	
  peptidases,	
  it	
  

only	
   efficiently	
   cleaves	
   the	
   ubiquitin-­‐like	
   protein	
   ISG15	
   from	
   ISGylated	
   proteins170,171.	
  

Therefore,	
   its	
   enzymatic	
   activity	
   seems	
   to	
   be	
   crucial	
   for	
   proper	
   cellular	
   balance	
   of	
  

ISG15-­‐conjugated	
  proteins	
  in	
  healthy	
  and	
  stressed	
  organisms170,171.	
  	
  

The	
   expression	
   of	
   USP18	
   is	
   strongly	
   induced	
   by	
   viral	
   infection,	
   IFNs	
   and	
  

lipopolysaccharides	
   (LPSs)	
   assuming	
   a	
   role	
   in	
   processes	
   including	
   cell	
   proliferation,	
  

inflammation,	
  stress	
  and	
  immune	
  responses170,172.	
  However,	
  the	
  magnitude	
  of	
  induction	
  

is	
  cell-­‐type-­‐specific	
  and	
  varies	
  a	
  lot	
  in	
  response	
  to	
  different	
  stimuli166.	
  Amongst	
  others,	
  

the	
  expression	
  of	
  USP18	
  is	
  induced	
  by	
  type	
  I	
  and	
  type	
  III	
  IFNs	
  in	
  vitro	
  and	
  in	
  vivo147,148,173	
  

and	
  is	
  not	
  induced	
  by	
  IFN-­‐γ147,173.	
  Importantly,	
  USP18	
  is	
  not	
  only	
  an	
  isopeptidase	
  but	
  has	
  

also	
  a	
  role	
  as	
  a	
  potent	
  inhibitor	
  of	
  IFN	
  signaling,	
  independently	
  of	
  its	
  enzymatic	
  function	
  

towards	
   ISG15109,174.	
   USP18	
   was	
   initially	
   described	
   as	
   a	
   potent	
   negative	
   regulator	
   of	
  

type	
   I	
   IFN	
   signaling	
   in	
  vitro174.	
   For	
   example,	
  murine	
   and	
  human	
  USP18	
  deficient	
   cells	
  

were	
   hypersensitive	
   to	
   IFN-­‐α	
   and	
   IFN-­‐β	
   stimulation	
   evident	
   as	
   prolonged	
   STAT1	
  

phosphorylation	
  and	
  increased	
  ISG	
  induction	
  and	
  eventual	
  apoptosis109,174-­‐176.	
  Of	
  note,	
  it	
  

has	
   been	
   demonstrated	
   that	
   both	
   human	
   isoforms,	
   the	
   full	
   length	
   and	
   the	
  N-­‐terminal	
  

truncated	
  USP18,	
  do	
  not	
  differ	
  in	
  the	
  negative	
  regulation	
  of	
  the	
  IFN-­‐α-­‐induced	
  signaling	
  

cascade169.	
  Direct	
  binding	
  of	
   the	
  C-­‐terminus	
  of	
  USP18	
   to	
   the	
   IFNAR2	
  subunit	
  prevents	
  

the	
  interaction	
  of	
   JAK1	
  with	
  the	
  receptor,	
   in	
  turn	
  blocking	
  downstream	
  signaling109.	
   In	
  

contrast	
  to	
  type	
  I	
  IFNs,	
  USP18	
  does	
  not	
  modulate	
  the	
  IFNγ-­‐induced	
  JAK-­‐STAT	
  signaling	
  

pathway174,177	
   and	
   does	
   not	
   interact	
   with	
   the	
   IFNGR109.	
   Overexpression	
   studies	
  

demonstrated	
   that	
  USP18	
  has	
  a	
  marginal	
   inhibitory	
  effect	
  on	
   IFN-­‐λ induced	
   JAK-­‐STAT	
  

pathway	
   in	
   vitro173.	
   Furthermore,	
   co-­‐immunoprecipitation	
   experiments	
   suggest	
   that	
  

USP18	
  does	
  not	
  directly	
  bind	
  the	
  IFNLR1178.	
  Taken	
  together,	
  the	
  in	
  vitro	
  data	
  showed	
  a	
  

negative	
  regulatory	
  role	
  of	
  USP18	
  on	
  the	
  type	
  I	
  IFN	
  system,	
  no	
  effect	
  on	
  the	
  type	
  II	
  IFN	
  

system and	
  a	
  minor	
  effect	
  on	
  the	
  type	
  III	
  IFN	
  system.	
  

Importantly,	
  the	
  strong	
  inhibitory	
  effect	
  of	
  USP18	
  on	
  IFN-­‐α	
  induced	
  JAK-­‐STAT	
  signaling	
  

observed	
  in	
  vitro,	
  was	
  confirmed	
  in	
  USP18	
  deficient	
  mice148	
  and	
  is	
  underscored	
  by	
  a	
  rare	
  

human	
   type	
   I	
   interferonopathie,	
   the	
   pseudo-­‐TORCH	
   syndrome.	
   This	
   disease	
   is	
  

characterized	
  by	
  a	
  USP18	
  deficiency	
   leading	
  to	
  an	
  uncontrolled	
  type	
   I	
   IFN	
  system	
  that	
  

results	
  in	
  severe	
  brain	
  damage179.	
  

Furthermore,	
  it	
  was	
  demonstrated	
  that	
  USP18	
  is	
  responsible	
  for	
  the	
  establishment	
  of	
  a	
  

long	
   lasting	
   desensitized	
   state	
   upon	
   type	
   I	
   and	
   III	
   IFNs,	
   leading	
   to	
   IFN-­‐α	
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unresponsiveness	
   for	
  up	
   to	
  72h.	
  This	
   long	
   lasting	
   refractoriness	
  was	
  not	
  observed	
   for	
  

IFN-­‐β,	
  IFN-­‐γ	
  or	
  IFN-­‐λ147,148,173.	
  This	
  suggests	
  that	
  the	
  inhibitory	
  effect	
  of	
  USP18	
  is	
  specific	
  

to	
   IFN-­‐α	
   induced	
   signaling.	
   In	
   contrast,	
   a	
   different	
   study	
   postulates	
   USP18	
   as	
   an	
  

inhibitor	
  of	
  IFN-­‐λ-­‐induced	
  signaling178.	
  	
  

Taken	
   together,	
   USP18	
   is	
   a	
   potent	
   negative	
   inhibitor	
   of	
   the	
   IFN-­‐α induced	
   JAK-­‐STAT	
  

pathway	
   in	
   vitro	
   and	
   in	
   vivo	
   but	
   has	
   no	
   effect	
   on	
   type	
   II	
   IFN-­‐induced	
   signaling.	
  

Importantly,	
   its	
   inhibitory	
   role	
   on	
   IFN-­‐λ-­‐induced	
   signaling	
   is	
   still	
   a	
   matter	
   of	
  

controversy	
  and	
  needs	
  further	
  clarification.	
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2	
  Liver	
  Cancer	
  

Liver	
  cancer	
   is	
   the	
  sixth	
  most	
  common	
  cancer	
  worldwide	
  with	
  approximately	
  850’000	
  

new	
  cases	
  annually	
  with	
  increasing	
  incidence	
  rates180,181.	
  Around	
  800’000	
  people	
  die	
  of	
  

liver	
  cancer	
  each	
  year	
  which	
  ranks	
   this	
  disease	
  as	
   the	
  second	
   leading	
  cause	
  of	
  cancer-­‐

related	
   deaths	
   worldwide181,182.	
   The	
   ratio	
   of	
   mortality	
   to	
   incidence	
   is	
   close	
   to	
   one,	
  

showing	
  a	
  very	
  poor	
  prognosis	
  for	
  patients	
  suffering	
  from	
  liver	
  cancer181.	
  The	
  majority	
  

(80-­‐90%)	
  of	
  primary	
  liver	
  cancers	
  are	
  hepatocellular	
  carcinoma	
  (HCC)	
  originating	
  from	
  

hepatocytes,	
   the	
   epithelial	
   liver	
   cells183-­‐185.	
   The	
   second	
   most	
   frequent	
   primary	
   liver	
  

cancers	
   accounting	
   for	
   10-­‐12%	
   of	
   all	
   cases	
   are	
   intrahepatic	
   cholangiocarcinomas	
  

originating	
   from	
   cholangiocytes,	
   the	
   epithelial	
   cells	
   that	
   line	
   the	
   bile	
   ducts181,183.	
  

Furthermore,	
   hepatic	
   angiosarcoma186	
   and	
   the	
   pediatric	
   neoplasm,	
   hepatoblastoma187	
  

are	
  two	
  very	
  rare	
  forms	
  of	
  liver	
  cancer.	
  In	
  the	
  following	
  chapters	
  we	
  will	
  focus	
  on	
  HCC.	
  	
  

	
  

2.1	
  Etiologies	
  of	
  hepatocellular	
  carcinoma	
  	
  

The	
  burden	
  of	
  liver	
  cancer	
  is	
  not	
  evenly	
  distributed	
  throughout	
  the	
  world.	
  Incidence	
  and	
  

mortality	
  rates	
  vary	
  between	
  countries,	
  reflecting	
  the	
  uneven	
  distribution	
  of	
  major	
  risk	
  

factors	
   responsible	
   for	
   HCC	
   development183,185,188	
   as	
   shown	
   in	
   Table	
   1	
   and	
   Figure	
   6.	
  

Various	
   etiologies	
   have	
   been	
   linked	
   to	
   HCC	
   development,	
   including	
   HBV	
   and	
   HCV	
  

infection,	
   aflatoxin	
   B1	
   intake,	
   chronic	
   alcohol	
   consumption	
   and	
   obesity,	
   typically	
  

conditions	
  that	
  induce	
  cirrhosis180,189.	
  The	
  different	
  risk	
  factors	
  and	
  their	
  mechanism	
  of	
  

hepatocarcinogenesis	
  are	
  summarized	
  in	
  Figure	
  7	
  and	
  will	
  be	
  described	
  in	
  more	
  detail	
  

below.	
   The	
   highest	
   prevalence	
   of	
   HCC	
   is	
   observed	
   in	
   sub-­‐Saharan	
   Africa	
   and	
   east	
  

Asia181,183,	
   where	
   viral	
   hepatitis	
   is	
   endemic190,	
   with	
   China	
   alone	
   accounting	
   for	
   more	
  

than	
   50%	
   of	
   the	
   total	
   number	
   of	
   HCC	
   cases	
   and	
   deaths	
   worldwide181,191	
   (Figure	
   6).	
  

Whereas	
   in	
   the	
  majority	
   of	
   these	
   high-­‐rate	
   HCC	
   countries	
   chronic	
   HBV	
   infection	
   and	
  

aflatoxin	
   B1	
   exposure	
   are	
   the	
   leading	
   risk	
   factors,	
   HCV	
   infection,	
   alcohol	
   abuse	
   and	
  

obesity	
   have	
   become	
   important	
   risk	
   factors	
   in	
   Western	
   Europe	
   and	
   Northern	
  

America183,191	
  (Table	
  1).	
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Table	
   1:	
   Geographical	
   distribution	
   of	
   main	
   risk	
   factors	
   for	
   HCC	
   worldwide	
   NASH:	
   non-­‐alcoholic	
  

steatohepatitis.	
  Modified	
  from185.	
  	
  

	
  

	
  
Figure	
  6.	
  Regional	
  variation	
  in	
  the	
  age-­‐standardized	
  incidence	
  (blue)	
  and	
  death	
  (red)	
  rates	
  of	
  liver	
  

cancer.	
  Number	
  of	
  cases	
  per	
  100’000	
  persons	
  (Source:	
  GLOBOCAN	
  2012	
  (IARC)).	
  

	
  

Chronic	
  HBV	
  infection.	
  Chronic	
  HBV	
  infection	
  is	
  one	
  of	
  the	
  major	
  risk	
  factors	
  that	
  can	
  

lead	
  to	
  liver	
  damage,	
  resulting	
  in	
  fibrosis	
  and	
  cirrhosis	
  and	
  finally	
  HCC183-­‐185,192.	
  Chronic	
  

HBV	
  infection	
  accounts	
  for	
  approximately	
  50%	
  of	
  all	
  HCC	
  cases	
  around	
  the	
  world	
  (Table	
  

1),	
  with	
  the	
  majority	
  (70-­‐80%)	
  of	
  patients	
  with	
  HBV-­‐related	
  HCC	
  having	
  cirrhosis193.	
  At	
  

least	
   three	
  mechanisms	
  by	
  which	
  HBV	
   infection	
  could	
  contribute	
   to	
  HCC	
  development	
  

have	
   been	
   suggested.	
   First,	
   viral	
   proteins	
   (especially	
   the	
   hepatitis	
   B	
   protein	
   X	
   (HBx))	
  

HCV$[%] HBV$[%] Alcohol$[%] Others$[%]
Europe 60870 10815 20 10
North$America 50860 20 20 10$(NASH)
Asia$and$Africa 20 70 10 10$(Aflatoxin$B1)

Japan 70 10820 10 10
WORLD 31 54 16

Risk$factors
Geographic$area
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have	
  been	
   reported	
   to	
  modulate	
   cell	
   proliferation	
   and	
   viability194.	
   For	
   example,	
   it	
   has	
  

been	
   shown	
   that	
   84%	
   of	
   transgenic	
   mice	
   with	
   elevated	
   levels	
   of	
   the	
   HBx	
   protein	
  

developed	
   HCC	
   by	
   the	
   age	
   of	
   13-­‐24	
   months195.	
   However,	
   the	
   direct	
   evidence	
   from	
  

human	
  tissues	
   is	
  still	
  missing.	
  Second,	
  the	
  HBV	
  life	
  cycle	
   involves	
  the	
  presence	
  of	
  viral	
  

DNA	
  in	
  the	
  nucleus	
  that	
  is	
  prone	
  to	
  integration	
  into	
  the	
  human	
  genome.	
  Such	
  integration	
  

in	
   cellular	
   DNA	
   of	
   human	
   HCCs	
   was	
   first	
   reported	
   in	
   the	
   1980s196-­‐198.	
   The	
   HBV	
   DNA	
  

integration	
   often	
   leads	
   to	
   rearrangement	
   of	
   the	
   targeted	
   and	
   flanking	
   regions,	
  

potentially	
   activating	
   oncogenes	
   and	
   inducing	
   chromosomal	
   instability199,200.	
   Of	
   note,	
  

most	
  of	
   the	
  observed	
   integrations	
  were	
  not	
  recurrent	
  and	
  appeared	
  only	
   in	
  one	
  of	
   the	
  

analyzed	
   samples.	
   However,	
   a	
   few	
   genes	
   with	
   recurrent	
   integration	
   sites	
   were	
  

identified,	
  among	
  them	
  the	
  promoter	
  region	
  of	
  telomerase	
  reverse-­‐transcriptase	
  (TERT),	
  

which	
  can	
  activate	
  telomerase	
  and	
  other	
  oncogenes194,201.	
  Third,	
  chronic	
  HBV	
  infection	
  

induces	
   hepatocyte	
   injury	
   and	
   inflammation,	
   which	
   triggers	
   necrosis	
   and	
   HCC	
  

development200,202	
  (Figure	
  7).	
  	
  

Aflatoxin	
  B1.	
  Epidemiological	
   studies	
  have	
  proven	
   that	
   there	
   is	
  a	
  correlation	
  between	
  

consumption	
   of	
   aflatoxin	
   B1	
   contaminated	
   food	
   and	
   HCC	
   development184,185,203.	
  

Aflatoxins	
  are	
  fungal	
  metabolites	
  that	
  contaminate	
  food,	
  especially	
  in	
  regions	
  of	
  Asia	
  and	
  

sub-­‐Saharan	
  Africa	
  where	
  poor	
   food	
  storage	
  condition	
   is	
  a	
  problem183,185.	
  Aflatoxin	
  B1	
  

intake	
  was	
  correlated	
  with	
  mutations	
  in	
  the	
  tumor	
  suppressor	
  gene	
  TP53	
  and	
  increased	
  

incidence	
   of	
   HCC,	
   especially	
   in	
   HBV-­‐infected	
   individuals204,205.	
   However,	
   two	
   case	
  

control	
  studies	
  suggest	
  aflatoxin	
  B1	
  as	
  a	
  direct	
  risk	
   factor	
   for	
  HCC	
  development	
   in	
   the	
  

absence	
  of	
  chronic	
  HBV	
  infection206,207.	
  	
  

Chronic	
  HCV	
  infection.	
  HCV,	
  a	
  RNA	
  virus,	
  has	
  been	
  declared	
  as	
  a	
  human	
  carcinogen	
  by	
  

the	
   International	
  Agency	
   for	
  Research	
   on	
  Cancer	
   (IARC)	
   in	
   1994.	
  Different	
   from	
  HBV,	
  

HCV	
  infection	
  is	
  more	
  prevalent	
   in	
  Europe,	
  the	
  United	
  States	
  and	
  Japan	
  where	
  it	
   is	
  the	
  

major	
  risk	
  factor	
  for	
  HCC	
  development183,208	
  (Table	
  1).	
  About	
  15-­‐35%	
  of	
  chronically	
  HCV	
  

infected	
   individuals	
   develop	
   HCC	
   by	
   the	
   age	
   of	
   75183,192.	
   In	
   most	
   of	
   the	
   HCV-­‐related	
  

HCCs,	
  cancer	
  development	
  is	
  preceded	
  by	
  advanced	
  hepatic	
  fibrosis	
  or	
  cirrhosis209.	
  Since	
  

HCV,	
   in	
   contrast	
   to	
  HBV,	
  does	
  not	
   integrate	
   in	
   the	
  human	
  genome,	
   its	
  HCC	
  promoting	
  

activity	
   most	
   likely	
   involves	
   induction	
   of	
   hepatic	
   inflammation	
   and	
   fibrosis	
   and	
  

promoting	
   malignant	
   transformation	
   of	
   infected	
   cells208,210,211	
   (Figure	
   7).	
   Of	
   note,	
   a	
  

meta-­‐analysis	
   of	
   21	
   published	
   studies	
   suggests	
   that	
   patients	
   infected	
   with	
   HCV	
   of	
  

genotype	
   1b	
   have	
   an	
   increased	
   risk	
   of	
   developing	
  HCC	
   compared	
   to	
   patients	
   infected	
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with	
   any	
   other	
   genotype	
   of	
   HCV212.	
   However,	
   it	
   is	
   still	
   unclear	
   if	
   HCV	
   is	
   a	
   direct	
  

carcinogen	
  or	
  whether	
  other	
  pathological	
   conditions	
   (e.g.	
   steatosis,	
  oxidative	
  stress	
  or	
  

inflammation)	
   that	
   are	
   linked	
   to	
   chronic	
   viral	
   infection	
   are	
   the	
   cause	
   of	
   HCC	
  

development	
  and	
  progression213,214.	
  

Alcohol	
   abuse.	
   Additional	
   to	
   the	
   above	
   mentioned	
   risk	
   factors,	
   excessive	
   alcohol	
  

consumption,	
   is	
   another	
   leading	
   cause	
  of	
  HCC,	
   especially	
   in	
  developed	
   countries183,208.	
  

Chronic	
   alcohol	
   intake	
   is	
   linked	
   to	
   inflammation	
   that	
   increases	
   hepatocyte	
   turnover,	
  

oxidative	
  stress	
  and	
  the	
  risk	
  to	
  develop	
  cirrhosis,	
  eventually	
  leading	
  to	
  HCC189,215	
  (Figure	
  

7).	
  

Metabolic	
  syndrome	
  and	
  others.	
  Recently,	
  metabolic	
  syndrome	
  resulting	
  from	
  diabetes	
  

and	
  obesity	
  and	
  the	
  associated	
  liver	
  diseases	
  non-­‐alcoholic	
  fatty	
  liver	
  disease	
  (NAFLD)	
  

and	
   non-­‐alcoholic	
   steatohepatits	
   (NASH)	
   became	
   more	
   important	
   risk	
   factors	
   for	
  

HCC208,216,217.	
   Furthermore,	
   inherited	
  metabolic	
   disorders	
   such	
   as	
   hemochromatosis218	
  

and	
   alpha-­‐1	
   antitrypsin	
   deficiency219	
   causing	
   hepatocellular	
   damage	
   and	
   necrosis	
   can	
  

increase	
  the	
  risk	
  of	
  HCC	
  development183,185.	
  	
  

Gender.	
  HCC	
  is	
  three	
  fold	
  more	
  common	
  in	
  men	
  than	
  women180,181,185.	
  This	
  phenomenon	
  

is	
  not	
  well	
  understood.	
  However,	
  it	
  has	
  been	
  hypothesized	
  that	
  differences	
  in	
  sex	
  steroid	
  

hormones,	
  immune	
  responses	
  and	
  epigenetics	
  could	
  be	
  the	
  underlying	
  cause188.	
  Indeed,	
  

a	
  positive	
  association	
  between	
  high	
  levels	
  of	
  circulating	
  testosterone	
  and	
  HCC	
  has	
  been	
  

described	
  in	
  the	
  context	
  of	
  HBV	
  infected	
  men220.	
  	
  

Taken	
   together,	
   several	
   etiologies,	
   such	
   as	
   viral	
   hepatitis,	
   alcohol	
   abuse,	
   aflatoxin	
   B1,	
  

NASH	
  and	
  NAFLD	
  can	
  lead	
  to	
  hepatocarcinogenesis.	
  Some	
  etiologies	
  are	
  prone	
  to	
  induce	
  

mutations	
  with	
   higher	
   frequency	
   in	
   specific	
   genes,	
   as	
   observed	
   for	
  HBV-­‐related	
  HCCs	
  

that	
  are	
   frequently	
  mutated	
   in	
  TP53221.	
  However,	
  although	
  HCC	
  risk	
   factors	
  are	
  highly	
  

diverse,	
   they	
   induce	
   several	
   overlapping	
   pathogenic	
   pathways	
   and	
   processes.	
   For	
  

example,	
  inflammation	
  and	
  repeated	
  cycles	
  of	
  liver	
  damage	
  and	
  regeneration	
  seem	
  to	
  be	
  

consistent	
  among	
  HBV-­‐,	
  HCV-­‐	
  and	
  alcohol	
  induced	
  hepatocarcinogenesis.	
  This	
  suggests,	
  

that	
  there	
  are	
  at	
   least	
  some	
  common	
  processes	
  underlying	
  HCC	
  development	
  and	
  thus	
  

could	
  represent	
  important	
  targets	
  for	
  drug	
  development.	
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Figure	
   7.	
   The	
   different	
   etiologies	
   of	
   HCC	
   and	
   the	
   corresponding	
   mechanisms	
   of	
  

hepatocarcinogenesis.	
  Various	
  etiologies	
  have	
  been	
   linked	
  to	
  HCC	
  development,	
   including	
  aflatoxin	
  B1	
  

intake,	
   hepatitis	
   B	
   virus	
   (HBV)	
   and	
   hepatitis	
   C	
   virus	
   (HCV)	
   infection	
   and	
   chronic	
   alcohol	
   consumption,	
  

typically	
   conditions	
   that	
   induce	
   cirrhosis.	
   In	
   addition,	
   HBV	
   can	
   integrate	
   into	
   the	
   host	
   genome,	
   thus	
  

contributing	
  to	
  hepatocarcinogenesis.	
  Modified	
  from189.	
  

	
  

2.2	
  Prevention	
  and	
  treatment	
  of	
  hepatocellular	
  carcinoma	
  

HCC	
  is	
  one	
  of	
  the	
  deadliest	
  cancers	
  worldwide	
  and	
  its	
  incidence	
  is	
  continuously	
  rising185.	
  

Furthermore,	
  therapies	
  for	
  advanced	
  HCC	
  are	
  limited,	
  showing	
  a	
  clear	
  need	
  for	
  new	
  and	
  

more	
   effective	
   drugs.	
   The	
   lack	
   of	
   curative	
   treatment	
   options	
   for	
   advanced	
   stage	
   HCC	
  

makes	
   prevention	
   even	
  more	
   important.	
   The	
   different	
  HCC	
   prevention	
   and	
   treatment	
  

options	
  are	
  described	
  below.	
  

	
  

2.2.1	
  Prevention	
  	
  

The	
  best	
  HCC	
  prevention	
  strategy	
  is	
  the	
  reduction	
  of	
  the	
  underlying	
  etiological	
  factors.	
  A	
  

major	
   breakthrough	
   in	
   the	
   field	
   of	
   HCC	
   prevention	
   was	
   the	
   development	
   of	
   a	
   HBV	
  

vaccine.	
  National	
  HBV	
  vaccination	
  programs	
  reduced	
  the	
  burden	
  of	
  HBV	
  infection,	
  which	
  

in	
  turn	
   lowered	
  the	
   incidence	
  rates	
  of	
  HCC222,223.	
  However,	
  240	
  million	
  people	
  are	
  still	
  

chronically	
   infected	
  with	
  HBV	
  and	
  remain	
  at	
  risk	
   for	
   the	
  development	
  of	
  cirrhosis	
  and	
  

HCC202.	
   In	
   general,	
   effective	
   antiviral	
   therapies	
   in	
   patients	
  with	
   chronic	
  HBV	
   and	
  HCV	
  

infection	
  are	
  associated	
  with	
  reduced	
  HCC	
  incidence	
  rates184,224.	
  Cohort	
  studies	
  showed	
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that	
   the	
   successful	
   treatment	
   of	
   HCV	
   reduces	
   HCC	
   incidence	
   rates	
   compared	
   to	
  

untreated	
   controls225,226.	
   Furthermore,	
   the	
   reduction	
   of	
   aflatoxin	
   1B	
   exposure	
   was	
  

proposed	
  to	
  be	
  highly	
  relevant	
  for	
  liver	
  cancer	
  prevention183.	
  	
  

	
  

2.2.2	
  Treatment	
  	
  

Staging	
   of	
   HCC	
   patients	
   according	
   to	
   prognosis	
   and	
   treatment	
   options,	
   is	
   performed	
  

using	
  the	
  Barcelona	
  Clinic	
  Liver	
  Cancer	
  (BCLC)	
  staging	
  system227,	
  recommended	
  by	
  the	
  

European	
   and	
   American	
   clinical	
   practice	
   guidelines185,228.	
   This	
   staging	
   system	
   defines	
  

five	
   prognostic	
   subclasses	
   (0,	
   A,	
   B,	
   C	
   and	
   D)	
   that	
   link	
   the	
   disease	
   stage	
   to	
   the	
   most	
  

beneficial	
  therapy	
  option	
  currently	
  available184,185.	
  Class	
  0	
  represents	
  very	
  early,	
  A	
  early,	
  

B	
  intermediate,	
  C	
  advanced	
  and	
  D	
  terminal	
  stage	
  disease	
  (Figure	
  8).	
  

Alternative	
   staging	
   systems	
  were	
   proposed	
   including	
   the	
   Hong	
   Kong	
   classification229,	
  

the	
  Cancer	
  of	
  the	
  Liver	
  Italian	
  Program	
  (CLIP)	
  score230,	
  the	
  TNM	
  system185	
  and	
  the	
  Japan	
  

Integrated	
   Staging	
   (JIS)	
   score231.	
   But	
   in	
   contrast	
   to	
   the	
   BCLC	
   system,	
   they	
   are	
   not	
  

globally	
  used	
  in	
  the	
  clinic185	
  .	
  	
  

To	
  date,	
   five	
  different	
   treatment	
  options	
  are	
  available	
   for	
  patients	
  with	
  HCC,	
   including	
  

surgical	
   resection,	
   liver	
   transplantation,	
   local	
   ablation,	
   chemoembolization	
   and	
   the	
  

multikinase	
   inhibitor	
   sorafenib184,185.	
   Treatment	
   options	
   are	
   divided	
   into	
   two	
   groups,	
  

the	
   potentially	
   curative	
   and	
   the	
   palliative	
   treatments	
   (Figure	
   8).	
   About	
   30-­‐40%	
   of	
  

patients	
   are	
   classified	
   as	
   BCLC	
   0	
   or	
   A,	
   representing	
   asymptomatic,	
   early	
   stage	
   HCCs.	
  

These	
   patients	
   are	
   considered	
   for	
   potential	
   curative	
   therapies	
   such	
   as	
   resection,	
  

transplantation	
   or	
   local	
   ablation,	
   resulting	
   in	
   a	
   median	
   survival	
   rate	
   of	
   five	
   years184.	
  

Patients	
  with	
   intermediate	
  and	
  advanced	
  stage	
  disease,	
  BCLC	
  B-­‐C,	
  have	
   two	
  treatment	
  

options;	
  chemoembolization	
  and	
  sorafenib.	
  BCLC	
  stage	
  B	
  patients	
  with	
  preserved	
   liver	
  

functions	
   benefit	
   from	
   chemoembolization	
   whereas	
   the	
   standard	
   of	
   care	
   for	
   stage	
   C	
  

patients	
  is	
  sorafenib,	
  prolonging	
  median	
  survival	
  by	
  three	
  months232.	
  Patients	
  with	
  end	
  

stage	
  disease,	
  BCLC	
  D,	
  receive	
  palliative	
  treatment.	
  These	
  patients	
  may	
  need	
  nutritional	
  

and	
   psychological	
   care	
   and	
   good	
   pain	
   management185.	
   The	
   different	
   HCC	
   treatment	
  

options,	
   including	
   liver	
   transplantation,	
   radiofrequency	
  ablation,	
   transcatheter	
  arterial	
  

chemoembolization	
  (TACE)	
  and	
  sorafenib,	
  will	
  be	
  discussed	
  in	
  the	
  following.	
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Figure	
   8.	
   BCLC	
   staging	
   system	
   and	
   therapeutic	
   strategy.	
   The	
   Barcelona	
   Clinic	
   Liver	
   Cancer	
   (BCLC)	
  

staging	
  system	
  encompasses	
  five	
  different	
  stages	
  (BCLC	
  0,	
  A,	
  B,	
  C	
  and	
  D)	
  and	
  is	
  used	
  to	
  stratify	
  patients	
  

according	
   to	
   their	
   prognosis	
   and	
   treatment	
   options.	
   Curative	
   treatments	
   include	
   resection,	
  

transplantation	
  and	
  ablation	
  whereas	
  transcatheter	
  arterial	
  chemoembolization	
  (TACE)	
  and	
  sorafenib	
  are	
  

used	
   as	
   palliative	
   treatment	
   in	
   patients	
   with	
   intermediate	
   and	
   advanced	
   stage	
   disease,	
   respectively.	
  

Modified	
  from185.	
  

	
  

Liver	
  Resection.	
  Patients	
  with	
  single	
  tumor	
  nodules	
  designated	
  BCLC	
  0	
  or	
  A,	
  no	
  portal	
  

hypertension	
   and	
  well-­‐preserved	
   liver	
   functions	
   are	
   considered	
   for	
   surgical	
   resection.	
  

Tumor	
   recurrence	
   is	
   the	
  major	
   complication	
  of	
   this	
   treatment	
  modality185.	
  The	
  5-­‐year	
  

recurrence	
  rate	
  of	
  HCC	
  is	
  up	
  to	
  70%	
  in	
  these	
  patients	
  because	
  of	
  either	
  metastasis	
  or	
  de	
  

novo	
  HCC	
  development	
  in	
  the	
  liver185,228.	
  

Liver	
  Transplantation.	
  Patients	
   that	
  do	
  not	
  qualify	
   for	
   resection	
  might	
  be	
   candidates	
  

for	
  liver	
  transplantation	
  if	
  the	
  HCC	
  is	
  defined	
  as	
  BCLC	
  A	
  and	
  some	
  additional	
  criteria	
  are	
  

met.	
   If	
  only	
  one	
  nodule	
   is	
  present	
   in	
  the	
   liver,	
   its	
  size	
  has	
  to	
  be	
  ≤	
  5cm.	
  If	
  a	
  patient	
  has	
  

several	
  nodules,	
  their	
  number	
  cannot	
  exceed	
  three	
  and	
  their	
  individual	
  sizes	
  cannot	
  be	
  

larger	
  than	
  3cm.	
  No	
  vascular	
  invasion	
  should	
  be	
  present185.	
  The	
  5-­‐year	
  recurrence	
  rate	
  

of	
  HCC	
  is	
  below	
  15%,	
  however	
  the	
  scarcity	
  of	
   liver	
  donors	
  is	
  a	
  major	
  drawback	
  of	
  this	
  

treatment	
  option185.	
  

