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4-SU 4-thiouridine  

6-SG 6-thioguanosine 

Ab Antibody 

ABC-DLBCL Activated B-cell-like diffuse large B-cell lymphoma 

Ago Argonaute 

AID Activation-induced cytidine deaminase 

ALL Acute Lymphoblastic Leukemia 

AML Acute Myeloid Leukemia 

AMPK AMP-activated protein kinase 

ARMC10 Armadillo Repeat Containing 10 

ASCT Autologous stem cell transplantation 

ATP Adenosine triphosphate  

B2M beta-2-microglobulin  

BCL10 B-cell lymphoma 10 

BCL2 B-cell lymphoma 2 

BCL2L11 Bcl-2-like protein 11 

BCL3 B-cell lymphoma 3 

BCL6 B-cell lymphoma 6 

BCR B-cell receptor 

BL Burkitt lymphoma 

BLIMP1  B lymphocyte-induced maturation protein-1 

bp Base pairs 

BR Bendamustine-rituximab  

BSA Bovine Serum Albumin 

CARD11 Caspase recruitment domain-containing protein 11 

CBM complex CARD11–BCL10–MALT1 complex 

CCND1 Cyclin D1 

CD10 Cluster of differenciation 10 

CD19 Cluster of differenciation 19 

CD20 Cluster of differenciation 20 
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CD21 Cluster of differenciation 21 

CD22 Cluster of differenciation 22 

CD23 Cluster of differenciation 23 

CD3 Cluster of differenciation 3 

CD30 Cluster of differenciation 30 

CD40 Cluster of differenciation 40 

CD40L Cluster of differenciation 40 ligand 

CD5 Cluster of differenciation 5 

CD58 Cluster of differenciation 58 

CD79A Cluster of differenciation 79A 

CD79B Cluster of differenciation 79B 

CD93 Cluster of differenciation 93 

CDKN Cyclin Dependent Kinase Inhibitor 

cDNA Complementary DNA  

CDS Coding sequence 

CFTR Cystic Fibrosis Transmembrane Conductance Regulator 

CHOP Cyclophosphamide, doxorubicin, vincristine and prednisone 

Chr Chromosome 

CIITA Class II Major Histocompatibility Complex Transactivator 

CIP Calf Intestinal alkaline Phosphatase  

CLIP Crosslinking and immunoprecipitation 

CLL Chronic lymphocytic leukemia 

CLP Common lymphoid progenitor 

CMP Common myeloid progenitor 

CNS Central nervous system 

CREBBP CREB Binding Protein 

CSR Class-switch recombination 

CVP Cyclophosphamide, vincristine and prednisone 

CXCL C-X-C Motif Chemokine Ligand 

D Diversity gene segment from Immunoglobulin variable region 
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DEL Double expressor lymphomas 

DGCR8 DiGeorge Syndrome Critical Region 8  

DHL Double hit lymphomas 

DICER Endoribonuclease Dicer 

DLBCL Diffuse large B-cell lymphoma 

DMEM Dulbecco's Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DNase Deoxyribonuclease  

dNTPs Deoxyribose nucleoside triphosphate 

Drosha Drosha Drosha ribonuclease III 

Drosha Drosha ribonuclease III 

E2F1 E2F Transcription Factor 1 

E2F2 E2F transcription factor 2 

EBF1 Early B-cell factor 1 

ECL Enhanced chemiluminescence 

EDTA Ethylenediaminetetraacetic acid 

EP300 E1A Binding Protein P300 

EPHA7 EPH Receptor A7 

EZH2 Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit 

FBS Fetal Bovine Serum 

FDC follicular dendritic cells 

FFPE Formalin-fixed paraffin-embedded 

FISH Fluorescent in situ hybridization  

FL Follicular lymphoma 

FLAG-tag fusion peptide tag or epitope (sequence: DYKDDDK) 

FLIPI Follicular Lymphoma International Prognostic Index 

FOXO Forkhead box O transcription factors 

FOXP1 Forkhead Box P1 

Fwd Forward 
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G2E3 G2/M-Phase Specific E3 Ubiquitin Protein Ligase 

GC Germinal center 

GCB-DLBCL Germinal center B-cell-like diffuse large B-cell lymphoma 

GEO Gene Expression Omnibus 

GEP Gene expression profiling 

GFP Green fluorescent protein 

GI Gastrointestinal 

GTP Guanosine triphosphate 

H3K27 histone H3 at lysine 27 

H3K27me3 Trimethylation of histone H3 at lysine 27 

H3K4 histone H3 at lysine 4  

HAT Histone acetyltransferase 

HA-tag 
peptide derived from the human influenza hemagglutinin (HA) molecule 

(amino acids 98-106) 

HC Heavy chain 

hg19/GRCh37 
Human genome assembly GRCh37 (hg19) from Genome Reference 

Consortium  

HIST1H2BO Histone Cluster 1 H2B Family Member O 

HITS-CLIP High-throughput sequencing of RNA isolated by CLIP 

HRAS HRas Proto-Oncogene, GTPase 

HRP Horseradish peroxidase 

HSC Hematopoietic stem cells 

IFRT Involved-field radiotherapy 

IFU Infection forming unit 

Ig Immunoglobulin 

IGH Immunoglobulin heavy chain gene 

IgV Immunoglobulin variable region 

IGV Integrative Genomics Viewer  

IHC Immunohistochemistry 

IKZF1 IKAROS Family Zinc Finger 1 

IL Interleukin 
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INPP5D Inositol Polyphosphate-5-Phosphatase D 

IP Immunoprecipitation 

IPI International prognostic index 

IRF4 Interferon Regulatory Factor 4 

J Joining gene segment from Immunoglobulin variable region 

JAK Janus kinase 

Kb Kilobase 

kDa Kilodalton 

Ki67 Proliferation marker. Encode by MKI67 gene 

KLRK1 Killer Cell Lectin Like Receptor K1 

KMT2D Lysine Methyltransferase 2D 

KRAS KRAS Proto-Oncogene, GTPase 

LB  Lysogeny broth 

LC Light chain 

let-7 lethal-7 

LHD Lactate dehydrogenase 

LIN28A Lin-28 Homolog A 

lncRNA Long non-coding RNA 

LY6D lymphocyte antigen 6 family member D 

MBP Major breakpoint region 

MCL Mantle cell lymphoma 

MCOLN2 Mucolipin 2 

MEF2B Myocyte Enhancer Factor 2B 

METTL15 Methyltransferase Like 15 

MHC Major histocompatibility complex 

MICB Inhibition of class I polypeptide-related sequence B  

miRNA MicroRNA 

MOI Multiplicity of infection 

MPP Multipotent progenitor cell 

mRNA Messenger RNA 
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mTOR Mechanistic Target Of Rapamycin Kinase 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MUM1 Melanoma Associated Antigen (Mutated) 1 

MYB MYB Proto-Oncogene, Transcription Factor 

MYC MYC Proto-Oncogene, BHLH Transcription Factor 

MYD88 Myeloid Differentiation Primary Response 88 

MZ Marginal zone 

MZL Marginal zone lymphoma 

NCCN National Cancer Centre Network 

NF-Kβ Nuclear factor kappa-light-chain-enhancer of activated B cells 

NGS Next generation sequncing 

NHL Non-Hodgkin lymphoma 

nt nucleotide 

NTC Non-template control 

ntFL Non-transformed follicular lymphoma 

o/n overnight 

OS Overall survival 

OSTN Osteocrin 

PACT Protein activator of protein kinase R 

PAR-CLIP Photoactivable ribonucleoside-enhanced CLIP 

PAX5 Paired box 5 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction  

PFS Progression-free survival  

PGM Ion Torrent Personal Genome Machine 

PIM1 Pim-1 Proto-Oncogene, Serine/Threonine Kinase 

PRC2 Polycomb Repressive Complex 2  

PRDM1 PR/SET Domain 1  

pre-B Precursor B-cell 

pre-miRNA precursor miRNA 
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pri-miRNA primary miRNAs 

pro-B Progenitor B-cell 

PTEN Phosphatase and tensin homolog 

QC Quality control 

qRT-PCR Quantitative reverse transcription polymerase chain reaction 

RBP RNA binding protein 

R-CHOP Rituximab + CHOP 

R-EPOCH 
Rituximab, etoposide, prednisone, vincristine, cyclophosphamide, and 

doxorubicin 

Rev Reverse 

RIP RNA immonoprecipitation 

RISC RNA-induced silencing complex 

RNA Ribonucleic acid 

RNase Ribonuclease 

RNP Ribonucleoprotein complexe 

RPMI Roswell Park Memorial Institute Medium 

RRAGC Ras Related GTP Binding C 

RT Reverse transcription 

S1PR1 Sphingosine-1-Phosphate Receptor 1 

SCR Scramble 

SDS Sodium dodecyl sulfate  

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SENP1 SUMO Specific Peptidase 1 

SERPINA9 Serpin Family A Member 9 

SET Su(var)3-9, Enhancer-of-zeste and Trithorax 

SF1 Splicing factor 1 

SHM Somatic hypermutation 

SILAC Stable Isotope Labeling by/with Amino acids in Cell culture 
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1.1 Introduction to Hematologic Malignancies 

Hae atologi al alig a ies a e a di e se g oup of eoplas s affe ti g he atopoieti  

a d l phoid tissues. The Wo ld Health O ga izatio  WHO  e og ises o e   

diffe e t t pes of he atologi  alig a ies i  the updated  lassifi atio  s he e 

[ ]. The  displa  e  diffe e t aetiologies, li i al p ese tatio  a d p og essio , 

i ide e a d p og osis. The i ide e of he atologi al alig a ies i  Weste  

Eu ope is .  pe  .  ha ita ts, a d .  pe  .  ha ita ts i  Spai . 

Mo talit  ates fo  the sa e pe iod e e .  a d .  pe  .  ha ita ts i  Weste  

Eu ope a d Spai  espe ti el  [ ]. The lassifi atio  of diffe e t t pes of he atologi al 

alig a  has ee  the su je t of g eat o t o e s  o e  the ea s i ol i g a  

diffe e t lassifi atio  s he es e.g. Keal, BNLI, REAL et . , that ha e ul i ated i  the 

ge e al o se sus ith the WHO lassifi atio  s ste  [ ]. I  ge e al te s 

he atologi al alig a ies a  e di ided a o di g to thei  espe ti e ell li eage as 

ei g eithe  eloid o  l phoid, a d a o di g to the deg ee of atu it  of the 

espe ti e ell-of-o igi . The WHO lassifi atio  s he e also utilizes o pholog , 

i u ophe ot pe, a d ge eti  a d li i al ite ia to fu the  su di ide ea h atego  

[ , ] Ta le . . 
 

WHO Classification of tumours of hematopoietic and lymphoid tissues 

Myeloid neoplasms   

Myeloproliferative neoplasms 
Mature neoplasms with effective 

hematopoiesis 

Myelodisplasic síndromesº 
Mature neoplasms with ineffective 

hematopoiesis 

Myelodisplasic/Myeloproliferative neoplasms Mature neoplasms 

Acute myeloid leukemia (AML) and related precursor 

neoplasm 
Precursor neoplasms 

Lymphoid neoplasms   

Precursor lymphoid neoplasms Precursor neoplasms 

Mature B-cell neoplasms Mature neoplasms 

Mature T-cell and NK-cell neoplasms Mature neoplasms 

Hodgkin lymphoma Mature neoplasms 

Other neoplams   

Acute leukemias of ambiguous lineage Precursor neoplasms 

Myeloid and lymphoid neoplasms with eosinophilia and 

abnormalities of PDGFRA, PDGFRB or FGFR1 
- 

Histiocytic and dendritic cell neoplasms Mature neoplasms 

Post-transplant lymphoproliferative disorders (PTLD) - 

Ta le . : WHO Classifi atio  of tu ou s of he atopoieti  a d l phoid tissues 
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Matu e B- ell eoplas s a e a g oup of tu ou s affe ti g l phoid tissues, he e the 

tu ou  ells etai  a ese la e to atu e B-l pho tes, thei  p o a le ell of 

o igi . This la ge g oup i ludes leuke ias e.g. h o i  l pho ti  leuke ia, B- ell 

p ol pho ti  leuke ia a d hai  ell leuke ia , l pho as e.g. Hodgki  a d o -

Hodgki  l pho as  a d plas a ell eoplas s e.g. plas a ell elo a, 

plas a to a, i u oglo uli  depositio  disease, osteos le oti  elo a .  

.  B-cell Non-Hodgkin lymphomas 

B- ell No -Hodgki  l pho as NHLs  o p ise a hete oge eous g oup of diseases 

aused  eoplasti  p olife atio  of B-l pho tes. The i ide e of these 

l pho as is .  e  ases pe  .  ha ita ts i  Weste  ou t ies [5]. Folli ula  

l pho a FL  a d Diffuse La ge B ell l pho a DLBCL  a e the ost o o  fo s 

of B ell l pho a, u ati el  a ou ti g fo   % of all B- ell NHLs [ ]. A o di g to 

the Wo ld Health O ga izatio  I te atio al Age  fo  Resea h o  Ca e  IARC , the 

ate of o -Hodgki  B- ell l pho as is isi g o ld ide, ith a  i ease of . % pe  

a u  [ ], a d is highe  i  este  ou t ies tha  de elopi g ou t ies [ ].  The e a e 

o e   disti t t pes a d su t pes of o -Hodgki  B- ell l pho as e og ised  

the WHO lassifi atio  s he e that ep ese t a ide spe t u  of li i al p ese tatio s 

f o  s all lo alized lesio s to ulk  lesio s a d disse i ated tu ou  g o th [ ]. The 

agg essi e ess of these su t pes is also e  a ia le, a gi g f o  i dole t o  lo -

g ade l pho as ie. FL a d a gi al zo e l pho a MZL  to agg essi e o  high-

g ade l pho as ie. DLBCL a d Bu kitt l pho a BL . Co se ue tl , diffe e t 

l pho a t pes e ui e diffe e t t eat e ts, a d patie t out o e a ies a kedl  [ ] 

Ta le . . Fo  the ajo it  of B- ell l pho as, tu ou  ells e apitulate the o al 

stages of B- ell diffe e tiatio  so the  a  e lassified a o di g to thei  o al 

ou te pa t [ ]. The efo e, it is i po ta t to k o  the B ell diffe e tiatio  p o ess to 

ette  u de sta d the iolog  of B- ell l pho as. 
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Major types of non-

Hodgkin B-cell 

lymphomas 

Incidence 

(per 100.000) 

5-year OS 

(% patients) 
Cell of origin 

Follicular lymphoma 3.23 75.6 Germinal centre B-cells 

Mantle cell lymphoma 0.86 25 
Naïve pre-germinal center B 

cells of the mantle zone 

Diffuse large B-cell 

lymhoma 
8.31 46.3 

Germinal centre B-cells (GCB 

molecular subtype) 

Post-germinal centre B-cells 

(ABC molecular subtype) 

Burkitt lymphoma 0.36 51 Germinal centre B-cells 

Marginal zone lymphoma 3.44 61.2 Marginal zone B-cells 

Plasmablastic lymphoma 0.11 16.3 Post-germinal center B-cell 

Lymphoplasmacytic 

lymphoma 
0.3 62 Post-germinal center B-cell 

 

Ta le . : Mai  t pes of o -Hodgki  B- ell l pho as. The ta le sho s the i ide e of 

these l pho as, the - ea  o e all su i al OS  a d the ell of o igi  of ea h l pho a. 

Epide iologi  data o tai ed f o  S ith et al  [ ].  

1.2.1 B-cell differentiation 

. . .  Early hematopoiesis 

B-l pho tes o igi ate f o  he atopoieti  ste  ells HSC  i  the o e a o . 

Du i g he atopoiesis, HSCs diffe e tiate to ultipote t p oge ito  ells MPPs  a d 

su se ue tl  these ells diffe e tiate i to o o  eloid p oge ito s CMPs  a d 

o o  l phoid p oge ito s CLPs  gi i g ise to eloid a d l phoid li eages 

espe ti el . The o it e t of CLPs to the l phoid diffe e tiatio  path a  is highl  

egulated ia a u e  of spe ialised t a s iptio  fa to s i ludi g SPI , IKZF , TCF , 

EBF  a d PAX  [ , ]. EBF  a d PAX  e p essio  a e highl  depe de t o  IL-

 sig alli g, hi h is also a iti al fa to  i  this p o ess. I  additio , it has ee  

des i ed that the e p essio  of LY D a d CD  a k the ea liest B-li age o itted 

p oge ito s [ , ].  

Cells diffe e tiate f o  CLPs to p oge ito  B ells p o-B . These p o-B ells a e 

pa ti ula l  depe de t o  IL-  fo  su i al a d p olife atio  [ ]. I  p o-B ells hea  

hai  HC  i u oglo uli  Ig  ea a ge e t egi s. O e this p o ess has ee  
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su essfull  i itiated ells e o e p e u so  B ells p e-B . Du i g the p e-B ell stage 

HC Ig ge e ea a ge e t is o pleted hile light hai  LC  ge e ea a ge e t 

takes pla e to ge e ate a full  fu tio al B ell e epto  BCR . At this stage the ell 

e o es a  i atu e B ell [ ]. A s he ati  ep ese tatio  of he atopoiesis is 

sho  i  Figu e . .  

 

Figu e . : S he ati  diag a  of he atopoiesis depi ti g the a ious li eages a d thei  

g oss o phologi al ha a te isti s.  

 

. . .  Ig gene rearrangement 

The ea a ge e t of Ig ge es is a so ati  e o i atio  p o ess that o l  o u s i  

de elopi g l pho tes du i g ea l  stages of T a d B ell atu atio . The 

i u oglo uli  hea  hai  ge e IGH  lo ated i  h o oso e  o tai s ultiple 

opies of th ee diffe e t t pes of ge e seg e ts that o stitute the a ia le egio  of 

the a ti od  p otei  Va ia le V , Di e sit  D  a d Joi i g J  ge e seg e ts  as ell 
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as t o o sta t ge e seg e ts. This e o i atio  p o ess sta ts ith the 

e o i atio  of a D seg e t a d a J seg e ts i  a sto hasti  a . Su se ue tl , a V 

ge e seg e t ill e o i e ith the p e iousl  p odu ed D-J f ag e t. Va ia ilit  is 

i t odu ed i  this ju tio  due to TdT e z e hi h is a te plate-i depe de t DNA 

pol e ase [ ]. A p i a  t a s ipt ill e the  ge e ated a d sli ed to e o e the 

se ue e et ee  VDJ seg e t a d o e of the o sta t ge e seg e ts. T a slatio  of 

this RNA leads to the p odu tio  of the IgM hea  hai  p otei .  

A si ila  p o ess o u s fo  the s thesis of Ig light hai  i  p e-B ells ith the 

e eptio  that light hai  ge es do ot ha e D seg e ts so o l  V-J ge e seg e ts ill 

e ea a ged. This light hai  p otei  ill e asse led f o  o e of the t o e isti g 

ge e lo i: Ig-  lo us o  h o oso e  o  Ig-  lo us o  h o oso e . Upo  

su essful asse l , t o light hai s a e o i ed ith t o hea  hai s esulti g i  

the fo atio  of IgM ole ule e p essed o  the su fa e of the i atu e B ell Figu e 

. . At this poi t the i atu e B ell ill e e posed to self-a tige s i  the o e 

a o  to e lude ells those sho i g auto- ea ti it . Those ells ith the apa it  to 

i d self- ole ules a e eli i ated  apoptosis hile the o - ea ti e ells e ei e 

sig als fo  su i al a d atu atio  [ - ]. 

 

Figure 1.2: V(D)J Recombination in B-Cell Development. Antibodies consist of two identical 

heavy chains and two identical light chains. Each of these chains is subdivided into constant (C) 

and variable (V) regions. The variable-region genes are assembled by somatic recombination of 
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V, diversity (D), and joining (J) segments for the heavy chains, and V and J segments for the 

light chains. In this recombination process, the DNA located between the rearranging gene 

elements is deleted from the chromosome and variability is introduced between the segments. 

The germ-line DNA contains many different V, D, and J segments, so many different antibodies 

can be generated. Reproduced from Kuppers, et al. 1999 [ ]. 

. . .  B-cell maturation 

 O e i atu e B ells lea e the o e a o  a d e te  the lood i ulatio , the  

ea h the splee  he e the  p o eed th ough thei  fi al de elop e tal stages to 

e o e atu e B ells. I atu e B ells a  eithe  e o e a gi al zo e MZ  B ells, 

eside t B ells of the sple i  a gi al zo e, hi h a e spe ialized to espo d ui kl  

to lood- o e pathoge s, o  folli ula  B ells, hi h a e i ulato  ells that 

o stitute the ai  B ell o pa t e t apa le of ou ti g T-depe de t i u e 

espo ses. I atu e B ells e te  the splee  a d populate a  a ea k o  as the ed 

pulp he e the  a e e posed to o e self- ells a d i ulati g p otei s. Cells sho i g 

auto ea ti it  u de go apoptosis. Afte  this last he kpoi t, ells difffe e tiat i to 

ai e folli ula  B ells, hi h a e full  atu e B ells that a  pa ti ipate i  i u e 

espo ses. These atu e B ells ill i ulate th ough all l phoid tissues [ ]. 

 

I  the esti g state, atu e B ells a e o pa t e talized i  se o da  l phoid 

o ga s as l ph odes Figu e . . O e a tige  e te s l ph odes, it is aptu ed  

a tige  p ese ti g ells i ludi g a ophages, de d iti  ells a d also B ells. I  B 

ells the a tige  ou d to the BCR is i te alized, p o essed so a tige  peptides a  

e e posed o  ajo  histo o pati ilit  o ple  MHC  lass II ole ules o  the 

su fa e of the B- ell. This a ti atio  p o otes he oki e e epto  e p essio  ha ges 

allo i g these ells to ig ate to a d T ell zo e. At the T- ell B- ell i te fa e the MHC 

lass II ole ule ith the p ese ted peptide i  the e a e of the a ti ated B ells 

i te a ts ith the T- ell e epto  TCR  of T helpe  l pho tes that e og ize the 

p ese ted a tige . Apa t f o  this e og itio , i te a tio  et ee  o-sti ulato  

p otei  CD  i  B ells a d CD L i  T helpe  ells is eeded. These i te a tio s 

p o ote B- ell p olife atio  a d the ig atio  f o  T- ell zo e to p i a  folli le. 

So e B- ells ill o e to the i te folli ula  zo e a d diffe e tiate i to sho t-li i g 
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a ti od  se eto  plas a ells, p o idi g a apid a ti od  espo se to the i fe tio , 

although it ill e a lo  affi it  espo se. I  o t ast, so e B ells e ai  i  the 

folli les a d fo  a ge i al e t e GC  he e ells e pe ie e a  affi it  atu atio  

p o ess. I  the ge i al e t e ea tio , ite ati e les of sele tio , p olife atio  a d 

utatio  o u  esulti g i  a sele tio  of ultiple B ell lo es ith i eased 

spe ifi it  a d affi it  to a ds the a tige  [ , ]. 

 

Figu e . : L ph ode st u tu e. Naï e B- ells e te  the l ph ode th ough the high 

e dothelial e ules i  the edulla  o ds. B- ells that i d a tige  e o e a ti ated at the 

o de  et ee  the T- ell lue  a d the B- ell ello  a eas. A ti ated B- ells the  ig ate 

i to a p i a  folli le, p olife ate a d fo  a ge i al e te . Rep odu ed f o  

Immunobiology: The Immune System in Health and Disease, 2005 (6th Edition) [ ]. 

 

Matu e GCs fo  da k a d light zo es ithi  the l ph ode. Da k zo es o tai  

i te si el  pa ked p olife ati g ells k o  as e t o lasts a d i  this a ea, B ells 

u de go so ati  h pe utatio  SHM  of thei  Ig V ge es, i ol i g the e p essio  of 

BCL  [ , ]. This p otei  a ts as a t a s iptio al ep esso  of se e al ge es of DNA 

da age espo se, i ludi g TP  [26]. The ke  e z e i  this p o ess is a ti atio -

i du ed tidi e dea i ase AID  that dea i ates tosi e esidues to u a il esulti g 

i  a do  utatio s i  the a ia le egio  of Ig ge es due to e o s i  the DNA 

epai i g a hi e  eati g o e di e sit  i  the a tige  e og itio  apa it  of 

a ti odies [27, 28]. A ala e of se siti it  to CXCL  e p essed  folli ula  de d iti  
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ells FDC  i  the light zo e a d CXCL  e p essed  st o al ells at the GC-T i te fa e 

ill p o ote the ig atio  of B- ells et ee  the da k zo e a d the light zo e 

ig atio  [ , ] Figu e . . 

 

Figure 1.4: The germinal centre microenvironment. Antigen-activated B cells differentiate into 

centroblasts that undergo clonal expansion in the dark zone of the germinal centre. During 

proliferation, the process of somatic hypermutation (SHM) introduces base-pair changes into 

the V(D)J region of the rearranged genes encoding the immunoglobulin variable region (IgV) of 

the heavy chain and light chain. Centroblasts then differentiate into centrocytes and move to 

the light zone, where their BCRs are selected if improved binding to the antigen. Otherwise 

undergo apoptosis and are eliminated. A subset of centrocytes undergoes immunoglobulin 

class-switch recombination (CSR). Cycling of centroblasts and centrocytes between dark and 

light zones seems to be mediated by a chemokine gradient, presumably established by stromal 

cells in the respective zones. Antigen-selected centrocytes eventually differentiate into memory 

B cells or plasma cells. Reproduced from Klein, et al. 2008 [31]. 

 

The light zo e is ha a te ised  the p ese e of e t o tes hi h a e B- ells it 

lo e  p olife ati e a ti it  a d s alle  size tha  e t o lasts. This a ea also i ludes 

FDC, a ophages a d T-helpe  l pho tes. Afte  the SMH p o ess i  the da k zo e, 

ells e p essi g BCRs ith high affi it  fo  a tige s a e positi el  sele ted as a esult of 

i te a tio s ith FDC i  the light zo e. I  the FDC the a tige  is held i  ati e fo  a d 
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B ells e og izi g a tige s ith a high affi it  ill e ei e su i al sig als. O e of 

these sig als is the e p essio  of BCL  a ti-apoptoti  p otei  i  positi el  sele ted B-

ells [ ]. I  o t ast, B- ells sho i g a lo  affi it  a e eli i ated  apoptosis a d 

phago tised  the folli ula  a ophages.  T-helpe  ells i  the GC e p ess toki es 

su h as IL-  a d IL-  that help egulate B- ell diffe e tiatio  [ - ]. Also, toki es 

p odu ed  a tige  spe ifi  T-helpe  ells sti ulate Ig lass-s it h i  GCs i  o de  to 

p odu e a o e spe ifi  a d effe ti e i u e espo se a o di g to the pathoge  

Figu e . . I  additio , so e h pothesis hold that i te a tio  of B ells ith a tige  

held o  FDC is the  follo ed  a tige  uptake a d p ese tatio  to lo al T helpe  ells 

i  the light zo e [ , ]. 

 

Figure 1.5: Molecular Processes Modifying the Genes Encoding Antibody Molecules. A) 

Receptor editing is a process by which an originally expressed antibody polypeptide chain, 

usually the light chain, is replaced by another one. B) Class switching process results in the 

replacement of an expressed heavy-chain constant-region gene (IgM or IgD) by a downstream 

constant-region gene, allowing expression of IgG, IgA, or IgE and therefore changing the 

effector functions of the antibody. C) The DNA sequences of the variable-region genes can be 

modified by SHM. This process introduces point mutations and occasional deletions and 

C A B
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duplications at a very high rate, specifically into the DNA of heavy- and light-chain variable-

region genes. Reproduced from Kuppers, et al. 1999 [20]. 
 

Fi all , a tige  spe ifi  B- ells diffe e tiate i to plas a ells o  e o  ells that lea e 

the ge i al e t e. The fu tio  of plas a ells is to se ete a ti odies to the 

loodst ea . So e of these plas a ells ill e o e lo g-li ed plas a ells i  the 

o e a o  i hes a d ill e a le to li e up to de ades se eti g a ti odies to the 

loodst ea  [ , ]. O  the othe  ha d, lo g-li ed e o  ells e p ess BCR ith 

so ati all  h pe utated BCR a d a spe ifi  hea  hai  fo  the a tige  IgG, IgA, IgE 

et . . Upo  a ti atio  of these ells, a apid a d spe ifi  i u e espo se ill e 

ge e ated. These ells te d to ho e to the site he e the  e e fo ed [ , ]. 

1.2.2 Cell of origin in B-cell lymphomas 

As e tio ed a o e, o -Hodgki  B- ell l pho as a e a hete oge eous g oup of 

l pho as affe ti g B ells. These l pho as a e lassified a o di g to diffe e t 

featu es, i ludi g i u ophe ot pe a d toge eti  a e atio s, ut also a o di g 

to thei  ell of o igi  [ ]. It has ee  sho  that ost B- ell l pho a su t pes a e 

de i ed f o  eithe  GC o  i ediate post-GC stage of B- ell diffe e tiatio .  A tuall , 

a o g l pho as de i ed f o  atu e B ells, u utated a ia le egio s of the Ig 

ge es ha e ee  o l  fou d i  a tle-zo e l pho as a d so e ases of B- ell 

h o i  l pho ti  leuke ia [ , ]. The so ati  utated a ia le egio  i  the BCR 

i  a l pho a i di ates that it has ee  o igi ated f o  GC o  post-GC. Also, 

l pho as a  e disti guished et ee  these t o possi ilities. I  ge i al e t e B 

ell tu ou s, o goi g so ati  utatio  of the a ia le egio  of the BCR ithi  the 

tu ou  lo e a  e o se ed, as i  the ase of folli ula  l pho a. I  o t ast, if 

i t a lo al a ia le egio  Ig ge e di e sit  is a se t, this a  i di ate that the ell of 

o igi  is a post-ge i al- e t e B ell Figu e . . The fa t that ost B- ell l pho as 

ha e thei  o igi  i  ells f o  the ge i al e t e o  post-GC suggests that the 

i oe i o e t p o ided  ge i al e t es ep ese ts a isk fo  alig a t 

t a sfo atio . I deed, oth p olife ati e e pa sio  p o esses alo g ith so ati  

h pe utatio  p o esses a d Ig lass s it hi g a e taki g pla e si ulta eousl  i  GCs. 

Failu es i  the o t ol of these p o esses ould e iti al to B- ell l pho age esis as 
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the  a  p o ote the appea a e of the ha a te isti  h o oso al t a slo atio s 

a d poi t utatio s of a  of these l pho as [ ]. Ho e e , so e h o oso al 

t a slo atio s a  o u  du i g Ig ge es ea a ge e ts i  the o e a o , pe haps 

efle ti g a  ea l  e e t i  l pho age esis [ ]. 

 

Figure 1.6: Assignment of some Human B-Cell Lymphomas and Leukemias to Their Normal B-

Cell Counterparts. Naive B cells that recognize antigen with their antigen receptors establish 

germinal centers. Germinal-center B cells that acquire affinity-increasing mutations are 

positively selected and differentiate into memory B cells or plasma cells. Acute lymphoblastic 

leukemia represents a cancer of B-cell progenitors. Lymphomas/leukemias showing no somatic 

mutations in the variable region are derived from naïve B- ells that ha e ’t u de go a  

antigen-based maturation and selection process in the germinal centres. Also, neoplasms with 

absence of intraclonal variable-region gene diversity might be derived from post-germinal-

center B cells. 

Additio all , so e B- ell l pho as su h as FL etai  the depe de  to the 

e p essio  of thei  BCR a d to the ge i al e t e i oe i o e t fo  thei  su i al 

a d g o th [ , ].  I  o t ast, othe  l pho as appea  to ha e lost this 

depe de , sho i g a o e agg essi e phe ot pe su h as is the ase ith DLBCL a d 
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BL. The efo e, the di e sit  a o g diffe e t B- ell l pho a t pes efle ts ot o l  

the ell of o igi  ut also the a ui ed so ati  utatio s of these ells [ ]. Belo  e 

dis uss e dis uss so e of the o e o o  B- ell l pho as i  o e detail. 

 

 

. . Types of non-Hodgkin B-cell lymphomas 

1.3.1 Follicular lymphoma 

Folli ula  l pho a FL  is the ost o o  i dole t o -Hodgki  l pho a NHL  

a d the se o d ost o o  NHL a ou ti g fo  ea l  % of all l pho as i  

Weste  ou t ies ith a  a ual i ide e of ,  e  ases pe  ,  ha ita ts 

[ ]. The edia  age at diag osis is  ea s old a d it is slightl  o e f e ue t i  

o e  tha  e  [ ]. The i ide e of FL, as ith othe  o -Hodgki  l pho as, is 

isi g  % pe  a u  a d hilst the easo  fo  this i ease is u lea , ight e a 

o se ue e of the i ease i  glo al life e pe ta  as the i ide e of FL i eases 

sig ifi a tl  ith age [ , ]. 

FL is lassified as a  i dole t o  lo -g ade l pho a that o o l  p ese ts as a 

pai less a d slo  p og essi e ade opath . The i itial s pto s of FL i lude pai less 

s elli g i  o e o  o e l ph odes. Ho e e , so e patie ts i  ad a e stages a  

e pe ie e so e s pto atolog  alled B s pto s i ludi g fe e  of u k o  

o igi  > ºC , ight s eats a d a ui k eight loss. E e  if the disease is highl  

espo si e to the ap , it is ge e all  o side ed i u a le a d patie ts o all  

e pe ie e elapse- e issio  les. The life e pe ta  fo  these patie ts a ies 

o side a l  a o g i di iduals ut, despite this i u a ilit , out o es a e o all  

good ith edia  o e all su i al e eedi g  ea s [ ]. E e  though, a p opo tio  

of FL patie ts ha e a high isk of death f o  the disease. App o i atel  % of FL 

patie ts ill e pe ie e t a sfo atio  to a  agg essi e l pho a, ost f e ue tl  

DLBCL, esulti g i  a poo e  p og osti  out o e of  ea s [ ]. 
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. . .  Clinical management of FL 

FL is ha a te ized  the p olife atio  of eoplasti  GC B ells, oth e t o tes a d 

e t o lasts, that follo  a ha a te isti  folli ula  patte  [ ]. The u e t histologi  

g adi g s ste  fo  FL e aluates the p opo tio  of e t o tes to e t o lasts. G ade  

is defi ed as -  e t o lasts pe  high-po e ed field, G ade  as -  e t o lasts pe  

high-po e ed field a d G ade  as >  e t o lasts pe  high-po e ed field. G ade  is 

fu the  lassified as A a d B ith the latte  ha a te ised  a  a se e of 

e t o tes [ , ]. It is idel  a epted that FL B ep ese ts a iologi all  disti t 

e tit  ith a li i al ou se o e si ila  to DLBCL. I deed, FL B is ofte  egati e fo  

t ;  a d CD  e p essio  [ , ]. 