Ablation.	
  The	
  standard	
  of	
  care	
  for	
  patients	
  with	
  BCLC	
  stage	
  0-­‐A	
  tumors	
  not	
  suitable	
  for	
  

resection	
  or	
   transplantation	
   is	
   the	
   local	
  ablation	
  with	
   radiofrequency	
  or	
  percutaneous	
  

ethanol	
   injection.	
   The	
   radiofrequency	
   ablation	
   is	
   the	
  main	
   ablative	
   therapy	
   in	
   tumors	
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less	
   than	
   5cm,	
   whereas	
   ethanol	
   injection	
   is	
   used	
   when	
   radiofrequency	
   ablation	
   is	
  

technically	
  not	
  feasible.	
  These	
  patients	
  have	
  a	
  5-­‐year	
  survival	
  rate	
  of	
  50-­‐70%184,185,233.	
  

Transcatheter	
  arterial	
  chemoembolization	
  (TACE).	
  This	
  technique	
  is	
  recommended	
  in	
  

patients	
  with	
  an	
   intermediate	
   stage	
  HCC	
   (BCLC	
  B).	
  This	
   stage	
   is	
  defined	
  by	
  preserved	
  

liver	
   functions,	
   several	
   tumor	
   nodules,	
   no	
   tumor-­‐related	
   symptoms,	
   no	
   vascular	
  

invasion	
   and	
   no	
   extrahepatic	
   spread185.	
   TACE	
   is	
   a	
   minimal	
   invasive	
   technique.	
  

Embolizing	
   particles	
   loaded	
   with	
   chemotherapeutic	
   drugs	
   (e.g.	
   doxorubicin	
   and	
  

cisplatin)	
  are	
  injected	
  into	
  one	
  or	
  more	
  branches	
  of	
  the	
  hepatic	
  artery	
  in	
  close	
  proximity	
  

of	
   the	
   tumor.	
   This	
   enables	
   the	
   onsite	
   delivery	
   of	
   the	
   drug	
   and	
   restricts	
   tumor	
   blood	
  

supply.	
   Patients	
   that	
   receive	
   this	
   treatment	
   have	
   a	
   median	
   survival	
   of	
   20-­‐26	
  

month184,185,234.	
  

Sorafenib.	
  The	
  standard	
  of	
  care	
  for	
  patients	
  with	
  advanced	
  HCC	
  (BCLC	
  C)	
  is	
  the	
  multi-­‐

kinase	
   inhibitor	
   sorafenib185.	
   Its	
   beneficial	
   role	
   was	
   demonstrated	
   in	
   a	
   randomized	
  

control	
   trial	
  with	
  more	
   than	
  600	
  patients	
  with	
  advanced	
  HCC232.	
  Patients	
   treated	
  with	
  

sorafenib	
  benefit	
   from	
  an	
  overall	
   increased	
  survival	
  of	
   three	
  months	
  (from	
  7.9	
   to	
  10.7	
  

month).	
  The	
  effect	
  of	
  sorafenib	
  was	
  also	
  confirmed	
  in	
  an	
  Asian	
  patient	
  cohort	
  with	
  HBV	
  

background235.	
  Despite	
  its	
  beneficial	
  aspects,	
  sorafenib	
  has	
  its	
  limitations.	
  Although	
  it	
  is	
  

the	
  only	
  first-­‐line	
  treatment	
  option	
  for	
  patients	
  with	
  advanced	
  HCC,	
  sorafenib	
  treatment	
  

is	
   not	
   curative	
   and	
   cannot	
   be	
   used	
   in	
   patients	
   with	
   impaired	
   liver	
   function185,232.	
  

Furthermore,	
   sorafenib	
   is	
   associated	
   with	
   potentially	
   severe	
   side	
   effects,	
   including	
  

diarrhea,	
   fatigue,	
   hand-­‐foot	
   skin	
   reactions	
   and	
   weight	
   loss228,232,235.	
   Sorafenib	
   was	
  

originally	
  identified	
  as	
  a	
  Raf	
  kinase	
  inhibitor236	
  that	
  displayed	
  anti-­‐tumor	
  activity237.	
  It	
  is	
  

now	
   known	
   that	
   sorafenib	
   affects	
   up	
   to	
   40	
   different	
   kinases,	
   including	
   Raf-­‐1,	
   B-­‐Raf,	
  

vascular	
  endothelial	
  growth	
  factor	
  receptor	
  2	
  (VEGFR2),	
  platelet-­‐derived	
  growth	
  factor	
  

receptor	
   (PDGFR)	
   and	
   c-­‐Kit	
   receptor	
   kinases228.	
   Sorafenib	
   acts	
   on	
   tumor	
   cells	
   and	
  

stroma211	
   and	
   has	
   antiangiogenic,	
   antiproliferative	
   and/or	
   proapoptotic	
   effects237.	
  

However,	
  its	
  molecular	
  mode	
  of	
  action	
  is	
  not	
  completely	
  understood.	
  	
  

Almost	
  10	
  years	
  after	
  the	
  first	
  therapy	
  results	
  of	
  sorafenib	
  were	
  published232,	
  all	
  novel	
  

systemic	
   drugs	
   failed	
   in	
   clinical	
   phase	
   III	
   trials,	
   including	
  brivanib,	
   sunitinib,	
   erlotinib	
  

and	
  linifanib238-­‐242.	
  None	
  of	
  these	
  alternative	
  treatments	
  was	
  superior	
  to	
  sorafenib	
  in	
  the	
  

first-­‐line	
  setting.	
  Of	
  note,	
  regorafenib	
  -­‐	
  another	
  multikinase	
  inhibitor	
  –	
  was	
  the	
  only	
  drug	
  

with	
   a	
   beneficial	
   outcome	
   in	
   a	
   second-­‐line	
   setting	
   following	
   sorafenib	
   failure243.	
  

However,	
  it	
  is	
  associated	
  with	
  several	
  adverse	
  effects	
  and	
  is	
  not	
  well	
  tolerated	
  by	
  many	
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patients244.	
   Since	
   the	
   approval	
   of	
   checkpoint	
   inhibitors	
   such	
   as	
   tremelimumab	
   and	
  

nivolumab,	
   immunotherapy	
  has	
  recently	
  gained	
   interest	
   in	
   the	
   treatment	
  of	
  HCC245.	
   In	
  

general,	
  cancer	
  immunotherapy	
  redirects	
  the	
  immune	
  system	
  of	
  the	
  patients	
  against	
  the	
  

cancer	
   instead	
   of	
   targeting	
   the	
   cancer	
   itself246.	
   In	
   the	
   US,	
   nivolumab	
   an	
   anti-­‐PD-­‐1	
  

(programmed	
  cell	
  death	
  protein	
  1)	
  antibody	
  has	
  already	
  been	
  approved	
  for	
  the	
  second-­‐

line	
   treatment	
   of	
   HCC	
   and	
   is	
   currently	
   tested	
   in	
   a	
   Phase	
   III	
   trial	
   against	
   sorafenib	
  

(ClinicalTrials.	
   gov	
   registry	
   number:	
   NCT02576509)245.	
   The	
   results	
   from	
   the	
   new	
  

checkpoint	
   inhibitors	
   are	
   encouraging	
   and	
   hold	
   promise	
   for	
   potential	
   new	
   HCC	
  

treatments.	
  	
  

Taken	
  together,	
  despite	
  a	
  lot	
  of	
  potential	
  therapeutic	
  targets,	
  sorafenib	
  and	
  regorafenib	
  

are	
  the	
  only	
  drugs	
  globally	
  available	
   for	
   the	
  management	
  of	
  advanced	
  HCC.	
  This	
  could	
  

potentially	
   be	
   explained	
   by	
   the	
   molecular	
   heterogeneity	
   of	
   HCC,	
   the	
   lack	
   of	
   good	
  

biomarkers	
  that	
  help	
  to	
  stratify	
  the	
  patients	
  into	
  different	
  treatment	
  groups,	
  the	
  rapidly	
  

occurring	
  resistance	
  to	
  chemotherapy	
  and	
  the	
  toxicity	
  of	
  some	
  compounds	
  linked	
  to	
  the	
  

often	
  bad	
   liver	
  condition	
  of	
   these	
  patients.	
  This	
   indicates	
  the	
  urgent	
  need	
  for	
  new	
  and	
  

more	
  effective	
  drugs	
  to	
  treat	
  HCC.	
  	
  

	
  

2.3	
   Histopathological	
   progression	
   and	
   molecular	
   features	
   of	
   hepatocellular	
  

carcinoma	
  

Although	
  HCC	
   is	
  one	
  of	
   the	
  most	
   lethal	
   cancer	
   types	
   in	
  humans,	
   the	
  precise	
  molecular	
  

mechanisms	
  that	
  drive	
  tumor	
  initiation	
  and	
  progression	
  are	
  far	
  from	
  being	
  completely	
  

understood189,247.	
   Several	
   factors	
   play	
   a	
   role	
   in	
   hepatocyte	
   transformation,	
   HCC	
  

development	
  and	
  progression	
  including	
  chronic	
  inflammation,	
  DNA	
  damage,	
  epigenetic	
  

modification,	
  senescence,	
  telomerase	
  reactivation	
  and	
  early	
  neoangiogenesis184,202.	
  	
  

HCC	
  development	
  is	
  a	
  complex,	
  multistep	
  process	
  that	
  occurs	
  in	
  the	
  majority	
  of	
  cases	
  on	
  

a	
   cirrhotic	
   background	
   linked	
   to	
   inflammatory	
   conditions	
   induced	
   by	
   different	
  

underlying	
  etiologies,	
  including	
  viral	
  hepatitis,	
  alcohol	
  abuse	
  and	
  metabolic	
  syndrome248	
  

(Figure	
   9).	
   Each	
   of	
   the	
   known	
   risk	
   factors	
   can	
   induce	
   hepatic	
   injury	
   that	
   leads	
   to	
  

necrosis	
   followed	
   by	
   regeneration	
   due	
   to	
   hepatocyte	
   proliferation.	
   If	
   this	
   cycle	
   of	
  

destruction	
   and	
   regeneration	
   is	
   repeated	
   several	
   times	
   because	
   of	
   continuous	
   liver	
  

damage	
  it	
  fosters	
  a	
  chronic	
  liver	
  disease,	
  associated	
  with	
  cirrhosis.	
  Typical	
  for	
  cirrhosis	
  

are	
  the	
  formation	
  of	
  collagen-­‐surrounded	
  nodules	
  and	
  the	
  scaring	
  of	
  the	
  liver	
  (Figure	
  9).	
  

The	
  early	
  steps	
  of	
  HCC	
  development,	
   including	
  chronic	
   liver	
  disease	
  and	
  cirrhosis,	
   are	
  



I	
  Introduction	
  

	
  26	
  

associated	
  with	
  telomere	
  shortening249	
   that	
  correlates	
  with	
  chromosomal	
   instability250	
  

as	
  indicated	
  in	
  Figure	
  9.	
  Of	
  note,	
  telomerase	
  knock	
  out	
  mice	
  showed	
  an	
  increased	
  rate	
  of	
  

liver	
   cancer	
   initiation251.	
   A	
   cirrhotic	
   liver	
   can	
   subsequently	
   develop	
   hyperplastic	
  

nodules	
  that	
  further	
  develop	
  into	
  dysplastic	
  nodules	
  and	
  finally	
  into	
  HCC189	
  (Figure	
  9).	
  	
  

In	
   rare	
   cases,	
   HCC	
   can	
   also	
   develop	
   in	
   normal	
   livers	
   without	
   any	
   sign	
   of	
   fibrosis,	
  

cirrhosis	
  or	
  inflammation.	
  Some	
  studies	
  suggested	
  that	
  they	
  might	
  have	
  developed	
  in	
  a	
  

pre-­‐existing	
  hepatocellular	
  adenoma217,252,253.	
  However	
  the	
  exact	
  pathogenesis	
  of	
  these	
  

HCCs	
  remains	
  unclear.	
  	
  

	
  

Figure	
  9.	
  Histopathological	
  progression	
  and	
  molecular	
   features	
  of	
  HCC.	
  The	
  development	
  of	
  HCC	
  is	
  

typically	
  a	
  multistep	
  process	
  occurring	
  in	
  most	
  of	
  the	
  cases	
  on	
  a	
  cirrhotic	
  background.	
  Chronic	
  HBV	
  and	
  

HCV	
   infection,	
   alcohol	
  abuse	
  and	
   intake	
  of	
  aflatoxin	
  B1	
   induce	
  hepatic	
   injury	
   leading	
   to	
  necrosis	
   that	
   is	
  

followed	
  by	
   regeneration	
  due	
   to	
  proliferation	
  of	
   hepatocytes.	
   In	
   a	
   chronic	
   setting,	
   this	
   can	
   lead	
   to	
   liver	
  

cirrhosis	
   that	
   further	
   develops	
   hyperplastic	
   nodules,	
   followed	
   by	
   dysplastic	
   nodules	
   and	
   finally	
   HCC.	
  

Chronic	
  liver	
  disease	
  and	
  liver	
  cirrhosis	
  is	
  associated	
  with	
  telomere	
  shortening,	
  by	
  contrast	
  telomerase	
  re-­‐

activation	
  seems	
  to	
  be	
  involved	
  in	
  HCC	
  development189.	
  

	
  

Furthermore,	
  HCC	
  development	
  is	
  the	
  result	
  of	
  accumulation	
  of	
  mutations	
  in	
  passenger	
  

and	
  driver	
  cancer	
  genes	
  that	
  leads	
  to	
  the	
  alteration	
  of	
  multiple	
  signaling	
  cascades184.	
  By	
  

definition,	
  a	
  cancer	
  driver	
  is	
  a	
  genetic	
  event	
  that	
  contributes	
  to	
  tumor	
  evolution	
  at	
  any	
  

stage	
   by	
   promoting	
   functions	
   including	
   proliferation,	
   survival,	
   invasion	
   or	
   immune	
  

evasion254.	
   In	
   contrast,	
   passenger	
   mutations	
   are	
   of	
   marginal	
   relevance	
   for	
   cancer	
  

initiation	
  and	
  progression184.	
  Molecular	
  analysis	
  of	
  human	
  HCC	
  have	
  helped	
  to	
  identify	
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the	
  main	
   drivers	
   responsible	
   for	
   HCC	
   development	
   and	
   progression221,255.	
   In	
   general,	
  

each	
   HCC	
   nodule	
   has	
   approximately	
   40	
   somatic	
   alterations	
   of	
   which	
   only	
   a	
   few	
   are	
  

considered	
   as	
   drivers184.	
   At	
   the	
   top	
   of	
   the	
   list	
   of	
   the	
  most	
   frequently	
  mutated	
   driver	
  

genes	
  in	
  HCC	
  (Figure	
  10)	
  are	
  TERT,	
  CTNNB1	
  and	
  TP53	
  that	
  affect	
  telomere	
  maintenance,	
  

WNT	
  pathway	
  activation	
  and	
  inactivation	
  of	
  a	
  tumor	
  suppressor,	
  respectively221.	
  	
  

In	
  90%	
  of	
  human	
  HCCs	
  Telomerase	
  is	
  overexpressed	
  which	
  is	
  related	
  to	
  TERT	
  promoter	
  

mutations	
   in	
   45-­‐60%	
   of	
   cases201,221,248	
   (Figure	
   10).	
   This,	
   and	
   data	
   from	
   telomerase	
  

knockout	
   mice251	
   suggest	
   that	
   a	
   re-­‐activation	
   of	
   telomerase	
   is	
   needed	
   for	
   HCC	
  

progression. Thus,	
  telomere	
  dysfunction	
  seems	
  to	
  play	
  an	
  opposing	
  role	
  in	
  the	
  initiation	
  
versus	
   progression	
   of	
   HCC.	
   Early	
   stages	
   of	
   HCC	
   development	
   are	
   associated	
   with	
  

telomere	
  shortening,	
  whereas	
  telomerase	
  re-­‐activation	
  is	
  an	
  important	
  feature	
  in	
  tumor	
  

progression	
   linked	
   to	
   evasion	
   of	
   cellular	
   senescence	
   and	
   promoting	
   uncontrolled	
  

hepatocyte	
  proliferation184,251	
  (Figure	
  9).	
  

With	
  a	
  frequency	
  of	
  11-­‐40%	
  (Figure	
  10),	
  CTNNB1	
  is	
  one	
  of	
  the	
  most	
  frequently	
  mutated	
  

genes	
   in	
   human	
   HCCs,	
   activating	
   β-­‐catenin	
   and	
   therefore	
   inducing	
   the	
   WNT-­‐

pathway221,248,256.	
  CTNNB1	
  mutations	
  are	
  predominantly	
  observed	
  in	
  well-­‐differentiated,	
  

non-­‐HBV-­‐related	
   tumors257,258.	
   However,	
   inactivating	
   mutations	
   or	
   deletion	
   in	
   AXIN1,	
  

APC	
  and	
  ZNRF3	
  can	
  also	
  result	
  in	
  activation	
  of	
  the	
  WNT-­‐β-­‐catenin	
  pathway184.	
  

TP53	
  belongs	
  also	
  to	
  the	
  top	
  most	
  frequently	
  mutated	
  gene	
  in	
  human	
  HCCs	
  (25-­‐50%	
  of	
  

cases)	
   that	
   leads	
   to	
   an	
   inactivation	
   of	
   the	
   tumor-­‐suppressor	
   p53221,248,256.	
   TP53	
  

mutations	
  are	
  often	
  associated	
  with	
  HBV	
  and	
  aflatoxin	
  B1	
  related	
  HCCs	
  and	
  often	
  linked	
  

to	
  a	
  poor	
  prognosis	
  and	
  a	
  more	
  aggressive	
  phenotype184,248,259.	
  	
  

Taken	
   together,	
   HCC	
   development	
   and	
   progression	
   is	
   a	
   highly	
   complex	
   mechanism	
  

induced	
  by	
  a	
  range	
  of	
  different	
  etiologies	
  involving	
  different	
  molecular	
  mechanisms	
  and	
  

mutations.	
  Genome	
  wide	
  analysis,	
  including	
  the	
  recently	
  published	
  data	
  from	
  the	
  cancer	
  

genome	
  atlas	
  research	
  network248,	
  enhanced	
  the	
  understanding	
  of	
  important	
  molecular	
  

events	
  in	
  HCC	
  development.	
  However,	
  the	
  exact	
  role	
  of	
  the	
  different	
  etiologies,	
  pathway	
  

alterations	
  and	
  mutations	
  in	
  HCC	
  initiation	
  and	
  progression	
  remains	
  to	
  be	
  elucidated.	
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Figure	
   10.	
   Most	
   frequently	
   altered	
   genes	
   in	
   HCC,	
   based	
   on	
   exome	
   sequencing	
   analysis	
   of	
   243	
  

human	
   liver	
   tumors.	
  Genes	
  that	
  were	
  altered	
  in	
  ≥4%	
  of	
  samples	
  are	
  shown,	
  with	
  TERT,	
  CTNNB1,	
  TP53	
  

being	
   the	
   most	
   frequently	
   mutated	
   genes	
   in	
   HCC,	
   affecting	
   telomere	
   maintenance,	
   WNT	
   pathway	
  

activation	
  and	
  inactivation	
  of	
  a	
  tumor	
  suppressor,	
  respectively221.	
  

	
  

2.4	
  Classification	
  of	
  hepatocellular	
  carcinoma	
  

HCCs	
  have	
  been	
  classified	
  in	
  various	
  ways,	
  based	
  on	
  etiological	
  and	
  molecular	
  features,	
  

mutational	
   landscape,	
   prognosis	
   and	
   histological	
   appearance.	
   The	
   histological	
   and	
  

immunohistological	
  as	
  well	
  as	
  the	
  different	
  molecular	
  classifications	
  will	
  be	
  discussed	
  in	
  

more	
  detail	
  in	
  the	
  following.	
  

	
  

2.4.1	
  Histopathology	
  and	
  immunohistochemistry	
  

Until	
   2000,	
   the	
   diagnosis	
   of	
   HCC	
   was	
   based	
   only	
   on	
   biopsies.	
   After	
   that,	
   the	
   field	
   of	
  

diagnosis	
   has	
   changed	
   to	
   a	
   more	
   non-­‐invasive	
   radiological	
   approach,	
   including	
  

computed	
   tomography	
   (CT),	
   magnetic	
   resonance	
   imaging	
   (MRI)	
   and	
   ultrasound.	
  

However,	
   the	
   non-­‐invasive	
   diagnosis	
   of	
   small	
   lesions	
   remains	
   a	
   challenging	
   issue	
   and	
  

often	
  requires	
  pathological	
  confirmation	
  on	
  biopsy	
  samples.	
  Furthermore,	
  biopsies	
  are	
  

performed	
   in	
   cases	
   with	
   inconclusive	
   or	
   atypical	
   imaging	
   appearance	
   in	
   cirrhotic	
  

livers185.	
  	
  	
  

Histological	
  assessment	
  helps	
  to	
  confirm	
  HCC	
  and	
  allows	
  to	
  define	
  their	
  differentiation	
  

grades	
  and	
  growth	
  patterns260.	
  Hematoxylin	
  and	
  Eosin	
  staining	
  of	
  tumor	
  sections	
  allows	
  

for	
   HCC	
   growth	
   pattern	
   classification	
   (f.e.	
   trabecular,	
   pseudoglandular	
   and	
   solid)	
   and	
  

cytological	
   subtypes	
   (clear	
   cell,	
   giant	
   cell,	
   steato-­‐HCC	
   and	
   stem	
   cell-­‐like)260,261.	
   The	
  

Edmondson	
  and	
  Steiner	
   system	
   is	
   the	
  most	
  widely	
  used	
  grading	
   system	
   for	
  HCC262.	
   It	
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scales	
   the	
   tumors	
   into	
   four	
   different	
   groups;	
   grade	
   I-­‐IV.	
   Grade	
   I	
   is	
   the	
   most	
  

differentiated	
   group	
   and	
   is	
   often	
   difficult	
   to	
   distinguish	
   from	
   normal	
   liver,	
   whereas	
  

grade	
  IV	
  reflects	
  highly	
  dedifferentiated	
  tumors.	
   In	
  general,	
   the	
  higher	
  the	
  Edmondson	
  

grade,	
   the	
   less	
  differentiated	
   the	
   tumors	
  are.	
  Of	
  note,	
  a	
  single	
  nodule	
  can	
  have	
  several	
  

differentiation	
  grades.	
  	
  

In	
  cases	
  where	
  the	
  histological	
  interpretation	
  and	
  diagnosis	
  is	
  difficult,	
  additional	
  tissue	
  

markers	
  are	
  used	
  to	
  improve	
  the	
  diagnostic	
  accuracy185,263.	
  This	
  is	
  often	
  necessary	
  in	
  the	
  

case	
  of	
  small	
   liver	
  nodules	
   to	
  discriminate	
  between	
  high-­‐grade	
  dysplastic	
  nodules	
  and	
  

early	
   grade	
   I	
   (i.e.	
   well-­‐differentiated)	
   HCCs264.	
   Three	
   immunohistochemical	
   (IHC)	
  

markers	
   –	
   Glutamine	
   Synthetase	
   (GS),	
   Glypican-­‐3	
   (GPC3)	
   and	
   Heat	
   Shock	
   Protein	
   70	
  

(HSP70)	
   –	
   are	
   used	
   for	
   the	
   diagnosis	
   of	
   resected	
   and	
   biopsied	
   primary	
   liver	
  

nodules185,264-­‐266.	
   It	
   is	
   recommended	
   that	
   two	
   out	
   of	
   the	
   three	
   markers	
   should	
   be	
  

positive	
  for	
  a	
  pathological	
  diagnosis	
  of	
  HCC265,267.	
  	
  	
  

GS	
  catalyzes	
  the	
  synthesis	
  of	
  glutamine	
  –	
  the	
  major	
  energy	
  source	
  of	
  cancer	
  cells	
  -­‐	
  from	
  

glutamate	
  and	
  ammonia	
  in	
  the	
  mammalian	
  liver264.	
  GS	
  is	
  upregulated	
  in	
  human	
  HCC268	
  

and	
  was	
  shown	
  to	
  stepwise	
  increase	
  from	
  pre-­‐cancerous	
  lesions	
  to	
  early	
  and	
  further	
  to	
  

advanced	
  HCC269.	
  However,	
  this	
  association	
  of	
  expression	
  with	
  tumor	
  dedifferentiation	
  

was	
   not	
   observed	
   in	
   a	
   newer	
   study	
   showing	
   that	
   early	
   and	
   late	
   stage	
   HCC	
   similarly	
  

overexpress	
  GS	
  suggesting	
  that	
  the	
  strong	
  GS	
  expression	
  takes	
  place	
  in	
  the	
  early	
  phases	
  

of	
   malignant	
   transformation264.	
   Furthermore,	
   GS	
   is	
   a	
   target	
   of	
   β-­‐catenin	
   and	
   is	
   often	
  

overexpressed	
  in	
  HCC	
  associated	
  with	
  a	
  CTNNB1	
  mutation267.	
  	
  

GPC3	
   belongs	
   to	
   the	
   family	
   of	
   Glypicans,	
   is	
   linked	
   to	
   the	
   cell	
   surface	
   and	
   is	
  

overexpressed	
   in	
  HCCs270,271.	
   Typically,	
   it	
   is	
   not	
   expressed	
   in	
  normal,	
   adult	
   liver272,273.	
  

Furthermore,	
  its	
  expression	
  is	
  affected	
  by	
  the	
  tumor	
  grading	
  with	
  high	
  expression	
  levels	
  

in	
  high	
  grade	
  nodules264.	
  It	
  is	
  suggested,	
  that	
  GPC3	
  plays	
  a	
  role	
  in	
  cell	
  growth	
  regulation,	
  

however,	
  its	
  role	
  in	
  the	
  pathogenesis	
  of	
  HCC	
  remains	
  poorly	
  understood274.	
  

HSP70	
   is	
  one	
  of	
   the	
  most	
  upregulated	
  genes	
   in	
  HCC,	
   induced	
  by	
  stress	
   conditions	
   like	
  

chronic	
   inflammation	
   and	
   fibrosis275.	
   Furthermore,	
   HSP70	
   is	
   a	
   potent	
   anti-­‐apoptotic	
  

effector	
   that	
   allows	
   the	
   cells	
   to	
   survive	
   under	
   different	
   conditions264.	
   Of	
   note,	
   no	
  

correlation	
   was	
   observed	
   between	
   HSP70	
   immunoreactivity	
   and	
   HCC	
   differentiation	
  

grade,	
   etiology,	
   sex,	
   cirrhosis	
   or	
   tumor	
   size264.	
   Taken	
   together,	
   IHC	
   can	
  be	
  used	
   as	
   an	
  

additional	
  tool	
  to	
  support	
  the	
  diagnostic	
  conclusions	
  driven	
  from	
  morphological	
  analysis	
  

of	
  HCC	
  specimen.	
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2.4.2	
  Molecular	
  classification	
  

Transcriptome-­‐based	
   molecular	
   classification	
   studies	
   of	
   human	
   HCC	
   are	
   aimed	
   at	
  

identifying	
  tumor	
  specific	
  druggable	
  targets.	
  If	
  successful,	
  this	
  would	
  allow	
  to	
  determine	
  

patients	
  that	
  could	
  benefit	
  from	
  targeted	
  therapies276.	
  Several	
  studies	
  analysed	
  the	
  gene	
  

expression	
  profiles	
  of	
  HCCs	
   from	
  resected	
  specimens277-­‐280	
  and	
  biopsies276.	
  Each	
  study	
  

classified	
   HCCs	
   into	
   different	
   numbers	
   of	
   subclasses	
   ranging	
   from	
   two	
   to	
   six	
   and	
  

showing	
   different	
   transcriptomic	
   profiles	
   and	
   clinicopathological	
   features.	
   However,	
  

molecular	
  classification	
  of	
  HCC	
  based	
  on	
  gene	
  signatures	
  or	
  molecular	
  abnormalities	
  has	
  

not	
  yet	
  provided	
  results	
  suitable	
   for	
  clinical	
  applications184,185,247,281.	
  The	
  major	
  reason	
  

for	
  this	
  is	
  probably	
  that	
  the	
  most	
  frequent	
  mutations	
  in	
  HCC	
  (TERT,	
  CTNNB1	
  and	
  TP53)	
  

are	
  not	
   targetable.	
  Nevertheless,	
   the	
  above	
  mentioned	
  molecular	
  analysis	
  showed	
  that	
  

HCCs	
  can	
  be	
  broadly	
  divided	
  into	
  proliferative	
  and	
  non-­‐proliferative	
  tumors.	
  The	
  class	
  of	
  

proliferative	
   tumors	
   is	
   typically	
   more	
   aggressive	
   and	
   less	
   differentiated276,279.	
  

Furthermore,	
   these	
   tumors	
   are	
   often	
   characterized	
   by	
   high	
   serum	
   alpha-­‐fetoprotein	
  

(AFP)	
   levels,	
   TP53	
   mutations	
   and	
   are	
   correlated	
   with	
   poor	
   outcome256,277,279,280.	
   The	
  

non-­‐proliferative	
   subclass	
   is	
   highly	
   heterogeneous	
   and	
   harbors	
   tumors	
   that	
   tend	
   to	
  

retain	
   hepatocyte-­‐like	
   features247,256.	
   Around	
   30%	
  of	
   these	
  HCCs	
   are	
   characterized	
   by	
  

mutations	
   in	
   CTNNB1	
   and	
   show	
   β-­‐catenin	
   pathway	
   activation276-­‐279.	
   However,	
   the	
  

remaining	
  non-­‐proliferative	
  HCCs	
  have	
  no	
  common	
  distinguishing	
  features.	
  

Taken	
  together,	
  despite	
  substantial	
  progress,	
  the	
  prognostic	
  use	
  of	
  molecular	
  subclasses	
  

of	
  HCC	
  in	
  the	
  clinics	
  is	
  still	
  missing.	
  Therefore,	
  the	
  prognostication	
  and	
  decision	
  making	
  

for	
  HCC	
  patients	
  still	
  relies	
  mainly	
  on	
  the	
  BCLC	
  staging	
  system.	
  

	
  

2.5	
  Biomarkers	
  of	
  hepatocellular	
  carcinoma	
  

Unfortunately,	
  at	
  the	
  time	
  when	
  HCC	
  symptoms	
  are	
  evident,	
  the	
  disease	
  is	
  typically	
  too	
  

advanced	
  to	
  qualify	
  for	
  any	
  curative	
  treatment	
  attempt185.	
  Additionally,	
   life	
  expectancy	
  

for	
  these	
  patients	
  is	
  very	
  short,	
  with	
  a	
  median	
  survival	
  time	
  of	
  less	
  than	
  1	
  year.	
  To	
  date,	
  

less	
   than	
   30%	
   of	
   HCC	
   patients	
   in	
   Europe	
   qualify	
   for	
   curative	
   treatment	
   like	
   tumor	
  

resection	
  or	
  liver	
  transplantation,	
  mostly	
  because	
  of	
  delayed	
  HCC	
  diagnosis185.	
  In	
  order	
  

to	
   detect	
   early-­‐stage	
   tumors,	
   guidelines	
   for	
   surveillance	
   recommend	
   ultrasonography	
  

every	
  6	
  months	
  for	
  patients	
  at	
  risk185,208.	
  However,	
  the	
  diagnosis	
  of	
  early-­‐stage	
  HCC	
  by	
  

ultrasound,	
  CT/MRI	
  and/or	
  liver	
  biopsy	
  is	
  very	
  challenging.	
  Mainly	
  because	
  the	
  lesions	
  

are	
   very	
   small,	
   their	
   radiological	
   appearance	
  might	
  be	
   atypical	
   and	
   the	
  morphological	
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changes	
   compared	
   to	
   the	
   dysplastic	
   hepatocytes	
   could	
   be	
  minor282.	
   Thus,	
   biomarkers	
  

that	
  would	
  help	
   to	
  detect	
  early	
   stage	
  HCC	
  are	
  desirable.	
   Importantly,	
   such	
  biomarkers	
  

would	
  increase	
  the	
  possibility	
  for	
  curative	
  treatment184,282.	
  	