I  additio  to o phologi al featu es, FL diag osis elies o  the i u ohisto he i al 

positi e e p essio  of BCL , BCL , CD , CD , CD a a d a egati e e p essio  ofCD  

a d CD . Positi e CD  a d CD  stai i g a e ofte  used to allo  ide tifi atio  of the 

folli ula  patte  a d the p olife ati e a ke  Ki  is useful as a  i di ato  of lo -g ade 

l pho a ge e all  < % of positi it  [ ]. Whe  the i u ophe ot pe is ot lea  

the p ese e of BCL  t a slo atio  t ; ;  is dete ted  fluo es e t i  situ 

h idizatio  FISH  [ ]. 

FL is a e  hete oge eous disease a d the p og osis a ies idel  a o g i di iduals. 

G adi g of FL a  e helpful i  dete i i g p og osis a d opti al the ap  fo  patie ts.  

Apa t f o  the histologi al g adi g, a othe  a  fo  stagi g FL disease idel  used i  

the li i  is the odified A  A o  Classifi atio  s ste  [ ]. This stagi g s ste  

lassifies FL patie ts i  fou  g oups a o di g to the deg ee of disse i atio  of the 

disease:  

 

Stage I Si gle l ph ode g oup 

Stage II Multiple l ph ode g oups o  sa e side of diaph ag  

Stage III Multiple l ph ode g oups o  oth sides of diaph ag  

Stage IV Multiple e t a odal sites o  l ph odes a d e t a odal disease 

 

The ajo it  of FL patie ts p ese t ith ad a ed disease at ti e of diag osis, a d 

o l  - % p ese t ith ea l  stage disease A  A o  I o  II  [55]. Fo  t eat e t of 
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li ited stage o  lo alized FL, lo al adiothe ap  i  the affe ted a eas esults i  lo g 

te  disease-f ee su i al a d pote tial u e. Ho e e , fo  patie ts ith a life 

e pe ta  lo e  tha   ea s a at h-a d- ait st ateg  is ofte  o e app op iate. 

I  o t ast, i  ad a ed stage FL, the t eat e t app oa h depe ds o  p ese e o  

a se e of spe ifi  s pto s i ludi g the tu o  u de  a d age of the patie t [ ]. 

The additio  of itu i a , a  a ti-CD  o o lo al a ti od , to o e tio al 

he othe ap  has sig ifi a tl  i p o ed the out o e of FL patie ts [ , ]. CD  is 

spe ifi all  e p essed i  the e a e of p e-B ells a d atu e B- ells, oth o al 

a d tu o al. T eat e t ith this o o lo al a ti od  p o otes a  i u e espo se 

agai st B- ells ith the ou d a ti od . Ho e e , the opti al he othe ap  

a k o e e ai s u de ided. The ost o o l  used he othe ap  a k o e 

egi e s a e a o i atio  of lophospha ide, i isti e a d p ed iso e CVP , 

the o i atio  of lophospha ide, do o u i i , i isti e a d p ed iso e 

CHOP , o  o l  e da usti e [ ].  

The p og osis fo  a  i di idual patie t a  e esti ated usi g The Folli ula  

L pho a I te atio al P og osti  I de  FLIPI  that su lassifies patie ts a o di g 

to fi e i depe de t p og osti  fa to  [58]: u e  of i ol ed odal sites la tate 

deh d oge ase LDH  le els, age >  ea s, stage III o  IV disease a d hae oglo i  

le els ut-off < g/dL . The FLIPI p o ides a oughl  e ual dist i utio  of patie ts 

a oss lo - isk -  fa to , i te ediate- isk  fa to s , o  high- isk >  fa to s  

atego ies. The - ea  OS ates al ulated fo  the o igi al oho t used to al ulate the 

i de  e e % lo  isk , % i te ediate isk , a d % high isk  [ ]. Ho e e , it 

should e o e i  i d that the FLIP i de  as de i ed f o  FL patie ts >  

t eated efo e the ad e t of outi e itu i a  t eat e t [59]. A  alte ati e i de , 

FLIPI-  de eloped i  the post- itu i a  e a i ludes, age >  ea s, ele ated -

i oglo uli  B M , hae oglo i  <  g/dL, o e a o  i ol e e t, a d l ph 

ode dia ete  >   as i depe de t isk fa to s fo  poo  p og essio -f ee su i al 

PFS  [ ].  
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 Figure 1.7: The clinicogenetic risk model m7-FLIPI versus FLIPI model.  Kaplan-Meier curves 

for failure-free survival by FLIPI and by m7-FLIPI. Modified from Pastore et al. 2015 [ ]. 
 

Also, o e e e tl , a li i -ge eti  odel that i teg ates the utatio al status of  

ge es EZH , ARID A, MEF B, EP , FOX , CREBBP, a d CARD  as added to FLIPI 

alled -FLIPI , a d as sho  to e o e effi ie t i  ide tif i g high isk FL 

populatio s Figu e . . Ho e e , this s ste  eeds to e alidated p ospe ti el  [ ]. 

It has ee  o se ed that o e of st o gest p edi to  of lo g-te  out o es i  FL is the 

le gth of fi st e issio  afte  a sta da d i u o he othe ap  i du tio , ith 

patie ts that e pe ie e elapse ithi   ea s ha i g the o se p og osis [ ]. 

. . .  Pathogenesis of FL 

FL a ises f o  the alig a t t a sfo atio  of o al GC B- ells. The fi st e e t of the 

o oge i  as ade is ge e all  att i uted to the h o oso al t a slo atio  

t ; ; , hi h is o side ed the ole ula  hall a k of this patholog  a d 

p ese t i  % of FL ases [ ]. This so ati  ea a ge e t is thought to e 

o se ue e of defe ti e RAG- ediated VDJ e o i atio  i  the o e a o  

du i g B- ell l phopoiesis [ , ]. The t ;  t a slo atio  leads to o stituti e 

e p essio  of the a ti-apoptoti  BCL  p otei  as the p otei  e odi g egio  of the 

ge e o es u de  o t ol of the highl  e p essed IGH p o ote  egio . Whe  these 

ai e B ells a i g the t ;  e it the o e a o , the  olo ize se o da  

l phoid tissue a d u de go a GC ea tio  the  ha e a su i al ad a tage due to thei  



1. Introduction 

 

 

 

 

o stituti e e p essio  of BCL , hi h is ot o all  e p essed i  the ge i al e te  

[ , ].  

Ho e e , ells ha ou i g t ;  a  e dete ted i  the pe iphe al lood of > % of 

health  i di iduals, suggesti g that the ea a ge e t itself is i suffi ie t fo  

alig a t t a sfo atio  a d that se o da  ge eti  alte atio s a e e ui ed [ , ]. 

These alte atio s a e likel  to e a ui ed du i g the SHM p o ess i  ge i al e t es 

[ ]. I  additio , so e e u e t h o oso al a o alities a e also o o  i  FL 

su h as losses of p  a d  as ell as gai s of ,  a d X [ , ]. A al sis of ge es 

o tai ed i  deleted egio s has led to ide tifi atio  of iti al tu ou  supp esso s 

su h as EPHA  a d TNFRSF  [ , ].  

Mutatio s i  histo e- odif i g ge es ha e also ee  fou d to e ha a te isti  of 

ge i al e t e de i ed l pho as su h as FL. Mutatio s i  h o ati - odif i g 

ge es o u  ith high f e ue , affe ti g histo e eth lt a sfe ases, histo e 

a et lt a sfe ases o  histo e li ke  p otei s, suggesti g that these utatio s a t i  

o e t, athe  tha  i depe de tl , to p o ote l pho age esis. Fo  e a ple, 

t u ati g a d isse se utatio s affe ti g KMT D a e o se ed i  - % of FL 

ases a d loss of KMT D esults i  de eased glo al H K  eth latio  le els a d 

do - egulatio  of ke  sets of ge es i ol ed i  i u e sig alli g a d B ell 

diffe e tiatio  [ , ]. Also, i a ti ati g utatio s of CREBBP a d EP  

a et lt a sfe ases a e f e ue tl  fou d i  FL a  ha e a  i pa t o  glo al ge e 

e p essio  [ ]. Gai -of-fu tio  utatio s of EZH  i ease ge e ep essio  ia 

e ha ed H K  t i eth latio  a d this t a s iptio al p ofile fa ou s p olife atio  of 

l pho a ells a d esults also i  ep essio  of plas a ell diffe e tiatio  sig atu es 

[ ]. EZH  is a ell ha a te ized histo e eth lt a fe ase i  l pho a. It is the 

atal ti  su u it of the Pol o  Rep essi e Co ple   PRC , hi h is espo si le i  

ph siologi al o ditio s, fo  health  e o i  de elop e t th ough the epige eti  

ai te a e of ge es espo si le fo  egulati g de elop e t a d diffe e tiatio [ ]. 

EZH  has ee  sho  up egulated i  B ells du i g the ge i al e t e ea tio  

p o oti g ell p olife atio  [ ]. A ti ati g so ati  utatio s i  the atal ti  SET 

do ai  of EZH  ha e ee  ide tified i  o e tha  % of folli ula  l pho a patie ts 

a d ha e ee  suggested as ea l  e e ts i  FL [ ]. 
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Si ila l , f e ue t so ati  utatio s i  MEF B t a s iptio  fa to  ha e ee  also 

ide tified a d esult i  a  e ha ed t a s iptio al a ti it . MEF B has ee  des i ed 

as a t a s iptio al a ti ato  of BCL , the efo e, this e ha is  a  o t i ute to 

l pho age esis as BCL  pla s a ke  ole i  ge i al e t es fo atio  a d 

ai te a e a d is f e ue tl  o e e p essed i  FL [ ]. I  additio , utatio s 

affe ti g ge es i ol ed i  i u e odulatio  B M, CD , TNFRSF , JAK-STAT 

sig alli g SOCS  a d STAT , BCR/NF- B sig alli g BCL , CARD , CD B  a d TOR 

sig alli g RRAGC  ha e ee  epo ted [ , ].  

I  additio  to the tu ou  ells the sel es, the i oe i o e t pla s a u ial ole i  

FL pathoge esis. This is highlighted  the fa t that alig a t FL ells a e u a le to 

g o  i  it o i  the a se e of e t i si  su i al sig als [ , ]. FL tu ou s a e highl  

i filt ated  o - alig a t ells that a e o all  p ese t i  ge i al e t es i  

ph siologi al o ditio s. FL ells etai  depe de  o  BCR e p essio . The efo e, ells 

f o  the i oe i o e t suppo t thei  p olife atio  a d su i al. SHM i  FL ells a  

i t odu e alte atio s i  the a ia le egio  of BCR, aki g the  o e ea ti e a d 

allo i g the i te a tio  ith GC i oe i o e t ells e e  i  the a se e of 

a tige  p ese tatio  [ ]. I  additio , it has ee  sho  that the e p essio  p ofile of 

i filt ati g T l pho tes is diffe e t et ee  the o es p ese t i  FL tu ou s a d i  

health  i di iduals. T helpe  l pho tes a e sig ifi a tl  e i hed i  FL tu ou s 

sti ulati g CD  sig alli g a d se eati g IL  to p o ote tu o  ell su i al a d 

g o th [ - ] suggesti g that tu o  ells e-edu ate  the tu o  i oe i o e t. 

. . .  High grade transformation  

App o i atel  % of FL patie ts ill e pe ie e histologi al t a sfo atio  to a o e 

agg essi e t pe of l pho a, te ed t a sfo ed FL tFL , d asti all  edu i g thei  

life e pe ta  f o  edia  o e all su i al of  ea s to just o e   ea s [ ]. 

T a sfo atio  is also asso iated ith a o e agg essi e li i al ou se, a d esista e 

to t eat e t. The o u e e of high-g ade t a sfo atio  is la gel  diag osed o  the 

asis of histologi al featu es. Most o o l  this is defi ed  the p opo tio  of la ge 

ells i filt ati g the l ph odes i easi g leadi g to effa e e t of folli ula  

a hite tu e a d e o i g o e ha a te isti  of DLBCL o pholog  Figu e . . The 

si ulta eous p ese e of FL a d DLBCL i  the sa e i itial diag osti  iops  ep ese ts 
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a o posite histolog  hi h i plies ut does ot e essa il  o fi  a  ea l  

t a sfo atio  of FL [ ]. Fo  this o fi atio , a de o st atio  of a lo al 

elatio ship et ee  the o igi al FL a d su se ue t eoplas s is e ui ed. This a  e 

esta lished  a al si g the a ia le egio  of Ig ge e a d sho i g that the  sha e a 

a k o e of o o  so ati  utatio s [ ].  

 

 

 

Figu e . : Histologi al t a sfo atio  of FL to DLBCL. The figu e sho s the t pi al folli ula  

patte  of a FL tu ou  e sus a diffuse a hite tu e afte  histologi al t a sfo atio  ith a 

high p opo tio  of i filt ati g la ge ells. Modified f o  Lossos, et al.  [ ]. 

 

FL t a sfo atio  does ot o u  due to a si gle ge eti  o  epige eti  e e t, ut 

appea s to a ise th ough a su set of a uisitio s of ge eti  a e atio s. tFL tu o s a e 

t pi all  ge eti all  o e o ple  tha  to thei  a te ede t folli ula  l pho a 

tu ou s [ ]. FL t a sfo atio  is asso iated ith alte atio s that de egulate ell- le 

p og essio  a d DNA da age espo se ge es su h as CDKN A/B, TP  a d MYC. The 

o oge e MYC, i  pa ti ula , a  e de egulated i  a u e  of a s i ludi g op  

u e  a plifi atio s, poi t utatio s a d t a slo atio s [ ]. I  additio , a uisitio  

of so ati  utatio s affe ti g egulato s of NF- B sig alli g su h as i  MYD  a d 

TNFAIP  has ee  asso iated ith t a sfo atio  [ ]. These utatio s a e t pi all  

asso iated ith a  a ti ated B- ell-like ABC  phe ot pe [ , ]. I  o t ast to this, 

the ell of o igi  of tFL is lassified as a ge i al e t e B- ell-like GCB  phe ot pe i  

app o i atel  % of ases [ ]. A e atio s i  BCL , CIITA, PAX , PIM , B M, EBF  

a d TNFRSF  a e ota l  i eased i  tFL [ , , ], as ell as utatio s i  BCL  

that ha e ee  sho  i eased at t a sfo atio  a d o elate ith a highe  isk of 
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death [ ]. T a sfo atio  has also ee  suggested to o u  f o  the lo al e pa sio  

of i o  su lo es that e o e do i a t u de  st o g sele ti e p essu e [ ]. 

A o di g to this h pothesis, t a sfo atio  esults f o  di e ge t lo al e olutio  

he e  oth FL a d t a sfo ed FL tFL  do i a t lo es de i e f o  a o o  

p oge ito  ell th ough the i depe de t a uisitio  of disti t utatio s [ ]. 

Cu e tl  the e a e o io a ke s to p edi t those patie ts that a e at isk of 

t a sfo atio . The ide tifi atio  of su h io a ke s ould g eatl  i p o e the 

out o e fo  these patie ts  allo i g the  to e t eated ith o e agg essi e 

the ap  upf o t. 

1.3.2 Diffuse Large B-Cell Lymphoma (DLBCL) 

Diffuse La ge B Cell L pho a DLBCL  is the ost o o  t pe of l pho a 

a ou ti g fo  % of all l pho as i  Weste  ou t ies ith a  a ual i ide e of 

.  e  ases pe  ,  ha ita ts. The edia  age at ti e of diag osis is  ea s 

old ith a slight ale p edo i a e. Si ila  to FL, the i ide e of DLBCL also 

i eases ith age Figu e .  [ ].  

 

 

Figu e . : Age-spe ifi  i ide e of FL a d DLBCL. I ide e ates pe  ,  i ha ita ts. 

Data f o  Hae atologi al Malig a  Resea h Net o k HMRN  – . Modified f o  

S ith A, et al.  [ ].  

 

Cli i all , ost patie ts p ese t ith a apidl  g o i g tu ou  ass i ol i g o e o  

o e l ph odes a d e t a odal sites ~ % of patie ts . A out half of patie ts 



1. Introduction 

 

 

 

 

p ese t ith stage I-II disease a d the othe  half ith ad a e disease o  stage III-IV 

a o di g to A  A o  stagi g s ste . I  additio , app o i atel  o e-thi d of patie ts 

p ese t ith asso iated B s pto s i.e. fe e , eight loss a d ight s eats , a d 

so e patie ts ith s pto s asso iated ith o ga s  i ol e e t. The f e ue  of 

o e a o  i ol e e t i  DLBCL is - % a d is asso iated ith a o se o e all 

su i al [98]. I eased le els of se u  la tase deh d oge ase LDH  a d eta- -

i oglo uli  B M  a e ofte  fou d i  DLBCL patie ts [ ].  

The sta da d the ap  fo  patie ts ith DLBCL is he othe ap , ased o  itu i a , 

lophospha ide, do o u i i , i isti e a d p ed iso e R-CHOP . Usi g this 

the apeuti  app oa h a ou d - % of patie ts a e u ed. Ho e e , - % of the  

ill elapse o  e o e ef a to  to R-CHOP t eat e t se iousl  o p o isi g thei  

out o e [ ].  

. . .  Diagnosis, molecular classification and prognosis molecular 
predictors 

DLBCL is ha a te ised at the o phologi al le el  la ge eoplasti  ells ith a high 

p olife ati e i de  a a ged i  a diffuse patte  that totall  o  pa tiall  effa es o al 

l ph ode a hite tu e. Th ee o phologi al a ia ts a  e disti guished: 

e t o lasti , i u o lasti  a d a aplasti , the ost o o  ei g the e t o lasti  

a ia t % of patie ts  [ ]. DLBCL is diag osed ith a iops  of a  affe ted l ph 

ode o  f o  e t aga glio a  affe ted tissue that is i u ophe ot ped  eithe  

i u ohisto he ist  o  flo  to et  usi g the B ell li age a ke s CD , CD , 

CD  a d CD A a d ofte  the additio al a ke s, CD , CD , BCL , IRF /MUM , -

MYC, BCL , ki  > %  a d CD  [ , ]. 

DLBCL is li i all  a hete oge ous disease that is efle ted at the ole ula  le el  

ge e e p essio  p ofili g GEP  i oa a  studies. The se i al o k of Alizadeh et al 

i   fi st e ealed that DLBCL ases ould e di ided i to t o disti t ole ula  

su t pes, ge i al e t e B- ell like GCB  a d a ti ated B- ell like ABC  as ell as a 

s all u lassifi a le su g oup [ ]. These t o ole ula l  disti t fo s of DLBCL 

ha e ge e e p essio  patte s i di ati e of diffe e t stages of B- ell diffe e tiatio . 

Fu the o e, this stud  sho ed that the ole ula  su t pes e e also p og osti all  
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sig ifi a t a d that patie ts ith GCB-de i ed disease had a ette  o e all su i al 

tha  o -GCB patie ts. O  the asis of this stud  a d the a  o fi ato  studies 

that follo ed, the e ised WHO lassifi atio  e o e ds assessi g the ell of o igi  

fo  all DLBCL ases [ ]. Ho e e , this i fo atio  is ot et li i all  ele a t as, ith 

the e eptio  of li i al t ials, the sa e the apeuti  st ategies a e used i depe de tl  

of the ole ula  su t pe. The high osts a d e essit  of f esh o  f esh f oze  ate ial 

fo  i oa a  te h olog  ea s that GEP ole ula  lassifi atio  is out of ea h fo  

ost outi e li i s. As a esult, a ious i u ohisto he i al IHC  algo ith s ha e 

ee  de eloped as su ogates fo  GEP to p edi t the ell-of-o igi  of DLBCL ases. 

A o g those, the Ha s algo ith  is the ost o o l  used [ ]. This s ste  

e plo s CD , BCL  a d MUM  e p essio  usi g % positi it  ut-offs to lassif  

et ee  GCB a d o -GCB tu ou s a o di g to the follo i g s he a Figu e . : 

 

 

Figu e . : Ha s algo ith , a o di g to CD , BCL-  a d MUM  e p essio . 

The Ha s algo ith  ho e e  is ot pa ti ula l  a u ate, ith a o o da e of % 

ith ell of o igi  dete ted  GEP. Co se ue tl , othe  algo ith s ha e ee  

p oposed ith i p o ed o o da e to GEP lassifi atio  of up to %. These 

algo ith s use additio al a ti odies agai st of the GC- a ke  SERPINA9 (GCET  a d 

ABC- a ke  FOXP  [ , ]. Ho e e , these alte ati es a e ot i  idesp ead use 

et p o a l  as a esult of the asso iated additio al osts of the e t a stai i g e ui ed. 

DLBCL tu ou s usuall  p ese t a o ple  ka ot pe a d the FISH te h i ue is 

ge e all  the ethod of hoi e e aluati g the p ese e of h o oso al 

ea a ge e ts. Most o o l , pa affi  e edded tissue se tio s a e used fo  

assessi g ea a ge e ts i  BCL , MYC a d BCL  hi h a e the ajo  t a slo atio s i  

DLBCL. I  a out % of ases BCL , e oded at h o oso e  is ju taposed ith 
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IGH lo ated o  h o oso e , although BCL  a  also e t a sposed to othe  

lo i. Fo  e a ple, IGH-BCL  t a slo atio  t ; ;  is also o se ed i  - % 

of ases as ell as t a slo atio s i ol i g MYC at  i  - % of ases, that is  

asso iated ith high-g ade o phologi al featu es a d ad p og osis [ ]. Si ila l , 

so e studies ha e sho  that MYC a plifi atio s ha e a egati e i pa t o  o e all 

su i al e e  if the deg ee of egati e p og osis is less tha  ith the ea a ge e t 

[ , ]. BCL  ea a ge e ts also see  to o elate ith poo e  p og osis i  

patie ts ith GCB su t pe, ut ot i  patie ts ith o -GCB su t pe he e the 

f e ue  is e  lo  o  i  the o e all DLBCL patie t g oup [ ].  

Those diseases ith MYC a d a othe  o oge e ea a ge e t, usuall  BCL  ut less 

ofte  BCL  a d a el  BCL  o  CCND , a e k o  as dou le hit l pho as DHL . 

Cases ith ea a ge e ts of MYC, BCL , a d BCL  a e k o  as t iple hit l pho a 

THL  [ ]. Pa ado i all , e e  if the  sho  agg essi e li i al ou ses, ea l  all ases 

of MYC/BCL  DHL a d MYC/BCL /BCL  THL ha e a GCB ell-of-o igi  [ ]. Also, so e 

DLBCL ases ithout t a slo atio s a  o e e p ess these o oge es. Dou le 

e p esso  l pho as DEL  a e defi ed as l pho as i  hi h MYC a d BCL  a e 

o e e p essed, ut ot due to t a slo atio  a d ep ese t - % of all DLBCL ases.  

The  a e also asso iated ith poo  p og osis a d the  a e o e o o  i  ABC/ o -

GCB g oup [ , ]. Othe  io a ke s fo  p og osis i  DLBCL a e the e p essio  of 

CD , hi h is p ese t i  – % of ases, a d it is ofte  asso iated ith agg essi e 

li i al eha iou  a d poo  su i al he  t eated ith R-CHOP the ap . These patie ts 

ha e ofte  a o ple  ka ot pe a d a e usuall  a  ABC/ o -GCB t pe [ ]. Also, 

utatio s i  TP  ha e ee  sho  to e a  i depe de t p edi to  of poo e  

p og osis. These utatio s a e p ese t i  a out % of ases of DLBCL a d o u  i  a 

si ila  f e ue  et ee  GCB a d ABC/ o -GCB t pe [ ]. O  the othe  ha d, CD  

e p essio  – % of ases  has ee  sho  to o elate ith ette  p og osis [ ].  

O e all, fo  all these easo s, the  updated e sio  of WHO lassifi atio  

e o e ds assessi g i  the i u ohisto he ist  pa el at the ti e of diag osis the 

follo i g:  the t pe of l pho a a o di g to the ell of o igi  GCB s o -GCB  

usi g Ha s algo ith  as p e iousl  e plai ed,  the e p essio  of MYC a d BCL  

dou le e p esso s  as a  ad e se p og osti  fa to , a d  the e p essio  of CD  as 
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a  ad e se p og osti  fa to . I  additio , TP  a d CD  e p essio  a  also e 

e aluated as p og osis fa to s. I  those ases ith -MYC o e e p essio , assessi g the 

p ese e of t a slo atio s of -MYC usi g FISH is e o e ded. If the esult is 

positi e, the p ese e of ea a ge e ts i  BCL  a d BCL  should also e assessed [ ]. 

. . .  Prognostic assessment and treatment 

I   the i te atio al p og osti  i de  IPI  as de eloped to st atif  isk fo  

patie ts diag osed ith DLBCL. The IPI i ludes fi e a ia les hi h a e ad e se 

p og osti  fa to s: disease stage, age, pe fo a e status, se u  LDH le els a d the 

p ese e o  a se e of ultiple e t a odal sites affe ted. The IPI s o e di ides DLBCL 

patie ts i to fou  isk g oups: lo  isk -  fa to s , lo /i te ediate isk  fa to s , 

i te ediate/high isk  fa to s  a d high isk -  fa to s  [ ]. Ho e e , itu i a  

has g eatl  i p o ed the out o e of patie ts ith DLBCL a d as a esult the IPI s o e 

lost so e of its p og osti  po e . The Natio al Ca e  Ce t e Net o k NCCN  

p oposed a  e ha ed IPI s ste  hi h st atifies isk i  DLBCL patie ts o e 

a u atel  i  the he oi u othe ap  e a Figu e . . The NCCN-IPI efi ed 

atego izatio  of age a d LDH, a d the ide tifi atio  of disease i ol e e t at spe ifi  

e t a odal sites. This s ste  has a a i u  total s o e of  poi ts a d a  st atif  

DLBCL patie ts i to fou  disti t isk g oups: lo  -  poi t ; lo -i te ediate -  

poi ts ; high-i te ediate -  poi ts ; a d high ≥  poi ts  Ta le .  [ ]. 

 

Ta le . : P og osis st atifi atio  of DLBCL a o di g to IPI a d NCCN-IPI s o es. LDH la tase 

deh d oge ase , CNS e t al e ous s ste , GI gast oi testi al . *  ECOG pe fo a e 

status easu es ho  disease affe ts the dail  li i g a ilities of patie ts [ ]. 
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Figu e . : Risk st atifi atio  po e  of the t o isk fa to  i de es NCCN-IPI s IPI . 

Co pa ed ith the IPI, the NCCN-IPI ette  dis i i ated lo - a d high- isk su g oups - ea  

o e all su i al [OS]: % s %  tha  the IPI - ea  OS: % s % , espe ti el . =  

patie ts . NCCN-IPI is o e po e ful tha  the IPI fo  p edi ti g su i al i  the itu i a  e a. 

Rep odu ed f o  Zhou, et al.  [ ]. 

As p e iousl  e tio ed, the sta da d f o tli e the ap  fo  patie ts ith DLBCL is 

he othe ap  ith R-CHOP. The u e t a age e t p oto ol of patie ts is ased o  

the isk fa to s i ludi g the IPI s o e, alo g ith the deg ee of disse i atio  of the 

disease. I  app o i atel  % of ases, DLBCL is p ese ted as li ited-stage disease, 

t pi all  defi ed as A  A o  stage I o  II, o - ulk  a d ithout B-s pto s. 

Histo i all , the ap  elied o  a o i ed odalit  of a e iated he othe ap  

follo ed  i ol ed-field adiothe ap  IFRT . Ho e e , the use of adiothe ap  did t 

i p o e o e all su i al fo  these patie ts a d the efo e, sole use of he othe ap  

t eat e t is e o e ded [ ]. Th ee to fou  les of R-CHOP follo ed losel   

IFRT, o  si  les of R-CHOP he oi u othe ap  a e the e o e ded egi e  fo  

these patie ts [ ]. Whe  disse i ated disease is diag osed, s ste i  

he oi u othe ap  R-CHOP  ad i iste ed e e   da s is the sta da d t eat e t 

[ ].  

The CD  a ti od  Ritu i a  has d a ati all  i p o ed the out o e of DLBCL 

patie ts, a d he  o i ed ith CHOP he othe ap  R-CHOP , patie ts i  all isk 

g oups ha e de o st ated e efit i  o e all su i al [ ]. Ho e e , t eat e t failu e 

still o u s. Fo  those patie ts ith elapsed/ ef a to  DLBCL, ep ese ti g - % of 

patie ts, high-dose he othe ap  a d autologous ste  ell t a spla tatio  ASCT  is 

the sta da d app oa h. This se o d-li e he othe ap  ofte  goes i  o i atio  ith 
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itu i a  [ ]. Fo  patie ts ho a e ot a didates fo  ASCT e ause of age o  

o o idities, palliati e he othe ap  should e o side ed. Alte ati el , e ol e t 

i  li i al t ials of e  ta geted the apies ight e i di ated. 

The efo e, the e is a lea  eed of ide tif i g e  io a ke s to p o ote a ette  isk 

st atifi atio  of DLBCL patie ts as ell as io a ke s fo  espo se to the ap , to k o  

hi h patie ts ill do ell ith R-CHOP e sus hi h o es ill e efit f o  o e 

agg essi e t eat e t egi e s. Fo  e a ple, dose adjusted itu i a , etoposide, 

p ed iso e, i isti e, lophospha ide, a d do o u i i  R-EPOCH  o pa ed ith 

sta da d R-CHOP as a fi st li e i u o he othe ap  esulted i  i p o i g the 

out o e i  DHL patie ts [ ]. O  the othe  ha d, i estigati g the iolog  of the 

disease is u ial to de elop o el ta geted age ts agai st spe ifi  ole ula  

alte atio s. Altogethe , ha i g a ette  u de sta di g of the pathoge esis of DLBCL ill 

e t a slate i to de elopi g ette  tools to fa ilitate t eat e t de isio s allo i g a 

t a sitio  to a ds a o e pe so alized li i al a age e t of patie ts as ell as 

i p o i g the apeuti  st ategies.  

. . .  Pathogenesis DLBCL and novel therapies 

DLBCL a  e lassified i to t o diffe e t ole ula  su g oups a o di g to thei  ell 

of o igi  a d ge e e p essio  p ofile. The efo e, it is ot su p isi g that these 

su g oups diffe  i  the ole ula  e ha is s leadi g to l pho age esis. GCB-t pe 

DLBCL, i  o o  ith FL, o igi ates f o  GC B- ells, so its pathoge esis is i ti atel  

li ked to the iolog  of the GC ea tio . So ati  utatio s o o  to FL a e also 

fou d i  GC-t pe DLBCL su h as epige eti  odifie  p otei s EZH , EP , CREBBP a d 

KMT D [ , ]. 

U de  ph siologi al o ditio s, EZH  pla s a  esse tial ole i  the GC fo atio . This 

p o ess fa ou s the p olife atio  of e t o lasts a d the lo kade of te i al 

diffe e tiatio . This histo e eth lt a sfe ase is up egulated i  e t o lasts ithi  the 

GC p o oti g t a s iptio al sile i g of the ge es e ui ed fo  e o  a d plas a 

ell diffe e tiatio  su h as IRF  a d PRDM  as ell as of he kpoi t egulato s su h as 

CDKN A a d CDKN B [ ]. Misse se utatio s i  EZH  o u  i  . % of patie ts ith 

GCB-DLBCL ut a e a se t i  ABC-DLBCL [ ]. This ight e e ause EZH  ep esses 
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the ge i al e t e B- ell e it. These utatio s a e al a s hete oz gous a d a e 

lo ated i  the EZH  atal ti  SET do ai . The ast ajo it  of the  affe t Y  odo  

[ ]. Whe eas ild t pe EZH  ediates o o- a d di- eth latio  of H K , the Y  

uta t is o e effi ie t at addi g a thi d eth l g oup. Fo  this easo , these 

utatio s a e o side ed a ti ati g utatio s [ , ]. Si ila l , so ati  isse se 

a d o se se utatio s of KMT D histo e eth lt a sfe ase o u  i  - % of 

DLBCL patie ts. These utatio s esult i  loss of fu tio  a d a  dis upt the atal ti  

SET do ai  of this p otei  [ , ]. I  additio , EP  a d CREBBP histo e 

a et lt a sfe ases a e o o l  utated i  GCB DLBCL, ith utatio  ates of - % 

a d - % espe ti el  [ ].  EP  utatio s a e usuall  hete oz gous a d 

ge e all  dis upt the HAT do ai  p o oti g a atal ti all  i a ti e e z e. EP  is a 

di e t ta get fo  BCL  so is h pothesised to fu tio  as a tu o  supp esso  p otei  i  

DLBCL [ ]. Si ila  to EP , CREBBP utatio s a e usuall  i a ti ati g utatio s 

that pe tu  the HAT do ai  [ ].  

I  o t ast, NF- B a ti atio  th ough the lassi al path a  is a hall a k of the ABC-

DLBCL su t pe [131]. I  B ells NF- B sig alli g o u s do st ea  of the a ti atio  of 

a ious e epto  ole ules i ludi g BCR, CD  a d so e Toll-like e epto s TLRs  

[132, 133]. The NF-KB path a  a tago izes the apoptoti  a tio  of he othe ap  

e plai i g h  ABC is o e ef a to  to he othe ap  [ ].  Mutatio s p o oti g 

the a ti atio  of this sig alli g path a  a e o o  featu es of ABC-DLBCL. Fo  

e a ple, CARD -a ti ati g utatio s a e p ese t i  app o i atel  % of ABC-DLBCL 

tu o s [ , ].  CARD  is a e e  of CBM o ple  hi h is e ui ed fo  the 

a ti atio  of the lassi al NF- B path a . These utatio s o fe  h pe se siti it  to 

upst ea  sig als. I  additio , utatio s affe ti g BCR sig alli g upst ea  to NF- B 

sig alli g  a e f e ue t ith % of ABC-DLBCL ases o tai i g utatio s i  the BCR 

e epto  su u its, CD A a d CD B [ ].  Upo  a tige  e ou te  a d BCR 

luste i g, CD A a d CD B t a s it a ti atio  sig als to a a iet  of do st ea  

sig alli g path a s leadi g to ell su i al a d p olife atio . Mutatio s i  these ge es 

p o ote h o i  a ti atio  of the BCR e epto . Si ila l , e u e t gai -of-fu tio  

utatio s i  MYD  adapte  p otei  of TLR  a e p ese t i  % ABC tu o s a d esult 

i  a ti atio  of NF- B a ti it  [ ]. Ge eti  a d fu tio al data suggest that h o i all  
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a ti e BCR sig alli g a d MYD -depe de t sig alli g oope ate to sustai  the su i al 

of ABC-DLBCL tu o  ells [ ].  I  additio , ABC-DLBCL is a post-GC l pho a so the 

plas a ti  diffe e tiatio  is lo ked at plas a last stage. This lo kade is a hie ed  

i a ti ati g BLIMP1 t a s iptio al fa to  hi h is e essa  fo  d i i g atu e B ells 

i to te i al diffe e tiatio  [ ].  