  

AFP	
   is	
   one	
   of	
   the	
   most	
   frequently	
   tested	
   serum	
   biomarkers	
   for	
   the	
   identification	
   of	
  

HCC283.	
  However,	
   it	
   has	
  been	
   shown	
   that	
   only	
  10-­‐20%	
  of	
   early-­‐stage	
  HCCs	
   show	
  high	
  

expression	
  levels	
  of	
  AFP,	
  whereas	
  it	
  is	
  more	
  often	
  associated	
  with	
  advanced-­‐stage	
  HCC.	
  

This	
   makes	
   it	
   unsuitable	
   for	
   the	
   detection	
   of	
   tumors	
   at	
   an	
   early	
   stage184,185,228,282.	
  

Therefore,	
  AFP	
  is	
  suboptimal	
  for	
  routine	
  clinical	
  practice185.	
  	
  

An	
  ideal	
  biomarker	
  would	
  not	
  only	
  be	
  helpful	
  for	
  diagnosing	
  early-­‐stage	
  HCC	
  but	
  also	
  for	
  

predicting	
   response	
   to	
   sorafenib	
   treatment.	
   Thus,	
   only	
  patients	
  would	
  be	
   treated	
   that	
  

would	
   benefit	
   from	
   this	
   therapeutic	
   approach.	
   This	
   would	
   prevent	
   patients	
   to	
   suffer	
  

from	
   treatment	
   side	
   effects	
   without	
   having	
   a	
   therapeutic	
   benefit.	
   One	
   study	
   suggests	
  

that	
   early	
   increase	
   in	
   AFP	
   levels	
   is	
   associated	
   with	
   disease	
   progression	
   and	
   poorer	
  

outcome	
   in	
   patients	
   treated	
   with	
   sorafenib284.	
   However,	
   these	
   results	
   have	
   to	
   be	
  

validated	
   in	
   a	
   bigger	
   cohort.	
   Until	
   now,	
   no	
   robust,	
   predictive	
   clinical	
   or	
   molecular	
  

biomarker	
  for	
  sorafenib	
  response	
  has	
  been	
  identified185,281,285.	
  

It	
  is	
  suggested,	
  that	
  a	
  biomarker-­‐driven	
  selection	
  of	
  patients	
  for	
  phase	
  II	
  and	
  III	
  clinical	
  

trials	
   could	
   improve	
   their	
   outcome286.	
   The	
   tested	
   drug	
   could	
   be	
   effective	
   in	
   a	
   given	
  

molecular	
  subgroup	
  of	
  HCC	
  patients,	
  but	
  diluted	
  if	
  the	
  complete	
  patient	
  cohort	
  is	
  used.	
  

Indeed,	
  the	
  phase	
  II	
  trial	
  of	
  tivantinib	
  –	
  a	
  small	
  molecule	
  MET	
  receptor	
  tyrosine	
  kinase	
  

inhibitor287	
   -­‐	
   versus	
   placebo	
   showed	
   no	
   effect	
   when	
   all	
   patients	
   were	
   included.	
  

However,	
   a	
   significant	
   effect	
   was	
   observed	
   in	
   the	
   post	
   hoc	
   analysis	
   when	
   only	
   a	
  

subgroup	
  of	
  patients	
  with	
  MET-­‐high	
   tumors	
  were	
   included288.	
  A	
  phase	
   III	
   clinical	
   trial	
  

with	
  a	
  subgroup	
  of	
  only	
  MET-­‐positive	
  HCC	
  patients,	
  that	
  failed	
  first	
  line	
  treatment	
  with	
  

sorafenib,	
   is	
  currently	
  ongoing	
  (ClinicalTrials.	
  gov	
  registry	
  number:	
  NCT01755767).	
   In	
  

general,	
  a	
  biomarker-­‐driven	
  selection	
  of	
  HCC	
  patients	
  for	
  drug	
  testing	
  could	
  significantly	
  

improve	
  the	
  identification	
  and	
  application	
  of	
  drug	
  candidates.	
  

	
  

2.6	
  Experimental	
  models	
  for	
  hepatocellular	
  carcinoma	
  research	
  

As	
   described	
   above,	
   HCC	
   is	
   one	
   of	
   the	
   deadliest	
   cancers	
  worldwide	
  with	
   very	
   limited	
  

treatment	
   options	
   for	
   patients	
   with	
   advanced	
   stage	
   tumors185.	
   Furthermore,	
   despite	
  

tremendous	
   efforts	
   over	
   the	
   last	
   10	
   years,	
   sorafenib	
   still	
   remains	
   the	
   only	
   approved	
  

drug	
  for	
  the	
  first-­‐line	
  treatment	
  of	
  advanced	
  HCC.	
  There	
  is	
  a	
  clear	
  need	
  for	
  experimental	
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models	
   that	
   recapitulate	
   key	
   features	
   of	
   human	
   HCC	
   and	
   therefore	
   advance	
   the	
  

understanding	
  of	
  the	
  molecular,	
  cellular	
  and	
  pathophysiological	
  mechanisms	
  of	
  HCC289.	
  

Accordingly,	
   a	
   variety	
   of	
   different	
   in	
   vitro	
   and	
   in	
   vivo	
   HCC	
  model	
   systems	
   have	
   been	
  

developed.	
  However,	
  because	
  HCC	
  is	
  a	
  very	
  heterogeneous	
  disease,	
  it	
  is	
  very	
  challenging	
  

to	
  generate	
  a	
  model	
  that	
  fully	
  mirrors	
  the	
  variability	
  and	
  complexity	
  of	
  human	
  HCC.	
  The	
  

different	
  in	
  vitro	
  and	
  in	
  vivo	
  models	
  will	
  be	
  described	
  in	
  the	
  following.	
  

	
  

2.6.1	
  In	
  vitro	
  models	
  	
  

Current	
   in	
   vitro	
   studies	
   are	
   mainly	
   based	
   on	
   two-­‐dimensional	
   hepatoma	
   cell	
   lines,	
  

derived	
   from	
   human	
   or	
   animal	
   HCCs290.	
   They	
   mainly	
   allow	
   mechanistic	
   studies	
   of	
  

genetic	
  alterations	
  that	
  could	
  lead	
  to	
  abnormalities	
  in	
  signaling	
  pathways.	
  Furthermore,	
  

in	
  the	
  early	
  steps	
  of	
  drug	
  discovery,	
  they	
  are	
  often	
  used	
  to	
  evaluate	
  the	
  effect	
  of	
  potential	
  

anti-­‐cancer	
  compounds	
  on	
  cell	
  proliferation	
  and	
  apoptosis290,291.	
  Although	
  they	
  are	
  cost-­‐

efficient,	
   easy	
   to	
   handle	
   and	
  manipulate,	
   they	
   fail	
   to	
   recapitulate	
   key	
   features	
   of	
  HCC,	
  

including	
   tumor	
  architecture,	
   cellular	
  heterogeneity	
   and	
   cell-­‐to-­‐cell	
   interactions.	
  Thus,	
  

cancer	
   cell	
   lines	
   do	
   not	
   represent	
   the	
   complexity	
   of	
   a	
   tumor	
   and	
   its	
  

microenvironment292.	
  

Recently,	
   the	
  three-­‐dimensional	
  organoid	
  culture	
  system	
  has	
  emerged	
  as	
  an	
   important	
  

tool	
  for	
  basic	
  and	
  translational	
  research293.	
  This	
  new	
  technology	
  allows	
  the	
  long-­‐term	
  in	
  

vitro	
  maintenance	
   and	
   expansion	
   of	
   adult	
   stem	
   cells	
   from	
   human	
   tissues	
   that	
   can	
   be	
  

further	
   differentiated	
   into	
   organ-­‐like	
   structures294.	
   Importantly,	
   organoids	
   can	
   be	
  

generated	
  from	
  various	
  patient-­‐derived	
  tumors	
  allowing	
  to	
  model	
  human	
  diseases	
  and	
  

testing	
  of	
  therapeutic	
  compounds	
  in	
  a	
  personalized	
  medicine	
  approach295.	
  Only	
  recently,	
  

establishing	
  of	
  organoid	
  cultures	
  from	
  human	
  liver	
  cancer	
  became	
  possible296(Nuciforo	
  

et	
  al.,	
  submitted).	
  Although	
  clearly	
  useful,	
  the	
  organoid	
  system	
  has	
  some	
  limitations,	
  as	
  

for	
   example	
   the	
   lack	
   of	
   a	
   microenvironment297.	
   Thus,	
   the	
   usage	
   of	
   two	
   and	
   three-­‐

dimensional	
   cell	
   culture	
   systems	
   are	
   clearly	
   helpful	
   in	
   the	
   field	
   of	
   HCC	
   research	
   but	
  

some	
   aspects	
   of	
   tumorigenesis,	
   including	
   angiogenesis	
   and	
   metastasis	
   cannot	
   be	
  

assessed292.	
  	
  

	
  

2.6.2	
  In	
  vivo	
  models	
   	
  

Experimental	
   animal	
  models	
   that	
   closely	
  mimic	
  human	
  HCC	
  are	
   important	
   to	
  advance	
  

the	
   knowledge	
   about	
   physiological,	
   cellular	
   and	
   molecular	
   mechanisms	
   of	
   this	
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disease289.	
   Furthermore,	
   animal	
   models	
   may	
   help	
   to	
   identify	
   new	
   therapeutic	
  

approaches	
  to	
  treat	
  HCC.	
  Although	
  rats298,299,	
  woodchucks300	
  and	
  pigs301	
  have	
  been	
  used	
  

to	
  study	
  HCC,	
  mice	
  are	
  the	
  preferred	
  model	
  systems	
  in	
  the	
  field	
  of	
  HCC	
  research.	
  This	
  is	
  

mainly	
  because	
  of	
   their	
  physiologic	
   and	
  genetic	
   similarity	
   to	
  humans,	
   their	
   small	
   size,	
  

short	
  lifespan	
  and	
  excellent	
  breeding	
  capacity292,302.	
  However,	
  the	
  appropriate	
  modeling	
  

of	
   liver	
   cancer	
   is	
   challenging	
   due	
   to	
   its	
   different	
   underlying	
   etiologies	
   and	
   the	
   vast	
  

genetic	
   landscape.	
  Several	
  HCC	
  mouse	
  models	
  have	
  been	
  developed	
  but	
  depending	
  on	
  

whether	
   HCC	
   is	
   induced	
   by	
   genetic	
   manipulations,	
   chronic	
   liver	
   disease,	
   or	
  

transplantation	
  of	
  cancer	
  tissue,	
  several	
  differences	
   in	
  characteristics	
  and	
  complexities	
  

have	
  been	
  observed.	
  For	
  example,	
  dependent	
  on	
  the	
  mouse	
  model,	
  tumor	
  development	
  

can	
  take	
  from	
  few	
  weeks	
  to	
  more	
  than	
  a	
  year211,303.	
  Each	
  model	
  has	
  its	
  own	
  advantages	
  

and	
  disadvantages,	
   thus	
   it	
   is	
  very	
   important	
  to	
  choose	
  the	
  most	
  appropriate	
  system	
  to	
  

address	
   specific	
  questions304.	
  The	
  different	
  models	
  will	
   be	
  discussed	
   in	
  more	
  detail	
   in	
  

the	
  following.	
  

	
  

2.6.2.1	
  Spontaneous	
  mouse	
  models	
  

Similar	
   to	
  humans,	
  mice	
   rarely	
  develop	
  HCCs	
  spontaneously	
   in	
   the	
  absence	
  of	
   chronic	
  

liver	
   disease303.	
   Interestingly,	
   spontaneous	
   cancer	
   development	
   in	
   mice	
   seems	
   to	
   be	
  

linked	
  to	
  the	
  gender	
  and	
  the	
  genetic	
  background.	
  Whereas	
  C57BL/6	
  mice	
  rarely	
  develop	
  

HCC	
   in	
   their	
   normal	
   life	
   span,	
   C3H	
  mice	
   spontaneously	
   develop	
   liver	
   cancer	
   starting	
  

from	
  12	
  months	
  of	
  age305.	
  Because	
  of	
  the	
  low	
  incidence	
  rate	
  and	
  the	
  high	
  variability	
  of	
  

tumor	
  occurrence,	
  size	
  and	
  location	
  dependent	
  on	
  strain	
  and	
  gender,	
  these	
  models	
  are	
  

not	
  ideal	
  for	
  experimentation306.	
  	
  

	
  

2.6.2.2	
  Genetically	
  engineered	
  mouse	
  models	
  

Genetically	
  engineered	
  mouse	
  (GEM)	
  models	
  are	
  powerful	
  tools	
  to	
  study	
  tumorigenesis,	
  

because	
   they	
   allow	
   to	
   model	
   complex	
   genetic	
   alterations	
   found	
   in	
   human	
   HCCs,	
  

including	
   point	
   mutations,	
   gene	
   amplifications,	
   deletions	
   and	
   translocations303.	
   The	
  

most	
   common	
   GEM	
   mice	
   used	
   to	
   study	
   liver	
   carcinogenesis	
   are	
   generated	
   either	
   by	
  

overexpression	
   (transgenic	
   mice)	
   or	
   by	
   deletion	
   (knockout	
   mice)	
   of	
   a	
   specific	
   gene.	
  

Furthermore,	
  these	
  gene	
  modifications	
  can	
  target	
  all	
  organs	
  (systemic)	
  or	
  only	
  the	
  liver	
  

(conditional),	
  which	
  may	
  further	
  be	
  regulated	
  in	
  a	
  time-­‐specific	
  manner	
  (inducible	
  gene	
  

expression)303,307.	
  Knockout	
  mice	
  are	
  often	
  used	
  to	
  identify	
  the	
  role	
  of	
  tumor	
  suppressor	
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genes	
  on	
  tumor	
  development.	
  For	
  example,	
  hepatocyte-­‐specific	
  deletion	
  of	
  phosphatase	
  

and	
  tensin	
  homolog	
  (PTEN)	
  leads	
  to	
  steatosis,	
  fibrosis	
  and	
  finally	
  HCC	
  in	
  mice	
  at	
  74-­‐78	
  

weeks	
  of	
  age308.	
  Similarly,	
  deletion	
  of	
  Tak1	
  and	
  Mdr2	
  leads	
  to	
  inflammation,	
  fibrosis	
  and	
  

eventually	
  HCC	
   after	
   4	
   and	
  16	
  months	
   of	
   age,	
   respectively303,309,310.	
  On	
   the	
   other	
   side,	
  

constitutive	
  overexpression	
  of	
  TGF-­‐α	
   induces	
  HCC	
  development	
   in	
  mice	
  after	
  one	
  year	
  

of	
  age,	
  with	
  the	
  incidence	
  rate	
  being	
  dependent	
  on	
  the	
  genetic	
  background	
  and	
  gender	
  of	
  

the	
   transgenic	
   mice307.	
   Likewise,	
   transgenic	
   mice	
   co-­‐expressing	
   Tgfa	
   and	
   Myc	
   show	
  

extensive	
  chromosomal	
  damage	
  and	
  develop	
   tumors311	
  with	
  a	
  gene	
  expression	
  profile	
  

similar	
  to	
  the	
  subgroup	
  of	
  human	
  HCCs	
  with	
  poor	
  prognosis312.	
  	
  

	
  

Transgenic	
  models	
  expressing	
  viral	
  genes	
  

Chronic	
  HBV	
  and	
  HCV	
  infections	
  are	
  major	
  risk	
  factors	
  of	
  HCC	
  development185.	
  However,	
  

besides	
   chimpanzees213,313	
   and	
   humanized	
   mice314,315	
   no	
   animal	
   model	
   is	
   fully	
  

permissive	
  for	
  human	
  HBV	
  and	
  HCV	
  infection.	
  Of	
  note,	
  a	
  recent	
  report	
  shows	
  that	
  HCV-­‐

related	
   hepacivirus	
   from	
   Norway	
   rats	
   induces	
   hepatotrophic	
   infections	
   in	
   mice	
   with	
  

similar	
  immunological	
  features	
  observed	
  in	
  humans316.	
  Immune	
  competent	
  mice	
  mimic	
  

an	
  acute	
  infection	
  with	
  viral	
  clearance	
  after	
  3-­‐5	
  weeks,	
  whereas	
  immune	
  compromised	
  

mice	
   develop	
   a	
   chronic	
   infection.	
   The	
   usefulness	
   of	
   this	
   new	
  model	
   for	
   studying	
  HCC	
  

development	
   remains	
   to	
   be	
   investigated.	
   The	
   pathogenicity	
   of	
   HCV	
   and	
   HBV	
   in	
  

chimpanzees	
  is	
  relatively	
  low,	
  the	
  humanized	
  mice	
  lack	
  a	
  functional	
  immune	
  system	
  and	
  

only	
  immune	
  compromised	
  mice	
  develop	
  chronic	
  infection	
  from	
  a	
  HCV-­‐related	
  rat	
  virus,	
  

for	
  which	
   reasons	
   they	
   are	
  poor	
  models	
   to	
   study	
   chronic	
   liver	
  disease	
   and	
  associated	
  

HCC	
  development213.	
  Thus,	
  the	
  study	
  of	
  HBV	
  and	
  HCV-­‐associated	
  liver	
  cancer	
  remains	
  a	
  

challenge.	
  	
  

Transgenic	
   mouse	
   models	
   expressing	
   viral	
   antigens	
   of	
   HBV	
   or	
   HCV	
   have	
   been	
  

established	
  to	
  study	
  HBV-­‐	
  and	
  HCV-­‐induced	
  liver	
  carcinogenesis.	
  For	
  HBV,	
  most	
  of	
  these	
  

models	
   focus	
   on	
   the	
  HBx	
   gene	
   that	
   has	
   been	
   described	
   to	
   induce	
   the	
   expression	
   of	
   a	
  

broad	
   range	
   of	
   oncogenes	
   including	
   c-­‐fos,	
   c-­‐myc	
   and	
   c-­‐jun317.	
  Kim	
  et	
  al.	
   demonstrated	
  

that	
  HBx	
  transgenic	
  mice	
  died	
  because	
  of	
  clear	
  cell	
  HCC	
  within	
  11-­‐15	
  month	
  of	
  age318.	
  Of	
  

note,	
   in	
   contrast	
   to	
   human	
   HCC,	
   cirrhosis	
   and	
   inflammation	
   were	
   absent	
   in	
   the	
  

preneoplastic	
   stages	
   of	
   these	
   mice.	
   However,	
   transgenic	
   mice	
   that	
   overexpress	
   HBV	
  

surface	
   antigens319,320,	
   develop	
   necrosis	
   and	
   inflammation	
   during	
   HCC	
   development,	
  

mimicking	
  the	
  features	
  of	
  chronic	
  hepatitis	
  in	
  humans.	
  Furthermore,	
  the	
  presence	
  of	
  the	
  



I	
  Introduction	
  

	
   35	
  

HBx	
  gene	
  plus	
  an	
  oncogene321	
  or	
  exposure	
  to	
  diethylnitrosamine	
  (DEN)/aflatoxin	
  B1322,	
  

resulted	
  in	
  an	
  accelerated	
  HCC	
  formation	
  in	
  these	
  transgenic	
  mouse	
  models.	
  	
  

Similarly,	
   several	
   transgenic	
   mouse	
   models	
   constitutively	
   expressing	
   HCV	
   structural	
  

and/or	
  non-­‐structural	
  proteins	
  under	
  the	
  control	
  of	
  liver	
  specific	
  promoters	
  have	
  been	
  

described323.	
   In	
   some	
   of	
   these	
   models	
   HCC	
   develops	
   primarily	
   in	
   older	
   mice	
   (>13	
  

month)	
  and	
  on	
  an	
  HCV	
  mediated	
  background	
  of	
  steatosis324,325.	
   It	
   is	
   important	
   to	
  note	
  

however,	
  that	
  although	
  these	
  mouse	
  models	
  have	
  a	
  fully	
  functional	
  immune	
  system,	
  they	
  

are	
   typically	
   immune-­‐tolerant	
   to	
   the	
   viral	
   transgene	
   and	
   therefore	
   lack	
   the	
  

inflammatory	
   phenotype	
   observed	
   in	
   humans.	
   Furthermore,	
   the	
   results	
   from	
   mouse	
  

models	
  that	
  ectopically	
  express	
  individual	
  viral	
  proteins	
  have	
  to	
  be	
  taken	
  with	
  caution	
  

as	
   the	
   expression	
   level,	
   trafficking	
   and	
   cellular	
   localization	
   of	
   these	
   proteins	
   may	
  

significantly	
  differ	
  from	
  what	
  might	
  occur	
  in	
  an	
  infected	
  hepatocyte213.	
  	
  

Taken	
  together,	
  GEM	
  models	
  are	
  frequently	
  used	
  to	
  investigate	
  pathophysiology	
  of	
  HCC,	
  

especially	
   with	
   the	
   focus	
   on	
   the	
   identification	
   of	
   pathways	
   involved	
   in	
  

hepatocarcinogenesis.	
  The	
  tumors	
  are	
  histologically	
  similar	
  to	
  human	
  HCCs	
  and	
  arise	
  in	
  

a	
  background	
  of	
  a	
  fully	
  active	
  immune	
  system.	
  However,	
  because	
  the	
  mice	
  are	
  normally	
  

immune-­‐tolerant	
   to	
   the	
   viral	
   transgene,	
   they	
   lack	
   the	
   immune	
   response	
   against	
   the	
  

virus,	
  which	
  is	
  very	
  different	
  from	
  the	
  human	
  situation.	
  Furthermore,	
  the	
  generation	
  of	
  

GEM	
   mice	
   can	
   be	
   time	
   consuming	
   and	
   the	
   use	
   of	
   strong	
   promoters	
   results	
   in	
   gene	
  

overexpression	
  not	
  observed	
  in	
  the	
  clinical	
  setting.	
  Furthermore,	
  the	
  knock	
  out	
  of	
  tumor	
  

suppressor	
  genes	
  or	
   the	
  constant	
  expression	
  of	
  oncogenes	
  does	
  not	
  necessarily	
  reflect	
  

the	
  situation	
  during	
  natural	
  cancer	
  development	
  in	
  HCC	
  patients.	
  	
  

	
  

2.6.2.3	
  Chemically	
  induced	
  mouse	
  models	
  

Because	
   the	
   liver	
   is	
   the	
   main	
   organ	
   responsible	
   for	
   detoxification,	
   it	
   is	
   exposed	
   to	
  

chemical	
   compounds,	
   including	
   alcohol,	
   aflatoxin	
   B1	
   and	
   other	
   toxins,	
   which	
   in	
  

constantly	
  high	
  concentrations	
  can	
  lead	
  to	
  liver	
  damage	
  and	
  eventually	
  HCC.	
  Therefore,	
  

several	
   models	
   using	
   genotoxic	
   agents	
   have	
   been	
   described	
   to	
   mimic	
   the	
   course	
   of	
  

human	
  HCC	
  development	
  induced	
  by	
  chemical	
  compounds.	
  DEN	
  is	
  the	
  most	
  frequently	
  

used	
   carcinogen	
   in	
   the	
   field	
   of	
   liver	
   cancer	
   research304.	
   DEN-­‐induced	
   tumorigenesis	
  

varies	
  with	
  dosage,	
   age,	
   sex	
  and	
  strain	
  of	
   the	
  mice302,326	
   and	
   induces	
   tumor	
   formation	
  

mainly	
  in	
  the	
  liver	
  but	
  also	
  in	
  the	
  respiratory	
  tract,	
  kidney,	
  upper	
  digestive	
  tract	
  and	
  in	
  

the	
   hematopoietic	
   system302,304.	
  DEN	
   is	
  metabolized	
   in	
   the	
   liver,	
  where	
   it	
   causes	
  DNA	
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damage307.	
  When	
  this	
  damage	
  happens	
  in	
  proliferating	
  hepatocytes,	
  either	
  during	
  liver	
  

development	
   in	
   the	
   postnatal	
   period	
   or	
   following	
   liver	
   injury,	
   DNA	
   damage	
   is	
  

transmitted	
   to	
  daughter	
   cells,	
  which	
  accelerates	
  HCC	
  development327-­‐329.	
  DEN	
   induced	
  

tumor	
   development	
   occurs	
   in	
   the	
   absence	
   of	
   chronic	
   liver	
   injury,	
   inflammation	
   and	
  

fibrosis303.	
  However,	
   if	
   it	
   is	
   combined	
  with	
  a	
  promoting	
  agent	
  such	
  as	
   the	
  hepatotoxin	
  

carbon	
   tetrachloride	
   (CCl4),	
   it	
   induces	
   a	
   multistep	
   process,	
   including	
   liver	
   injury,	
  

inflammation,	
   fibrosis,	
   cirrhosis	
   and	
   ultimately	
   HCC	
   development303.	
   Genetically,	
   the	
  

DEN	
   model	
   resembles	
   the	
   subclass	
   of	
   human	
   HCCs	
   with	
   poor	
   prognosis312,	
  

characterized	
   by	
   high	
   proliferation	
   rate,	
   chromosomal	
   instability	
   and	
   low	
   levels	
   of	
  β-­‐

catenin	
  mutations.	
  

As	
   previously	
   described,	
   aflatoxin	
  B1	
   induces	
   genetic	
   damage	
   and	
   its	
   intake	
   has	
   been	
  

correlated	
  with	
  HCC	
  development	
  in	
  humans185,203.	
  Similarly,	
  mice	
  exposed	
  to	
  aflatoxin	
  

B1	
  administration	
  develop	
  HCC	
  after	
  52	
  weeks	
  but	
  with	
  an	
  incidence	
  rate	
  varying	
  from	
  

25-­‐90%	
  dependent	
  on	
  the	
  mouse	
  strain302,330.	
  	
  

In	
   general,	
   chemically	
   induced	
   HCC	
   mouse	
   models	
   can	
   mimic	
   the	
   injury-­‐fibrosis-­‐

malignancy	
  cycle,	
  the	
  background	
  on	
  which	
  the	
  majority	
  of	
  HCC	
  arise331.	
  However,	
  they	
  

mainly	
   reflect	
   toxin-­‐induced	
   etiologies,	
   which	
   makes	
   them	
   suboptimal	
   for	
   preclinical	
  

drug	
  screening303.	
  	
  

	
  

2.6.2.4	
  Xenograft	
  mouse	
  models	
  

For	
  the	
  generation	
  of	
  HCC	
  xenograft	
  mouse	
  models,	
  established	
  hepatoma	
  cell	
   lines	
  or	
  

fresh	
  human	
  tumor	
  tissue	
  is	
  implanted	
  into	
  immunocompromised	
  recipient	
  mice292,306.	
  

According	
   to	
   tumor	
   localization,	
   ectopic	
   and	
   orthotopic	
   models	
   are	
   distinguished.	
   In	
  

ectopic	
  models,	
  tumor	
  tissue	
  is	
  subcutaneously	
  (s.c.)	
  introduced,	
  whereas	
  in	
  orthotopic	
  

models,	
   tumor	
  tissue	
  is	
  placed	
  intrahepatically302.	
  S.c.	
  xenograft	
  models	
  are	
  technically	
  

relatively	
  easy	
  to	
  perform,	
  reproducible	
  and	
  because	
  the	
  tumors	
  are	
  placed	
  externally,	
  

size	
  assessment	
  is	
  straightforward.	
  This	
  is	
  of	
  special	
  interest	
  for	
  preclinical	
  drug	
  testing	
  

as	
   it	
   allows	
   regular	
   tumor	
  volume	
  measurements291.	
   Indeed,	
   s.c.	
   xenograft	
  models	
   are	
  

most	
  frequently	
  used	
  for	
  pre-­‐clinical	
  studies	
  of	
  anti-­‐cancer	
  drugs	
  in	
  vivo.	
  However,	
  these	
  

tumors	
   do	
   not	
   have	
   a	
   direct	
   interaction	
   with	
   the	
   liver	
   tissue302,	
   preventing	
   the	
  

interaction	
  of	
  the	
  tumor	
  cells	
  with	
  the	
  proper	
  microenvironment292.	
  On	
  the	
  other	
  hand,	
  

tumors	
   of	
   orthotopic	
   mouse	
   models	
   grow	
   in	
   their	
   natural	
   environment	
   but	
   are	
  

technically	
  more	
  challenging	
  and	
  require	
   sophisticated	
   imaging	
   technologies	
  or	
   serum	
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biomarkers	
  to	
  monitor	
  tumor	
  take	
  rate,	
  tumor	
  growth	
  and	
  effects	
  of	
  therapy	
  on	
  tumor	
  

progression291.	
   Furthermore,	
   xenograft	
  models	
   lack	
   a	
   fully	
   functional	
   immune	
   system.	
  

Thus,	
  the	
  process	
  of	
  hepatocarcinogenesis	
  on	
  an	
  inflammatory	
  and	
  fibrotic	
  background	
  

cannot	
  easily	
  be	
  investigated	
  in	
  these	
  mice303.	
  	
  

Established	
  cell	
  lines	
  are	
  frequently	
  used	
  to	
  generate	
  xenograft	
  models	
  because	
  they	
  are	
  

easy	
  to	
  handle,	
  can	
  be	
  indefinitely	
  expanded,	
  allow	
  for	
  genetic	
  manipulation	
  and	
  induce	
  

rapid	
  tumor	
  growth	
  when	
  injected	
   into	
  mice.	
  However,	
   their	
  clonal	
  appearance	
  hardly	
  

reflects	
  the	
  heterogeneity	
  of	
  human	
  HCCs302.	
  In	
  contrast,	
  fresh	
  patient	
  material	
  reflects	
  

the	
   true	
   composition	
   of	
   human	
   HCCs	
   but	
   is	
   difficult	
   to	
   obtain	
   with	
   very	
   limited	
  

possibilities	
   of	
   genetic	
   manipulations.	
   Importantly,	
   patient-­‐derived	
   xenograft	
   models	
  

(PDX)	
  are	
  regarded	
  as	
  valuable	
   tools	
   in	
   the	
   field	
  of	
  anti-­‐cancer	
  drug	
  development	
  and	
  

prediction	
   of	
   cancer	
   therapy332,333.	
   In	
   the	
   field	
   of	
   HCC,	
   several	
   s.c.334-­‐338	
   and	
  

orthotopic339,340	
  PDX	
  models	
  have	
  been	
  generated	
  from	
  fresh,	
  surgically	
  excised	
  human	
  

HCC	
   specimens.	
   However,	
   because	
   only	
   patients	
   with	
   early	
   stage	
   HCCs	
   qualify	
   for	
  

surgical	
  tumor	
  resection185,	
  these	
  models	
  may	
  not	
  recapitulate	
  the	
  full	
  spectrum	
  of	
  HCC	
  

including	
  all	
  clinical	
  tumor	
  stages.	
  Furthermore,	
  a	
  comprehensive	
  and	
  in	
  depth	
  analysis	
  

of	
  how	
  well	
  these	
  PDX	
  models	
  recapitulate	
  the	
  original	
  human	
  HCC	
  tissue	
  on	
  histologic,	
  

genetic	
  and	
  molecular	
  level,	
  is	
  still	
  missing.	
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II	
  Aims	
  of	
  Research	
  
	
  

1.	
  Project:	
  Negative	
  regulation	
  of	
  the	
  IFN-­‐λ 	
  induced	
  JAK-­‐STAT	
  pathway	
  

Although	
   an	
   immediate	
   and	
   strong	
   activation	
   of	
   signaling	
   pathways	
   is	
   necessary	
   for	
  

optimal	
  cytokine	
  action,	
   it	
   is	
  equally	
  important	
  to	
  appropriately	
  control	
  the	
  magnitude	
  

and	
  duration	
  of	
  cellular	
  responses	
  to	
  viral	
  and	
  bacterial	
  infections	
  in	
  order	
  to	
  maintain	
  

tissue	
  homeostasis.	
  Although	
  type	
  I	
  and	
  III	
  IFNs	
  signal	
  through	
  distinct	
  receptors,	
  they	
  

induce	
   a	
   mostly	
   overlapping	
   set	
   of	
   ISGs	
   in	
   cells	
   expressing	
   both	
   IFN-­‐α	
   and	
   IFN-­‐λ	
  

receptors100,341.	
   However,	
   the	
   magnitude	
   and	
   duration	
   of	
   the	
   induction	
   remains	
  

different.	
  While	
   IFN-­‐α-­‐induced	
  signaling	
   is	
   transient	
  and	
  completely	
  shut	
  down	
  after	
  a	
  

few	
   hours,	
   IFN-­‐λ-­‐induced	
   signaling	
   persists	
   much	
   longer100,342,343.	
   USP18	
   has	
   been	
  

shown	
  to	
  be	
  responsible	
  for	
  the	
  strong	
  regulation	
  of	
  IFN-­‐α	
  signaling	
  whereas	
  its	
  effect	
  

on	
   IFN-­‐λ	
   remains	
   a	
   matter	
   of	
   controversy.	
   Importantly,	
   the	
   effect	
   of	
   the	
   two	
   known	
  

inducible	
   negative	
   regulators	
   SOCS1	
   and	
   SOCS3	
   on	
   IFN-­‐λ	
   needs	
   further	
   clarification.	
  

Currently	
   available	
   data	
   is	
   based	
   primarily	
   on	
   overexpression	
   studies	
   in	
   vitro	
   and	
  

therefore	
  lacks	
  physiological	
  relevance.	
  With	
  the	
  current	
  study,	
  we	
  aimed	
  to	
  investigate	
  

the	
  physiological	
  role	
  of	
  SOCS1,	
  SOCS3	
  and	
  USP18	
  on	
  type	
  III	
   IFN-­‐induced	
  signaling	
   in	
  

vitro	
  and	
  in	
  vivo.	
  

	
  

2.	
   Project:	
   Development	
   of	
   patient-­‐derived	
   xenograft	
  models	
   from	
   fresh	
   human	
  

HCC	
  needle	
  biopsies	
  	
  

HCC	
   is	
   the	
   second	
   leading	
   cause	
   of	
   cancer-­‐related	
   death	
   worldwide	
   with	
   increasing	
  

incidence	
  rates.	
  The	
  prognosis	
  of	
  HCC	
  is	
  poor,	
  despite	
  massive	
  efforts	
  by	
  experimental	
  

and	
  clinical	
  research.	
  Less	
  than	
  30%	
  of	
  HCC	
  patients	
  qualify	
  for	
  curative	
  treatment	
  and	
  

therapeutic	
   approaches	
   for	
  advanced	
  stage	
  HCC	
  shows	
  only	
   limited	
  efficacy.	
  Thus,	
   the	
  

identification	
   and	
   development	
   of	
   more	
   efficient	
   therapies	
   for	
   intermediate	
   and	
  

advanced	
   stage	
  HCCs	
   are	
   required.	
   Albeit	
   PDX	
  models	
   are	
   useful	
   for	
   pre-­‐clinical	
   drug	
  

testing,	
   until	
   now,	
   only	
   resected	
   HCC	
   specimens	
   were	
   used	
   to	
   generate	
   PDX	
   mouse	
  

models.	
   Because	
   surgical	
   resection	
   is	
   only	
   applied	
   to	
   patients	
   with	
   early	
   stage	
   HCC,	
  

these	
   models	
   may	
   not	
   reflect	
   the	
   full	
   spectrum	
   of	
   human	
   HCC	
   stages.	
   Therefore,	
   we	
  

aimed	
  at	
  establishing	
  xenograft	
  models	
   from	
  fresh	
  human	
  HCC	
  needle	
  biopsy	
  material	
  

that	
  also	
  includes	
  late	
  stage	
  HCCs.	
  Using	
  this	
  approach	
  we	
  could	
  generate	
  a	
  pre-­‐clinical	
  

tool	
   suitable	
   for	
   personalized	
   medicine	
   including	
   analysis	
   of	
   drug-­‐induced	
   resistance	
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mechanisms	
   and	
   evaluation	
   of	
   potential	
   anti-­‐cancer	
   compounds.	
   Furthermore,	
  

biomarkers	
  for	
  therapy	
  decision	
  or	
  patient-­‐specific	
  strategies	
  targeting	
  driver	
  mutations	
  

or	
  signaling	
  pathways	
  could	
  be	
  identified.	
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SOCS1 is an inducible negative regulator of interferon !
(IFN-!)–induced gene expression in vivo
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Type I (" and #) and type III (!) IFNs are induced upon viral
infection through host sensory pathways that activate IFN reg-
ulatory factors (IRFs) and nuclear factor $B. Secreted IFNs
induce autocrine and paracrine signaling through the JAK-
STAT pathway, leading to the transcriptional induction of hun-
dreds of IFN-stimulated genes, among them sensory pathway
components such as cGAS, STING, RIG-I, MDA5, and the tran-
scription factor IRF7, which enhance the induction of IFN-"s
and IFN-!s. This positive feedback loop enables a very rapid and
strong host response that, at some point, has to be controlled by
negative regulators to maintain tissue homeostasis. Type I IFN
signaling is controlled by the inducible negative regulators sup-
pressor of cytokine signaling 1 (SOCS1), SOCS3, and ubiquitin-
specific peptidase 18 (USP18). The physiological role of these
proteins in IFN-% signaling has not been clarified. Here we used
knockout cell lines and mice to show that IFN-! signaling is
regulated by SOCS1 but not by SOCS3 or USP18. These differ-
ences were the basis for the distinct kinetic properties of type I
and III IFNs. We found that IFN-" signaling is transient and
becomes refractory after hours, whereas IFN-! provides a long-
lasting IFN-stimulated gene induction.

Type I and type III IFNs are induced in virus-infected cells
and provide an important first line of defense through the rapid
induction of hundreds of IFN-stimulated genes (ISGs)3 that
collectively establish an antiviral state. Type I IFNs (IFN-!s and
IFN-") bind to the ubiquitously expressed IFN-! receptor
(IFNAR), which consists of two major subunits: IFNAR1 and
IFNAR2c. Each receptor subunit constitutively binds to a single
specific member of the JAK family: IFNAR1 to tyrosine kinase 2
(TYK2) and IFNAR2c to JAK1. Upon binding of the two chains
by type I IFNs, TYK2 and JAK1 transactivate each other by
mutual tyrosine phosphorylation and then initiate a cascade of
tyrosine phosphorylation events on the intracellular domains of
the receptors and on STAT1 and STAT2. STAT1 and STAT2

combine with a third transcription factor, IFN regulatory factor
9 (IRF9), to form interferon-stimulated gene factor 3 (ISGF3).
ISGF3 binds to interferon-stimulated response elements
(ISREs) in the promoters of ISGs. Alternatively, IFN-activated
STAT1 can form homodimers. These STAT dimers bind a dif-
ferent class of response elements, the #-activated sequence ele-
ments (1). Activation of the JAK–STAT pathway is tightly con-
trolled by several negative regulatory mechanisms. SOCS1 and
3 are rapidly induced and inhibit STAT activation (2). Mecha-
nistically, SOCS proteins simultaneously bind the receptors
and the JAKs and prevent STATs from access to the receptor
kinase complex (3). Ubiquitin-specific peptidase 18 (USP18) is
induced later but remains highly expressed for days (4). USP18
is responsible for the long-lasting refractoriness of IFN-! sig-
naling in the liver (5). The physiological role of these inducible
negative feedback loops is to prevent tissue damage caused by
the potent pro-inflammatory effects of type I IFNs (6).

In humans, the type III IFN family consists of four members,
IFN-$1– 4. They all bind to the IFN-$ receptor (IFNLR), con-
sisting of the ubiquitously expressed IL-10R2 chain (shared
with the IL-10 receptor) and a unique IFN-$ receptor chain
(IFN$R1) whose expression is mainly restricted to epithelial
cells (7–9). Activation of the IFNLR by ligand binding results in
the activation of ISGF3 and STAT1 homodimers, the same
transcription factor complexes that are induced by type I IFNs.
As a consequence, despite using different receptors, IFN-$s
induce highly similar sets of ISGs as IFN-!/"s (10 –14). How-
ever, at least in cell culture, ISG induction followed distinct
kinetic profiles for IFN-! and IFN-$. Although gene induction
was rapid and transient with IFN-!, IFN-$ induced a slower but
more sustained increase in ISG expression (15, 16). There is
indirect evidence that this difference could result from the lack
of USP18 binding to the IFNLR. In cell culture and in mice,
USP18 was induced by both IFN-! and IFN-$, but only IFN-!
signaling was inhibited by USP18 (17, 18). Contradictory to
these findings, a more recent report identified USP18 as a novel
inhibitor of IFN-$ signaling (19). The role of SOCS1 and
SOCS3 in regulating IFN-$ signaling remains to be clarified as
well. Overexpression of SOCS1 in Huh7 human hepatoma cells
inhibited the antiviral activity of both IFN-! and IFN-$ (20).
However, whether physiological expression levels of SOCS1
and/or SOCS3 can inhibit IFN-$ signaling remains to be
shown.

The IFN-$ system has been intensely studied in the context
of hepatitis C virus (HCV) infections because genetic variants of
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the IFN-! gene locus are strongly associated with the ability of
the host response to clear the viral infection in the acute phase
and with response to treatment with pegylated IFN-" and riba-
virin in chronic hepatitis C (21). Genetic evidence points to
IFN-!4 as the key regulator of the host response to HCV. A
variant allele (TT at position rs368234815) with an inactivating
frameshift mutation in exon 1 of the IFN-!4 gene is found with
a frequency that increases from Africa (0.29 – 0.44) to the New
World (0.51– 0.65) and Europe (0.58 – 0.77) and reaches 0.94 –
0.97 in East Asia (22). Homozygosity for the functionally inac-
tive IFN-!4 gene (TT/TT) is associated with spontaneous
clearance of HCV in the acute phase and a high cure rate of
therapies with pegylated IFN-" and ribavirin (23–25). It is not
entirely clear why the host benefits from lack of a functional
IFN-!4. A pertinent observation relates to the activation status
of the endogenous IFN system in the liver. Patients with wild-
type IFN-!4 (encoded by the rs368234815 !G allele) mount a
strong innate immune response and have a permanent and
strong expression of hundreds of ISGs in the liver (26). Among
these ISGs are also inducible negative regulators of IFN signal-
ing such as USP18. The continuous high expression of USP18
makes it highly unlikely that type I IFNs are drivers of the innate
immune response in chronic hepatitis C. Indeed, there is
genetic evidence that IFN-!4 is the driver of ISG expression in
chronic hepatitis C (25). To better understand the mechanisms
of ISG induction in chronic hepatitis C, differences in negative
regulation of type I and type III interferons have to be
elucidated.

In this work, we investigated the role of SOCS1, SOCS3, and
USP18 in IFN-! signaling in cells with physiological IFNLR
expression and deletion or overexpression of all three inhibitors
and in mice deficient for SOCS1 or USP18. We identify SOCS1
as a physiologically relevant inducible inhibitor of IFN-!–
induced JAK–STAT signaling. SOCS3 and USP18 are impor-
tant for regulating IFN-" but not IFN-! signaling.

Results

IFN-! induces sustained gene expression in cells despite strong
induction of USP18

The selective and restricted expression of IFNLR1 limits the
biological activity range of IFN-! primarily to mucosal epithe-
lial tissues (27). We have previously shown very low expression
of IFNLR1 in the human liver that can, however, be induced in
patients with chronic hepatitis C, particularly with the IFN-!4
wild-type genotype (TT/!G and !G/!G), to levels that make
hepatocytes responsive to IFN-! (28). To analyze IFN-! signal-
ing in a cell line with similar IFNLR1 expression, we used a
clone of Huh7 cells (a widely used human hepatoma cell line)
that has been stably transfected with IFNLR1, Huh7 LR clone 3
(designated Huh7 LR in this manuscript) (28). Huh7 LR cells
express around 10,000 copies of IFNLR1 per 40 ng of total RNA
(Fig. 1A). Huh7 LR cells were then stimulated with saturating
concentrations of human IFN-" and human IFN-!1 for up to
48 h. The kinetics of the activation of JAK–STAT signaling
were assessed with antibodies specific for tyrosine-phosphory-
lated STAT1 (p-STAT1), STAT2 (p-STAT2), and STAT3
(p-STAT3). IFN-" induced strong but transient STAT1 and

STAT2 activation (Fig. 1B). Induction of the two early ISGs,
RSAD2 and GBP5 (4), was also transient, with an expression
peak 8 h after IFN-" stimulation (Fig. 1C). IFN-!1 showed pro-
longed activation of STAT1 and STAT2 despite an even stron-
ger induction of USP18 at the 24 h time point (Fig. 1B). Consis-
tently, ISG induction was sustained and increased compared
with IFN-" (Fig. 1C). The induction of pSTAT3 was not signif-
icantly different between IFN-" and IFN-!1. These results are
in accordance with published data obtained with other cell lines
and primary human hepatocytes (11, 15, 16).

IFN-! signaling is inhibited in cells overexpressing SOCS1,
SOCS3, or USP18

Huh7 LR cells were then transiently transfected with expres-
sion plasmids for SOCS1, SOCS3, and USP18 and stimulated
with saturating concentrations of IFN-" and IFN-!1 for 30 min.
All three proteins were strongly expressed and inhibited both
IFN-"– and IFN-!1–induced STAT1 phosphorylation (Fig.
2A). The inhibitory effect of USP18 on IFN-! signaling was
unexpected, given the sustained p-STAT1 and ISG induction
shown in Fig. 1. We therefore systematically compared the
expression levels of the negative regulators obtained by physi-
ological stimulation with IFNs versus those obtained in cells
transfected with expression plasmid. As shown in Fig. 2B, trans-
fection resulted in expression levels that were 2–3 orders of
magnitude higher than those induced by maximal physiological
stimulation with IFNs. The mRNA results were also confirmed
at the protein level (Fig. 2B). We conclude that all three inhib-
itors have the potential to inhibit both IFN-" and IFN-! signal-
ing at supraphysiological expression levels.

SOCS1-deficient cells are hyperresponsive to IFN-!

To assess the physiological relevance of SOCS1, SOCS3, and
USP18 for IFN-! signaling, we generated knockout cell lines
from Huh7 LR cells using the CRISPR-Cas9 technology (sup-
plemental Fig. 1). The rationale for this loss-of-function exper-
iment was the expectation that loss of a physiologically relevant
inhibitor of IFN signaling must result in hyperactivation of the
signal transduction pathway with increased ISG induction. By
definition, any inducible inhibitor of IFN signaling has to
restrict ISG induction at some point and to a relevant degree.
We first tested this hypothesis using a luciferase reporter gene
under the control of an ISRE promoter (i.e. the Mx1 promoter,
ISRE-Mx1-Luc). To do so, we transfected control and knockout
cells with the pGL3-ISRE-Mx1-Luc plasmid together with a
constitutively expressed Renilla luciferase construct for nor-
malization. 20 h after transfection, they were stimulated with
IFN-!1, IFN-!3, IFN-!4, IFN-", and IFN-# or left untreated,
and luciferase activity was quantified 4, 8, and 24 h later. The
luciferase activity in untreated cells did not differ significantly
between cell lines but increased at least 15-fold within 4 h after
IFN addition. At 4 h and 8 h, but not at 24 h, SOCS1 knockout
cells showed significantly higher expression of the reporter con-
structs when stimulated with IFN-!1, IFN-!3, or IFN-!4 (Fig. 3
and supplemental Fig. 2). IFN-" signaling was enhanced in
USP18 knockout cells at all time points (Fig. 3), whereas IFN-#
signaling was enhanced at the 8 h time point only (supplemen-
tal Fig. 2). Type I IFN–induced expression of the reporter plas-
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mid was also significantly enhanced at some time points in
SOCS1 and SOCS3 knockout cells (Fig. 3 and supplemental Fig.
2). We confirmed these findings by quantifying the expression
levels of ISGs, including RSAD2, GBP5, and IFI27, as well as the
three inducible regulators, SOCS1, SOCS3, and USP18, in the
knockout cell lines after stimulation with IFN-!1 and IFN-"
(Fig. 4 and supplemental Fig. 3). Expression of RSAD2, GBP5,
and IFI27 in untreated control and knockout cells was detecta-
ble and did not differ significantly between the cell lines. The
same ISGs were up-regulated 10- to 100-fold 4 h after IFN-" or

IFN-!1 stimulation (Fig. 4). Importantly however, IFN-!1–
induced ISG expression was significantly enhanced in SOCS1
knockout cells at 8 and 24 h, but this increase was not observed
in SOCS3 or USP18 knockout cells. For GBP5, this enhance-
ment could already be observed 4 h after IFN-!1 stimulation,
although it did not reach statistical significance. Furthermore,
we confirmed the known negative regulatory effect of USP18 on
IFN-" signaling. We conclude that, in Huh7 LR cells, SOCS1 is
an inducible and physiologically relevant negative regulator of
IFN-!1, IFN-!3, and IFN-!4.

Figure 1. IFN-!– but not IFN-"–induced STAT1 phosphorylation becomes refractory to continuous stimulation. A, liver biopsies from chronic hepatitis
C patients (n ! 16) were divided into three groups based on their IFNL4 genotype (rs368234815; TT/TT, TT/dG, and dG/dG). Total RNA from biopsies and Huh7
and Huh7 LR cells were prepared. Expression of the IFNLR1 transcript was analyzed by quantitative PCR. Results (mean " S.D.) are shown as copy numbers per
40 ng of total RNA. B and C, Huh7 LR cells were stimulated with 1000 IU/ml IFN-" or 100 ng/ml IFN-!1 for the indicated times. B, p-STAT1, STAT1, p-STAT2, STAT2,
p-STAT3, STAT3, USP18, SOCS1, SOCS3, and actin were visualized using specific antibodies. Shown are representative blots from two independent experi-
ments. C, transcripts of interferon-stimulated genes (RSAD2, IFI27, and GBP5) were quantified by PCR. Results (mean " S.D., n ! 3) are shown as relative
expression to GAPDH. ut, untreated.

Negative regulation of type III interferon signaling
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Figure 2. Overexpression of SOCS1, SOCS3, and USP18 leads to a reduction of IFN-!– and IFN-"–mediated STAT1 phosphorylation. A, Huh7 LR cells
were transiently transfected with control, SOCS1, SOCS3, or USP18 expression plasmids. 24 h later, cells were stimulated with 1000 IU/ml IFN-! or 100 ng/ml
IFN-"1 for 30 min, and p-STAT1, STAT1, SOCS1, SOCS3, USP18, and actin were visualized by immunoblotting. Shown are representative blots from three
independent experiments. B, Huh7 LR cells were transfected with SOCS1, SOCS3, or USP18 expression plasmids for 24 h. The mRNA expression levels of SOCS1,
SOCS3, and USP18 were analyzed by quantitative PCR and compared with the endogenously induced SOCS1, SOCS3, or USP18 upon IFN-! or IFN-"1 stimulation
at the indicated time points. The results (mean ! S.D., n " 3) are shown as relative expression to GAPDH. Protein levels of SOCS1, SOCS3, and USP18 and actin
were visualized using specific antibodies. ox, overexpression; ut, untreated.

Negative regulation of type III interferon signaling
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SOCS1 is a physiological inhibitor of IFN-! signaling in vivo

To test whether the results obtained in Huh7 LR cells are
valid in vivo, we analyzed IFN-! and IFN-" signaling in mice
deficient for Socs1 or Usp18 and their corresponding control
mice. Because Socs1 knockout mice suffer from IFN-#–

mediated lethal toxicity, they were bread as Ifng/Socs1 double
knockout mice, with Ifng knockout mice serving as controls, as
described previously (5, 29). The mice were sacrificed 4 and 8 h
after IFN injections, and the liver, lung, and gut were analyzed
for induction of seven different ISGs (Rsad2, Oas1, Stat1,
Usp18, Gbp5, and Ifi27). Socs1 knockout resulted in signifi-
cantly increased expression of all IFN-!2–induced ISGs at 8 h
in the lung and at 4 h in the gut, the two IFN-! responsive
organs, but not in the liver, which is devoid of IFNLR1 in mice
(Fig. 5). Although Socs1 knockout also resulted in enhanced
expression of three of six ISGs in the lung and gut upon IFN-"
injection (Fig. 5), it did not affect IFN-"–mediated ISG induc-
tion levels in the liver (Fig. 5 and supplemental Fig. 4A). In
contrast, IFN-" induced all tested ISGs to significantly higher
levels in the livers of Usp18 knockout mice compared with con-
trol mice at all time points (Fig. 6 and supplemental Fig. 4B).
The effect of Usp18 knockout on IFN-" signaling in the lung
occurred mainly at 8 h, and it was much less pronounced in the
gut. The effect of Usp18 knockout on IFN-! signaling was min-
imal, with only Rsad2 and Ifi27 being significantly increased at
one time point in the gut and lung, respectively (Fig. 6 and
supplemental Fig. 4B). From these results, we conclude that
IFN-" signaling in these mice is predominantly inhibited by
Usp18, whereas IFN-! signaling is regulated by Socs1.

Discussion

Type I IFNs (IFN-"/$) are potent and critically important
cytokines that control innate and adaptive immune responses
to infection, cancer, and other inflammatory stimuli. Positive
feedback amplification through autocrine and paracrine induc-
tion of IFN-" gene transcription allows a very rapid and strong
host response to infections (30). The extent and duration of this
response is tightly controlled by several mechanisms to avoid
adverse effects on tissue homeostasis. The fact that several clin-
ically important autoimmune diseases, such as systemic lupus
erythematosus and Aicardi-Goutières syndrome, are associ-
ated with uncontrolled type I IFN activities demonstrates the
important role of negative regulators in keeping the system in
balance (6, 31). SOCS1 is an inducible negative regulator of
IFN-" signaling that transiently restricts phosphorylation of
STATs in the first hours. However, its role as a negative regu-
lator of IFN-" signaling is limited. The fact that the lethal phe-
notype of Socs1 knockout mice is rescued by additional knock-
out of Ifng demonstrates that the main role of SOCS1 in the IFN
system is to control IFN-# (29). Furthermore, deletion of Socs1
does not prevent the induction of refractoriness to IFN-" in the
mouse liver (5). The main negative regulator of IFN-" seems to
be USP18. This is demonstrated by this work, by previous work
that showed that refractoriness to IFN-" stimulation is abro-
gated in Usp18 knockout mice (5), and by a rare genetic inter-
feronopathy, pseudo-TORCH syndrome, which is caused by
human USP18 deficiency (32).

Negative regulation of type III IFNs is fundamentally differ-
ent from type I IFNs. The inducible up-regulation of USP18
does not induce refractoriness of IFN-! signaling (this work
and Refs. 11, 15–18).). Of note, as shown in Fig. 2, USP18 indeed
has the potential to inhibit IFN-! signaling, but only at expres-
sion levels that are not achieved by physiological induction

Figure 3. SOCS1 is a modulator of IFN-!-signaling. Control, SOCS1!/!,
SOCS3!/!, and USP18!/! cells were transfected with pGL3-ISRE-Mx1-Luc
and pGL4-CMV-Renilla-Luc plasmids and, 20 h later, stimulated with 100
ng/ml IFN-!1, 50 ng/ml IFN-!4, or 1000 IU/ml IFN-" for 4 h, 8 h, and 24 h or left
untreated. The firefly luciferase values were normalized to Renilla luciferase,
and the results (mean " S.D., n # 2) are expressed as firefly/Renilla ratio.
Unpaired t test; *, p $ 0.05; **, p $ 0.01; ***, p $ 0.001.
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stimuli. We conclude that USP18 is not a physiological inhibi-
tor of IFN-! signaling. IFN-! signaling is rather controlled by
SOCS1, and contrary to IFN-", not only in the first hours of
stimulation but also at later time points (Fig. 4). Of note, a
long-lasting negative regulatory effect of SOCS1 on IFN-!1 sig-
naling has been found previously in shRNA knockdown exper-
iments in A549 human alveolar epithelial cells (33). SOCS1 not
only controls the closely related IFN-!1 and IFN-!3 but also
IFN-!4. We postulate that the prolonged inhibitory effects of
SOCS1 on IFN-! signaling result from its sustained up-regula-
tion for at least 48 h, which contrasts the transient induction of
SOCS1 by IFN-" (Fig. 2B).

In conclusion, we show that the IFN-" and the IFN-! systems
not only differ in terms of tissue distribution of their cognate
receptors (27) but are also controlled by distinct negative regu-

latory mechanisms of their signal transduction through the
JAK–STAT pathway. IFN-" signaling is transient and shut
down after 6 – 8 h by USP18, a very strong inhibitor of STAT
tyrosine phosphorylation at the IFNAR– kinase complex.
IFN-! signaling is not affected by USP18. It is controlled by
SOCS1, but SOCS1 does not shut down STAT phosphorylation
completely, allowing long-lasting stimulation of ISG transcrip-
tion by IFN-!. We postulate that these differences between
IFN-" and IFN-! in the negative regulation of JAK–STAT sig-
naling are responsible for the previously described differences
in the kinetics of ISG induction. Long-lasting activation of
JAK–STAT signaling allows the IFN-! system to mount a sus-
tained antiviral state in mucosal epithelial cells that are con-
stantly exposed to pathogens. IFN-" is a more powerful defense
system that is activated when pathogenic viruses have breached

Figure 4. SOCS1 is a modulator of IFN-!–induced ISGs expression in vitro. Control, SOCS1!/!, SOCS3!/!, and USP18!/! cells were stimulated with 1000
IU/ml IFN-" or 100 ng/ml IFN-!1 for 4 h, 8 h, and 24 h or left untreated, and the expression levels of RSAD2, GBP5, and IFI27 were analyzed by quantitative PCR.
The results (mean " S.D., n # 2) are shown as relative expression to GAPDH. Unpaired t test; *, p $ 0.05; **, p $ 0.01; ***, p $ 0.001.
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the mucosal surfaces and invaded the systemic circulation and
other organs. In most instances, it is only transiently activated
because prolonged activation of IFN-! signaling is detrimental
for tissue homeostasis and can also negatively impact the cellu-
lar immune response.

Experimental procedures
Cell culture

A human hepatoma cell line (Huh7) was cultured in
DMEM (Gibco) supplemented with 10% heat-inactivated
FBS (Gibco) and 1% penicillin-streptomycin (Gibco). Huh7

Figure 5. Depletion of Socs-1 increased IFN-!–induced ISGs expression in vivo. Control and Socs1!/! mice were subcutaneously injected with PBS,
1000 units/g mouse IFN-!, or 50 ng/g mouse IFN-"2. The liver, the lung, and the gut were collected 4 h and 8 h after injection, and total RNA was
prepared. The expression of Rsad2, Oas1, Stat1, Usp18, and Socs1 was measured by quantitative PCR. The results (mean " S.D.) are shown as relative
expression to Rpl19. Three to four animals were used per time point and condition. Unpaired t test with Welch’s correction; *, p # 0.05; **, p # 0.01; ***,
p # 0.001. ut, untreated.
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LR cells constitutively overexpressing IFNLR1 (28) and
SOCS1!/!, SOCS3!/!, and USP18!/! cells were cultured in
DMEM-10% FBS, 1% penicillin-streptomycin (Gibco) sup-
plemented with 1 mg/ml G418 (Calbiochem).

Animals
Socs1!/! Ifng!/! (Socs1!/!), Ifng!/! (control), Ubp43!/!

(Usp18!/!), and FVB (control) mice were described previously
(29, 34 –37). The animals were bred and maintained in the ani-

Figure 6. Depletion of Usp18 increased IFN-!–induced ISGs expression in vivo. Control and Usp18!/! mice were subcutaneously injected with PBS,
1000 units/g mouse IFN-!, or 50 ng/g mouse IFN-"2. The liver, the lung, and the gut were collected 4 h and 8 h after injection, and total RNA was
prepared. The expression of Rsad2, Oas1, Stat1, Socs1, and Usp18 was measured by quantitative PCR. The results (mean " S.D.) are shown as relative
expression to Rpl19. Three to five animals were used per time point and condition. Unpaired t test with Welch’s correction; *, p # 0.05; **, p # 0.01; ***,
p # 0.001. ut, untreated.
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mal facility of the Department of Biomedicine of the University
Hospital Basel under specific-pathogen-free conditions on a
12-h day and 12-h night schedule with ad libitum access to food
and drinking water. Experiments were conducted with the
approval of the Animal Care Committee of the Canton Basel-
Stadt, Switzerland. Six- to eight-week-old males were used, and
the animals were euthanized by CO2 narcosis. Resected organs
were immediately frozen in liquid nitrogen and kept at !70 °C
until further processing. Subcutaneous injections with PBS,
mouse IFN-!, or mouse IFN-"2 were performed between 8 a.m.
and 5 p.m.

Human liver biopsies

Liver biopsies from chronic HCV-infected patients (n " 16,
patient characteristics are shown in supplemental Table 1) were
obtained in the outpatient clinic of the Division of Gastroenter-
ology and Hepatology, University Hospital Basel, Switzerland.
Biopsy material that was not needed for routine histopathology
was used for research purposes after obtaining written
informed consent. The use of biopsy material for this project
was approved by the Ethikkommission Nordwest- und
Zentralschweiz, Basel, Switzerland, protocol number M989/99.
Total DNA was isolated from liver biopsies using the DNeasy
Blood & Tissue Kit (Qiagen, Hombrechtikon, Switzerland)
according to the instructions of the manufacturer. IFN-"4 gen-
otype was determined as described previously (25).

Plasmids, antibodies, and reagents

Human IFN-! (Roferon-A) was purchased from Roche
Pharma SA (Reinach, Switzerland). Human IFN-# (Betaferon)
was obtained from Bayer HealthCare Pharmaceuticals (Bayer
Consumer Care AG, Basel, Switzerland). Human IFN-"1 and
mouse IFN-"2 were from PeproTech (LuBioScience GmbH,
Luzern, Switzerland), and human IFN-$ was from Biolegend
(Lucerna-Chem AG, Luzern, Switzerland). Human IFN-"3 and
human IFN-"4 were generated as described previously (9) by
Prof. Rune Hartmann (Aarhus University, Aarhus, Denmark),
and mouse IFN-! was a gift from Prof. Radek Skoda (University
Hospital Basel). Phospho-STAT1 (Tyr-701, 58D6), phospho-
STAT3 (Tyr-705, D3A7 XP), STAT3 (124H6), and USP18
(D4E7) antibodies were from Cell Signaling Technology (Bio-
Concept, Allschwil, Switzerland), and STAT1 (C-term) and
STAT2 antibodies were from BD Biosciences (Allschwil, Swit-
zerland). Phospho-STAT2 (Tyr689) and SOCS1 (4H1) anti-
bodies were from EMD Millipore (Merck & Co., Schaffhausen,
Switzerland). SOCS3 (H-103) and #-actin were from Santa
Cruz Biotechnology (LabForce AG, Muttenz, Switzerland)
and Sigma-Aldrich Chemie GmbH (Buchs, Switzerland),
respectively.

Whole-cell lysates and Western blotting analysis

Whole-cell lysates and immunoblots were prepared and used
as described previously (38).

Total RNA extraction and quantitative PCR

Total RNA from cell lines was isolated using NucleoSpin
RNA (Macherey-Nagel AG, Oensingen, Switzerland) accord-
ing to the instructions of the manufacturer. cDNA was gener-

ated from 1 %g of total RNA using Moloney murine leukemia
virus reverse transcriptase (Promega AG, Dübendorf, Switzer-
land). Total RNA from human biopsies and mouse samples was
isolated using TRIzol according to the instructions of the man-
ufacturer. 1 %g of total RNA was incubated with rDNaseI using
the DNA-free kit (Ambion). cDNA was generated using the
TaqMan reverse transcription reagent kit (Applied Biosystems)
according to the recommendations of the manufacturer. Real-
time quantitative PCR was performed using FastStart Universal
SYBR Green Master Mix (Roche Diagnostics AG, Rotkreuz,
Switzerland) and the ABI 7500 detection system (Applied Bio-
systems, Thermo Fisher Scientific, Zug, Switzerland). Primers
are listed in supplemental Table 2. The specificity of the PCR
primers was assessed by sequencing the PCR product. Gene
transcript expression levels were calculated using the #Ct
method. To quantitate IFNLR1 transcript levels, dilutions of
plasmids containing the IFNLR1 ORF (28) were used as stan-
dard curves (dilutions ranged from 108 to 100 copies of
plasmid).