So ati  utatio s o o  to oth DLBCL su t pes i lude i a ti ati g utatio s of 

TP , ge es i ol ed i  i u osu eilla e B M, CD , a d o oge i  a ti atio  of 

BCL  [ ]. Apa t f o  so ati  poi t utatio s h o oso i  ea a ge e ts a e also 

o o  featu e i  DLBCL. O e e p essio  of the t a s iptio al fa to  -MYC oth  

ge e a plifi atio  o  t a slo atio  a d ofte  o fe s agg essi e li i al eha iou  as 

p e iousl  e tio ed. I  GCs, -MYC is e p essed i  the light zo e ut o pletel  

supp essed i  p olife ati g GC e t o lasts i  the da k zo e. E p essio  of -MYC is 

e ui ed fo  e-e te i g the da k zo e fo  additio al ou ds of positi e sele tio  ithi  

the GC ea tio . I  i dole t l pho as su h as FL, a uisitio  of -

MYC ea a ge e t usuall  esults i  t a sfo atio  i to highl  agg essi e l pho as 

[ ]. Si ila  to FL, othe  o oge e ea a ge e ts a e also o o  i  DLBCL su h as 

BCL  a d BCL  ea a ge e ts,  the latte  ei g o e f e ue t i  GCB-DLBCL tha  FL 

[ ]. 

The dis o e  of these iologi al featu es has p o oted the de elop e t of ta geted 

d ugs a d thei  i t odu tio  fo  the t eat e t of DLBCL u e tl  est i ted to li i al 

t ials. D ugs ta geti g o po e ts of the NF- B path a , o stituati el  a ti e i  ABC-

t pe DBCL, i lude Bo tezo i  o  I uti i . Bo tezo i  is a p oteoso e i hi ito  that 

e a les the a est of IkB deg adatio  a d o se ue tl  the NF- B path a  [ ]. 

I uti i , i  o t ast, ta gets BTK a spe ifi  t osi e ki ase of the NF- B path a  [ ]. 

Additio all , le alido ide, a  a alogue of thalido ide, is a  o al i u o odulato  

d ug that i hi its the p odu tio  of e tai  p o i fla ato  toki es su h as TNF-α, 

IL- , IL-  a d IL-  [ ]. Le alido ide has ee  app o ed fo  elod splasi  

s d o e MDS  a d elo a a d has sho  p o isi g data of effi a  a d safet  i  

elapse/ ef a to  DLBCL patie ts [ ].  Othe  p o isi g d ugs u de  stud  i lude 

E e oli us, a  TOR path a  i hi ito , Ve to la , a BCL  i hi ito , a d taze etostat, 

a  EZH  i hi ito  e ie ed i  [ ] . Also, othe  p o isi gg the apies fo  DLBCL 
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t eat e t i lude i u othe ap  su h as the apeuti  lo kade of i u e 

he kpoi ts [i  pa ti ula  toto i  T l pho te-asso iated p otei   CTLA-  a d 

p og a ed ell death p otei   path a  PD- /PD-L ] as ell as CAR T ell the ap  

[ ]. Also, the apies ased o  i oRNA ta geti g see  p o isi g st ategies [ -

]. 

 

. . MicroRNAs 

1.4.1 History 

The histo  of i oRNAs iRNAs  sta ted i   he  t o i depe de t g oups that 

e e i estigati g li -li  i te a tio s i  eu al de elop e t of Cae o ha ditis 

elega s ade so e i te esti g o se atio s. Lee a d olleagues de o st ated that 

the ge o i  lo us o tai i g li - , although fu tio al a d e oded fo  t o s all 

t a s ipts of  a d t, did ot e ode fo  a p otei  [ ]. At the sa e ti e, the 

Ru ku  la  ide tified o ple e ta  egio s to the li -  t a s ipts i  the 

'u t a slated egio  UTR  of the li -  ge e [ ], esta lishi g a o el post-

t a s iptio al egulato  e ha is  i ol i g o - odi g RNAs that a  odulate 

ge e e p essio   di e t i di g to the ' UTR egio  of ge es. 

I  , a othe  ge e i  e atodes, lethal-  let-  elated to de elop e t as 

dis o e ed hi h e oded a  u leotide o - odi g RNA athe  tha  a p otei  

p odu t [ , ]. Late  that ea , Pas ui elli et al. ide tified let-  ge e ho ologues 

i  othe  a  a i al spe ies, i ludi g hu a s, a d that the de elop e tal 

egulatio  ediated  this iRNA as highl  o se ed [ ]. Su se ue t studies 

suppo ted the idea that iRNAs e e i deed o se ed th ough e olutio  suggesti g 

that the  ould e a ge e al ge e egulato  e ha is  i  euka otes [ - ]. 

1.4.2 Biogenesis 

MiRNA ioge esis is a o t olled a d se ue tial p o ess o e i g diffe e t steps 

sta ti g at p i a  t a s ipts a d e di g i  a atu e a d fu tio al iRNA. MiRNA 

ge es a e idel  lo ated th oughout the ge o e. It is esti ated that app o i atel  
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% of iRNAs a e e p essed f o  o -p otei  odi g t a s ipts. It is f e ue t that 

luste s of iRNAs a e t a s i ed pol ist o i all  [ ]. Also, a  iRNA ge es a e 

lo ated i  i t o i  egio s of p otei  odi g ge es a d a e ge e all  o-t a s i ed 

ith thei  host ge es a d p o essed sepa atel  [ ].  

MiRNAs a e i itiall  t a s i ed  RNA pol e ase II as lo g se e al hu d ed 

u leotides  p i a  iRNAs p i- iRNAs  o tai i g ste -loop st u tu es ith a -

gua osi e ap a d a  pol ade lated tail a d. This p i- iRNA is the  p o essed i to 

-  u leotide-lo g p e u so  iRNA p e- iRNA  ith a hai pi  st u tu e. This 

p o essi g takes pla e i  the u leus  a  RNase III e z e alled D osha [ ]. 

D osha di e izes ith the ofa to  p otei  DGCR  to fo  a fu tio al o ple  [ ]. 

The p e- iRNA, ith a  phosphate a d a sho t  o e ha g, is the  e po ted i to the 

toplas   e po ti   XPO  i  a Ra -GTP depe de t a e  [162, 163]. I  the 

toplas , p e- iRNAs a e p o essed i to atu e ̴  u leotide-lo g iRNA 

as et i  duple es  a othe  RNase III e z e alled Di e  [164, 165]. Si ila  to 

D osha, ofa to s su h as TRBP a d PACT a e e essa  fo  Di e  a ti it  [166]. The 

duple  hi h is fo ed  the atu e iRNA se ue e, o  guide st a d, a d the 

a tise se passe ge  st a d, also k o  as iRNA* is the  asso iated to A go aute 

Ago  p otei s. The a tise se st a d is usuall  deg aded, despite the e a e so e 

studies that epo t a tise se guide a  e also fu tio al [ , ]. At this poi t, Ago, 

TRBP a d Di e  p otei s togethe  ith the iRNA a e asse led to eate the RNA-

i du ed sile i g o ple  RISC  he e Ago p otei s a e the atal ti  o po e t of 

the o ple  [ , ]. This o ple  is guided  the iRNA se ue e to ta get 

se ue es hi h a e usuall  lo ated i  the 'UTR of the ta get ge e RNA ut iRNAs 

a  also ta get 'UTR se ue es a d se ue es i  odi g egio s [ , ] Figu e 

. .  
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Figure 1.12: MiRNA biogenesis. Pri-miRNAs are transcribed and cleaved to pre-miRNA trough 

Drosha-DGCR8 complex. Pre-miRNAs are then exported to the cytoplasm by Exportin 5 and 

further cleaved by Dicer. Finally, mature sequences are biologically functional to modify gene 

expression. Modified from Lawrie CH, et al. 2007 [173]. 

 

Although ost iRNAs a e ge e ated  the a o i al path a , the e a e also 

alte ati e iRNA ioge esis path a s. The ajo it  of these path a s a e 

D osha/DGCR -i depe de t hi h a  ge e ate p e- iRNA-like hai pi s that a  e 

e og ized  Xpo  a d Di e . This is the ase ith i t o s hi h a e sho t i t o i  

hai pi s e ised  spli i g a d the  de a hed. Be ause of thei  s all size de i ed 

f o  s all i t o s  the  pass the D osha-p o essi g step e e  if the  usuall  eed to 

e t i ed  u leases efo e ei g e po t i to the toplas  [ , ]. Si ila l , 

othe  s all RNA spe ies su h as s oRNA-de i ed iRNAs o  tRNaseZ-de i ed iRNAs 

a  also skip D osha p o essi g a d e te  i  the a o i al ioge esis path a  [ ]. A 

D osha/DGCR -depe de t ut Di e -i depe de t ioge esis st ateg  has ee  

epo ted fo  the o se ed e te ate iRNA iR- . Si ila  to o e tio al 

iRNAs, the p i- iR-  is su je ted to D osha/DGCR -p o essi g, esulti g i  a p e-

iR-  hai pi  st u tu e ith a sho t   ̴  p le gth, hi h is di e tl  i o po ated 

i to Ago  esulti g i  a D osha-depe de t a d Di e -i depe de t o - a o i al 

ioge esis path a s [177]. The agot o s o stitute o e of the ost e e tl  
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dis o e ed lasses of e olutio a  o se ed RNA-spe ies that asso iate ith Ago 

p otei s [ ]. I  o t ast to all the Ago-asso iated RNAs that ha e ee  des i ed to 

date, agot o s pass the a o i al iRNA ioge esis path a  e ti el , a d the e  

p o ide the fi st e doge ous e a ple of a oth D osha/DGCR - a d Di e -

i depe de t ioge esis st ateg . Si ila l , to i t o s, the agot o s a e t a s i ed 

f o  host ge e i t o s, ut the  es ape Di e  p o essi g. Agot o s a e the  e po ted 

to the toplas   a hithe to u k o  e ha is , possi l   Xpo , a d loaded 

o to Ago as u p o essed, full-le gth   ̴  t, de a hed i t o s. Al eit to a lesse  

e te t tha  o e tio al iRNA spe ies, agot o s ha e also ee  sho  to e apa le 

of fu tio i g as post-t a s iptio al egulato s of ge e e p essio  i  a seed-

depe de t a e  despite thei  lo g atu e le gth a d u h o e o ple  

se o da  st u tu e [ ] Figu e . .  

 

 

Figure 1.13: Alternative miRNA biogenesis pathways. Drosha/DGCR8-dependent and Dicer-

independent pathway. B) Drosha/DGCR8-independent and Dicer-dependent pathway. C) 

Drosha/DGCR8-independent and Dicer-independent pathway. Modified from Daugaa d I, et al. 

 [176].  
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1.4.3 Function 

Mi oRNAs p i a il  fu tio  as post-t a s iptio al egulato s of ge e e p essio  

[ ]. The loaded iRNA ou d to Ago p otei s a ts as guides fo  the RISC o ple  

to a ds ta get se ue es i  RNAs p o oti g ep essio  of ge e e p essio . The 

o se ue e of this ta get site e og itio  has ee  des i ed to egati el  i te fe e 

ith the t a slatio al a hi e  alte i g the p otei  p odu tio  [ ]. Mo e e e t 

studies ha e e ealed that, i  additio  to ep essio  of the t a slatio , iRNAs a  

also egulate ge e e p essio   RNA deade latio , desta ilizatio  a d 

deg adatio , all of hi h esult i  a de ease of RNA e p essio  le els [ - ]. To 

di e tl  lea e the ta get RNA, a atal ti all  a ti e Ago p otei  is e ui ed. I  

e te ates, a o g Ago p otei s, o l  Ago  has sli e  a ti it  [ ]. MiRNAs a  ha e 

pleiot opi  effe ts, ta geti g ultiple ge es a d sig alli g path a s [ ] hile ge es 

a  e ta geted  ultiple iRNAs [ ]. I -sili o p edi tio s suggest that o e tha  

o e-thi d of all hu a  ge es a e ta gets of iRNAs [ ].  

 Ca o i al iRNA i di g i ol es ase pai i g of the iRNA seed egio  to 

o ple e ta  ta get sites. This seed egio  o espo ds to the fi st u leotides –  

i  the  e d of iRNAs [ ]. The e ai i g se ue e does ot pai  pe fe tl  ith the 

ta get i  a als. MiRNAs ith the sa e seed se ue e usuall  sha e ta gets a d 

the seed se ue e is ofte  used fo  the lassifi atio  of iRNAs i to fa ilies [ ]. 

Ho e e , se e al fu tio al o - a o i al iRNA-ta get sites ha e ee  epo ted 

[ - ]. 

Alte ati e fu tio s fo  iRNAs ha e ee  also des i ed. Fo  e a ple, e ha ed 

RNA t a slatio  due to iRNA ta geti g has ee  epo ted [ ]. Apa t f o  RNAs 

the  a  also ta get othe  RNA ole ules su h as lo g o - odi g RNAs l RNAs  

hi h a e also egulato s of ge e e p essio  a d a  fu tio  as iRNA de o  s ste s 

[ ]. So e studies ha e epo ted that iRNAs ight ha e a egulato  ole i  the 

u leus a ti ati g ge e e p essio   ta geti g p o ote  egio s [ - ]. Also, the  

ha e ee  sho  to e og ize a d guide t a s iptio  fa to s to thei  ge e p o ote s 

[197], as ell as i te a t ith othe  p otei s  se ue e-spe ifi  i te a tio  i  a RISC-

i depe de t a e  a d i hi it thei  a ti it  [198, 199]. 
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1.4.4 MiRNAs and cancer 

MiRNA e p essio  is egulated  ultiple t a s iptio  fa to  et o ks as ell as 

epige eti  a hi e . I  additio , iRNAs a  the sel es fu tio  as ep esso s of 

epige eti  fa to s, ge e ati g egulato  i uits that a  ha e a sig ifi a t i pa t i  

the t a s iptio al la ds ape of the ell. I  the last fe  ea s it has ee  sho  that 

iRNAs pla  ke  egulato  oles i  a  ph siologi al p o esses i ludi g ell le 

o t ol [ ], ste  ell diffe e tiatio  a d self- e e al [ ] a d o ga oge esis [ ], 

a o g a  othe  fu tio s. Ho e e , de egulatio  of these p o esses a  esult i  

pathoge esis. Multiple studies ha e o elated ha ges i  iRNA e p essio  p ofiles 

ith diffe e t t pes of a e  [ , - ] Figu e . . Mo eo e , a  a ti e ole of 

iRNAs i  a e  as fi st de o st ated i  B- ell l pho a a d has ee  late  

de o st ated i  a  studies [ - ].  

 

 

 

 

 

 

 

 

 

Figu e . : Nu e  of pu li atio s i de ed i  Pu ed u til  pe  ea  a out i oRNAs 

a d a e .  

 

Se e al iRNAs ha e ee  sho  to pla  a ole as tu ou  p o ote s hi h ha e ee  

te ed o o iRs. Fo  e a ple, the miR-17~92 cluster targets the cell cycle regulator 

PTEN in lymphocytes increasing cell proliferation [ ]. Similarly, miR-221/miR-222 can 

reduce CDKN B expression and promote cell proliferation in different tumour types 

[210, 211]. MiR-10b can help tumour cells evade immune system surveillance through 

inhibition of class I polypeptide-related sequence B (MICB), a stress-induced ligand of 

the activating natural killer cell receptor KLRK1 (NKG2D) [212]. Also, miR-10b has been 

          MicroRNA AND Cancer

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

0

2000

4000

6000

Year

P
u

b
li
c
a
ti

o
n

s
 i
n

 P
u

b
m

e
d



1. Introduction 

 

 

 

 

shown to promote metastasis both in vitro and in vivo [213]. The hypoxia regulated 

miR-210 is a key miRNA in angiogenesis, as it can regulate the expression of Vascular 

Endothelial Growth Factor (VEGF), promoting angiogenesis [ ].  Deregulation of 

other miRNAs, such as miR-126 or miR-378 can also induce angiogenesis by induction 

of VEGF expression [ , ]. 

I  o t ast, othe  iRNAs ha e ee  sho  to e do egulated i  a e  as the  pla  

fu tio s as tu ou  supp esso s. Fo  e a ple, iR-  fa il  e e s a e f e ue tl  

do egulated i  a ious tu ou s. Thei  e p essio  is positi el  egulated  p  a d 

these iRNAs di e tl  ep ess the e p essio  of se e al ta gets i ol ed i  the 

egulatio  of ell le a d i  the p o otio  of ell p olife atio  a d su i al [217, 

218]. Also, miR-31 is able to reduce breast cancer metastasis by inhibiting 

extravasation and metastatic colonization of breast cancer cells [ ]. 

MiRNAs see  to ha e a u ial ole i  B- ell diffe e tiatio  a d fu tio . I deed, the 

sa e iRNAs i ol ed i  o al B- ell ph siolog  see  to e also i ol ed i  B- ell 

alig a ies see e t se tio . 

. . .  MiRNAs in B-cell development 

Ea l  B- ell de elop e t is egulated fo  ultiple iRNAs. Ma  of the  egulate 

i po ta t t a s iptio  fa to s fo  B- ell o it e t. The iR- ~  luste  is 

esse tial fo  p o-B to p e-B ell t a sitio  as it do egulates the p oapoptoti  p otei  

BCL L  BIM  [220]. The iR- ~  luste  o sists of si  iRNAs iR- , iR- a, 

iR- a, iR- a, iR- - , a d iR- -  p o essed f o  the sa e pol ist o i  

t a s ipt. Si ila l , iR- a e ha es B- ell diffe e tiatio  also  BIM ta geti g 

[221, 222]. I  o t ast, iR- /  luste  a d iR- a supp ess B- ell diffe e tiatio  

at p o-B to p e-B t a sitio  stage  ep essi g SOX  [223] a d FOXP  t a s iptio  

fa to s espe ti el , e ui ed fo  ea l  B- ell de elop e t [224, 225]. Si ila l , iR-

 i pai s B- ell de elop e t  ta geti g -M  t a s iptio  fa to  [ ]. I  the 

o t ol of he atopoiesis, iR-  ep esses LIN A a d di e ts he atopoiesis 

to a ds eloid li age [ ]. 