SOCS1, SOCS3, and USP18 overexpression

The pCMV6 plasmid containing the SOCS1 gene
(RC220847) was purchased from Origene Technologies Inc.
(Rockville, MD) and used to overexpress SOCS1. Human
USP18 and human SOCS3 coding sequences were cloned into
the pCMV6-entry and pCMV-MIR vectors, respectively, using
XhoI and BamHI restriction sites for USP18 and XhoI and KpnI
restriction sites for SOCS3. Huh7 LR cells (2 $ 105/well) were
seeded onto a 6-well plate, and 2 %g of expression plasmid was
transfected using JetPrimeTM (Polyplus Transfection, VWR
International GmbH, Dietikon, Switzerland) according to the
instructions of the manufacturer.

Generation of SOCS1, SOCS3, and USP18 knockout cell lines

Briefly, the CRISPR design tool from the Zhang laboratory
(http://crispr.mit.edu)4 was used to design single-guide RNA
constructs (supplemental Table 3). Phosphorylated and
annealed single-guide RNAs were cloned into pSpCas9(BB)-
2A-GFP (PX458) (Addgene, 48138, deposited by Feng Zhang)
using BbsI restriction sites. Plasmids were verified by sequenc-
ing. 48 h post-transfection, GFP-positive cells were single cell–
sorted by FACS. To confirm successful gene targeting in sorted
clones, genomic DNA was extracted using the DNeasy Blood &
Tissue Kit (Qiagen AG) and subjected to PCR amplification
using specific primers for the region of interest (supplemental
Table 2). PCR fragments were then cloned into a pGEMT-easy
expression vector (Promega AG) and transformed into Esche-
richia coli TOP-10 chemically competent cells (Invitrogen).
Colonies were analyzed by sequencing using the T7 primer.
Finally, the absence of SOCS1, SOCS3, or USP18 protein was
confirmed by immunoblotting.

IFN activity reporter assay

The ISRE-Mx1 firefly luciferase reporter construct (pGL3-
Mx1P-FF-Luc, a gift from Rune Hartmann) and pGL4-CMV-

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party– hosted site.
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Renilla-Luc (a gift from Jacek Krol) were electroporated using
Cytomix (39, 40) into SOCS1!/!, SOCS3!/!, USP18!/!, or
control cells. 20 h after electroporation, cells were treated with
IFN-! (1000 UI/ml), IFN-" (1000 UI/ml), IFN-#1 (100 ng/ml),
IFN-#3 (200 ng/ml), or IFN-#4 (50 ng/ml) for 4, 8, and 24 h.
Cells were then lysed with passive lysis buffer (Promega AG),
and firefly luciferase levels were measured, followed by Renilla
luciferase levels, using a multimode microplate reader (Centro
XS3 LB960, Berthold Technologies GmbH & Co. KG, Bad
Wildbad, Germany). The firefly luciferase was normalized in
each well to Renilla luciferase.

Statistical analysis

Prism4 (GraphPad Software Inc., La Jolla, CA) was used for
statistical analysis.
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Figure' S1.' Validation' of' SOCS15,' SOCS35' and'USP18' knockout' clones' by' sequencing' and'
immunoblotting.!
(A)!CRISPR/Cas9!technology!was!used!to!generate!SOCS1,!SOCS3!and!USP18!knockout!cells.!
Changes!on!the!gene!of!both!alleles!(1a!and!1b)!compared!to!wild!type!(WT)!are!highlighted!
in! red!and!blue! respectively.! (B)!Huh7!LR!cells,! SOCS1,!SOCS3!and!USP18!knockout!clones!
were! stimulated!with!1000IU/ml! IFNRα!or!100ng/ml! IFNRγ!and! lysed!at! the! indicated! time!
points.! Specific! antibodies! for! SOCS1,! SOCS3! and! USP18! were! used! to! identify! knockout!
clones.!Actin!was!used!as!a!loading!control.!
!
Figure'S2.'SOCS1'is'a'modulator'of'IFN5λ35mediated'STATs'activation'in#vitro.'
Control,!SOCS1!R/R,!SOCS3!R/R!and!USP18!R/R!cells!were!transfected!with!pGL3RISRERMx1RLuc!
and! pGL4RCMVRRenillaRLuc! plasmids! and! 20h! later! stimulated! with! 200ng/ml! IFNRλ3! or!
1000IU/ml! IFNRβ! for! 4h,! 8h! and! 24h! or! left! untreated.! The! Firefly! Luciferase! values!were!
normalized! to! Renilla! Luciferase! and! the! results! (mean! ±! SD;! n=2)! are! expressed! as!
Firefly/Renilla!Ratio.!Unpaired!tRtest,!*!p<0.05,!**!p<0.01,!***!p<0.001.!
!
Figure'S3.'SOCS1'is'a'modulator'of'IFN5λ5induced'ISGs'expression'in#vitro.'
Control,!SOCS1!R/R,!SOCS3!R/R!and!USP18!R/R!cells!were!stimulated!with!1000IU/ml!IFNRα!or!
100ng/ml! IFNRλ1! for!4h,!8h!and!24h!or! left!untreated!and!the!expression! levels!of!SOCS1,&
SOCS3! and!USP18! were! analysed! by! quantitative! PCR.! The! results! (mean! ±! SD;! n=2)! are!
shown!as!relative!expression!to!GAPDH.!Unpaired!tRtest,!*!p<0.05,!**!p<0.01,!***!p<0.001.!
!
Figure'S4.!Depletion'of'Socs1'increased'IFN5λ'whereas'depletion'of'Usp18'increased'IFN5α'
induced'ISGs'expression'in#vivo.'
(A)!Control!and!Socs13/3!mice!were!subcutaneously!injected!with!PBS,!1000U/g!mouse!IFNRα!
or! 50ng/g!mouse! IFNRλ2.! The! liver,! the! lung! and! the! gut! were! collected! 4h! and! 8h! post!
injection!and!total!RNA!was!prepared.!The!expression!of!Gbp5&and&Ifi27&was!measured!by!
quantitative! PCR.! The! results! (mean! ±! SD)! are! shown! as! relative! expression! to!Rpl19.! 3R4!
animals!were!used!per!time!point!and!condition.!Unpaired!tRtest!with!Welch’s!correction,!*!
p<0.05,! **! p<0.01,! ***! p<0.001.' (B)' Control! and! Usp18& 3/3! mice! were! subcutaneously!
injected!with!PBS,!1000U/g!mouse! IFNRα!or!50ng/g!mouse! IFNRλ2.!The! liver,! the! lung!and!
the!gut!were!collected!4h!and!8h!post!injection!and!total!RNA!was!prepared.!The!expression!
of!Gbp5&and&Ifi27&was!measured!by!quantitative!PCR.!The!results!(mean!±!SD)!are!shown!as!
relative!expression!to!Rpl19.!3R5!animals!were!used!per!time!point!and!condition.!Unpaired!
tRtest!with!Welch’s!correction,!*!p<0.05,!**!p<0.01,!***!p<0.001.!
!
!
!
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Supplementary table 1. CHC patients' characteristics

Patient's # Gender Age HCV genotype viral load L4 genotype IFNLR1 copies
1 m 58 1b 57'791 dG/dG 2750
2 m 60 1b 4'326'723 TT/dG 1181
3 m 45 1a 7'585'775 TT/dG 18699
4 m 43 3 1'445'439 TT/dG 1219
5 m 59 4 26'700 TT/dG 7787
6 f 48 1a n.d. TT/dG 7797
7 m 47 3 474'333 dG/dG 14082
8 m 52 3a 2'884'032 TT/dG 33324
9 m 24 1 64'646 dG/dG 9595

10 m 57 3 3'455'931 TT/dG 361
11 f 53 4 795'769 dG/dG 1084
12 f 47 1a 3'981'071 TT/TT 10
13 f 43 1 1'698'243 TT/TT 332
14 f 47 1 1'031'852 dG/dG 66
15 m 45 3 742'088 TT/TT 37
16 f 45 3 4'677'351 TT/dG 66

n.d: not determined 
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Supplementary table 2. Primer sequences for quantitative RT-PCR and PCR 

Gene Forward primer Reverse primer
SOCS3 ATGGTCACCCACAGCAAGTT TCACTGCGCTCCAGTAGAAG
GAPDH GCTCCTCCTGTTCGACAGTCA ACCTTCCCCATGGTGTCTGA
SOCS1 CCCCTTCTGTAGGATGGTAGCA TGCTGTGGAGACTGCATTGTC
USP18 CTCAGTCCCGACGTGGAACT ATCTCTCAAGCGCCATGCA
IFNLR1 CAGTGTCCCGAAATACAGCA TGTGTCCAGAAAAGTCCAGGGC
RSAD2 CTTTGTGCTGCCCCTTGAG TCCATACCAGCTTCCTTAAGCAA
IFI27 GGCAGCCTTGTGGCTACTCT CCCAGGATGAACTTGGTCAATC
GBP5 CGCAAAGGTTGGCGGCGATT AGCTGTGCAGCCTGTTCCTGC
Rpl19 ATCCGCAAGCCTGTGACTGT TCGGGCCAGGGTGTTTTT
Stat1 CGGCGCAGAGAGATTTGC AGCTGAAACGACTGGCTCTCA
Oas1 CACCCAGTGAGGGTCTCCAA TTGAGTGTGGTGCCTTT
Ifi27 TCAGCAGGGGTCCTTGGACTCTC CATCTCCTGGGTAGTCTGTACAGGC
Socs1 ATTACCGGCGCATCACGCGG GATGCTCGTGGGGCCCGAAG
Gbp5 ATTGGAGAGCCTACTAAGTGCAAA CTCCTGCGCCACTTCTTGTT
Usp18 CTAGAGACCTCTGCAGTGCCTGG CCGAGGCACTGTTATCCTCTTCAAT
Rsad2 TCTGGAGGAGAACCCTTCCT TACTCCCCATAGTCCTTGAACC
SOCS1 CGACAATGCAGTCTCCACA TAGGAGGTGCGAGTTCAGGT
SOCS3 CCAAGGACGGAGACTTCGAT CTGGATGCGCAGGTTCTTG
UPS18 ACCTGGCTTATGGTGGTGTT ATAATTGGGGAGGGCAAGGT
IFN-λ4 ACTGTGTGTGCTGTGCCTTC GGACGAGAGGGCGTTAGAG

PCR

qRT-PCR
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Supplementary table 3. SgRNA sequences for CRISPR/Cas9

Gene Forward primer Reverse primer 
SOCS1 CACCGGCCGGTAATCGGCGTGCGAA AAACTTCGCACGCCGATTACCGGCC
SOCS3 CACCGCAGCAGGTTCGCCTCGCCGC AAACGCGGCGAGGCGAACCTGCTGC
USP18 CACCGCCTTCACCCGGATCGTATAC AAACGTATACGATCCGGGTGAAGGC
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 3 

Abstract 1 

Background & Aims: Hepatocellular carcinoma (HCC) is the second leading 2 

cause of cancer-related deaths worldwide with limited treatment options for 3 

patients with advanced stage disease. A major obstacle in preclinical drug 4 

development is the lack of an in vivo model that accurately reflects the broad 5 

spectrum of human HCC. Patient derived xenograft (PDX) mouse models 6 

could overcome the limitations of cancer cell lines. PDX models have been 7 

established from surgically resected HCCs. We aimed to establish and 8 

characterize PDX models from human HCC biopsies in order to expand the 9 

spectrum of HCC xenografts to advanced HCCs not amenable to surgery. 10 

Methods: Fifty-four human HCC needle biopsies were transplanted 11 

subcutaneously into immunodeficient NOD-SCID gamma-c (NSG) mice. 12 

Tumor growth rates, histopathological characteristics, RNA sequencing and 13 

whole exome sequencing were used to characterize the newly established 14 

mouse models and to compare them to the originating HCCs. 15 

Results: Eleven HCCs engrafted in NSG mice. They were derived from 16 

patients with various underlying liver diseases and tumor stages. All 17 

successfully transplanted HCCs were Edmondson grade III or IV. HCC PDX 18 

tumors retained the histopathological and transcriptomic characteristics of the 19 

original HCC biopsies over at least generations of re-transplantation, including 20 

Edmondson grade, expression of tumor markers, tumor gene signature and 21 

tumor-associated mutations. 22 

Conclusion: PDX mouse models can be established from undifferentiated 23 

HCCs with an overall success rate of about 33%. The transplanted tumors 24 

represent the entire spectrum of the molecular landscape of HCCs and 25 
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 4 

preserve the characteristics of the originating tumors. HCC PDX models are a 1 

promising tool for preclinical personalized drug development. 2 

 3 

Abstract words: 257 4 

 5 

Lay summary 6 

Needle biopsies of primary liver cancer can be transplanted and grown in 7 

immunodeficient mice. They maintain the original tumor characteristics and are 8 

promising new tools for pre-clinical drug screening. 9 

  10 
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 5 

Introduction 1 

 2 

HCC is the most common primary liver cancer and is the second most frequent 3 

cause of cancer-related mortality worldwide[1]. Current treatment options are 4 

limited with less than 30% of HCC patients in Europe qualifying for curative 5 

treatments[2]. The multikinase inhibitor sorafenib is the only first-line treatment 6 

for advanced HCC[3]. Sorafenib moderately improves survival of patients with 7 

advanced HCC but has adverse effects that preclude its use in patients with 8 

advanced cirrhosis[3, 4]. Novel therapies are urgently needed to improve 9 

treatment options for patients with advanced HCCs.  10 

 11 

Current in vitro cell culture models of HCC are based on conventional 12 

hepatoma cell lines that fail to recapitulate key features of tumor tissues such 13 

as three-dimensional tumor architecture, cellular heterogeneity and cell-cell 14 

interactions. Chemically induced HCC mouse models or genetically 15 

engineered mice better reflect in vivo tumor biology[5]. However, they do not 16 

recapitulate the different genetic alterations present in HCCs of different 17 

patients. Patient-derived xenograft (PDX) models have the potential to 18 

overcome these limitations and are considered valuable tools in the field of 19 

anti-cancer drug development and prediction of response to cancer therapy[6, 20 

7]. So far, all published HCC PDX models have been generated from surgically 21 

resected HCCs[8-13]. Because surgical resections are predominantly 22 

performed in patients with early stage tumors (typically BCLC stages 0/A), 23 

PDXs derived from resected tumors are heavily biased against advanced 24 

stage HCCs. Furthermore, from the published HCC PDX reports it is not clear 25 
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 6 

how much of the original tumor characteristics are preserved in the 1 

transplanted tumors. It is also not clear if successful engraftment was 2 

restricted to a subgroup of HCCs with distinct molecular characteristics. These 3 

questions need to be resolved before further developing PDX models for 4 

preclinical drug development. 5 

 6 

In the present study we report the results of a comprehensive comparative 7 

analysis of 11 newly generated PDX models and the originating human HCCs. 8 

  9 
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Material and Methods 1 

 2 

Human HCC Tissues and Biopsy Procedure 3 

Fifty-four human HCC needle biopsies were obtained at the University Hospital 4 

Basel, Switzerland from 44 treatment naïve patients undergoing diagnostic 5 

liver biopsy (Table S1). A detailed description of the biopsy procedure is 6 

provided in Supplementary Material and Methods. Written informed consent 7 

was obtained from all patients. The study was approved by the Ethics 8 

committee of the north-western part of Switzerland (Protocol Number EKNZ 9 

2014-099). One biopsy cylinder was fixed in formalin and embedded in paraffin 10 

for diagnosis and staging. Additional cylinders were immediately snap-frozen 11 

in liquid nitrogen for later use in DNA/RNA extraction or embedded in O.C.T. 12 

(Tissue-Tek) and frozen using standard procedures. For PDX model 13 

generation, biopsy pieces were placed in PBS. An additional biopsy from non-14 

tumor liver parenchyma was also obtained from all patients. 15 

 16 

Mice and Xenotransplantation 17 

Needle biopsies of HCCs were transplanted subcutaneously into 6-10 weeks 18 

old NOD-SCID gamma-c (NSG) mice (Supplementary Methods). Experiments 19 

were conducted with the approval of the Ethics committee of the north-western 20 

part of Switzerland (Protocol Number EKNZ 2014-099) and the Animal Care 21 

Committee of the Canton Basel-Stadt, Switzerland. 22 

 23 

Tumor growth rate was assessed by weekly measurement using a caliper. S.c. 24 

transplantations and injections that did not yield any measurable tumor in the 25 



III	
  Results	
  

	
   69	
  

	
  
	
  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 8 

mice within eight months after intervention were considered as failed 1 

engraftments. The animals were euthanized by CO2 narcosis as soon as the 2 

tumors reached a size of 1000-1500 mm3. Parts of the collected tumors were 3 

immediately frozen in liquid nitrogen and kept at −70°C until further 4 

processing; embedded in O.C.T. (Tissue-Tek) and frozen using standard 5 

procedures; fixed in formalin and embedded in paraffin using standard 6 

procedures; or cryopreserved for later usage. Tumor pieces of 2x2 mm were 7 

subsequently s.c. transplanted into new mice in order to expand the tumor 8 

material for further experiments.  9 

 10 

Lag phase and doubling time of patient-derived xenograft tumors 11 

The PDX tumor lag phase describes the time from s.c. transplantation or 12 

injection of tumor sample until tumor growth onset (measurable tumor size; 13 

2x2mm). Tumor doubling times were calculated based on the slope of the 14 

linear section of the log10 transformed growth curves of each tumor derived 15 

from a given biopsy. All results are shown as mean +/- SD (Figure 1B).  16 

 17 

Histology and Immunohistochemistry 18 

Paraffin-embedded tumor biopsies and PDX tumors were processed for 19 

Hematoxylin & Eosin or immunohistochemical staining using standard 20 

procedures (Supplementary Methods). Histopathology evaluation was carried 21 

out blindly by two board-certified hepatopathologists (L.T. and M.S.M.) at the 22 

Institute of Pathology of the University Hospital Basel. Disease stage was 23 

classified according to the BCLC staging system[14]. Histopathological grading 24 

was assigned according to the Edmondson grading system[15].  25 
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 9 

 1 

Immunofluorescence 2 

O.C.T. (Tissue-Tek) embedded, frozen PDX tumors, mouse liver and human 3 

liver biopsy were used for vessel assessment (Supplementary Methods).  4 

 5 

Whole exome sequencing and analysis 6 

Paired-end 101bp sequencing was performed for the DNA extracted from 14 7 

engrafted HCC biopsies (derived from 12 patients) and the 12 matched non-8 

tumoral biopsies (Table S2), using the SureSelectXT Clinical Research Exome 9 

(Agilent) platform and sequenced on the Illumina HiSeq 2500 according to the 10 

manufacturers’ guidelines. HCC biopsies and the matched non-tumor biopsies 11 

were sequenced to a median depth of 93x (range 61x-159x) and 51x (range 12 

42x-75x), respectively. Whole exome data were analyzed as previously 13 

described[16], with some modifications (Supplementary Methods). 14 

 15 

RNA sequencing and analysis 16 

RNA extracted from 45 HCC biopsies derived from 37 patients (Table S2), 10 17 

HCC PDX tumors and 3 lymphoma PDX tumors from 12 models (1st 18 

generation tumors) and 8 HCC PDX tumors from two models (4th generation 19 

tumors) were sequenced. Nine HCC biopsies were excluded because of low 20 

tumor cell content. Tumors from PDX models D096 and D135 were not 21 

sequenced because they were generated recently. SR126 RNA sequencing 22 

was performed using the TruSeq Stranded Total RNA Library Prep Kit with 23 

Ribo-Zero Gold (lllumina) and sequenced on the Illumina HiSeq 2500 24 

according to the manufacturer’s guidelines (Supplementary Methods). 25 
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 1 

Sequence reads from the HCC biopsy samples were aligned by STAR[17] 2 

using the two-pass approach simultaneously to the human reference genome 3 

GRCh37, HBV strain ayw genome (NC 003977.2), HCV genotype 1 genome 4 

(NC 004102.1). Sequence reads from PDX tumors were aligned as above to 5 

human, HBV, HCV and mouse genomes (GRCm38). Median numbers of 6 

reads aligning to the human genome were 71 million (range 57-106 million) for 7 

the HCC biopsies and 78 million (range 64-101 million) for the PDX tumors. 8 

Transcript quantification for human genes was performed using RSEM[18]. 9 

Differential expression analysis was performed using the edgeR R 10 

package[19]. Pathway enrichment analysis was performed using 11 

hypergeometric test for the hallmark gene sets in the Molecular Signatures 12 

Database[20]. Cluster analysis was performed using hierarchical clustering. 13 

Batch effects associated with the process of PDX establishment were removed 14 

using the edgeR R package[19], which fits a linear model to the data and 15 

removes the component associated with xenografting. The expression of 16 

somatic mutations in RNA sequencing data was determined by GATK Unified 17 

Genotyper[21], given the somatic mutations identified by whole exome 18 

sequencing. For statistical comparisons, only missense and synonymous 19 

mutations were considered. Truncating, insertions and deletions and splice site 20 

mutations were excluded, as these mutations are likely to affect transcript 21 

stability. Transcriptomic classification was performed according to Hoshida et 22 

al.[22]. See Supplementary Methods for further details. 23 

 24 

TCGA data analysis  25 
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For unsupervised cluster analysis of HCC biopsies and HCCs from TCGA, we 1 

merged our RNA sequencing dataset with the TCGA HCC dataset RNA 2 

sequencing data (“V2_MapSpliceRSEM”) retrieved from the Genomics Data 3 

Commons Data Portal[23] (Supplementary Methods). Clustering was 4 

performed as described above. Histological grading was performed according 5 

to the Edmondson grading system[15] as previously described[24] 6 

(Supplementary Methods). 7 

 8 

Statistical analysis 9 

Statistical analyses of the clinicopathological variables were performed in R 10 

v3.3.1. Comparisons of ordinal variables (BCLC, AFP, Edmondson grade, 11 

number of tumors, diameter of largest tumor, Hoshida subclass) were 12 

performed using Mann-Whitney U tests. Comparisons of categorical variables 13 

(all others) were performed using Fisher’s exact tests. All statistical tests were 14 

two-sided and P<0.05 was considered statistically significant. 15 

 16 

Data Availability 17 

Sequencing data are available at the NCBI Sequence Read Archive under the 18 

accession SRP111479 (experiments SRX3633744- SRX3633776). 19 

  20 
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Results 1 

 2 

Fresh human hepatocellular carcinoma needle biopsies generate 3 

xenograft tumors in immunocompromised mice. 4 

PDX models were generated from human HCC needle biopsies as described 5 

in Material and Methods. Fifty-four needle biopsies from 44 HCC patients were 6 

included in this study (Tables S1 and S2). The patient cohort covered all major 7 

HCC risk factors and the entire spectrum of Edmondson grades (I-IV)[15] 8 

(Table S1). Additionally, in contrast to the use of resected HCC tissue, which is 9 

limited to early stage disease[9, 12, 13], our cohort comprises all four classes 10 

of the Barcelona Clinic Liver Cancer (BCLC) staging system[14]. While we 11 

typically obtained a single biopsy sample per patient, there were nine patients 12 

that were simultaneously biopsied at two locations because of the presence of 13 

multiple lesions in the liver (indicated as -A/-B, Table S1). One patient was 14 

biopsied at two different locations within the same large tumor nodule (36-I and 15 

36-II, Table S1). In total, we successfully established eleven HCC-derived PDX 16 

models from ten patients (Table S1).  17 

The time from subcutaneous introduction of the HCC biopsy material to onset 18 

of tumor growth ranged from 4 to 28 weeks (Figures 1A and B). Time to onset 19 

of PDX tumor growth of Edmondson grade IV derived biopsies appeared to be 20 

somewhat shorter than that of grade III biopsies, but the difference did not 21 

reach statistical significance (Figure 1; p = 0.072; Mann-Whitney U test). 22 

Interestingly, PDX C078b derived from s.c. injection of a biopsy cell 23 

suspension showed the latest tumor growth onset (Figures 1A and B), 24 

suggesting that the presence of an intact tumor architecture may accelerate 25 
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 13 

tumor engraftment and growth onset. Finally, the onset of tumor growth varied 1 

between mice that were transplanted with tumor tissue derived from the same 2 

biopsy cylinder (Figure S1A), suggesting that, among other factors, the tumor 3 

cell content may also influence the lag time to tumor growth. Indeed, the lag 4 

time to tumor growth was very similar when a homogenous cell suspension, 5 

generated from one biopsy cylinder, was s.c. injected into two mice (Figure 6 

S1B).  7 

Taken together, these results demonstrate that human HCC tissue derived 8 

from fresh needle biopsies can generate xenografts upon s.c. transplantation 9 

and injection.  10 

 11 

Growth kinetics of hepatocellular carcinoma xenograft tumors remain 12 

stable over subsequent passages. 13 

Having successfully established eleven PDX models, we next investigated the 14 

re-transplantation capacity of the initial xenografts over at least four 15 

generations. Re-transplanted tumors showed a shortened lag phase until 16 

onset of tumor growth compared to the xenograft tumor derived from the 17 

biopsy tissue, and remained stable in subsequent PDX generations (Figures 18 

1B and C). However, while the doubling time of tumor growth differed between 19 

PDX models, it did not change between the 1st and all subsequent PDX 20 

generations (Figures 1B and C). These data indicate that once established, 21 

PDX tumors can be expanded for several generations with stable growth 22 

kinetics over time.  23 

 24 
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 14 

PDX tumors recapitulate the histopathological features of the original 1 

human HCC tumor. 2 

We next investigated whether the individual PDX tumors retained the histologic 3 

characteristics of the original human tumors. HCC PDX tumors maintained the 4 

differentiation grade[15], the growth pattern and the cytological subtype[25, 26] 5 

of the originating human HCC biopsies over at least four generations (Table 1, 6 

Figures 2 and S2A-J). As an example, Figure 2 shows that the PDX tumors 7 

originating from the tumor biopsy C942 displayed a solid-trabecular growth 8 

pattern with an Edmondson grade III as observed in the original tumor (Figure 9 

2 and Table 1). Of note, only in one case (PDX model of C284b) we observed 10 

the loss of the trabecular aspect of the growth pattern that was present in the 11 

original biopsy, however the solid growth pattern and differentiation grade were 12 

maintained over subsequent passages from mouse to mouse (Table 1, Figure 13 

S2B).  14 

 15 

Immunohistochemical analysis demonstrated that the expression and 16 

distribution of the tumoral marker alpha-fetoprotein[27] were maintained from 17 

the original tumor biopsies to the HCC xenografts over several passages 18 

(Figures 2 and S2A-J). Likewise, the expression pattern of the three most 19 

widely used markers for HCC diagnosis[28, 29], glypican 3, heat shock protein 20 

70 and glutamine-synthetase confirmed the histological stability of the 21 

xenograft tumors compared to the original HCC biopsy (Figures 2 and S2A-J).  22 

 23 

Taken together, these results show that the HCC PDX tumors retain the 24 

histological features of the original human tumors over several passages. 25 
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 1 

PDX tumors recapitulate the expression profile and expressed somatic 2 

mutations of the original human HCC tumors.  3 

To investigate the transcriptomic changes induced by PDX establishment and 4 

whether the PDX models recapitulate the gene expression pattern of the 5 

tumors from which they originated, we performed RNA sequencing of 9 PDX 6 

models and the originating HCC biopsies. Differential expression analysis 7 

revealed that 1,613 were up-regulated and 1,845 genes were down-regulated 8 

in the PDX tumors compared to their matched biopsies (Table S3). The down-9 

regulated genes were enriched in pathways of inflammatory response and 10 

angiogenesis (Figure 3A and Table S4), suggesting the loss of cells of the 11 

human immune system and vasculature. Indeed, the xenograft tumors were 12 

positive for mouse-specific CD31, suggesting that the human vascular system 13 

in the HCC tumors was replaced by mouse vessels in the xenografts (Figure 14 

S3). In contrast, up-regulated genes were associated with pathways related to 15 

cell cycle such as Myc and E2F target genes and mTORC1 signaling (Figure 16 

3A and Table S4), likely reflecting the enrichment of tumor cells in the PDX 17 

tumors compared to the biopsies. Importantly, unsupervised clustering after 18 

correcting for the systematic effects introduced by xenografting, in effect by 19 

fitting a linear model to the data and removing the effects, demonstrated that 20 

all PDX tumors stably clustered with their corresponding HCC tumors (Figure 21 

3B, stability as assessed by bootstrap resampling) and that the expression 22 

profile was maintained over at least four generations (Figure S4A).  23 

 24 
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To assess whether the PDX tumors retained the expression of the somatic 1 

mutations found in their originating tumors, we identified the repertoire of 2 

somatic mutations by performing whole exome sequencing (WES) of the 3 

original tumor biopsies and their non-tumoral counterparts. We then assessed 4 

the expression of these mutations by RNA sequencing in the HCC biopsies 5 

and the PDX tumors, focusing on missense and synonymous point mutations, 6 

as truncating mutations are likely to affect transcript stability. Based on WES, 7 

we identified a median of 120 (range 61-174) somatic missense and 8 

synonymous point mutations, of which 46% (range 26%-69%) were expressed 9 

in the corresponding HCC biopsies (Table S5). Of the expressed mutations in 10 

the HCC biopsies, a median of 80% (range 68%-93%) was also expressed in 11 

the respective PDX tumors (Figure 3C). Importantly, all missense mutations in 12 

HCC cancer genes, such as TP53, CTNNB1, ALB and KEAP1 were expressed 13 

in the corresponding PDX tumors and their expression was maintained over at 14 

least 4 generations (Figures 3C and S4B). These results indicate that the HCC 15 

PDX tumors maintained the expression profile and the expression of somatic 16 

mutations observed in their originating tumors. 17 

 18 

Engrafted HCC biopsies are broadly representative of the spectrum of 19 

poorly differentiated HCCs 20 

The success rate of engraftment was 20% (10 out of 50 biopsies) and 25% (1 21 

out of 4 biopsies) of all transplanted and injected biopsy tissues, respectively 22 

(Table S1). This success rate is in accordance with published data on s.c. PDX 23 

models derived from resected specimens[9, 11-13]. The use of HCC needle 24 

biopsies that encompasses all clinical stages offered the unique opportunity to 25 
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 17 

investigate the determinants of successful engraftment capacity into mice. 1 

When we compared the clinicopathological characteristics of the engrafted and 2 

non-engrafted biopsies we observed a clear correlation with histopathological 3 

grading; all HCC PDX tumors were derived from poorly differentiated tumors 4 

(Edmondson grades III/IV, Table S1 and Figure 4A). Indeed, differential 5 

expression analysis between engrafted and non-engrafted biopsies revealed 6 

2,401 up-regulated and 1,440 down-regulated genes. The up-regulated genes 7 

were enriched for pathways associated with cell cycle progression, epithelial-8 

to-mesenchymal transition, hypoxia and angiogenesis, while the down-9 

regulated genes were enriched for liver metabolic functions (Table S6). 10 

Furthermore, molecular subtyping based on the Hoshida subclasses[22] 11 

revealed that all engrafted HCC biopsies were of subclasses S1 and S2 12 

(Figure 4A), characterized by poor differentiation, high proliferation rate and 13 

poor survival compared to subclass S3. Besides Edmondson grading, no other 14 

available clinicopathological characteristics seemed to influence the 15 

engraftment success rate (Table S1 and Figure 4A). Indeed, when restricting 16 

the differential expression analysis to Edmondson grade III biopsies (the only 17 

histological grade that had variable successful engraftment rate), only two 18 

genes were differentially expressed (both FDR=0.04, data not shown), 19 

suggesting that, there was no systematic difference between engrafted and 20 

non-engrafted biopsies after accounting for histological grading. 21 

To assess the distribution of our samples within a reference set from 22 

TCGA[23], we performed an unsupervised hierarchical clustering analysis of 23 

the gene expression, combining our HCC biopsy cohort with TCGA[23]. We 24 

observed that the eleven engrafted biopsies preferentially clustered together in 25 
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a subclass located at the left end of the clustering tree (Figure S5). Since all 1 

our PDX models originated from poorly differentiated HCCs, we repeated the 2 

unsupervised clustering analysis using only the subset of poorly differentiated 3 