Rega di g B- ell atu atio  i  folli les, so e studies e ealed that iR-  e p essio  

is e essa  fo  GC fo atio . MiR-  defi ie t i e p ese t a de eased u e  of 
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GCs [228], suggesti g that iR-  ight ha e a  i pa t o  se e al ta get ge es i  B-

ells.  Ho e e , the ajo it  of these iR- -ta geted ge es still u k o . So e 

alidated ta gets a e SPI  that e odes the t a s iptio  fa to  PU. , ele a t ot o l  

i  B- ell o it e t ut also i  late B- ell de elop e t. A othe  di e t ta get of iR-

 is AID e z e, espo si le fo  lass-s it h e o i atio  CSR  a d SHM du i g 

the GC ea tio  [ ]. Also, iR-  has ee  sho  to ta get AID e z e [230]. 

MiR-  a d iR-  see  to e e essa  fo  GC ai te a e as the  ta get the 

t a s iptio  fa to  PRDM , iti al fo  plas a ell diffe e tiatio  [231]. Si ila l , iR-

 also ep esses plas a ell diffe e tiatio  [232].  

The iR- ~  luste  see s to ha e a pote tial ole i  plas a ells egulati g the 

ho i g of these ells to the o e a o  th ough the do egulatio  of S PR  

e epto . Ho i g to o e a o  allo s a lo g-te  lo ge it  of plas a ells e a li g 

effi ie t i u e espo ses [233, 234].  

 

 

Figu e . : E a ples of iRNA egulatio  i  B- ell de elop e t a d a ti atio . Modified 

f o  Coff e, et al.  [ ]. 

 

. . .  MiRNAs in B-Cell Malignancy 

De egulatio  of iRNA e p essio  has ee  sho  to e a u i uitous featu e of 

a e , a d iRNA e p essio  sig atu es a  lassif  diffe e t tu ou  t pes a d 

su t pes, i ludi g hae atologi al alig a es, to a highe  deg ee of a u a  tha  
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t aditio al GEP [ ]. The fi st e ide e of iRNAs ei g d s egulated i  a a e  

a e i  , he  a egio  f e ue tl  deleted i  h o i  l pho ti  leukae ia 

CLL , the  lo us, as sho  to e ode fo  the iRNAs iR- a a d iR- -  

[ ]. Soo  afte , iRNAs e e de o st ated to a t as tu ou  p o ote s o  so alled 

o o iRs, i    He et al., ho de o st ated that o e -e p essio  of the iR-

~  luste  lead to a  i eased tu ou  p og essio  i  a -M  i du ed B- ell 

l pho a ouse odel [ ]. The fu tio all  i po ta t ta gets of iR- ~  

o p ise p o-apoptoti  p otei s PTEN a d BIM, hi h ight o t i ute to the 

l phop olife ati e phe ot pe [ ]. 

Apa t f o  the iR- ~  luste , the e p essio  of othe  iRNAs i ol ed i  p o-B to 

p e-B t a sitio  has ee  fou d alte ed i  B- ell l pho as: lo  le els of iR- a a e 

o elated ith poo  p og osis i  CLL, DLBCL a d MCL. This lo  e p essio  ight e 

ediated  MYC [239, 240]. Do egulatio  of iR- a i du es the e p essio  of 

FOXP  esulti g i  e ha ed i  it o p olife atio  i  DLBCL [ ] a d it is also 

asso iated ith i eased esista e to do o u i i  [ ]. Si ila l , iR-  a ts as a 

tu o  supp esso  a d also ta gets FOXP  i  atu e B ells [ ]. I  p oge ito  ells 

ta gets the t a s iptio  fa to  -M  is e ui ed fo  o al hae atopoiesis a d B ell 

de elop e t [226].  

MiR-  is o e of the ost studied iRNAs i  B- ells. T a sge i  i e o e e p essi g 

this iRNA de eloped high-g ade l pho a de o st ati g its o oge i  fu tio  i  

these ells [243]. It a  egulate se e al sig alli g path a s to p o ote ell 

p olife atio  su h as TGFβ sig alli g path a   ta geti g SMAD  [ ], BCR sig alli g 

 ta geti g INPP5D, a egati e egulato  of the do st ea  t osi e ki ase sig alli g 

path a  [ ] o  JAK-STAT  sig alli g path a   ta geti g the egati e egulato  

SOCS  [ ]. MiR-  is highl  e p essed i  o -Hodgki  l pho as a d its e p essio  

is o elated ith poo  p og osis [247, 248]. O e of the ta gets of iR-  is the 

tu ou  supp esso  PTEN [249]. Epige eti  sile i g of iR-  is e ui ed fo  o al 

B- ell de elop e t a d up egulatio  of this iRNA ight i du e eloid a d 

l phoid leuke ias [ , ]. 
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Figu e . : So e e a ples of a e a tl  e p essed iRNAs a d thei  ta gets i  B- ell 

l pho as. These iRNAs play key roles in germinal center B-cell maturation pathway under 

physiological conditions. Many of the dysregulated miRNAs target key molecules in this 

pathway and many key molecules in lymphomagenesis. The diagram demonstrates the links 

between lymphoma type, commonly dysregulated miRNAs and associated target gene and 

their respective cell of origin and position of cell of origin in the B-cell developmental pathway. 

Reproduced from Sole et al. 2017 [252]. 

1.4.5 Factors affecting miRNA regulation 

The easo s fo  a e a t iRNA e p essio  i  B- ell l pho a a d othe  a e s  a e 

u e ous, a d a  i lude h o oso al a e atio s, epige eti  de egulatio , 

a e a t e p essio  of t a s iptio  fa to s that egulate p o ote  egio s of iRNAs, 

utatio s i  iRNA se ue es a d i  iRNA i di g sites, a d the fa to s that ha ge 

the ala e of iRNA ios thesis o  fu tio  [ ]. Fo  e a ple, iR- ~  luste  is 

t a sa ti ated  MYC, a t a s iptio  fa to  f e ue tl  d s egulated i  a e  [ ]. 

D s egulatio  of MYC  h o oso al t a slo atio  a d ju tapositio  to 

i u oglo uli  e ha e  is a o o  featu e i  BL [ ]. 

I  additio , ge eti  a iatio s affe ti g iRNA egulato  path a s ha e ee  

des i ed to ha e i po ta t i pli atio s i  iRNA a ti it . These pol o phis s a  
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affe t iRNA ioge esis path a s as ell as thei  ta geti g apa it  a d a e asso iated 

ith pathoge esis of a ious a e  t pes [ ]. Se e al pol o phis s affe ti g 

ge es e odi g o po e ts of iRNA ioge esis su h as DROSHA, DGCR , XPO , 

DICER a d AGO  ha e ee  f e ue tl  ide tified i  so e a e  diseases asso iated 

ith isk of a e  [ ], poo  p og osis [ ], a e  de elop e t a d p og essio  

[ ] a d espo se to he othe ap  [ ]. Si gle u leotide pol o phis s SNPs  

ha e ee  also ide tified i  iRNA se ue es. These a iatio s, i ludi g p i- iRNAs, 

p e- iRNAs a d atu e iRNAs, ha e the pote tial of affe t the p o essi g effi ie  

a d/o  ta get sele tio  of iRNAs, leadi g to a e a t e p essio  of hu d eds of ge es 

i  diffe e t iologi al path a s [ ]. Ho e e , as iRNAs a e highl  o se ed, SNPs 

i  iRNA ge es a e elati el  a e. 

The dis uptio  of iRNA-depe de t egulatio   SNPs i  the iRNA i di g site of 

ta get RNAs has ee  o fi ed as a e ha is  fo  alte ed ge e e p essio  i  

a e . I  o t ast to the iRNA-pol o phis s i  the iRNA ioge esis path a , the 

pol o phis s lo ated at the '-UTR of a iRNA ta get ge e a e o e a u da t i  the 

hu a  ge o e, a d affe t o l  the e p essio  of the ta get ge e a d its do st ea  

effe to s, esulti g i  a o e defi ed a d li ited a ge of effe ts [ ]. These SNPs a  

dis upt putati e iRNA- i di g sites as ell as eate o el o es. So e e a ples of 

SNPs lo ated i  the '-UTR of ta get RNAs a d thei  li i al sig ifi a e, a e e ie ed 

i  [ ]. 

1.4.6 In-silico target prediction tools 

While it is i te esti g to ide tif  a e a tl  e p essed iRNAs i  a e s, i  o de  to 

full  u de sta d the fu tio al o se ue es of iRNA d s egulatio  it is u ial to 

a u atel  ide tif  the ta get ge es ithi  a defi ed ellula  o te t. Ho e e , this is 

fa  f o  st aightfo a d as i  o t ast to pla ts, a ea -pe fe t Watso -C i k ase 

pai i g of iRNA to its ta get is a e i  a i als, aki g a halle ge to p edi t ta get 

sites [179]. Fo  this pu pose, se e al diffe e t iRNA ta get ge e p edi ti e algo ith s 

ha e ee  de eloped a d take a u e  of diffe e t app oa hes to p edi ti g the 

iRNA: RNA i te a tio  Ta le . .  

  



1. Introduction 

 

 

   

 

Ta le . : Cha a te isti s of so e of the most relevant web-based miRNA target prediction 

tools. 

Tool Characteristics 
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Ref 

TargetScan 

Stringent seed pairing 

Low sensitivity 

Only considers targets in 3'UTR 

Scores the context and site 

conservation 

Includes different mRNA isoforms 

x x 
 

x 
 

[262] 

[263] 

Diana 

Tools 

Moderately stringent base pairing 

Searches targets in 3'UTR and CDS 

Considers site conservation and 

thermodynamics 

Compares results with other tools 

it doesn't differentiate isoforms 

Considers target-site abundance 

x x x x X 
[264] 

[265] 

miRanda 

Moderately stringent base pairing 

Highly sensitive 

Searches targets in 3'UTR and CDS 

Considers site conservation and 

thermodynamics 

Analyzes non-conserved sites 

It doesn't differentiate isoforms 

x x x 
  

[266] 

PITA 

Target-site accessibility as the major 

feature  

Highly considers thermodynamics 

Considers site conservation 

Flexible settings (also for seed 

matching) 

x x x x X [267] 

PicTar 

Requires an exact seed match  

Requires binding sites coregulated by  

multiple miRNAs across species  

Considers thermodynamics 

Considers co-expressed miRNAs 

targeting 

30% estimated false positive rate  

x x x   [268] 

RNA22 

Moderately stringent base pairing  

Highly considers thermodynamics 

It doesn't consider the site 

conservation 

Includes interactions in the whole 

mRNA 

Risk of potential false positives 

x 
 

x 
  

[269] 

RNAhybrid 

Considers the free energy between a 

miRNA and an mRNA with a user-

defined seed region  

Considers target-site abundance 

x 
 

x 
 

X [270] 
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. . .  Seed-sequence matching parameter 

The ajo it  of the tools i lude the seed egio  as the ke  iologi al ele e t fo  

iRNA-ta get p edi tio  [271].  Fu tio al iRNA-ta get i te a tio s a  e fo ed 

f o  as fe  as - t at hes i  a egio  ofte  te ed the seed egio  [179]. The e a e 

th ee - e s possi le at h positio s i  the seed - , -  a d -  iRNA positio s  

as ell as t o - e s -  a d -  iRNA positio s  a d o e - e s -  iRNA 

positio  Figu e . . These a o i al seed-pai i g ules a e the asis fo  the 

ioi fo ati  p edi tio  app oa hes [271]. Ho e e , seed at hi g of su h s all 

se ue es is e  likel  to o u   ha e, so su h st ategies still suffe  f o  oth 

false-positi e - %  a d false- egati e p edi tio s - %  [ ]. Fu the o e, 

e pe i e tal ethods apa le of e o e i g RNA di e tl  ta geted  iRNAs see 

e t se tio  ha e o se ed that a g eat a ou t of the ide tified di e t ta get 

i te a tio s do t follo  a o i al seed-pai i g ules [191, 273-275]. These o -

a o i al i te a tio s i lude u leatio  ulges, e te ed sites a d seed-like otifs 

is at hes i  seed pai i g, deletio s o  G:U o le pai i g  Figu e .  [191, 274, 

275]. P edi tio  odels su h as t a sitio al u leatio  odel ha e ee  de eloped 

a d i ple e ted to i lude these e pe i e tall  o se ed o - a o i al i te a tio s 

Figu e .  [273]. These i te a tio s ha e ee  fu tio all  alidated a d sta ilit  of 

Ago- o ple  ha e ee  o fi ed [276]. These akes e e  o e halle gi g iRNA 

ta get p edi tio  also e ause o - a o i al sites see  to ha e a odest se ue e 

o se atio  a oss spe ies [273-275]. 

 

Figu e . : Ca o i al seed- at hi g. I ludi g all k- e  i te a tio s: e , e - , e -

A , e  a d offset e . Rep odu ed f o  Vla hos IS, et al.  [277]. 
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Figu e . : No - a o i al iRNA ta get sites. Ke  i di g egio s a e highlighted i  ed a d 

su tl  o t i uti g egio s a e i  pu ple. Solid li es i di ate Watso -C i k ase pai i g a d dots 

i di ate G:U o le pai s. Modified f o  Seok, et al.  [ ]. 

 

 

Figu e . : Modes of iRNA-ta get e og itio . A  S he ati  diag a s of fu tio al iRNA 

do ai s st u tu ed  Ago. B–D  Possi le i itial ta get e og itio  odels fo  ′ do i a t 

i di g seed site o  u leatio  ulge site, B , e t al do i a t pai i g e te ed site, C , a d 

′- o pe sato  i te a tio s seed-like otifs, D . T a sitio al u leatio  pai i gs a e 

i di ated  old li es. No -Watso -C i k ase pai i g, is at hes, a d deletio s a e all 

i di ated  dotted li es. Rep odu ed f o  Seok, et al.  [ ]. 
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. . .  Conservation parameter 

The deg ee of e olutio a  o se atio  of the ta get site is a  i po ta t pa a ete  

o side ed  a  iRNA ta get p edi tio  algo ith s. The p e ise fo  this 

i po ta e i  p edi ti e algo ith s is that sites that a e o se ed o e tha  ould 

e e pe ted  ha e ight e u de  sele ti e p essu e a d the efo e iologi all  

i po ta t [262].  

. . .  Free energy parameter 

Thermodynamic criteria of potential miRNA:mRNA interactions are also considered by 

many of these computational tools. The lo e  the f ee e e g , the g eate  the 

RNA:RNA i di g, hi h i eases the likelihood that this i te a tio  o u s [279]. To 

easu e this, ost p edi tio  tools use Vie a RNA pa kage [280]. 

. . .  The context parameter 

The o te t pa a ete  is also o side ed i  these p edi tio  algo ith s a d efe s to 

those fa to s that a  affe t the iRNA- RNA i te a tio  o  a essi ilit  to the 

i di g site su h as the i di g of p otei s to the RNA fo  e a ple the t a slatio al 

a hi e  i  the odi g egio s  [ ] a d se o da  st u tu es of the RNA [267]. To 

asses this, so e pa a ete s a e o side ed. Fo  e a ple, the u e  of AU 

u leotides fla ki g the seed egio  is o side ed  so e p edi tio  tools su h as 

Ta getS a  o  iRa da a d asso iated ith a eake  RNA se o da  st u tu e ea  

the site, i p o i g the a essi ilit  to the seed site. Also, the positio  ithi  the UTR 

is i po ta t. The UTR ua tiles ea  the stop odo  a d ea  the pol -A tail a e ost 

sus epti le fo  a  effe ti e ta geti g. Se o da  RNA st u tu es a e o e likel  to 

o u  i  the e te  of lo g UTRs [282].  

. . .  TargetScan 

Ta getS a  as the fi st algo ith  to p edi t iRNA ta gets i  e te ates a d the 

ost st i ge t of the se ue e- ased tools ut ith a high false egati e ate [271]. It 

o l  o side s seed egio s at the UTR a d does ot suppo t is at hes e ept 

he   a is at h i  the seed is o pe sated ith a i te a tio  i  the  site of the 

iRNA [262, 282]. Also, it st o gl  p io itizes the o se atio  le el of RNA: iRNA 
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i te a tio s a d positi el  ates additio al pai i g of  po tio  of the iRNA a d 

p o i it  of othe  iRNA i di g sites. It also i o po ates a ph loge eti  t ee ased 

o  UTR ge o i  egio s to ua titati el  e aluate otif o se atio  [ ] a d a  

gi e a ell t pe spe ifi  s o e fo  ea h site [283]. The pa a ete s a d alues used  

Ta getS a  a e listed i  Ta le . .  

Parameter Value Range Meaning 

Site type 
8mer > 7mer > 

7mer-A1 > 6mer 

The matching sites in the seed region (nucleotides 2 to 

 f o  ′ of iRNA that ha e pe fe t WC pai i g ith 
the ′ UTR , f o  the st i test to the least st i t. 

Context++ score F o   to −  

The sum of the contribution of 14 features for each of 

the four site types, the more negative the score, the 

greater the repression. 

Context++ score 

percentile 
F o  i to  − i; Percentage of sites for the miRNA with a less 

favorable context++score. 

Weighted 

context++ score 
F o   to −  

The scores with a lower negative value indicate a 

greater prediction of repression. 

Cumulative 

weighted 

context++ score 

C(i–  +  − 
2CSi)(AIRi-C(i–1)) 

This score estimates the total repression expected 

from multiple sites of the same miRNA, for each 

mRNA target predicted. 

Branch-length 

score 

8mer: 1.8; 7mer-

m8: 2.8; 7mer-A1: 

3.6; 6mer: NA 

This score is the sum of phylogenetic branch lengths 

between species that contain a matching site. 

PCT score Between 0 and 1 
The higher the score, the greater the conservation and 

the greater mRNA destabilization expected. 

Aggregate PCT 

Value =  −  – 

PCT  site  ×  − PCT) 

site2 

For each miRNA, this parameter includes the 

o se ed ′ UTR ta gets ith ultiple sites that e e 
issed i  the hu a  ′ UTR a otatio  ut e e 

present in the mouse annotations. 

Conserved sites ≥  Number of conserved sites identified. 

Ta le . : Des iptio  of the pa a ete s a d alues sho  i  the esults deli e ed  

Ta getS a  [ ]. 
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. . .  miRanda and other tools 

The iRa da algo ith  is o e fle i le a d se siti e, ut ith a highe  false positi e 

ate. Its s o i g s ste  o side s the e e g  eeded to a ess the i di g site 

al ulated usi g the Vie a pa kage, hile Ta getS a  o side s the o te t. iRa da 

tool also o side s the o te t a essi ilit  of RNA due to se o da  st u tu es, 

positio  of the ta get site, e olutio a  o se atio  et . Ho e e , iRa da a  

p edi t ta get sites of o - a o i al a d o - o se ed sites [266, 271]. Si ila l , 

DIANA- i oT a d RNA  tools a  also a al ze o - o se ed sites as ell as lo ated 

i  odi g egio s a d all alo g the RNA i  ase of RNA  [271]. Othe  p og a es 

i ludi g seed sea hi g i  UTRs a d odi g se ue es a e iRTa  a d Ta getS tools 

[269, 284, 285]. The pa a ete s a d alues used  iRa da a d DIANA- i oT tools 

a e listed i  Ta le . .  
 

Tool Parameter Value Range Meaning 

miRanda 

mirSVR score <0 

This score is an estimate of the miRNA 

effect on the mRNA expression level. The 

more negative the score, the greater effect. 

PhastCons 

score 
From 0 to 1 

This measures the conservation of 

nucleotide positions across multiple 

vertebrates. 

DIANA 

Tools 

miTG score From 0 to 1 

This is a general score for the predicted 

interaction, the closer to 1, the greater the 

confidence. 

Also 

Predicted 
red, blue and green 

This compares with other tools; miRanda in 

red, TargetScan in blue and TarBase in 

green. 

Region UTR3, CDS 
Region of the mRNA where the interaction 

occurs. 

Binding Type 
6mer; 7mer; 8mer; 

9mer; miRNA bugle 

The matching sites between the miRNA and 

the mRNA. 

Score From 0 to 1 
It is the site contribution score in the miTG 

score. 

Conservation ≥  
Number of species in which the predicted 

interaction is conserved. 

Signal-to-

noise ratio 

(SNR) 

>0 

This s o e is a easu e of the sig al to 
oise  atio, hi h e a les the 

identification of the miTG score of each 

interaction without background noise. 

Precision From 0 to 1 
This score is an indicator of the false-

positive rate in a miTG interaction. 
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Ta le . : Des iptio  of the pa a ete s a d alues sho  i  the esults deli e ed  

iRa da a d DIANA- i oT tool [ ]. 

. . .  Limitations of miRNA target gene prediction tools 

These tools, e e  if ased o  o o  featu es, sho  diffe e es he  p edi ti g 

iRNA i di g sites. The easo s a  e the use of diffe e t data ases fo  RNA a d 

iRNA se ue es. Ho e e , othe  easo s a e i t i si  to the p edi tio  algo ith  a d 

thei  s o i g s ste  Figu e . . 

 

Figu e . : Nu e  of iR-  ta get genes according to three different miRNA target 

prediction tools: The figure shows the number of has-miR-155 target genes identified using the 

default parameters with TargetScan v.7.2, DIANA tools (microT-CDS algorithm v.5.0) and PicTar 

(last update: March 26, 2007) 

 

As figu e .  sho s, the se siti it  a d spe ifi it  is e  a ia le he  o pa i g 

diffe e t ta get p edi tio  tools. Fo  so e appli atio s the  ight e a apid a d 

useful ethod fo  e plo i g putati e iRNA i di g sites. Ho e e , the e pe i e tal 

alidatio  of these p edi tio s ofte  fails as the e a t ules that go e  iRNAs-

i di g e ha is  ha e ot ee  o pletel  elu idated. Also, the ta gets of iRNAs 

a o g diffe e t ells li eages a d tissues a  a  aki g i -sili o p edi tio  o e 

diffi ult [ , ]. The efo e, p edi tio s eall  eed to e e pe i e tall  alidated. 
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1.4.7 Experimental identification of miRNA target sites 

MiRNA de egulatio  is a o o l  o se ed featu e i  ultiple diseases i ludi g 

a e . Ho e e , i  o de  to u de sta d the ea i g of this a e a t e p essio  is 

e essa  to k o  the spe ifi  ta gets of this iRNA ithi  a spe ifi  ellula  o te t. 

Multiple high-th oughput e pe i e tal app oa hes ha e ee  used fo  this pu pose, 

f o  i oa a  a al sis to RNA se ue i g a d p oteo i  a al sis [ , ].  

Ho e e , these te h i ues a e ot a le to diffe e tiate et ee  i di e t a d di e t 

iRNA ta geti g. The efo e, ethods to e pe i e tall  ide tif  di e t iRNA ta gets 

ha e ee  de eloped. These ethods ide tif  di e t p otei -RNA i te a tio s. 

O e of the fi st te h i ues used fo  this pu pose as RNA i o op e ipitatio  RIP . 

This ethod is ased o  the i u op e ipitatio  IP  of a spe ifi  RNA- i di g p otei  

RBP  u de  o ditio s that p ese e i o u leop otei  o ple es RNPs ,  a d the 

su se ue t a al sis of the pu ified RNAs that e e i te a ti g ith the RBP usi g 

i oa a s RIP-Chip  o  high-th oughput se ue i g RIP-Se  [289, 290]. Ho e e , 

this ethodolog  as ot suita le fo  di e t p otei -RNA o ta ts as it p ese es 

p otei -p otei  i te a tio s a d thus a  pu if  ultiple RBP a d the RNA ou d to 

a  of these p otei s [ ].  

Late  o , a o e a u ate ethod fo  the ide tifi atio  of di e t p otei -RNA 

i te a tio  alled CLIP ossli ki g a d i u op e ipitatio  as de eloped. The CLIP 

ethod elies o  the pu ifi atio  of sho t RNA f ag e ts that ossli k to a spe ifi  

p otei  a d the  ide tifies these f ag e ts usi g se ue i g. This ethod a d si ila  

te h i ues ha e ee  idel  used fo  the stud  of RNA a d i te a tio s ith a ious 

RBPs [ , ].  

Most a ia ts of CLIP use ult a iolet UV  light to fo  o ale t o ds et ee  RBPs 

a d thei  og ate ou d RNA. UV ossli ki g e ui es di e t o ta t et ee  a  

a i o a id a d a u lei  a id, a d the efo e e su es that o l  di e t p otei -RNA 

i te a tio s a e p ese ed a d allo s o e st i ge t pu ifi atio  steps to e used as 

the o ale t o d is etai ed th oughout the ethod [ ]. The o igi al CLIP p oto ol 

a d ost of its a ia ts use UV-C a ele gth   [295]. Ho e e , a CLIP a ia t 

alled PAR-CLIP Photoa ti ata le i o u leoside-e ha ed CLIP  i t odu es a a iatio  
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o  this ossli ki g st ateg . I  PAR-CLIP, ells a e p e-i u ated ith a 

photoa ti ata le i o u leoside, -thiou idi e -SU  o  -thiogua osi e SG , hi h 

is i o po ated i to the as e t u lei  a ids, a d  e a les p otei -RNA ossli ki g 

ith UV-A a ele gth   [296]. 

Fo  the ide tifi atio  of iRNA- i di g sites, IP agai st Ago p otei s a e pe fo ed 

[ ]. I  , Chi et al epo ted i  Natu e jou al the fi st o k he e A go aute 

HITS-CLIP High-th oughput se ue i g of RNA isolated  CLIP  as applied i  o de  

to a al ze i te a tio s et ee  iRNAs a d RNA [ ]. Si e the , ultiple o ks 

ha e ee  pu lished stud i g i te a tio s et ee  iRNAs a d thei  ta get se ue es 

usi g these te h ologies su h as CLIP-Se , HITS-CLIP a d PAR-CLIP [ , , ]. 

E isti g CLIP elated p oto ols a e listed i  Ta le . . 
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Acronym Full name Ref 

CLIP (UV) Crosslinking and immunoprecipitation [301] 

Fractionation 

CLIP 

CLIP from nucleus, cytosol. and polysomes [302] 

HITS-CLIP High-throughput sequencing of RNA isolated by CLIP [303] 

CLIP-Seq CLIP coupled with high-throughput sequencing [304] 

CRAC UV crosslinking and analysis of cDNAs [305] 

PAR-CLIP Photoactivable ribonucleoside-enhanced CLIP [306] 

iCLIP Individual-nucleotide resolution CLIP [307] 

CLAP Crosslinking and affinity purification [308] 

4-SU-iCLIP 4-SU-mediated crosslinking followed by iCLIP [309] 

urea-iCLIP iCLIP with denaturing purification [309] 

BrdU CLIP  Bromodeoxyuridine UV CLIP [310] 

FAST-iCLIP  Fully automated and standardized iCLIP [311] 

irCLIP Infrared-CLIP [312] 

eCLIP Enhanced CLIP [ ] 
seCLIP Single-end eCLIP [314] 

uvCLAP UV crosslinking and affinity purification [315] 

FLASH 
Fast ligation of RNA after some sort of affinity purification for 

high-throughput sequencing 

[315] 

Fr-iCLIP Fractionation iCLIP [ ] 
sCLIP Simplified CLIP [ ] 
dCLIP Denaturing CLIP [ ] 
CLASH Crosslinking, ligation, and sequencing of hybrids [ ] 
hiCLIP RNA hybrid and iCLIP [320] 

PAPERCLIP Poly(A) binding protein-mediated mRNA 30 end retrieval by 

CLIP 

[ ] 

cTag-PAPERCLIP  Co ditio all  tagged PAPERCLIP [ ] 
m5C-miCLIP  Cytosine-5 methylation iCLIP [ ] 
m6A-miCLIP N6-methyladenosine iCLIP [ ] 

Table 1.7: List of CLIP and related protocols ordered by their historical development. Updated 

pu li atio s i t odu i g i po ta t a iatio s to the sa e ethod a e g ouped ith the i itial 

pu li atio . P oto ols that a e ot ai ed at stud i g the spe ifi it  of a  RBP ut that appl  

the CLIP te h olog  to a e  pu pose a e listed at the e d [ ].  

The PAR-CLIP p oto ol i  pa ti ula  has se e al ad a tages o e  othe  CLIP te h i ues 

usi g UV   ossli ki g i  a se e of photo ea ti e i o u leoside a alogs. PAR-

CLIP fa ilitates RNA-p otei  ossli ki g a d t a s ipto e- ide ide tifi atio  of RBP 

a d RNP i di g sites as it gets a highe  ield of ossli ked RNA usi g si ila  adiatio  

i te sities. Also, a d o e i po ta tl , the UV   ossli ki g ea tio  et ee  
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the photoa ti ata le u leoside a d the i te a ti g p otei s p o otes a spe ifi  

utatio  T/C usi g -SU a d G/A usi g SG  du i g the DNA s thesis. These 

utatio s a  e ide tified  NGS fa ilitati g the ide tifi atio  of spe ifi  ossli ked 

egio s hi h is useful to dis i i ate a kg ou d oise Figu e .  [ , ]. 

 

Figu e . : PAR-CLIP ethodolog . A  St u tu e of photoa ti ata le u leosides B  Diag a  

sho i g PAR-CLIP p oto ol. -SU-la eled t a s ipts e e ossli ked to RBPs a d pa tiall  

RNase-digested RNA-p otei  o ple es e e i u opu ified a d size-f a tio ated. RNA 

ole ules e e e o e ed a d o e ted i to a DNA li a  a d deep se ue ed. Modified 

f o  Haf e , et al.  [ ]. 

 

O e all, CLIP ethodologies ha e gi e  the oppo tu it  to ette  u de sta d the 

fu tio  a d the e ha is  of these egulato  ole ules. So e studies ha e 

a al zed the hole ta geto e i  i o a d i  it o [ , ]. Othe s ha e 

e pe i e tall  ide tified ta gets of spe ifi  iRNAs i  defi ed ellula  o te ts [ ] 

as ell as a al zed oti es of iRNA- i di g [ ] allo i g to i ease the k o ledge 

a out the i di g e ha is  of these ole ules to spe ifi  ta gets.
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.  Hypothesis 

The h pothesis of this thesis is that the i di g sites of iRNAs a e i po ta t i  the 

pathoge esis of o -Hodgki  B- ell l pho as. We ill test this h pothesis i  t o 

a s; fi stl ,  ide tif i g utatio s i  the iRNA- i di g sites of tu ou  ate ial 

a d i estigati g the fu tio al ele a e of these utatio s. Se o dl , e ill use the 

PAR-CLIP te h i ue to elu idate the l pho a-spe ifi  ta geto e asso iated ith a 

o o l  d s egulated iRNA that is e t al to l pho age esis i.e. iR- .  

 

.  Objectives 

•Identify and analyze the functionality of mutations in miRNA binding sites as a 

possible pathogenic mechanism of FL 

•Determine the biological relevance of mutations in miRNA binding sites and their 

association with FL transformation to high grade disease 

•Assess whether mutations in miRNA binding sites could be useful as prognosis 

biomarkers to identify FL patients at risk of transformation to high grade disease 

•Identify the targetome of miR-155 in GCB-DLBCL and ABC-DLBCL subtypes in order to 

determine the iologi al ele a e of this disti t iRNA e p essio  patte .  

• Identify biomarkers for classification of DLBCL patients in the GCB and ABC molecular 

subtypes th ough the ide tifi atio  of the t ue ta geto e of iR-  
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.  Extraction of nucleic acids 

3.1.1 Genomic DNA extraction 

Cultu ed ells: DNA of l phoid ell li es as e t a ted f o   to  ells 

pellets ith Nu leospi ® Tissue Kit Ma he e -Nagel  a o di g to a ufa tu e 's 

i st u tio s. This kit uses SDS a d p otei ase K fo  l sis a d DNA i di g is ased i  

sili a e a e te h olog . DNA as eluted i   L of DNase/RNase f ee H O, 

ua tified ith Na oD op®ND-  spe t ophoto ete  The oFishe  S ie tifi , DE, 

USA  a d sto ed at - ºC. 

F oze  tu ou  iopsies: DNA as e t a ted f o  f oze  tu ou  ate ial p ese ed i  

O.C.T o pou d.  uts of   thi k e e ut f o  ea h sa ple a d DNA as 

e t a ted ith QIA p DNA Mi i Kit QIAGEN, Ve lo, Nethe la ds  a o di g to 

a ufa tu e 's i st u tio s. This kit uses e z ati  l sis a d DNA i di g is ased o  

sili a-gel e a e te h olog . DNA as eluted i  L H O a d ua tified ith 

Na oD op® ND-  spe t ophoto ete  The o Fishe  S ie tifi , DE, USA . DNA as 

sto ed f oze  at - ºC.  

Tu ou  iopsies e edded i  pa affi : Sli es of tu ou  ate ial e edded i  

pa affi  e e ut a uall  ith HM s i oto e The o S ie tifi , DE, USA . Fi st, 

uts f o  pa affi  sa ples e e dis a ded i  o de  to a oid RNA deg aded ate ial. 

The ,  uts of   thi k e e ut f o  ea h sa ple a d olle ted. Total ge o i  

DNA as isolated ith QIA p® DNA FFPE Tissue kit QIAGEN, Ve lo, Nethe la ds  

a o di g to a ufa tu e  i st u tio s. DNA as eluted i   L of DNase/RNase f ee 

ate  The o Fishe  S ie tifi , DE, USA . DNA o e t atio  a d pu it  e e 

dete i ed ith Na oD op® ND-  spe t ophoto ete  The oFishe  S ie tifi , 

DE, USA  a d sto ed at - ºC. 

3.1.2 Plasmid DNA extraction 

Plas id DNA isolatio  fo  lu ife ase lo i g as pe fo ed usi g the i ip ep 

ethod. This ethod o sists of a fi st a te ial l sis a d eli i atio   e t ifugatio  

of a te ial alls a d e a es togethe  ith the a te ial h o oso i  DNA 

follo ed  plas id DNA isolatio  f o  the a te ial l sate. Fo  this pu pose,  L of 
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LB oth ith µg/ L a pi illi  e e i o ulated a d g o  at ºC p  

o e ight o/ . Ba te ial ells e e pelleted a d plas ids e e e t a ted usi g 

QIAGEN Plas id Mi i Kit QIAGEN, Ve lo, Nethe la ds  follo i g a ufa tu e 's 

i st u tio s. DNA as eluted i   L of DNase/RNase f ee H O, ua tified ith 

Na oD op® ND-  spe t ophoto ete  The oFishe  S ie tifi , DE, USA  a d sto ed 

f oze  at - ºC. Si ila l , fo  isolati g the e elopi g plas ids fo  le ti i al p odu tio  

a Ma ip ep ethod as used hi h has the sa e p i iple as Mi ip ep ethod ut 

opti ized fo  getti g a highe  ield. This ti e QIAGEN Plas id Ma i Kit QIAGEN, 

Ve lo, Nethe la ds  as used, sta ti g f o  a  o/  g o  a te ial ultu e of  L 

follo i g a ufa tu e 's i st u tio s. 