HCCs from the TCGA. In this scenario, both the eleven engrafted samples and 4 

the non-engrafted samples broadly represented the spectrum of poorly 5 

differentiated HCCs (Figure 4B). These results demonstrate that poorly 6 

differentiated tumor cells engraft more efficiently in mice and that the HCC 7 

biopsies that engrafted are broadly representative of the diversity of poorly 8 

differentiated HCCs.  9 

 10 

Transformation into human B-cell lymphoid neoplasms of patient-derived 11 

xenograft tumors 12 

During histological analyses of the engrafted tumors, we observed that three 13 

PDX tumors histologically differed from the originating tumors. Specifically, 14 

they primarily contained a population of middle-sized and large lymphoid 15 

mononuclear cells with diffuse growth pattern and high mitotic index that were 16 

not present in the corresponding HCC biopsies (Figure 5A).  17 

In fact, transcriptome-based unsupervised clustering showed that these PDX 18 

tumors did not cluster with their originating HCCs (Figure 5B) and did not 19 

express any of the mutations expressed in the corresponding biopsy (Figure 20 

5C and Table S5). Compared to the biopsies and the HCC PDXs, these three 21 

PDX tumors overexpressed genes consistent with immune infiltration, 22 

interferon-alpha and gamma responses and the NF-kB pathway and reduced 23 

expression of genes involved in liver metabolism and liver cancer (Table S7). 24 

These results suggested the development of lymphomas in the xenografts as 25 
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has been reported in PDX studies of various cancers[30-33]. Indeed, these 1 

three PDX tumors stained positive for the human B-cell marker CD20 (Figure 2 

5D), consistent with the presence of a B-cell lymphoma. Importantly, species-3 

specific alignment demonstrated that CD20 mRNA expression was exclusively 4 

of human origin (Table S8). Of note, Chen et al. previously suggested that the 5 

reactivation of latent Epstein-Barr virus (EBV) of intratumoral passenger B 6 

lymphocytes led to the generation of lymphoid tumors in immunocompromised 7 

mice[30]. Consistent with this hypothesis, EBV transcripts were detected in all 8 

three of these PDX tumors, but were absent from the corresponding HCC and 9 

non-tumor biopsies, and were virtually absent from all the other PDX models 10 

(Table S8). Taken together, these results suggest that reactivation of latent 11 

EBV may lead to lymphomagenesis in some cases using our biopsy-derived 12 

xenograft system.  13 

14 
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Discussion 1 

During the last 10 years after the introduction of sorafenib as a first line 2 

therapy for advanced HCC, a number of additional drugs have all failed in 3 

phase 2 or phase 3 trials[34]. A major obstacle for the development of new 4 

therapies is the lack of suitable animal models, specifically animal models that 5 

reflect the heterogeneity of HCCs. PDX mice derived from human tumors offer 6 

a tool for developing anticancer therapies and personalized medicine for 7 

patients with cancer[7]. PDX models have also been established for HCCs[8-8 

13]. However, these previously published HCC PDX mice were established 9 

from resected tumor specimens, and therefore predominantly from early stage 10 

HCCs. In the present study we expand the spectrum of HCC PDX models to 11 

advanced HCCs. 12 

 13 

As in previously published reports[9, 11-13], we also had a limited overall 14 

success rate of about 20%. From 54 transplanted HCCs, 11 could be grown 15 

and re-transplanted as xenografts. The reasons for this low success rate 16 

remain to be fully elucidated. However, we observed that none of the well-17 

differentiated (Edmondson grades I/II) HCCs could be engrafted in the mice. 18 

Of note, we stopped to monitor the mice for tumor growth 8 months after 19 

transplantation. Since low-grade tumors tend to grow slowly, we cannot 20 

exclude the possibility that they would have started growing beyond 8 months. 21 

However, we think that tumor cell intrinsic biological properties of 22 

undifferentiated HCCs such as growth factor independent proliferation or 23 

resistance to hypoxia are more likely reasons for the successful engraftment of 24 

undifferentiated HCCs. Another factor favoring engraftment might be an intact 25 
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tumor tissue architecture providing 3-dimensional oriented cell-cell contacts. 1 

We observed that compared to transplantations of small tumor pieces the 2 

injection of a cell suspension showed a delayed tumor growth onset. 3 

Interestingly, time to tumor growth onset was invariably shorter upon re-4 

transplantations of all PDX tumors and then remained constant over several 5 

passages. It is possible that the presence of a mouse-derived vascular system 6 

in the PDX tumors facilitated the accelerated engraftment upon re-7 

transplantation. Likewise, the consistent doubling time within a PDX model 8 

may reflect the intrinsic tumor growth rate once a murine vasculature system is 9 

established.  10 

 11 

The HCC biopsy-derived PDX models maintained a striking similarity with the 12 

original human HCCs with respect to differentiation grade, growth pattern, 13 

cytological subtype and the expression pattern of typical HCC markers. Of 14 

note, only one PDX model (C284b) lost part of the histological characteristics 15 

(i.e. trabecular growth pattern) observed in the originating human HCC. This 16 

may be due to heterogeneous growth patterns in different regions of the same 17 

tumor. RNA sequencing of the HCC PDX tumors and the corresponding 18 

human HCC biopsies revealed that pathways related to angiogenesis and 19 

immune cells were generally down-regulated in the PDX models, likely a 20 

consequence of the loss of human immune cells and the presence of a murine 21 

instead of human vasculature in these PDX models. By contrast, cell cycle-22 

related genes were up-regulated in the PDX models compared to the biopsies, 23 

suggesting an enrichment of cancer cells in the PDX tumors. Importantly, after 24 

accounting for these systematic differences, all PDX tumors clustered with 25 
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their corresponding human HCC demonstrating that they recapitulate the 1 

tumor-specific gene expression profiles. Furthermore, HCC-specific expression 2 

of somatic mutations in cancer genes was maintained in the corresponding 3 

PDX models. Of note, transcriptome-based analysis revealed that the PDX 4 

tumors are stable over several generations. Taken together, our results 5 

demonstrate that the PDX models faithfully recapitulate the histopathological 6 

and transcriptomic characteristics of the HCC tumors from which they were 7 

derived.  8 

 9 

The diversity of our patient cohort allowed us to identify potential determinants 10 

of tumor engraftment in mice. Differentiation grade was the major determinant 11 

for successful PDX development since only poorly differentiated biopsies 12 

(Edmondson grades III/IV) and those of molecular subclasses S1 and S2[22] 13 

formed tumors in mice. Accordingly, engrafted tumors overexpressed genes 14 

related to proliferation and epithelial-to-mesenchymal transition. However, 15 

within the group of poorly differentiated HCCs, we could not identify further 16 

clinical or transcriptomic characteristics affecting engraftment.  17 

 18 

Three HCC biopsies resulted in PDX models that did not resemble the 19 

corresponding HCC. The histological appearance of lymphocytes, the strong 20 

positivity for the human B-cell marker CD20, transcriptional up-regulation of 21 

immune cell signatures and loss of expression of the HCC-specific somatic 22 

mutations suggested that human B-cell lymphomas were formed in these PDX 23 

models. This phenomenon has already been described for PDX models 24 

derived from a number of human cancer tissues[30-33]. It has been reported 25 
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that treatment with rituximab, an anti-CD20 monoclonal antibody, prevented 1 

lymphomatous outgrowth in early-passage ovarian xenografts[33]. Whether a 2 

similar strategy would improve the success rate of HCC PDX generation and 3 

prevent lymphomagenesis remains to be investigated.  4 

 5 

In conclusion, using needle biopsies instead of resected specimens allows to 6 

generate PDX models from advanced stages of HCC. Our model system is 7 

currently restricted to Edmondson grade III and IV tumors, but within this 8 

group, it is representative of the entire molecular spectrum of undifferentiated 9 

HCCs. The success rate is still limited to 20-30% for unknown reasons. The 10 

PDX tumors recapitulate the histopathological and transcriptomic features of 11 

the original human HCCs, and these features remain stable over at least 4 12 

generations of re-transplantation. We conclude that PDX models from HCC 13 

needle biopsies fulfill the requirements for preclinical drug development 14 

strategies that account for the diversity of anti-cancer drug responses in HCCs. 15 

 16 

 17 

 18 

 19 
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Table 1. Edmondson grade, growth pattern and cytological subtype of biopsies and corresponding PDX tumors. 1 

 2 

Biopsy 
ID 

Edmondson Grade Growth Pattern Cytological Subtype 

Biopsy PDX-1 PDX-4 Biopsy PDX-1 PDX-4 Biopsy PDX-1 PDX-4 

C078 III III III solid solid solid - - - 

C284 III III III solid-
trabecular solid solid - - - 

C677 IV IV IV solid solid solid giant cells giant cells giant cells 
C678 IV IV IV solid solid solid giant cells giant cells giant cells 

C798 III III III solid-
trabecular 

solid-
trabecular 

solid-
trabecular - - - 

C942 III III III solid-
trabecular 

solid-
trabecular 

solid-
trabecular - - - 

C949 III III III solid-
trabecular 

solid-
trabecular 

solid-
trabecular - - - 

C965 III III III solid solid solid - - - 
C975 III III III solid solid solid - - - 
D096 IV IV IV solid solid solid - - - 

D135 IV IV IV solid-
trabecular 

solid-
trabecular 

solid-
trabecular 

clear cell, 
giant cells 

clear cell, 
giant cells 

clear cell, 
giant cells 

PDX-1: 1st generation tumor; PDX-4: 4th generation tumor 
     3 



III	
  Results	
  

	
  90	
  

	
  
	
  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 30 

 1 

Figure Legends 2 

 3 

Fig. 1. Xenograft tumor growth patterns 4 

(A) Lag phase and tumor growth rate of first generation xenografts. 5 

Edmondson grade III and IV are shown in green and red, respectively. Circles 6 

and diamonds represent transplanted solid pieces and cell suspensions, 7 

respectively. (B) Growth characteristics of PDX models. Lag phase until 8 

detectable tumor formation, doubling time of tumors from 1st, 2nd, 3rd and 4th 9 

generation PDX and number of transplanted tumors are indicated. (C) Tumor 10 

growth rate over several generations (1st to 4th) in one representative PDX 11 

model (C284b). Transplantation generations are color-coded. 12 

 13 

Fig. 2. HCC PDX mice recapitulate the histological characteristics as well 14 

as the expression patterns of HCC markers of the original tumor. 15 

Histological sections of the original HCC biopsies and their derivative PDX 16 

tumors (PDX-1 and PDX-4 corresponding to 1st and 4th transplantations, 17 

respectively) stained with Hematoxylin and Eosin (H&E), for alpha-fetoprotein 18 

(AFP) expression as well as for glypican 3 (GPC3), heat shock protein 70 19 

(HSP70) and glutamine synthetase (GS) detected by immunohistochemistry. 20 

Scale bar: 200 μm. Representative stainings are shown for PDX model C942.  21 

 22 

Fig. 3. HCC PDX mice recapitulate the transcriptomic features of their 23 

original tumors. (A) Heatmap of gene expression from selected differentially 24 

expressed pathways between HCC biopsies and PDX tumors (1st 25 
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transplantation). For each pathway, the top 5 genes, ranked by FDR, are 1 

shown. (B) Unsupervised clustering of HCC biopsies and PDX tumors, 2 

corrected for systemic biases between the two groups. (C) Barplot of the 3 

number of expressed somatic missense and synonymous mutations, and the 4 

repertoire of expressed somatic missense mutations affecting cancer 5 

genes[23, 35-37]. Multiple expressed mutations in the same gene are 6 

indicated by an asterisk. 7 

   8 

Fig. 4. Clinical, histopathological and molecular features of engrafted and 9 

not engrafted HCC biopsies. (A) Patient and biopsy characteristics of all 10 

transplanted biopsies, grouped by engraftment status. Calculations of 11 

significant differences (indicated in red) between engrafted versus not 12 

engrafted biopsies are shown underneath. Two-sided Fisher’s exact tests for 13 

categorical data and two-sided Mann-Whitney U tests for ordinal data. ALD: 14 

Alcoholic Liver Disease; AFP: Alpha-Fetoprotein; BCLC: Barcelona Clinic Liver 15 

Cancer; MVI: Macrovascular invasion; NAFLD: Non-Alcoholic Fatty Liver 16 

Disease. (B) Unsupervised hierarchical clustering analysis. Biopsy (PDX) 17 

cohort (this study) combined with high-grade (Edmondson III to IV) HCCs from 18 

the TCGA cohort. 19 

 20 

Fig. 5. Unintended lymphoid neoplasm transformation in PDX models. (A) 21 

H&E stained sections of original HCC biopsies and their derivative lymphoma 22 

PDX tumors (PDX-1). (B) Unsupervised clustering of 1st generation PDX and 23 

corresponding HCC biopsies. Lymphoma PDX tumors indicated in red. (C) 24 

Barchart illustrating the number of expressed somatic missense and 25 
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synonymous mutations for the 9 HCC biopsies (mean) and the 10 1 

corresponding HCC PDX tumors (mean), and for C738, C948, C951 and their 2 

corresponding lymphoma PDX tumors (C738-PDX-1, C948-PDX-1 and C951-3 

PDX-1). (D) PDX tumors of the lymphoma models (C738-PDX-1, C948-PDX-1 4 

and C951-PDX-1) stained with hCD20. Scale bar: 200 μm.  5 
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! 3!

Supplementary Material and Methods 1!

 2!

Human HCC Biopsy Procedure 3!

Ultrasound-guided (US) needle biopsies were obtained from tumor lesion(s) 4!

with a coaxial liver biopsy technique that allows taking several biopsy samples 5!

through a single biopsy needle tract. After local anaesthesia, the introducer 6!

needle was advanced 2-3 cm into the liver parenchyma. In case of a focal 7!

lesion, the needle was positioned precisely at the tumor border. The trocar of 8!

the introducer needle was removed, and up to five cylindrical biopsies of ~1 9!

mm diameter and 10-30 mm length were obtained with an automatic spring-10!

loaded biopsy needle (BioPince™). The introducer needle was kept in place 11!

during the entire procedure to ensure that all specimens came from the same 12!

area of the tumor. Finally, the needle tract was filled with absorbable gelatine 13!

sponge before removal of the introducer needle. 14!

 15!

Mice and Xenotransplantation 16!

NOD-SCID gamma-c (NSG) mice (The Jackson Laboratory) were bred and 17!

maintained in the animal facility of the Department of Biomedicine of the 18!

University Hospital Basel under specific-pathogen-free conditions, on a 12-h 19!

day and 12-h night schedule with ad libitum access to food and drinking 20!

water. The freshly obtained human HCC needle biopsy material was kept on 21!

ice during the whole procedure and was subcutaneously introduced into the 22!

mice either as pieces or cell suspension. For the subcutaneous (s.c.) 23!

transplantation of biopsy pieces, the biopsy cylinder was washed in PBS and 24!

mechanically cut into fragments of 2-3 mm, which were immediately 25!
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! 4!

transplanted into the hind flank of NSG mice. For the s.c. injection of the 1!

biopsy-derived cell suspension, the biopsy material was pressed through a 2!

70µm cell strainer (Falcon; 352350), followed by trypan blue analysis. The 3!

cells (30,000-300,000) were mixed with matrigel (BD Biosciences; 354234) 4!

and injected with a 25-gauge needle into the hind flank of NSG mice. 5!

 6!

Histology and Immunohistochemistry 7!

Tumor biopsies and PDX tumors were fixed in 4% phosphate buffered 8!

formalin and embedded in paraffin using standard procedures. The following 9!

primary antibodies were used for automated immunohistochemistry staining 10!

on a Benchmark XT device (Ventana Medical Systems, Inc.): Alpha-11!

Fetoprotein (Ventana Cat. Nr. 760-2603), Glypican 3 (Ventana Cat. Nr. 790-12!

4564), Glutamine Synthetase (Ventana Cat. Nr. 760-4898), Heat Shock 13!

Protein 70 (Biocare Medical CM407A) and human CD20 (Ventana Cat. Nr. 14!

760-2531). 15!

 16!

Immunofluorescence 17!

Briefly, 10µm sections were fixed for 20 minutes in 4% formalin in phosphate-18!

buffered saline (PBS) and incubated over night with the primary rat anti-19!

mouse CD31 antibody (BD Pharmingen; 550274) at 4°C. Subsequently, 20!

slides were incubated with the secondary Alexa Fluor 488 donkey anti-rat 21!

antibody (Life technologies; A21208) for 1h at RT and mounted with DAPI-22!

containing mounting solution (HP20.1; Roth). 23!

 24!

DNA extraction 25!
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! 5!

Genomic DNA from biopsies was extracted using the ZR-Duet DNA/RNA 1!

MiniPrep Plus kit (Zymo Research) following the manufacturer’s instructions. 2!

Prior to extraction, biopsies were crushed in liquid nitrogen to facilitate lysis. 3!

Extracted DNA was quantified using the Qubit Fluorometer (Invitrogen).  4!

 5!

Whole exome sequence and analysis  6!

Whole exome sequencing was performed at the Genomics Facility of ETH 7!

Zurich Department of Biosystems Science and Engineering (Basel, 8!

Switzerland). Sequence reads were aligned to the reference human genome 9!

GRCh37 using Burrows-Wheeler Aligner (BWA, v0.7.12)[1]. Local 10!

realignment, duplicate removal and base quality adjustment were performed 11!

using the Genome Analysis Toolkit (GATK, v3.6)[2] and Picard 12!

(http://broadinstitute.github.io/picard/). Somatic single nucleotide variants 13!

(SNVs) and small insertions and deletions (indels) were detected using 14!

MuTect (v1.1.4)[3] and Strelka (v1.0.15)[4], respectively. We filtered out SNVs 15!

and indels outside of the target regions, those with variant allelic fraction 16!

(VAF) of <1% and/or those supported by <3 reads. We excluded variants for 17!

which the tumor VAF was <5 times that of the paired non-tumoral VAF. We 18!

further excluded variants identified in at least two of a panel of 123 non-19!

tumoral samples, including the 12 matched non-tumoral biopsies included in 20!

the current study, captured and sequenced using the same protocols using 21!

the artifact detection mode of MuTect2 implemented in GATK. All indels were 22!

manually inspected using the Integrative Genomics Viewer[5]. 23!

Whole exome data were analyzed as previously described[6], with some 24!

modifications. Briefly, sequence reads were aligned to the reference human 25!
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! 6!

genome GRCh37 using Burrows-Wheeler Aligner (BWA, v0.7.12)[1]. Somatic 1!

single nucleotide variants (SNVs) and small insertions and deletions (indels) 2!

were detected using MuTect (v1.1.4)[3] and Strelka (v1.0.15)[4], respectively 3!

(Supplementary Methods). Cancer genes were annotated according to the 4!

cancer gene lists described by Kandoth et al. (127 significantly mutated 5!

genes)[7], Lawrence et al., (Cancer5000-S gene set)[8], Fujimoto et al.[9] and 6!

The Cancer Genome Atlas (TCGA)[10].!7!

 8!

RNA extraction 9!

RNA from human tumors and xenograft tumors was extracted using the 10!

RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. Extracted 11!

RNA was quantified using NanoDrop 2000 spectrophotometer (Thermo 12!

Scientific), and RNA quality/integrity was assessed with an Agilent 2100 13!

BioAnalyzer using RNA 6000 Nano Kit (Agilent Technologies). 14!

 15!

RNA sequencing  16!

200 ng total RNA were used for RNA sequencing library prep with the TruSeq 17!

Stranded Total RNA Library Prep Kit with Ribo-Zero Gold (lllumina) according 18!

to manufacturer’s specifications. SR126 sequencing was performed on an 19!

Illumina HiSeq 2500 using v4 SBS chemistry at the Genomics Facility Basel 20!

according to the manufacturer’s guidelines. Primary data analysis was 21!

performed with the Illumina RTA version 1.18.66.3.  22!

 23!

RNA sequence analysis  24!
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! 7!

Differential expression analysis between HCC biopsies and PDX tumors was 1!

performed using the edgeR R package[11]. Specifically, genes with counts-2!

per-million <1 in more than 5 samples were removed. Normalization was 3!

performed using the “TMM” (weighted trimmed mean) method and differential 4!

expression was assessed using the quasi-likelihood F-test, accounting for the 5!

matched pairs of HCC biopsies and PDX tumors. Genes with false discovery 6!

rate (FDR)<0.05 were considered differentially expressed. Pathway 7!

enrichment of differentially expressed genes was performed using 8!

hypergeometric test for the hallmark gene sets in the Molecular Signatures 9!

Database[12]. Pathways with FDR<0.25 were considered enriched. 10!

 11!

For unsupervised cluster analysis of HCC biopsies and PDX tumors, we 12!

performed gene-level upper quartile normalization. Genes whose expression 13!

was quantified to be zero by RSEM[13] in >75% of the samples were 14!

removed. RSEM values were subsequently log2-transformed, adding 0.5 to 15!

RSEM values prior to transformation. To identify genes with variable 16!

expression for clustering, genes with standard deviation <2 were 17!

excluded[14]. Batch effects associated with the process of PDX establishment 18!

were removed using the edgeR R package[11], which fits a linear model to 19!

the data and removes the component associated with xenografting. Genes 20!

were centered prior to clustering. Cluster analysis was performed using 21!

hierarchical clustering using the Ward method and with a 1-Pearson 22!

correlation distance[10]. Cluster stability was assessed by bootstrap 23!

resampling using the pvclust R package[15]. 24!

 25!



III	
  Results	
  

	
  104	
  

	
  
	
  

! 8!

Aligned reads were further processed using the GATK SplitNCigarReads tool. 1!

The expression of somatic mutations in RNA sequencing data was 2!

determined by GATK Unified Genotyper using the 3!

GENOTYPE_GIVEN_ALLELES mode[2], given the list of somatic mutations 4!

identified by whole exome sequencing. Mutations supported by at least 2 5!

reads, VAF>1% at loci covered by at least 5 reads were considered 6!

expressed. For statistical comparisons, only missense and synonymous 7!

mutations were considered. Truncating, insertions and deletions and splice 8!

site mutations were excluded, as these mutations are likely to affect the 9!

stability of the transcripts. 10!

 11!

Transcriptomic classification was performed according to Hoshida et al.[16], 12!

using the Nearest Template Prediction algorithm 13!

(http://software.broadinstitute.org/cancer/software/genepattern), with RSEM 14!

gene-level quantification as input. 15!

 16!

CD20 and Epstein-Barr Virus transcripts 17!

Sequence reads from PDX tumors were aligned by QuasR (qAlign with 18!

Rbowtie)[17] to the human and mouse CD20 reference mRNA sequences 19!

NM_152866.2 and NM_007641.5, respectively. CD20 reads were normalized 20!

to the number of total reads per sample and transcript length and are 21!

expressed as RPKM (Reads Per Kilobase Million).  22!

Sequence reads from paired non-tumor and tumor biopsy and corresponding 23!

PDX tumors were aligned by QuasR (qAlign with Rbowtie)[17] to two Epstein-24!

Barr virus (EBV) reference genomes (NC_009334 and NC_007605). EBV 25!
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reads were normalized to the number of total reads per sample and are 1!

expressed as RPM (Reads Per Million). 2!

 3!

TCGA data analysis  4!

For unsupervised cluster analysis of HCC biopsies and HCCs from TCGA, we 5!

merged our RNA sequencing dataset with the TCGA HCC dataset RNA-seq 6!

data (“V2_MapSpliceRSEM”) retrieved from the Genomics Data Commons 7!

Data Portal[10]. We performed gene-level upper quartile normalization of the 8!

combined dataset to the fixed threshold 1000 as described in the TCGA 9!

study[10]. Log2-transformation and gene filtering were performed as above. 10!

Batch correction using the edgeR R package[11] was performed to correct for 11!

systematic biases between the two datasets. Gene centering and clustering 12!

were performed as described above. 13!

 14!

For the TCGA cohort[10], images of diagnostic H&E slides were retrieved 15!

from the cbioportal (http://www.cbioportal.org; accessed December 2017)[18] 16!

and reviewed by two expert hepato-pathologists according to the Edmondson 17!

grading system[19] as previously described[20]. 18!

 19!

  20!
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Supplementary Figures 

 

Supplementary Fig. 1. Comparative tumor growth onset of one biopsy 

cylinder as piece or cell-suspension. (A-B) Comparative tumor growth 

onset between two subcutaneously transplanted pieces (A) or between two 

suspensions subcutaneously injected from the same donor (B).  
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Supplementary Fig. 2A-J. HCC PDX mice retain the histology of the 

originating tumor. Histological sections of the original HCC biopsies and 

their derivative PDX tumors (PDX-1 and PDX-4 corresponding to 1st and 4th 
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transplantation steps, respectively) stained with H&E, for alpha-fetoprotein 

(AFP) expression as well as for Glypican 3 (GPC3), Heat Shock Protein 70 

(HSP70) and Glutamine Synthetase (GS) detected by immunohistochemistry. 

Scale bar: 200 µm. 
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Supplementary Fig. 3. Presence of mouse vessels in HCC PDX models. 

Human and mouse liver, and two representative PDX tumors from model 

C078b and C284b were stained with mouse CD31 (mCD31) and DAPI. Scale 

bar: 200µm. 
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Supplementary Fig. 4. HCC PDX models are stable over at least 4 

generations. (A) Unsupervised clustering of 1st and 4th transplantation PDX 

tumors. (B) Repertoire of somatic missense mutations affecting cancer genes 

[7-10].  
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Supplementary Fig. 5. Unsupervised hierarchical clustering analysis of 
engrafted and not engrafted HCC biopsy (PDX) cohort (this study) combined 
with all HCCs from the TCGA cohort. 
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Supplementary Table 1. Clinical annotation and histopathological data of 
transplanted HCC biopsies.  

	
  
 

Patient Biopsy ID Gender Age [years] BCLC Cirrhosis Liver Disease(s) AFP [IU/ml] Edmondson PDX model

1 C078b F 58 A Yes HCV n.a. III yes
2 C255b M 60 A Yes HBV, ALD 1.5 II -
3 C272b F 67 A Yes HBV, ALD 3.9 III -
4 C284b M 78 C Yes HBV 5459 III yes
5  C316b F 76 A Yes NAFLD 144 II -
6 C334b M 79 A No no liver disease 27856 II -

7-A  C457b M 78 A No NAFLD 1.7 II -
7-B  C457c M 78 A No NAFLD 1.7 III -
8 C475b M 66 A Yes ALD 541 III -
9 C477b M 69 A No HCV 4.6 II -

10 C495 M 59 D Yes ALD 76 III -
11 C511 M 66 B Yes ALD 4352 III -
12 C532 F 67 A Yes ALD 125 II -
13 C605 M 48 A Yes ALD 1.7 II -
14 C613 M 67 A Yes NAFLD 1.6 II -
15 C628 F 75 B Yes HCV 0.8 II -
16 C638 M 69 B Yes ALD 3.2 II -

17-A C655 M 55 C No HCV, ALD 269 III -
17-B C656 M 55 C No HCV, ALD 269 III -
18-A C677 F 76 C No no liver disease 1.4 IV yes
18-B C678 F 76 C No no liver disease 1.4 IV yes
19 C696 M 63 A No HCV, HBV, ALD 1.5 II -
20 C710 M 55 B Yes HCV 8.4 I -
21 C738 F 72 B Yes ALD 7.9 III yes*
22 C753 F 54 D Yes ALD 82433 III -
23 C761 M 61 C Yes HCV, ALD 10278 III -
24 C769 M 59 C Yes HCV, ALD n.a. III -
25 C798 M 73 C No NAFLD 20377 III yes

26-A C850 M 77 C Yes ALD 1882 III -
26-B C851 M 77 C Yes ALD 1882 III -
27-A C878 M 61 D Yes ALD 1.8 I -
27-B C879 M 61 D Yes ALD 1.8 II -
28 C937 M 70 B Yes HBV 701 II -

29-A C942 M 77 C Yes NAFLD >100'000 III yes
29-B C944 M 77 C Yes NAFLD >100'000 III -
30-A C948 M 58 C Yes HCV, ALD 12054 III yes*
30-B C949 M 58 C Yes HCV, ALD 12054 III yes
31 C951 F 71 C Yes ALD 1745 III yes*

32-A C958 M 54 C Yes HCV, ALD 228 III -
33 C964 M 72 B Yes ALD 2.6 III -

32-B C965 M 54 C Yes HCV, ALD 228 III yes
34 C971 M 73 B Yes HCV 678 II -
35 C975 M 60 B Yes HCV, ALD 250 III yes

36-I D045 M 69 A No HCV 7852 III -
36-II D046 M 69 A No HCV 7852 III -
37 D051 M 86 B No ALD 4.3 II -
38 D070 F 49 A Yes HCV, ALD 3.1 II -
39 D096 M 75 A No no liver disease 2 IV yes

40-A D135 M 57 C Yes HCV 11 IV yes
40-B D136 M 57 C Yes HCV 11 IV -
41 D143 F 62 D Yes ALD 6.6 III -
42 D156 M 67 A Yes HBV 204 II -
43 D158 F 77 B Yes NAFLD 4.6 II -
44 D176 M 79 C No no liver disease 0.9 II -

-A/-B: different tumor nodules from same patient
-I/-II: different locations within same large tumor nodule
ALD: Alcoholic Liver Disease
AFP: Alpha-Fetoprotein
BCLC: Barcelona Clinic Liver Cancer
HCC: Hepatocellular Carcinoma
HBV: Hepatitis B Virus
HCV: Hepatitis C Virus
NAFLD: Nonalcoholic Fatty Liver Disease
n.a.: not available
* these biopsies established human B cell lymphomas in the mice
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Supplementary Table 2. Histopathological analysis of biopsies. Percentage of 

tumor content, immune infiltrates, necrosis and non-tumoral tissue were determined 

in each biopsy on H&E stained sections by an experienced hepato-pathologist 

(M.S.M.). Biopsies used for whole exome (WES) and RNA sequencing (RNAseq) are 

indicated. Immune infiltrates were summarized in four different categories: - = 0-1%; 

+ =  >1-5%; ++ = >5%-15%; and +++ = >15% of immune infiltrates in the whole 

biopsy cylinder. n.a.: not available 

	
  
 

Patient Biopsy ID Tumor content  [%] Immune infiltrates Necrosis [%] Non-tumoral 
[%] WES RNAseq

1 C078b 90 n.a. n.a. n.a. yes yes
2 C255b 70 ++ 0 30 yes
3 C272b 90 + 5 5 yes
4 C284b 50 ++ 5 45 yes yes
5  C316b 90 + 2 8 yes
6 C334b 100 - 0 0 yes

7-A  C457b 60 - 0 40 yes
7-B  C457c 90 + 5 5 yes
8 C475b 95 + 0 5 yes
9 C477b 50 + 2 48 yes

10 C495 60 + 0 40 yes
11 C511 60 n.a. n.a. n.a. yes
12 C532 100 - 0 0 yes
13 C605 95 + 0 5 yes
14 C613 80 - 0 20 yes
15 C628 70 + 0 30 yes
16 C638 95 + 0 5 yes

17-A C655 10 + 80 10
17-B C656 5 n.a. n.a. n.a.
18-A C677 70 n.a. n.a. n.a. yes yes
18-B C678 30 + 50 20 yes yes
19 C696 80 + 2 18 yes
20 C710 95 + 0 5 yes
21 C738 60 +++ 0 40 yes yes
22 C753 10 - 0 90
23 C761 10 - 45 45
24 C769 80 + 0 20 yes
25 C798 70 - 5 25 yes yes

26-A C850 95 + 0 5 yes
26-B C851 95 + 0 5 yes
27-A C878 <5 - 25 70
27-B C879 <5 - 0 95
28 C937 100 + 0 5 yes

29-A C942 70 - 15 15 yes yes
29-B C944 30 ++ 0 70 yes
30-A C948 80 ++ 0 20 yes yes
30-B C949 40 - 30 30 yes yes
31 C951 80 ++ 0 20 yes yes

32-A C958 40 - 10 50 yes
33 C964 95 + 0 5 yes

32-B C965 50 ++ 40 10 yes yes
34 C971 20 ++ 0 80
35 C975 50 +++ 0 50 yes yes

36-I D045 80 ++ 10 10 yes
36-II D046 70 ++ 20 10 yes
37 D051 90 + 2 8 yes
38 D070 70 ++ 0 30 yes
39 D096 40 - 60 0 yes yes

40-A D135 80 + 0 20 yes yes
40-B D136 5 + 0 95
41 D143 40 +++ 0 60
42 D156 95 + 0 5 yes
43 D158 70 - 0 30 yes
44 D176 95 + 0 5 yes



III	
  Results	
  

	
  125	
  

Supplementary Table 3. List of differentially expressed genes in HCC PDX 
models compared to HCC biopsies. 
 

Click here to download Supplementary material: Table S3.xlsx  
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Supplementary Table 4. Pathways enriched among genes down-regulated and 
up-regulated in HCC PDX tumors compared to HCC biopsies.	
  

	
  
	
  

Pathway'name p,value FDR Pathway'description

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 9.33E429 4.66E427
Genes=defining=epithelial4mesenchymal=transition,=
as=in=wound=healing,=fibrosis=and=metastasis.

HALLMARK_INFLAMMATORY_RESPONSE 8.01E423 2.00E421 Genes=defining=inflammatory=response.
HALLMARK_ALLOGRAFT_REJECTION 1.96E421 3.27E420 Genes=up4regulated=during=transplant=rejection.

HALLMARK_INTERFERON_GAMMA_RESPONSE 1.17E415 1.46E414
Genes=up4regulated=in=response=to=IFNG=
[GeneID=3458].

HALLMARK_KRAS_SIGNALING_UP 4.55E415 4.55E414 Genes=up4regulated=by=KRAS=activation.

HALLMARK_IL2_STAT5_SIGNALING 8.36E413 6.97E412
Genes=up4regulated=by=STAT5=in=response=to=IL2=
stimulation.

HALLMARK_IL6_JAK_STAT3_SIGNALING 1.41E410 1.00E409
Genes=up4regulated=by=IL6=[GeneID=3569]=via=STAT3=
[GeneID=6774],=e.g.,=during=acute=phase=response.

HALLMARK_COMPLEMENT 9.98E410 6.24E409
Genes=encoding=components=of=the=complement=
system,=which=is=part=of=the=innate=immune=system.

HALLMARK_COAGULATION 1.07E407 5.96E407
Genes=encoding=components=of=blood=coagulation=
system;=also=up4regulated=in=platelets.

HALLMARK_UV_RESPONSE_DN 1.01E406 5.05E406
Genes=down4regulated=in=response=to=ultraviolet=
(UV)=radiation.

HALLMARK_TNFA_SIGNALING_VIA_NFKB 2.94E406 1.34E405
Genes=regulated=by=NF4kB=in=response=to=TNF=
[GeneID=7124].

HALLMARK_MYOGENESIS 7.05E406 2.94E405
Genes=involved=in=development=of=skeletal=muscle=
(myogenesis).

HALLMARK_APICAL_JUNCTION 0.000174 0.00067
Genes=encoding=components=of=apical=junction=
complex.

HALLMARK_APOPTOSIS 0.000451 0.0016108
Genes=mediating=programmed=cell=death=(apoptosis)=
by=activation=of=caspases.

HALLMARK_ANGIOGENESIS 0.001032 0.0034392
Genes=up4regulated=during=formation=of=blood=
vessels=(angiogenesis).

HALLMARK_INTERFERON_ALPHA_RESPONSE 0.003175 0.0099234
Genes=up4regulated=in=response=to=alpha=interferon=
proteins.

HALLMARK_HYPOXIA 0.004843 0.0142442
Genes=up4regulated=in=response=to=low=oxygen=levels=
(hypoxia).

HALLMARK_HEDGEHOG_SIGNALING 0.034786 0.0966285
Genes=up4regulated=by=activation=of=hedgehog=
signaling.

HALLMARK_APICAL_SURFACE 0.04232 0.1113687
Genes=encoding=proteins=over4represented=on=the=
apical=surface=of=epithelial=cells,=e.g.,=important=for=
cell=polarity=(apical=area).

HALLMARK_MITOTIC_SPINDLE 0.060029 0.1500716 Genes=important=for=mitotic=spindle=assembly.

Pathway'name p,value FDR Pathway'description

HALLMARK_E2F_TARGETS 1.36E448 6.82E447
Genes=encoding=cell=cycle=related=targets=of=E2F=
transcription=factors.

HALLMARK_MYC_TARGETS_V1 1.35E447 3.37E446
A=subgroup=of=genes=regulated=by=MYC=4=version=1=
(v1).

HALLMARK_G2M_CHECKPOINT 3.20E431 5.34E430
Genes=involved=in=the=G2/M=checkpoint,=as=in=
progression=through=the=cell=division=cycle.

HALLMARK_OXIDATIVE_PHOSPHORYLATION 5.62E413 7.03E412
Genes=encoding=proteins=involved=in=oxidative=
phosphorylation.

HALLMARK_MTORC1_SIGNALING 2.80E409 2.80E408
Genes=up4regulated=through=activation=of=mTORC1=
complex.

HALLMARK_DNA_REPAIR 3.45E407 2.88E406 Genes=involved=in=DNA=repair.

HALLMARK_MYC_TARGETS_V2 3.57E406 2.55E405
A=subgroup=of=genes=regulated=by=MYC=4=version=2=
(v2).

HALLMARK_MITOTIC_SPINDLE 0.001044 0.0065221 Genes=important=for=mitotic=spindle=assembly.

HALLMARK_SPERMATOGENESIS 0.015034 0.0835195
Genes=up4regulated=during=production=of=male=
gametes=(sperm),=as=in=spermatogenesis.

Pathways'enriched'among'genes'down,regulated'in'PDX

Pathways'enriched'among'genes'up,regulated'in'PDX
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Supplementary Table 5. Expression of somatic mutations in human HCC 
biopsy and corresponding PDX tumors. Somatic mutations were identified in the 

human HCC biopsies by whole exome sequencing and their expression was 

assessed in the HCC biopsies and their corresponding PDX tumors using RNA 

sequencing data. WES: whole exome sequencing. SMG: significantly mutated genes.	
  
	
  
Click here to download Supplementary material: Table S5.xlsx  
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Supplementary Table 6.	
   Pathways enriched among genes up-regulated or 
down-regulated in biopsies that engrafted compared to biopsies that did not 
engraft.	
  

	
  
	
  

	
  

	
  

	
  

Pathway'name p,value FDR Pathway'description
HALLMARK_E2F_TARGETS 2.49E152 1.24E150 Genes8encoding8cell8cycle8related8targets8of8E2F8transcription8factors.

HALLMARK_G2M_CHECKPOINT 2.30E150 5.75E149 Genes8involved8in8the8G2/M8checkpoint,8as8in8progression8through8the8
cell8division8cycle.

HALLMARK_MITOTIC_SPINDLE 2.56E117 3.21E116 Genes8important8for8mitotic8spindle8assembly.
HALLMARK_MYC_TARGETS_V1 2.56E117 3.21E116 A8subgroup8of8genes8regulated8by8MYC818version818(v1).

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 6.61E114 6.61E113 Genes8defining8epithelial1mesenchymal8transition,8as8in8wound8healing,8
fibrosis8and8metastasis.

HALLMARK_HYPOXIA 2.26E110 1.89E109 Genes8up1regulated8in8response8to8low8oxygen8levels8(hypoxia).
HALLMARK_MTORC1_SIGNALING 3.33E106 2.38E105 Genes8up1regulated8through8activation8of8mTORC18complex.
HALLMARK_MYC_TARGETS_V2 8.73E105 0.0005458 A8subgroup8of8genes8regulated8by8MYC818version828(v2).
HALLMARK_GLYCOLYSIS 0.00112945 0.00627471 Genes8encoding8proteins8involved8in8glycolysis8and8gluconeogenesis.
HALLMARK_ANGIOGENESIS 0.00144402 0.00722009 Genes8up1regulated8during8formation8of8blood8vessels8(angiogenesis).
HALLMARK_UV_RESPONSE_DN 0.00317294 0.01442248 Genes8down1regulated8in8response8to8ultraviolet8(UV)8radiation.
HALLMARK_TNFA_SIGNALING_VIA_NFKB 0.00367897 0.01532902 Genes8regulated8by8NF1kB8in8response8to8TNF8[GeneID=7124].
HALLMARK_ESTROGEN_RESPONSE_EARLY 0.00636121 0.0244662 Genes8defining8early8response8to8estrogen.

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 0.01029082 0.03675292 Genes8up1regulated8during8unfolded8protein8response,8a8cellular8stress8
response8related8to8the8endoplasmic8reticulum.

HALLMARK_UV_RESPONSE_UP 0.01270011 0.04233369 Genes8up1regulated8in8response8to8ultraviolet8(UV)8radiation.
HALLMARK_APICAL_JUNCTION 0.01743279 0.05447747 Genes8encoding8components8of8apical8junction8complex.
HALLMARK_IL2_STAT5_SIGNALING 0.02761697 0.08122639 Genes8up1regulated8by8STAT58in8response8to8IL28stimulation.
HALLMARK_PI3K_AKT_MTOR_SIGNALING 0.02936448 0.081568 Genes8up1regulated8by8activation8of8the8PI3K/AKT/mTOR8pathway.

HALLMARK_WNT_BETA_CATENIN_SIGNALING 0.04055352 0.10618775 Genes8up1regulated8by8activation8of8WNT8signaling8through8
accumulation8of8beta8catenin8CTNNB18[GeneID=1499].

HALLMARK_ESTROGEN_RESPONSE_LATE 0.0424751 0.10618775 Genes8defining8late8response8to8estrogen.
HALLMARK_TGF_BETA_SIGNALING 0.08688163 0.20686102 Genes8up1regulated8in8response8to8TGFB18[GeneID=7040].

Pathway'name p,value FDR Pathway'description

HALLMARK_XENOBIOTIC_METABOLISM 7.84E130 3.92E128 Genes8encoding8proteins8involved8in8processing8of8drugs8and8other8
xenobiotics.

HALLMARK_FATTY_ACID_METABOLISM 1.86E121 4.65E120 Genes8encoding8proteins8involved8in8metabolism8of8fatty8acids.
HALLMARK_BILE_ACID_METABOLISM 7.49E118 1.25E116 Genes8involve8in8metabolism8of8bile8acids8and8salts.

HALLMARK_COAGULATION 1.58E113 1.97E112 Genes8encoding8components8of8blood8coagulation8system;8also8up1
regulated8in8platelets.

HALLMARK_ADIPOGENESIS 3.75E113 3.13E112 Genes8up1regulated8during8adipocyte8differentiation8(adipogenesis).
HALLMARK_OXIDATIVE_PHOSPHORYLATION 3.75E113 3.13E112 Genes8encoding8proteins8involved8in8oxidative8phosphorylation.
HALLMARK_PEROXISOME 1.93E110 1.38E109 Genes8encoding8components8of8peroxisome.
HALLMARK_INTERFERON_ALPHA_RESPONSE 5.23E105 0.00032687 Genes8up1regulated8in8response8to8alpha8interferon8proteins.
HALLMARK_INTERFERON_GAMMA_RESPONSE 0.00019358 0.00107546 Genes8up1regulated8in8response8to8IFNG8[GeneID=3458].

HALLMARK_HEME_METABOLISM 0.00384143 0.01920713 Genes8involved8in8metabolism8of8heme8(a8cofactor8consisting8of8iron8and8
porphyrin)8and8erythroblast8differentiation.

HALLMARK_COMPLEMENT 0.02401692 0.10916784 Genes8encoding8components8of8the8complement8system,8which8is8part8of8
the8innate8immune8system.

Pathways'enriched'among'genes'up,regulated'in'biopsies'that'engrafted

Pathways'enriched'among'genes'down,regulated'in'biopsies'that'engrafted
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Supplementary Table 7. Pathways enriched among genes up-regulated or 
down-regulated in the lymphoid PDX tumor compared to HCC biopsies and 
HCC PDX tumors.	
  

	
  

Pathway'name p,value FDR Pathway'description
HALLMARK_INTERFERON_GAMMA_RESPONSE 5.22E425 2.61E423 Genes;up4regulated;in;response;to;IFNG;[GeneID=3458].

HALLMARK_ALLOGRAFT_REJECTION 2.79E424 6.97E423 Genes;up4regulated;during;transplant;rejection.

HALLMARK_INTERFERON_ALPHA_RESPONSE 1.35E412 2.25E411 Genes;up4regulated;in;response;to;alpha;interferon;proteins.

HALLMARK_TNFA_SIGNALING_VIA_NFKB 8.08E409 1.01E407 Genes;regulated;by;NF4kB;in;response;to;TNF;[GeneID=7124].

HALLMARK_E2F_TARGETS 2.29E408 2.29E407 Genes;encoding;cell;cycle;related;targets;of;E2F;transcription;factors.

HALLMARK_INFLAMMATORY_RESPONSE 4.42E407 3.68E406 Genes;defining;inflammatory;response.

HALLMARK_G2M_CHECKPOINT 6.67E406 4.76E405
Genes;involved;in;the;G2/M;checkpoint,;as;in;progression;through;the;

cell;division;cycle.

HALLMARK_IL2_STAT5_SIGNALING 3.53E405 0.00022042 Genes;up4regulated;by;STAT5;in;response;to;IL2;stimulation.

HALLMARK_IL6_JAK_STAT3_SIGNALING 9.83E405 0.00054632
Genes;up4regulated;by;IL6;[GeneID=3569];via;STAT3;[GeneID=6774],;

e.g.,;during;acute;phase;response.

HALLMARK_COMPLEMENT 0.00016591 0.00075412
Genes;encoding;components;of;the;complement;system,;which;is;

part;of;the;innate;immune;system.

HALLMARK_P53_PATHWAY 0.00016591 0.00075412 Genes;involved;in;p53;pathways;and;networks.

HALLMARK_PI3K_AKT_MTOR_SIGNALING 0.00026204 0.00109182 Genes;up4regulated;by;activation;of;the;PI3K/AKT/mTOR;pathway.

HALLMARK_MYC_TARGETS_V1 0.00069163 0.00266012 A;subgroup;of;genes;regulated;by;MYC;4;version;1;(v1).

HALLMARK_APOPTOSIS 0.00091846 0.00328023
Genes;mediating;programmed;cell;death;(apoptosis);by;activation;of;

caspases.

Pathway'name p,value FDR Pathway'description

HALLMARK_XENOBIOTIC_METABOLISM 7.31E426 3.66E424
Genes;encoding;proteins;involved;in;processing;of;drugs;and;other;

xenobiotics.

HALLMARK_COAGULATION 8.58E425 2.15E423
Genes;encoding;components;of;blood;coagulation;system;;also;up4

regulated;in;platelets.

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 8.87E422 1.48E420
Genes;defining;epithelial4mesenchymal;transition,;as;in;wound;

healing,;fibrosis;and;metastasis.

HALLMARK_ESTROGEN_RESPONSE_EARLY 1.07E415 1.34E414 Genes;defining;early;response;to;estrogen.

HALLMARK_ESTROGEN_RESPONSE_LATE 5.02E411 5.02E410 Genes;defining;late;response;to;estrogen.

HALLMARK_BILE_ACID_METABOLISM 6.23E409 5.19E408 Genes;involve;in;metabolism;of;bile;acids;and;salts.

HALLMARK_HYPOXIA 8.94E409 6.39E408 Genes;up4regulated;in;response;to;low;oxygen;levels;(hypoxia).

HALLMARK_APICAL_JUNCTION 2.35E408 1.47E407 Genes;encoding;components;of;apical;junction;complex.

HALLMARK_GLYCOLYSIS 6.03E408 3.35E407 Genes;encoding;proteins;involved;in;glycolysis;and;gluconeogenesis.

HALLMARK_ANGIOGENESIS 2.85E407 1.42E406 Genes;up4regulated;during;formation;of;blood;vessels;(angiogenesis).

HALLMARK_ADIPOGENESIS 3.70E407 1.68E406 Genes;up4regulated;during;adipocyte;differentiation;(adipogenesis).

HALLMARK_UV_RESPONSE_DN 6.13E407 2.55E406 Genes;down4regulated;in;response;to;ultraviolet;(UV);radiation.

HALLMARK_MYOGENESIS 2.05E406 7.89E406 Genes;involved;in;development;of;skeletal;muscle;(myogenesis).

HALLMARK_ANDROGEN_RESPONSE 8.65E405 0.00030895 Genes;defining;response;to;androgens.

HALLMARK_KRAS_SIGNALING_UP 9.61E405 0.00032027 Genes;up4regulated;by;KRAS;activation.

HALLMARK_COMPLEMENT 0.00019191 0.00059972
Genes;encoding;components;of;the;complement;system,;which;is;

part;of;the;innate;immune;system.

HALLMARK_UV_RESPONSE_UP 0.00022469 0.00066084 Genes;up4regulated;in;response;to;ultraviolet;(UV);radiation.

HALLMARK_CHOLESTEROL_HOMEOSTASIS 0.0003467 0.00096305 Genes;involved;in;cholesterol;homeostasis.

HALLMARK_PEROXISOME 0.00086454 0.00227511 Genes;encoding;components;of;peroxisome.

HALLMARK_FATTY_ACID_METABOLISM 0.00093519 0.00233798 Genes;encoding;proteins;involved;in;metabolism;of;fatty;acids.

HALLMARK_TGF_BETA_SIGNALING 0.00221892 0.00528314 Genes;up4regulated;in;response;to;TGFB1;[GeneID=7040].

HALLMARK_P53_PATHWAY 0.00408748 0.00928974 Genes;involved;in;p53;pathways;and;networks.

HALLMARK_APOPTOSIS 0.00469039 0.01019651
Genes;mediating;programmed;cell;death;(apoptosis);by;activation;of;

caspases.

HALLMARK_APICAL_SURFACE 0.01514561 0.03155336
Genes;encoding;proteins;over4represented;on;the;apical;surface;of;

epithelial;cells,;e.g.,;important;for;cell;polarity;(apical;area).

HALLMARK_HEME_METABOLISM 0.01843099 0.03544422
Genes;involved;in;metabolism;of;heme;(a;cofactor;consisting;of;iron;

and;porphyrin);and;erythroblast;differentiation.

HALLMARK_IL2_STAT5_SIGNALING 0.01843099 0.03544422 Genes;up4regulated;by;STAT5;in;response;to;IL2;stimulation.

HALLMARK_NOTCH_SIGNALING 0.02746076 0.05085326 Genes;up4regulated;by;activation;of;Notch;signaling.

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 0.03428877 0.06122995 Genes;up4regulated;by;reactive;oxigen;species;(ROS).

HALLMARK_IL6_JAK_STAT3_SIGNALING 0.05438653 0.09376988
Genes;up4regulated;by;IL6;[GeneID=3569];via;STAT3;[GeneID=6774],;

e.g.,;during;acute;phase;response.

HALLMARK_WNT_BETA_CATENIN_SIGNALING 0.06006921 0.10011536
Genes;up4regulated;by;activation;of;WNT;signaling;through;

accumulation;of;beta;catenin;CTNNB1;[GeneID=1499].

HALLMARK_TNFA_SIGNALING_VIA_NFKB 0.06449537 0.10402479 Genes;regulated;by;NF4kB;in;response;to;TNF;[GeneID=7124].

HALLMARK_HEDGEHOG_SIGNALING 0.12035863 0.18806035 Genes;up4regulated;by;activation;of;hedgehog;signaling.

Pathways'enriched'among'genes'up,regulated'in'the'lymphoid'PDX'tumors

Pathways'enriched'among'genes'down,regulated'in'the'lymphoid'PDX'tumors
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Supplementary Table 8. Summary of RNA sequencing reads aligned against 
human and mouse CD20, and to the genome of EBV. 

	
  

	
  

Read Counts per QuasR Rbowtie alignment to mRNA sequence

RPKM

human mouse
Xenograft NM_152866.2 NM_007641.5

C738-PDX-1 0.10073 0.00004
C948-PDX-1 0.06149 0.00003
C951-PDX-1 0.09700 neg
C975-PDX-1 0.00002 neg

Total Reads NC_009334 / 
NC_007605

RPM

C736 non Tumor 100'851'444 0 neg
C738 Tumor 78'938'981 0 neg
C738-PDX-1 Xenograft 50'203'401 12'760 254.17
C947 non Tumor 52'983'481 0 neg
C948 Tumor 60'538'859 0 neg
C948-PDX-1 Xenograft 45'460'391 6'210 136.60
C950 non Tumor 49'377'190 0 neg
C951 Tumor 51'071'193 0 neg
C951-PDX-1 Xenograft 56'915'236 2'098 36.86
C078-PDX-1a Xenograft 58'263'254 0 neg
C078-PDX-1b Xenograft 69'004'021 0 neg
C284-PDX-1 Xenograft 57'165'620 0 neg
C677-PDX-1 Xenograft 49'633'842 3 0.06
C678-PDX-1 Xenograft 40'100'082 1 0.02
C798-PDX-1 Xenograft 52'227'184 16 0.31
C942-PDX-1 Xenograft 47'495'346 0 neg
C949-PDX-1 Xenograft 43'840'074 1 0.02
C965-PDX-1 Xenograft 44'723'122 3 0.07
C975-PDX-1 Xenograft 49'521'217 1 0.02

Remarks:
- no alignment quality control
* alignment to EBV genomic DNA, spliced transcripts not included
EBV aligned reads cover regions of EBNA-2; EBNA-3A,B,C and LF3 and also LMP1

EBV*
HHV-4

CD20

Biopsy/Xenograft

PubMed: 20494113. Klein G, Klein E, Kashuba E. 2010. Interaction of Epstein-Barr 
virus (EBV) with human B-lymphocytes. Biochem Biophys Res Commun 396:67–73.
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1	
  Research	
  article	
  I	
  

IFNs	
   are	
   produced	
   upon	
   viral	
   infection	
   and	
   induce	
   an	
   antiviral	
   state	
   to	
   block	
   viral	
  

replication	
   and	
   spread.	
   Type	
   I	
   and	
   III	
   IFNs	
   provide	
   an	
   important	
   first	
   line	
   of	
   defence	
  

through	
   the	
   fast	
   induction	
   of	
   hundreds	
   of	
   ISGs	
  who	
   collectively	
   establish	
   an	
   antiviral	
  

state100.	
   This	
   host	
   response	
   has	
   to	
   be	
   negatively	
   regulated	
   at	
   some	
   point	
   to	
  maintain	
  

tissue	
   homeostasis.	
   Several	
   clinical	
   autoimmune	
   diseases,	
   such	
   as	
   Aicardi-­‐Goutieres	
  

syndrome,	
   systemic	
  erythematosus	
  and	
  pseudo-­‐TORCH	
  syndrome,	
  are	
  associated	
  with	
  

an	
  uncontrolled	
  type	
  I	
  IFN	
  system	
  highlighting	
  the	
  importance	
  of	
  negative	
  regulation	
  to	
  

maintain	
  equiblibrium107,108,179.	
  	
  

Despite	
   extensive	
   literature	
   on	
   the	
   negative	
   regulation	
   of	
   the	
   IFN	
   signaling,	
   several	
  

aspects	
  are	
  still	
  unclear	
  or	
  a	
  matter	
  of	
  controversy,	
  especially	
  concerning	
  the	
  regulation	
  

of	
  type	
  III	
  IFNs.	
  For	
  example,	
  the	
  role	
  of	
  SOCS1	
  and	
  SOCS3	
  on	
  IFN-­‐λ signaling	
  was	
  only	
  

addressed	
  in	
  overexpression	
  experiments,	
  showing	
  that	
  both	
  are	
  negative	
  regulators	
  of	
  

IFN-­‐λ	
  signaling157-­‐159.	
   However,	
   whether	
   physiological	
   expression	
   levels	
   of	
   SOCS1	
  

and/or	
   SOCS3	
   are	
   sufficient	
   to	
   inhibit	
   IFN-­‐λ	
   signaling	
   remained	
   to	
   be	
   investigated.	
  

Furthermore,	
   the	
   role	
  of	
  USP18	
  on	
   type	
   III	
   IFN	
   is	
   still	
   a	
  matter	
  of	
  debate147,173,178	
   and	
  

needed	
   further	
   clarification.	
   In	
   the	
   present	
   study,	
   we	
   investigated	
   the	
   negative	
  

regulatory	
  role	
  of	
  SOCS1,	
  SOCS3	
  and	
  USP18	
  in	
  type	
  I	
  and	
  III	
  IFN	
  signaling.	
  

Although	
  type	
  I	
  and	
  type	
  III	
   IFNs	
  signal	
  through	
  distinct	
  receptors,	
   they	
  induce	
  largely	
  

overlapping	
  sets	
  of	
  ISGs342.	
  However,	
  at	
  least	
  in	
  cell	
  culture,	
  IFN-­‐α	
  and	
  IFN-­‐λ	
  mediated	
  

ISG	
  induction	
  followed	
  distinct	
  kinetic	
  profiles.	
  IFN-­‐α	
  triggers	
  an	
  immediate	
  and	
  strong	
  

but	
  very	
  transient	
  ISG	
  response,	
  while	
  IFN-­‐λ	
  provides	
  long-­‐lasting	
  JAK-­‐STAT	
  activation	
  

and	
  ISG	
  induction100,342,343.	
  The	
  different	
  activation	
  patterns	
  can	
  in	
  part	
  be	
  attributed	
  to	
  

differences	
   in	
  negative	
   regulation.	
   SOCS1	
  and	
  SOCS3	
  were	
   shown	
   to	
  be	
  early	
  negative	
  

regulators	
  of	
  IFN-­‐α	
  induced	
  JAK-­‐STAT	
  signaling145,153.	
  Nevertheless,	
  their	
  role	
  on	
  IFN-­‐α	
  

induced	
  signaling	
  is	
  limited	
  as	
  shown	
  in	
  the	
  present	
  study	
  and	
  by	
  previous	
  reports148,344.	
  

Using	
   knockout	
   cells,	
   and	
  mice,	
  we	
   demonstrated	
   that	
   USP18,	
   rather	
   than	
   SOCS1	
   and	
  

SOCS3	
  play	
  a	
  major	
  role	
  in	
  regulating	
  the	
  IFN-­‐α	
  induced	
  signaling	
  cascade	
  (Figures	
  3,	
  4,	
  

5	
  and	
  6,	
  research	
  article	
  I).	
  With	
  a	
  luciferase	
  reporter	
  assay,	
  we	
  demonstrated	
  that	
  IFN-­‐α	
  

signaling	
   was	
   enhanced	
   in	
   USP18	
   knockout	
   compared	
   to	
   control	
   cells	
   at	
   4,	
   8	
   and	
   24	
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hours	
   (Figure	
   3,	
   research	
   article	
   I).	
   Furthermore,	
   we	
   show	
   significantly	
   higher	
   ISG	
  

expression	
   levels	
   in	
   USP18	
   knockout	
   cells	
   compared	
   to	
   control	
   cells	
   upon	
   IFN-­‐α	
  

stimulation	
  at	
  8	
  and	
  24	
  hours	
  (Figures	
  4	
  and	
  S3,	
  research	
  article	
  I).	
  To	
  further	
  test	
  if	
  our	
  

results	
  obtained	
  in	
  cell	
  lines	
  are	
  also	
  valid	
  in	
  vivo,	
  we	
  investigated	
  the	
  IFN-­‐α	
  signaling	
  in	
  

mice	
   deficient	
   for	
   Usp18	
   and	
   the	
   corresponding	
   control	
   mice.	
   We	
   analysed	
   the	
   ISG	
  

induction	
   upon	
   IFN-­‐α	
   injection	
   in	
   the	
  mouse	
   liver,	
   lung	
   and	
   gut.	
   All	
   tested	
   ISGs	
  were	
  

significantly	
   higher	
   expressed	
   in	
   the	
   liver	
   and	
   the	
   lung	
   of	
   Usp18	
   deficient	
   mice	
  

compared	
  to	
  control	
  mice	
  (Figures	
  6	
  and	
  S4,	
  research	
  article	
   I).	
  This	
  effect	
  was	
  visible	
  

but	
   less	
   pronounced	
   in	
   the	
   gut.	
   This	
   could	
   be	
   explained	
   by	
   lower	
   Usp18	
   expression	
  

levels	
   in	
   the	
   gut	
   compared	
   to	
   the	
   liver	
   and	
   the	
   lung	
   at	
   the	
   time	
   points	
   analyzed.	
   In	
  

contrast	
  to	
  USP18,	
  the	
  effect	
  of	
  SOCS1	
  on	
  IFN-­‐α	
  induced	
  signaling	
  was	
  minor	
  (Figures	
  3,	
  

4	
  and	
  5,	
  research	
  article	
  I).	
  These	
  results	
  fit	
  to	
  the	
  finding	
  that	
  Socs1	
  knockout	
  mice	
  are	
  

hypersensitive	
  to	
  IFN-­‐γ,	
  demonstrating	
  the	
  main	
  role	
  of	
  SOCS1	
  is	
  the	
  negative	
  regulation	
  

of	
  IFN-­‐γ	
  signaling160,163.	
  Furthermore,	
  refractoriness	
  to	
  IFN-­‐α	
  is	
  not	
  impaired	
  in	
  the	
  liver	
  

of	
  Socs1	
  deficient	
  mice,	
  whereas	
  deletion	
  of	
  Usp18	
  completely	
   restored	
   the	
   refractory	
  

phenotype	
   to	
   IFN-­‐α	
   stimulation148.	
   Of	
   note,	
   the	
   previously	
   mentioned	
   type	
   I	
  

interferonopathy	
  pseudo-­‐TORCH	
  syndrome	
   is	
  caused	
  by	
  a	
  human	
  USP18	
  deficiency179.	
  

Thus,	
  our	
  results	
  together	
  with	
  the	
  previously	
  published	
  data	
  define	
  USP18	
  as	
  the	
  main	
  

negative	
  regulator	
  of	
  the	
  IFN-­‐α	
  induced	
  signaling	
  cascade	
  in	
  vitro	
  and	
  in	
  vivo.	
  	
  

In	
  contrast	
  to	
  IFN-­‐α,	
  the	
  effect	
  of	
  USP18	
  on	
  IFN-­‐β	
  was	
  marginal	
  and	
  only	
  significant	
  at	
  8	
  

hours	
   post	
   stimulation	
   in	
  vitro	
   (Figure	
   S2,	
   research	
   article	
   I).	
   Of	
   note,	
   although	
   IFN-­‐β	
  

belongs	
   to	
   the	
   type	
   I	
   IFNs	
   and	
   signals	
   through	
   the	
   same	
   receptor	
   as	
   IFN-­‐α,	
   the	
   long-­‐

lasting	
   refractoriness	
   was	
   not	
   observed	
   for	
   IFN-­‐β	
   stimulation147,173.	
   This	
   goes	
   in	
   line	
  

with	
  the	
  fact	
  that	
  IFN-­‐β	
  was	
  effective	
   in	
  some	
  chronic	
  hepatitis	
  C	
  patients	
  who	
  did	
  not	
  

respond	
   to	
   previous	
   therapies	
   with	
   IFN-­‐α345.	
   Furthermore,	
   IFN-­‐α	
   and	
   IFN-­‐β	
   induce	
  

distinct	
  mRNA	
  expression	
  profiles	
  in	
  human	
  cells100,342,346,347.	
  In	
  contrast	
  to	
  IFN-­‐α,	
  IFN-­‐β	
  

induces	
  long-­‐lasting	
  ISG	
  expression342.	
  This	
  and	
  the	
  data	
  from	
  our	
  study	
  suggest	
  that	
  the	
  

negative	
   regulatory	
   role	
  of	
  USP18	
  on	
   IFN-­‐β	
   is	
  much	
  weaker	
   compared	
   to	
   its	
   effect	
   on	
  

IFN-­‐α	
   signaling.	
  The	
  reason	
   for	
   that	
   is	
  not	
  entirely	
  clear;	
  especially	
  given	
   the	
   fact	
   that	
  

USP18	
  inhibits	
  the	
  IFN-­‐α	
  signaling	
  by	
  binding	
  to	
  the	
  IFNAR2109	
  chain	
  that	
  is	
  also	
  used	
  by	
  

IFN-­‐β.	
   It	
   can	
  be	
   speculated,	
   that	
   the	
   interaction	
  of	
  USP18	
  with	
   the	
   IFNAR2	
   chain	
  may	
  

lead	
  to	
  reorganization	
  of	
  the	
  type	
  I	
  IFN	
  receptor	
  that	
  could	
  weaken	
  the	
  interaction	
  with	
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IFN-­‐α,	
   while	
   not	
   affecting	
   the	
   binding	
   of	
   IFN-­‐β	
   that	
   has	
   a	
   higher	
   receptor	
  

affinity173,348,349.	
   This	
   would	
   allow	
   IFN-­‐β	
   to	
   maintain	
   activity	
   in	
   cells	
   desensitized	
   for	
  

IFN-­‐α,	
   which	
   could	
   be	
   important	
   for	
   the	
   stimulation	
   of	
   adaptive	
   immune	
   responses,	
  

critical	
   to	
   eradicate	
   pathogen	
   infest	
   cells.	
   However,	
   solid	
   experimental	
   evidence	
  

supporting	
   such	
   a	
  model	
   is	
   still	
   lacking.	
   Taken	
   together,	
   IFN-­‐α	
   and	
   IFN-­‐β	
   induce	
   the	
  

same	
  set	
  of	
  ISGs	
  but	
  only	
  IFN-­‐α	
  response	
  is	
  subject	
  to	
  a	
  significant	
  negative	
  feedback	
  by	
  

USP18.	
  

The	
   negative	
   regulation	
   of	
   IFN-­‐λs	
   is	
   fundamentally	
   different	
   from	
   that	
   of	
   IFN-­‐

α	
  signaling.	
  The	
  upregulation	
  of	
  USP18	
  does	
  not	
  induce	
  refractoriness	
  of	
  IFN-­‐λ signaling	
  

as	
   shown	
   in	
   the	
   present	
   study	
   and	
   in	
   previous	
   studies147,173.	
  We	
   demonstrate	
   that	
   in	
  

contrast	
   to	
   IFN-­‐α,	
   IFN-­‐λ	
   induces	
   a	
   prolonged	
   activation	
   of	
   STAT1	
   and	
   2	
   as	
   well	
   as	
  

sustained	
   ISG	
   expression	
   despite	
   strong	
   induction	
   of	
   USP18	
   (Figures	
   1B	
   and	
   1C,	
  

research	
  article	
   I).	
   Importantly,	
  we	
  used	
  a	
  hepatoma	
  cell	
   line	
  with	
   IFNLR1	
  expression	
  

levels	
   comparable	
   to	
   the	
   expression	
   levels	
   in	
   the	
   liver	
   of	
   chronic	
   hepatitis	
   C	
   patients,	
  

especially	
  with	
  the	
  IFN-­‐λ4	
  wildtype	
  genotype	
  (TT/ΔG	
  and	
  ΔG/ΔG)	
  (Figure	
  1A,	
  research	
  

article	
   I).	
   We	
   have	
   previously	
   demonstrated	
   that	
   the	
   initially	
   very	
   low	
   IFNLR1	
  

expression	
  in	
  human	
  livers	
  seems	
  to	
  be	
   induced	
  to	
   levels	
  sufficient	
   for	
  IFN-­‐λ	
  signaling	
  

during	
  chronic	
  hepatitis	
  C	
  infection350.	
  Again	
  using	
  USP18	
  knockout	
  cells,	
  we	
  show	
  that	
  

USP18,	
  while	
  being	
  the	
  main	
  negative	
  regulator	
  of	
  the	
  IFN-­‐α	
  signaling,	
  has	
  no	
  effect	
  on	
  

IFN-­‐λ	
  signaling	
   (Figure	
  3,	
  4,	
  S2	
  and	
  S3	
  of	
  research	
  article	
  I).	
   Of	
   note,	
   USP18	
   has	
   the	
  

potential	
  to	
  inhibit	
  IFN-­‐λ	
  signaling	
  but	
  only	
  at	
  supra-­‐physiological	
  expression	
  levels	
  as	
  

demonstrated	
   in	
  our	
  overexpression	
  experiments	
   (Figure	
  2,	
   research	
  article	
   I).	
   In	
   this	
  

setting,	
   the	
   transiently	
   transfected	
   cells	
   showed	
  USP18	
   expression	
   levels	
   2-­‐3	
   order	
   of	
  

magnitude	
  higher	
  than	
  those	
  induced	
  by	
  maximal	
  physiological	
  stimulation	
  with	
  IFN-­‐λ.	
  

These	
   experiments	
   showed	
   that	
   the	
   results	
   from	
   overexpression	
   studies	
   have	
   to	
   be	
  

cautiously	
  interpreted,	
  especially	
  in	
  the	
  case	
  of	
  the	
  inducible	
  SOCS	
  and	
  USP18	
  proteins.	
  

Not	
  only	
  can	
  the	
  negative	
  regulators	
  be	
  expressed	
  at	
  non-­‐physiological	
  levels,	
  but	
  also	
  in	
  

a	
  temporally	
   inappropriate	
  manner	
  (i.e.	
  already	
  present	
  prior	
  to	
  the	
  onset	
  of	
  signaling	
  

rather	
   than	
   induced	
   as	
   a	
   consequence	
   of	
   signal	
   transduction).	
   Indeed,	
   while	
   several	
  

SOCS	
  proteins	
   inhibit	
   a	
  number	
  of	
  different	
   cytokines	
  when	
  artificially	
  overexpressed,	
  

under	
   normal	
   conditions	
   their	
   activity	
   is	
   usually	
   highly	
   specific	
   for	
   only	
   a	
   few	
  

cytokines152.	
  This	
  was	
  shown	
  for	
  example	
   for	
  SOCS1	
  that,	
  despite	
  being	
  discovered	
  on	
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the	
  basis	
  of	
  its	
  ability	
  to	
  inhibit	
  IL-­‐6	
  when	
  overexpressed129,131,	
  has	
  little,	
  if	
  any,	
  role	
  in	
  

inhibiting	
  IL-­‐6	
  in	
  vivo	
  based	
  on	
  studies	
  in	
  knockout	
  mice165.	
  Thus,	
  knockout	
  experiments	
  

are	
  more	
   reliable	
   for	
   investigating	
   the	
   negative	
   regulatory	
   role	
   of	
   SOCS1,	
   SOCS3	
   and	
  

USP18	
   on	
   the	
   IFN-­‐λ	
  induced	
  signaling	
  cascade.	
   Accordingly,	
   we	
   show	
   that	
   SOCS1	
  

deficient	
  cells	
  are	
  hyper-­‐responsive	
  to	
  type	
  III	
  IFNs	
  in	
  vitro	
  whereas	
  IFN-­‐λ	
  signaling	
  was	
  

not	
  affected	
  in	
  SOCS3	
  and	
  USP18	
  knockout	
  cells	
  (Figures	
  3,	
  4,	
  S2	
  and	
  S3,	
  research	
  article	
  

I).	
  This	
  led	
  us	
  to	
  conclude	
  that	
  SOCS1	
  is	
  an	
  inducible	
  and	
  physiological	
  relevant	
  negative	
  

regulator	
   of	
   IFN-­‐λ1,	
   IFN-­‐λ3	
   and	
   IFN-­‐λ4	
   in	
   human	
   hepatoma	
   cells.	
   Furthermore,	
   we	
  

confirmed	
   this	
   inhibitory	
   role	
   of	
   SOCS1	
   on	
   IFN-­‐λ	
   signaling	
   in	
   vivo.	
   IFN-­‐λ-­‐induced	
   ISG	
  

expression	
   in	
   the	
   lung	
   and	
   the	
   gut,	
   tissues	
   known	
   to	
   express	
   IFNLR138,351,	
   was	
  

significantly	
  increased	
  in	
  Socs1	
  knockout	
  mice	
  compared	
  to	
  control	
  mice	
  (Figures	
  5	
  and	
  

S4,	
  research	
  article	
  I).	
  	
  

We	
  demonstrated	
  that	
  the	
  IFN-­‐α	
  and	
  IFN-­‐λ	
  systems	
  are	
  negatively	
  regulated	
  in	
  different	
  

ways.	
  Whereas	
  USP18	
  is	
  the	
  main	
  negative	
  regulator	
  of	
  the	
  IFN-­‐α	
  signaling	
  cascade,	
  IFN-­‐

λ	
  signaling	
  is	
  regulated	
  by	
  SOCS1.	
  However,	
  not	
  only	
  the	
  regulation	
  is	
  different	
  but	
  also	
  

the	
  distribution	
  of	
  their	
  cognate	
  receptors.	
  Almost	
  all	
  nucleated	
  cells	
  express	
  the	
  IFNAR,	
  

whereas	
  the	
  IFNLR1	
  expression	
  is	
  mostly	
  restricted	
  to	
  epithelial	
  cells	
  of	
  the	
  respiratory	
  

and	
  gastrointestinal	
  tracts10,36,38.	
  This	
  leads	
  to	
  the	
  hypothesis	
  that	
  type	
  III	
  IFNs	
  serve	
  as	
  

the	
  first	
  line	
  of	
  defense	
  at	
  the	
  borders	
  where	
  viral	
  infection	
  is	
  a	
  frequent	
  challenge.	
  Our	
  

data	
  also	
   shows	
   that	
  SOCS1,	
  while	
  negatively	
   regulating	
   IFN-­‐λ	
   induced	
  signaling,	
  does	
  

not	
   completely	
   abolish	
   it.	
   This	
   probably	
   enables	
   a	
   long-­‐lasting	
   activation	
   of	
   the	
   JAK-­‐

STAT	
   signaling,	
   crucial	
   for	
   a	
   sustained	
   antiviral	
   state	
   at	
   mucosal	
   surfaces	
   that	
   are	
  

constantly	
  exposed	
  to	
  pathogens.	
  In	
  contrast,	
  IFN-­‐α	
  is	
  a	
  more	
  powerful	
  defense	
  system	
  

that	
   is	
   induced	
   fast	
   but	
   only	
   transiently5.	
   It	
   is	
   induced	
   after	
   viruses	
   breached	
   the	
  

mucosal	
   surfaces	
   and	
   invade	
   the	
   systemic	
   circulation	
   and	
   other	
   organs.	
   Although	
  

powerful	
   in	
   fighting	
   invading	
   pathogens,	
   IFN-­‐α	
   induced	
   signaling	
   needs	
   to	
   be	
   tightly	
  

controlled	
   to	
  maintain	
   tissue	
   homeostasis.	
   This	
   could	
   explain	
  why	
  USP18	
   shuts	
   down	
  

IFN-­‐α	
  signaling	
  completely.	
  

Taken	
  together,	
  we	
  demonstrate	
  SOCS1	
  as	
  a	
  physiologically	
  relevant	
  inducible	
  inhibitor	
  

of	
  the	
  IFN-­‐λ	
  signaling,	
  whereas	
  USP18	
  represents	
  the	
  main	
  negative	
  regulator	
  of	
  IFN-­‐α	
  

induced	
  JAK-­‐STAT	
  signaling.	
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1.	
  Research	
  article	
  II	
  

HCC	
  is	
  the	
  second	
  deadliest	
  cancer	
  worldwide	
  with	
  yearly	
  increasing	
  incidence181,182,185.	
  

Treatment	
  options	
  for	
  HCC	
  patients	
  are	
  unsatisfactory	
  with	
  less	
  than	
  30	
  percent	
  of	
  HCC	
  

patients	
   in	
   Europe	
   qualifying	
   for	
   curative	
   treatment	
   such	
   as	
   resection	
   and	
  

transplantation185. Due	
  to	
  advanced	
  disease	
  stages	
  and	
  unfavorable	
  patient	
  conditions	
  at	
  

the	
   time	
  of	
   diagnosis,	
   the	
  majority	
   of	
  HCC	
   cases	
   are	
  unresectable.	
   The	
  only	
   treatment	
  

option	
   for	
   patients	
   with	
   advanced	
   disease	
   is	
   the	
   multikinase	
   inhibitor	
   sorafenib,	
  

prolonging	
  median	
   survival	
   by	
   three	
  months232.	
   Although	
   beneficial,	
   sorafenib	
   has	
   its	
  

limitations	
  mostly	
  because	
  of	
  its	
  side	
  effects	
  and	
  resistance	
  to	
  treatment,	
  showing	
  a	
  clear	
  

need	
  for	
  new	
  and	
  more	
  effective	
  drugs.	
  Novel	
  systemic	
  drugs	
  developed	
  after	
  sorafenib	
  

was	
  approved	
  for	
   the	
  treatment	
  of	
  advanced	
  HCC	
  failed	
   in	
  clinical	
  phase	
  II	
  or	
   III	
   trials	
  

because	
   of	
   liver	
   toxicity	
   or	
   marginal	
   antitumor	
   potency286.	
   A	
   major	
   obstacle	
   for	
   the	
  

understanding	
   of	
   the	
   pathogenesis	
   of	
   HCC	
   and	
   the	
   molecular	
   mechanisms	
   leading	
   to	
  

drug	
  resistance	
  is	
  the	
  lack	
  of	
  in	
  vivo	
  models	
  that	
  recapitulate	
  key	
  features	
  of	
  human	
  HCC.	
  

In	
  recent	
  years,	
  PDX	
  models	
  have	
  gained	
  interest	
  and	
  are	
  regarded	
  as	
  valuable	
  tools	
  in	
  

the	
   field	
   of	
   pre-­‐clinical	
   drug	
   testing	
   and	
   prediction	
   of	
   cancer	
   therapy332,333.	
   Indeed,	
  

several	
  HCC	
  PDX	
  mouse	
  models	
  have	
  been	
  described334-­‐340.	
  However,	
  all	
  of	
  these	
  models	
  

have	
   been	
   generated	
   from	
   surgically	
   removed	
  HCC	
   tumors.	
   Because	
   liver	
   resection	
   is	
  

typically	
   performed	
   in	
   patients	
   with	
   early	
   stage	
   disease,	
   these	
   models	
   may	
   not	
  

recapitulate	
  the	
  full	
  spectrum	
  of	
  HCC	
  stages.	
  Importantly,	
  none	
  of	
  the	
  above	
  mentioned	
  

PDX	
  models	
  includes	
  advanced	
  stage	
  HCC,	
  although	
  this	
  would	
  be	
  desired	
  as	
  sorafenib	
  

treatment	
  is	
  mainly	
  used	
  in	
  patients	
  with	
  advanced	
  stage	
  disease.	
  	
  

We	
  report	
  here	
  for	
  the	
  first	
  time	
  the	
  establishment	
  of	
  s.c.	
  PDX	
  models	
  from	
  fresh	
  human	
  

HCC	
  needle	
  biopsies	
   that	
  cover	
  early	
  and	
   late	
  stage	
   tumors.	
  We	
  generated	
  eleven	
  PDX	
  

models	
  from	
  tumor	
  biopsies	
  of	
  HCC	
  patients	
  with	
  different	
  etiologies	
  and	
  disease	
  stages	
  

(Table	
   S1,	
   research	
   article	
   II)	
  with	
   an	
   engraftment	
   success	
   rate	
   of	
   20%	
   (11	
   out	
   of	
   54	
  

biopsies).	
   This	
   is	
   in	
   accordance	
   with	
   published	
   data	
   from	
   HCC	
   PDX	
   models	
   from	
  

resected	
   specimens334,337,338.	
   The	
   use	
   of	
   HCC	
   biopsies	
   covering	
   the	
   full	
   spectrum	
   of	
  

disease	
   stages	
   and	
   etiologies	
   enabled	
   us	
   to	
   assess	
   potential	
   determinants	
   for	
   the	
  

generation	
  of	
  PDX	
  models.	
  We	
  show	
   that	
   the	
   tumor	
  differentiation	
  grade	
  according	
   to	
  

Edmondson262	
  was	
   a	
   clear	
  determinant	
   for	
   engraftment	
   success,	
  with	
  only	
  high	
   grade	
  

biopsies	
   (grades	
   III	
   and	
   IV)	
   engrafting	
   in	
   the	
  mice	
   (Table	
   S1	
   and	
   Figure	
   4A,	
   research	
  

article	
   II).	
   Besides	
   the	
   differentiation	
   grade,	
   no	
   other	
   clinical	
   patient	
   characteristics	
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seemed	
   to	
   influence	
   the	
  engraftment	
  success	
   rate (Figure	
  4A,	
   research	
  article	
   II).	
  This	
  

suggests,	
   that	
  mainly	
  dedifferentiated	
  and	
  thus	
  more	
  aggressive	
  HCCs	
  are	
  able	
  to	
  form	
  

tumors	
   in	
   mice	
   whereas	
   those	
   of	
   low	
   Edmondson	
   grade	
   (i.e.	
   retaining	
   hepatocyte	
  

differentiation)	
  do	
  not.	
  This	
  is	
  supported	
  by	
  the	
  fact	
  that	
  previously	
  reported	
  HCC	
  PDX	
  

models,	
  generated	
  from	
  early	
  stage	
  tumors,	
  were	
  mainly	
  derived	
  from	
  high	
  Edmondson	
  

grade	
   samples335-­‐338.	
   Furthermore,	
   in	
   the	
   case	
  of	
  well	
   differentiated	
  originating	
   tumor	
  

samples,	
   the	
   corresponding	
   PDX	
   were	
   of	
   poor	
   differentiation	
   grades340.	
   This	
   is	
  

consistent	
   with	
   our	
   finding	
   that	
   according	
   to	
   the	
   Hoshida	
   classification279,	
   all	
   our	
  

engrafted	
   biopsies	
   were	
   of	
   molecular	
   subtype	
   S1	
   and	
   S2,	
   characterized	
   by	
   poor	
  

differentiation,	
  high	
  proliferation	
  rate	
  and	
  poor	
  survival	
  (Figure	
  4A,	
  research	
  article	
  II).	
  

In	
  contrast,	
  none	
  of	
  the	
  subtype	
  S3	
  biopsies,	
  characterized	
  as	
  well	
  differentiated	
  tumors	
  

retaining	
   a	
   hepatocyte-­‐like	
   phenotype	
   and	
   associated	
  with	
   good	
   survival	
   gave	
   rise	
   to	
  

PDX	
  models.	
  However,	
  although	
  only	
  high	
  grade	
  HCC	
  biopsies	
  resulted	
  in	
  PDX	
  models,	
  

they	
   largely	
   represented	
   the	
   entire	
   spectrum	
   of	
   poorly	
   differentiated	
   HCCs	
   by	
  

unsupervised	
   clustering	
   against	
   the	
   poorly	
   differentiated	
   HCCs	
   from	
   the	
   TCGA	
   HCC	
  

reference	
  cohort248	
  (Figure	
  4B,	
  research	
  article	
  II).	
  	
  

Of	
  note,	
  because	
  we	
  consider	
  all	
  transplanted	
  biopsies	
  as	
  failed	
  engraftments	
  if	
  no	
  tumor	
  

growth	
  was	
  visible	
  within	
  eight	
  months	
  after	
   transplantation,	
  we	
  can	
  not	
  exclude	
   that	
  

slow-­‐growing,	
   low-­‐grade	
   tumors	
  would	
  have	
   started	
  growing	
  after	
   the	
   cut	
  off	
  of	
   eight	
  

months.	
  This	
  potential	
  scenario	
  is	
  further	
  supported	
  by	
  the	
  observation	
  that	
  Edmondson	
  

grade	
   IV	
   biopsies	
   tend	
   to	
   have	
   an	
   earlier	
   tumor	
   growth	
   onset	
   compared	
   to	
   grade	
   III	
  

biopsies	
  (Figure	
  1A,	
  research	
  article	
  II).	
  Furthermore,	
  while	
  transplantation	
  of	
  different	
  

pieces	
  obtained	
  from	
  the	
  same	
  biopsy	
  cylinder	
  showed	
  different	
  tumor	
  growth	
  onsets	
  in	
  

the	
  mice	
  (Figure	
  S1A,	
  research	
  article	
  II),	
   injection	
  of	
  equal	
  amounts	
  of	
  biopsy-­‐derived	
  

cell	
  suspension	
  led	
  to	
   identical,	
  but	
  delayed	
  tumor	
  growth	
  onset	
  (Figure	
  S1B,	
  research	
  

article	
   II).	
   Although	
   not	
   proven,	
   these	
   data	
   suggest	
   that	
   the	
   cell	
   number	
   and	
   tissue	
  

integrity	
  of	
   the	
   tumor	
   tissue	
  used	
  probably	
   influence	
   the	
   time	
   to	
   tumor	
  growth	
  onset.	
  

The	
  use	
  of	
   a	
   cell-­‐suspension	
  generated	
  by	
  disruption	
  of	
   the	
   tumor	
   could	
  promote	
   cell	
  

death	
  because	
  of	
  matrix	
  detachment340,352	
  and	
  also	
  requires	
  complete	
  revascularization,	
  

thus	
  leading	
  to	
  a	
  delayed	
  tumor	
  growth	
  onset.	
  	
  	
  

First	
   generation	
   PDX	
   tumors	
   were	
   re-­‐transplanted	
   in	
   order	
   to	
   expand	
   the	
   tumor	
  

material	
  and	
  maintain	
  the	
  models	
  for	
  further	
  analysis.	
  The	
  lag	
  phase	
  to	
  onset	
  of	
  tumor	
  

growth	
  in	
  the	
  second	
  PDX	
  generations	
  was	
  shorter	
  for	
  all	
  models	
  and	
  remained	
  constant	
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over	
  several	
  generations	
  (Figures	
  1B	
  and	
  1C,	
  research	
  article	
  II).	
  The	
  finding	
  of	
  a	
  shifted	
  

onset	
  of	
  tumor	
  growth	
  in	
  the	
  second	
  PDX	
  generation	
  is	
  in	
  line	
  with	
  a	
  report	
  of	
  PDX	
  mice	
  

derived	
   from	
   resected	
   HCC	
   specimens334.	
   It	
   can	
   be	
   speculated	
   that	
   the	
   presence	
   of	
   a	
  

mouse	
   derived	
   vascular	
   system	
   in	
   the	
   PDX	
   tumors	
   facilitates	
   the	
   accelerated	
  

engraftment	
  upon	
  re-­‐transplantation.	
  Furthermore,	
  the	
  doubling	
  time	
  of	
  the	
  PDX	
  tumors	
  

was	
  consistent	
   in	
  all	
  generations	
  within	
  a	
  given	
  model	
   (Figure	
  1B,	
   research	
  article	
   II).	
  

Thus,	
   tumor	
   growth	
  might	
   be	
   primarily	
   dependent	
   on	
   the	
   tumor	
   cells	
   once	
   a	
  murine	
  

vasculature	
  system	
  is	
  established.	
  	
  

The	
   established	
   PDX	
   tumors	
   were	
   highly	
   similar	
   to	
   their	
   originating	
   human	
   tumors.	
  

They	
  maintained	
  the	
  tumor	
  differentiation	
  grade,	
  growth	
  pattern,	
  cytological	
  subtype	
  as	
  

well	
  as	
  the	
  expression	
  of	
  AFP	
  and	
  typical	
  HCC	
  markers	
  such	
  as	
  GPC3,	
  HSP70	
  and	
  GS	
  over	
  

at	
  least	
  four	
  generations	
  (Figures	
  2,	
  S2A-­‐J	
  and	
  Table	
  1,	
  research	
  article	
  II).	
  Of	
  note,	
  only	
  

one	
  PDX	
  model	
   (C284b)	
   lost	
  part	
  of	
   the	
  histological	
   characteristics	
   (i.e.	
   the	
   trabecular	
  

growth	
   pattern)	
   observed	
   in	
   the	
   originating	
   human	
   HCC.	
   This	
   may	
   be	
   due	
   to	
  

heterogeneous	
  growth	
  patterns	
  in	
  different	
  regions	
  of	
  the	
  same	
  tumor.	
  

Three	
   xenografts	
   however,	
   differed	
   histologically	
   from	
   the	
   corresponding	
   human	
  

tumors	
   (Figure	
   5A,	
   research	
   article	
   II).	
   Further	
   analysis	
   revealed	
   the	
   histological	
  

appearance	
   of	
   lymphocytes,	
   strong	
   positivity	
   for	
   the	
   human	
   B-­‐cell	
   marker	
   CD20,	
  

transcriptional	
  up-­‐regulation	
  of	
  human	
  immune	
  cell	
  signatures	
  and	
  loss	
  of	
  expression	
  of	
  

HCC	
  specific	
   somatic	
  mutations	
   in	
   these	
  PDX	
   tumors	
   (Figure	
  5	
  and	
  Table	
  S7,	
   research	
  

article	
   II).	
   This	
   suggests	
   that	
   human	
   B-­‐cell	
   lymphomas	
  were	
   formed	
   in	
   these	
  models.	
  

This	
  phenomena	
  has	
  been	
  previously	
  described	
  for	
  PDX	
  models	
  derived	
  from	
  a	
  number	
  

of	
   human	
   cancer	
   tissues353,	
   including	
   HCC354.	
   It	
   was	
   previously	
   suggested	
   that	
   the	
  

reactivation	
  of	
  latent	
  EBV	
  of	
  intratumoral	
  passenger	
  B	
  lymphocytes	
  may	
  be	
  the	
  cause	
  of	
  

lymphoma	
  development	
   in	
  PDX	
  mice353,354.	
   Indeed,	
  we	
  detected	
  EBV	
   transcripts	
   in	
   all	
  

three	
   lymphoma	
  PDX	
  models,	
   but	
   not	
   in	
   the	
   originating	
  HCC	
   and	
  matched	
  non-­‐tumor	
  

biopsies	
  (Table	
  S8,	
  research	
  article	
  II).	
  The	
  effect	
  of	
  EBV	
  reactivation	
  may	
  be	
  linked	
  to	
  

the	
  level	
  of	
  immunodeficiency	
  of	
  the	
  mice,	
  as	
  the	
  percentage	
  of	
  lymphoma	
  development	
  

was	
   high	
   in	
   NSG,	
   NOG	
   and	
   NOD/SCID	
  mice,	
   whereas	
   no	
   lymphoma	
   development	
   has	
  

been	
  described	
   in	
  nude	
  mice355,356.	
  Therefore,	
   the	
  use	
  of	
  nude	
   instead	
  of	
  NSG	
  mice	
   for	
  

PDX	
   development	
  might	
   help	
   to	
   avoid	
   lymphoma	
   generation	
   probably	
   because	
   of	
   the	
  

presence	
   of	
   functional	
   NK	
   cells355.	
   Interestingly,	
   two	
   biopsies	
   derived	
   from	
   the	
   same	
  

patient	
  but	
  from	
  two	
  distinct	
  HCC	
  nodules	
  gave	
  rise	
  to	
  one	
  HCC	
  and	
  one	
  lymphoma	
  PDX	
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model	
   (C948	
   and	
   C949	
   of	
   Table	
   S1,	
   research	
   article	
   II).	
   This	
   is	
   in	
   accordance	
   with	
   a	
  

report	
  for	
  breast	
  and	
  pancreatic	
  cancer	
  PDX	
  models,	
  where	
  transplantation	
  of	
  the	
  tumor	
  

pieces	
   from	
   the	
   same	
   human	
   tumor	
   graft	
   could	
   grow	
   as	
   a	
   lymphocytic	
   tumor	
   in	
   one	
  

mouse	
   and	
   as	
   an	
   adenocarcinoma	
   in	
   another	
   mouse355.	
   Butler	
   et	
   al.	
   reported	
   that	
  

treatment	
   with	
   rituximab,	
   an	
   anti-­‐CD20	
   monoclonal	
   antibody,	
   at	
   the	
   time	
   of	
  

transplantation,	
  prevented	
  the	
  occurrence	
  of	
  lymphomatous	
  outgrowth	
  in	
  early-­‐passage	
  

ovarian	
   xenografts353.	
   If	
   this	
   strategy	
   could	
   be	
   applied	
   to	
   prevent	
   lymphoma	
  

development	
   and	
   improve	
   the	
   success	
   rate	
   of	
   HCC	
   PDX	
   generation	
   has	
   to	
   be	
  

investigated.	
  	
  

Because	
  PDX	
  models	
  are	
   frequently	
  used	
   in	
  pre-­‐clinical	
  drug	
  testing,	
   it	
   is	
   important	
   to	
  

understand	
  to	
  what	
  extent	
  they	
  recapitulate	
  the	
  human	
  tumor	
  signatures.	
  Based	
  on	
  RNA	
  

sequencing	
   data,	
  we	
   showed	
   that	
   pathways	
   related	
   to	
   immune	
   cells	
   and	
   angiogenesis	
  

were	
  generally	
  down-­‐regulated	
  in	
  the	
  PDX	
  models	
  compared	
  to	
  their	
  originating	
  human	
  

HCC	
  biopsies	
  (Figure	
  3A	
  and	
  Table	
  S4,	
  research	
  article	
  II),	
  most	
  likely	
  a	
  consequence	
  of	
  

the	
   loss	
   of	
   human	
   immune	
   cells	
   and	
   the	
   presence	
   of	
   a	
   murine	
   instead	
   of	
   human	
  

vasculature	
   in	
   these	
   PDX	
   models	
   (Figure	
   S3	
   and	
   Table	
   S4,	
   research	
   article	
   II).	
   In	
  

contrast,	
  pathways	
  related	
  to	
  cell	
  cycle	
  were	
  up-­‐regulated	
  in	
  the	
  PDX	
  models	
  compared	
  

to	
  the	
  human	
  HCC	
  biopsies,	
  suggesting	
  an	
  enrichment	
  of	
  cancer	
  cells	
  in	
  the	
  PDX	
  tumors	
  

(Figure	
  3A	
  and	
  Table	
   S4,	
   research	
  article	
   II).	
  Martinez-­‐Garcia	
   et	
   al.	
   suggested	
   that	
   the	
  

lack	
  of	
  human	
  stromal	
  components	
  in	
  PDX	
  models	
  is	
  most	
  probably	
  the	
  major	
  difference	
  

between	
  them	
  and	
  their	
  originating	
  human	
  tumor357.	
  After	
  accounting	
  for	
  the	
  systemic	
  

differences	
  mentioned	
  above,	
  all	
  PDX	
  tumors	
  clustered	
  together	
  with	
  the	
  corresponding	
  

HCC	
  biopsy.	
  This	
  demonstrates	
  that	
  the	
  HCC	
  PDX	
  models	
  recapitulate	
  the	
  tumor-­‐specific	
  

gene	
   expression	
   profile	
   of	
   the	
   originating	
   tumor	
   (Figure	
   3B,	
   research	
   article	
   II).	
  

Furthermore,	
  we	
  demonstrated	
  that	
  the	
  HCC	
  specific	
  expression	
  of	
  somatic	
  mutations	
  in	
  

cancer	
   genes	
   was	
   maintained	
   in	
   the	
   corresponding	
   PDX	
  models	
   (Figure	
   3C,	
   research	
  

article	
   II).	
   Moreover,	
   transcriptome	
   based	
   analysis	
   revealed	
   that	
   the	
   PDX	
   tumors	
   are	
  

stable	
   over	
   several	
   generations	
   and	
   retain	
   expression	
   of	
   somatic	
   mutations	
   of	
   the	
  

biopsied	
   tumor	
   (Figures	
  S4A	
  and	
  S4B,	
   research	
  article	
   II).	
  This	
   suggests	
   that	
   the	
  gene	
  

expression	
   differences	
   between	
   the	
   PDX	
   tumors	
   and	
   their	
   corresponding	
   biopsies	
   is	
  

mainly	
  due	
  to	
  the	
  substitution	
  of	
  human	
  by	
  mouse	
  stromal	
  cells	
  and	
  that	
  this	
  adaptation	
  

happens	
  in	
  an	
  early	
  phase	
  of	
  PDX	
  establishment357.	
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Taken	
   together,	
   we	
   successfully	
   generated	
   PDX	
   models	
   from	
   human	
   HCC	
   needle	
  

biopsies	
  of	
  early	
  and	
  late-­‐stage	
  disease,	
  including	
  unresectable	
  tumors.	
  Importantly,	
  the	
  

HCC	
  PDX	
  models	
  maintain	
  the	
  histologic	
   features	
  and	
  transcriptomic	
  characteristics	
  of	
  

the	
   originating	
   tumors.	
   Thus,	
   these	
   models	
   will	
   not	
   only	
   serve	
   as	
   valuable	
   tools	
   for	
  

investigating	
   HCC	
   biology	
   but	
   will	
   also	
   be	
   very	
   useful	
   in	
   studying	
   drug-­‐induced	
  

resistance	
  mechanisms	
  and	
  identification	
  of	
  novel	
  drug	
  targets.	
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