3.1.3 Total RNA extraction 

Cultu ed ells: Total RNA as e t a ted usi g T i Reage t® A io . Cell pellets e e 

esuspe ded i   L of T i Reage t® a d i u ated  i utes at oo  te pe atu e 

RT .  L of hlo ofo  e e the  added to ea h sa ples a d o te  as applied 

fo  a ou d  se o ds. Sa ples e e i u ated  i utes at RT a d e t ifuged at 

g ºC fo   i utes. A ueous phase as t a sfe ed to e  . l tu es a d 

µL of gl oge   µg/µL  follo ed  L of isop opa ol e e added a d i ed  

i e sio . Afte   i utes of i u atio  sa ples e e e t ifuged agai  at the sa e 

o ditio s as i  the p e ious e t ifugatio . Resulti g RNA pellet as ashed ith old 

 % etha ol a d afte  etha ol e o al sa ples e e left to d  fo   i utes 

appl i g a uu . Fi all , pellets e e esuspe ded i   L of DNase/RNase f ee H O, 

ua tified ith Na oD op® ND-  spe t ophoto ete  The oFishe  S ie tifi , DE, 

USA  a d sto ed at - ºC. 

 

.  PCR amplification 

Fo  the PCR a plifi atio s p i e s e e desig  usi g P i e  I put e sio  . .  

o li e tool. Fo  the PCR a plifi atio  ea tio  -  g of te plate DNA, depe di g 

o  the ualit  of the sa ple, e e added to a fi al olu e of uL of the PCR ea tio  

i  . µL Buffe  X, µL Mg +, . µL dNTPs, . µL F d p i e  µg/µL , . µL Re  
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p i e  µg/µL , . µL BIOTAQ™ DNA pol e ase a d DNase/RNase f ee H O up to 

µL  BIOLINE, Lo do , UK . PCR ea tio  as a ied out i  a Ve it  The al C le  

Applied Bios ste s™ . The PCR p og a e slightl  a ied a o di g to the pai  of 

p i e s used ut fo  all the ases follo ed this s he e.  

 

De atu alizatio  ºC  i utes 

De atu alizatio  ºC  i utes 

A eali g - ºC  se o ds 

Elo gatio  ºC  i ute 

Fi al elo gatio  ºC  i ute 

 ºC   ∞  

 

.  DNA gel electrophoresis 

Aga ose gels at a i g o e t atio s of . - .  % e e p epa ed to effe ti el  

sepa ate DNA f ag e ts a o di g to thei  size. Aga ose E oge , Ba elo a, Spai  

as i ed ith TBE uffe  Bio-Rad, Califo ia, USA  a d heated i to a i o a e 

u til aga ose as o pletel  dissol ed. The , Gel Red d e Biotiu , Califo ia, USA  

as added to the gel :  dilutio  to e a le isualizatio  of DNA a ds u de  UV 

light. Alo g ith loaded sa ples, ΦX  DNA-Hae III ladde  Ne  E gla d Biola s, MA, 

USA  as used fo  e pe ti g a ds up to k  a d k  DNA Ladde  Ne  E gla d 

Biola s, MA, USA  fo  highe  a ds.  

 

.  Sanger Sequencing 

3.4.1 PCR purification 

Afte  a plif i g the desi ed f ag e ts  PCR, p odu ts e e lea ed ith E oSAP-IT™ 

The o Fishe  S ie tifi , DE, USA . B iefl , L of PCR p odu t e e i ed ith µL 

E oSAP a d i u ated  i utes at ºC follo ed   i utes at ºC. Pu ified 

p odu ts e e diluted :  addi g  µL of DNase/RNase f ee H O efo e p o eedi g 

-  les 
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ith Sa ge  Se ue i g ea tio . Alte ati el , fo  so e ases PCR lea -up as ade 

 e t a ti g the DNA f ag e t di e tl  f o  the gel a d pe fo i g a sili a-

e a e- ased pu ifi atio  usi g QIA ui k Gel E t a tio  Kit QIAGEN, Ve lo, 

Nethe la ds .  

3.4.2 Sanger Sequencing reaction 

Fo  Sa ge  se ue i g ea tio  µL of the pu ified PCR p odu t, o  alte ati el  g 

of a  isolated plas id, e e i ed ith , µL of a ea tio  i  o tai i g ,  µL of 

the se ue i g p i e , ,  µL of the ea tio  uffe  a d ,  µL of the Big D e 

The o Fishe  S ie tifi , DE, USA . The PCR o ditio s used e e:  i utes at ºC, 

 les of  se o ds at ºC,  se o ds at ºC a d  i utes at ºC a d a fi al 

ooled do  to ºC. The , the se ue i g ea tio  p odu t as pu ified usi g Opti a 

DTR™ EdgeBio, Ma la d, USA  a d fi all  sa ples e e i je ted i  a  ABI PRISM 

 ge eti  a al ze  The o Fishe  S ie tifi , DE, USA  fo  the apilla  

ele t opho esis. The a al sis as ade usi g Mutatio  Su e o ® SoftGe eti s, PA, 

USA  soft a e.  

 

.  Reverse Transcription RT  

3.5.1 miRNA RT 

Co ple e ta  DNA DNA  as o tai ed ith Ta Ma ®Mi oRNA Re e se 

T a s iptio  Kit Applied Bios ste s™, Califo ia, USA sta ti g f o  g of total RNA 

usi g spe ifi  iRNA-RT oligo u leotides, a o di gto a ufa tu e 's i st u tio s. RT 

ea tio  as a ied out i  a Ve it  The al C le  Applied Bios ste s™, Califo ia, 

USA . 

3.5.2 Total RNA RT 

Co ple e ta  DNA DNA  as o tai ed ith High Capa it  Re e se T a s iptio  Kit 

Applied Bios ste s™, Califo ia, USA  sta ti g f o  g of total RNA usi g a do  

p i e s, a o di g to a ufa tu e 's i st u tio s. RT ea tio  as a ied out i  a 

Ve it  The al C le  Applied Bios ste s™, Califo ia, USA . 
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.  Quantitative polymerase chain reaction qPCR  

3.6.1 miRNA qPCR 

The a plifi atio  ea tio s e e pe fo ed i  t ipli ate usi g Ta Ma  spe ifi  iRNA 

p o es i  a CFX Co e t Real-Ti e PCR Dete tio  S ste  Bio-Rad, Califo ia, USA  

PCR a hi e. Relati e e p essio  ua tifi atio  as al ulated usi g -ΔCt ethod 

o alizi g Ct alues of ge es ith Ct alues of housekeepi g o t ols RNU  a d 

RNU . 

3.6.2 mRNA qPCR 

The a plifi atio  ea tio s e e pe fo ed i  t ipli ate usi g  g of DNA as 

te plate ith Ta Ma  spe ifi  iRNA p o es i  a CFX Co e t Real-Ti e PCR 

Dete tio  S ste  Bio-Rad, Califo ia, USA  PCR a hi e. Relati e e p essio  

ua tifi atio  as al ulated usi g -ΔCt ethod o alizi g Ct alues of ge es ith 

Ct alues of the housekeepi g o t ol TATA i di g p otei  TBP . 

 

.  Production of competent bacteria 

Co pete t a te ia e e p odu ed i -house f o  XL - lue Es he i hia Coli st ai  

usi g a CaCl  a d gl e ol- ased t eat e t. To do that, XL - lue a te ia e e g o  

o/  i  L LB oth Co da, Mad id, Spai  at ºC a d e / i  i  a shake  

I u ato  OPAQ OVAN, Ba elo a, Spai . The follo i g da  the L of a te ial 

ultu e e e added to L of LB oth a d e e g o  u til the OD  as et ee  

.  a d .  so the  still i  the e po e tial g o i g phase. To pe fo  these 

easu e e ts  L of the ultu e as e o ed a d easu ed i  a Ge eQua t p o 

spe t ophoto ete  A e sha , Little Chalfo t, UK . Co se uti el , a te ia e e 

pou ed i  L disposa le e t ifuge tu es a d kept o  i e fo   i utes. Ba te ia 

e e the  e t ifuged at  p , at ºC fo   i utes a d supe ata t dis a ded. 

Ea h L tu e ith a te ia e e esuspe ded i  L of ste ile M CaCl  a d 



3. Materials and Methods 

 

 

 

 

% gl e ol Pa ea , Ba elo a, Spai  a d L e e ali uoted i  ,  e t ifuge 

tu es. Fi all , the  e e sto ed at - ºC. 

.  Transformation of plasmid DNA into competent 
bacteria 

Fo  plas id t a sfo atio  i to o pete t a te ia, XL -Blue o pete t a te ia 

e e def osted i  i e, i ed ith the plas id o  ligatio  ea tio  a d i u ated fo   

i utes o  i e. To p o ote the t a sfo atio  a heat sho k of  se o ds at ºC as 

applied to the a te ial ial usi g a lo k heate  The o Fishe  S ie tifi , DE, USA . 

Ba te ia e e the  i ediatel  pla ed o  i e. µL of a  LB oth e e added to 

a te ia a d the  e e i u ated fo  o e hou  at ºC i  agitatio  e / i  i  a 

shake  I u ato  OPAQ OVAN, Ba elo a, Spai . Fi all , a te ia e e seeded i  LB 

aga  Co da, Mad id, Spai  plates ith M a pi illi  Gi o™, The o Fishe  

S ie tifi , DE, USA  a d i u ated o/  at ºC i  a  i u ato  Sele ta, Ba elo a, 

Spai .  

 

.  Glycerol Stocks 

Fo  lo g sto i g of the desi e a te ial lo es gl e ol sto ks e e aid a d sto ed at -

ºC. Ba te ia lo es e e i di iduall  pi ked f o  the LB aga  plates a d g o  o/  at 

ºC i  agitatio  i  LB oth Co da, Mad id, Spai  ith M a pi illi  Gi o™, 

The o Fishe  S ie tifi , DE, USA .  L of the o/  ultu e e e i ed ith  L of 

ste ile % gl e ol Pa Rea  AppliChe , Ba elo a, Spai  i  a  L o ial a d 

pla ed i ediatel  at - ºC fo  sto age.  

 

.  Cloning into luciferase psiCHECK-  vector 

PCR a pli o s e e pu ified usi g Nu leoSpi  Gel a d PCR lea -up Ma he e -Nagel  

kit a d eluted i  uL of RNase a d DNase f ee ate . DNA f ag e ts alo g ith the 

psiCHECK-  e to  e e digested sepa atel  ith P eI e z e Ne  E gla d Biola s  

fo  .  hou s a d NotI e z e Ne  E gla d Biola s  fo  .  hou s. Digested DNA 
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f ag e ts e e pu ified  u i g the  i  a  aga ose . X ele t opho esis gel 

follo ed  a  e t a tio  of the DNA f o  the gel Nu leoSpi  Gel a d PCR lea -up 

Ma he e -Nagel kit . DNA as eluted i  uL of RNase a d DNase f ee ate . The 

digested f ag e ts a d e to  e e ligated usi g T  DNA Ligase Ne  E gla d Biola s  

fo  o e hou  at oo  te pe atu e as follo s: 

Digested DNA Te plate µL 

Digested psiCHECK-  plas id µL 

Buffe  X µL 

T  DNA Ligase µL 

 uL total olu e 

Half of the ligatio  p odu t i.e. uL  as t a sfo ed i to o pete t a te ia see 

se tio  .  a d et ee  - uL of these a te ia e e plated i to LB plates ith 

µg/ L of A pi ili e a d i u ated at ºC O.N. Resista t olo ies e e 

t a sfe ed o to a e  LB A p plate a d i u ated agai  at ºC O.N. The p ese e of 

the o e t i se t as he ked  olo  PCR. Colo ies e e pi ked, put i to uL of 

distilled ate , a d the  heat oiled at ºC fo   i utes. uL e e used as the 

te plate fo  the PCR usi g e to -spe ifi  p i e s Ta le . . These p i e s e e 

desig  o e i g the lo i g egio  of the e to  so that the p ese e o  a se e of the 

i se t a  e disti guished  the size of the i se t. 

 

 

 

 

Ta le . : P i e s fo  olo  PCR.  

 

.  Cell culture 

3.11.1 Adherent cell lines 

Oligo a e Se ue e 

Psi he k- -F d  - AGGACGCTCCAGATGAAATG-  

Psi he k- -Re  - GCGAGGTCCGAAGACTCAT-  
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HEK  ell li e hu a  e o i  kid e  ell li e  as ultu ed i  o de  to pe fo  

lu ife ase assa s a d fo  le ti i al p odu tio  a d tit atio . These ells e e g o  i  

Dul e o's Modified Eagle Mediu  DMEM  supple e ted ith % of Fetal Bo i e 

Se u  FBS , % o  M  L-Gluta i e a d % Pe i illi -St epto i  Gi o™, 

The o Fishe  S ie tifi , DE, USA .  

Fo  the PAR-CLIP opti izatio , FLAG-HA-Ago  HEK  e gi ee i g odified ell li e 

as ki dl  fa ilitated  Ma kus La dthale  f o  RNA Biolog  a d Postt a s iptio al 

Regulatio  g oup, Ma -Del u k-Ce t e fo  Mole ula  Medi i e, Be li , Ge a .  This 

ell li e that as odified to ha e a  i du i le Ago  e p essio  s ste  as ultu ed i  

high glu ose Dul e o's Modified Eagle Mediu  DMEM  supple e ted ith % of 

Fetal Bo i e Se u  FBS , % o  M  L-Gluta i e a d % Pe i illi -St epto i  

Gi o™, The o Fishe  S ie tifi , DE, USA  togethe  ith lasti idi  µg/ L  a d 

h g o i  B µg/ L  Sig a-Ald i h, Missou i, USA . Fo  i du i g Ago  e oge ous 

e p essio  ells e e ultu ed o/  supple e ti g the edia ith µg/ L of 

Do li e Sig a-Ald i h, Missou i, USA .  

3.11.2 Suspension cell lines 

Diffuse La ge B- ell L pho a DLBCL  ell li es e e ultu ed to use the  as i  it o 

l pho a odels usi g Ros ell Pa k Me o ial I stitute Mediu  RPMI  

supple e ted ith % of Fetal Bo i e Se u  FBS  % o  M  L-Gluta i e a d % 

Pe i illi -St epto i  Gi o™, The o Fishe  S ie tifi , DE, USA . These ells a e: 

RIVA ABC su t pe , SU-DHL-  GCB su t pe , HT GCB su t pe  a d WSU-DLCL  GCB 

su t pe, t a sfo ed f o  folli ula . 

3.11.3 Cryopreservation 

Fo  ell op ese atio  -  illio  ells depe di g o  the ell t pe  e e spi  do , 

esuspe ded i  L Fetal Bo i e Se u  FBS  ith % DMSO a d disposed i  

oge i  tu es. Cells e e ool do  up to - ºC de easi g te pe atu e 

p og essi el , at a ooli g ate of ºC pe  i ute. Afte  ea hi g this te pe atu e ells 

e e lo g-te  sto ed i  li uid it oge  - ºC . 
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.  Lentiviral production and titration 

Fo  le ti i al p odu tio  HEK T ells e e seeded i  T  flasks. At a % o flue e 

the  e e t a sfe ted ith the pa kagi g plas ids togethe  ith the t a sfe  e to  

usi g Tu oFe t™ T a sfe tio  Reage t The oFishe  S ie tifi , DE, USA . Afte  -  

hou s edia as epla ed ith L of f esh edia a d i u ated u til the follo i g 

da  he  the fi st ha est of i uses as olle ted. To do that, the edia o e i g the 

ells as olle ted, e t ifuged to pellet do  ell de is, filt ated a d ali uoted. L 

of f esh edia e e added to the ells a d the se o d ha est of i uses as olle ted 

the follo i g da  follo i g the sa e steps.  

Fo  i al tit atio , HEK T ells e e seeded .  ells pe  ell i  p  plates  a d 

i fe ted ith diffe e t olu es of the e o e ed supe ata t uL, uL, uL, 

uL, uL, uL  fo  the fi st a d the se o d ha est sepa atel . Cells e e i u ated 

fo   hou s a d the  disso iated usi g t psi  a d i te ogated usi g flo  to et  

FACSDi a Ve sio  . . . The pe e tage of g ee  ells as al ulated pe  ea h 

o ditio . Results ith the diffe e t i fe tio s olu es f o  the sa e ha ests e e 

plotted togethe . The li ea  phase as ide tified a d a eg essio  li e as applied i  

o de  to e t apolate the a ou t of olu e e essa  fo  i fe ti g % of the ells. 

Assu i g that e e  i al pa ti le i fe ts o e si gle ell a d taki g i to a ou t the 

total a ou t of ells seeded the a ou t of i al pa ti les pe  i olite  as esti ated 

IFUs/µL .  

 

.  Western-Blot 

3.13.1 Protein extraction and quantification 

Cell l sates e e o tai ed f o  ell pellets usi g RIPA l sis uffe  supple e ted ith 

p otease a d phosphatase i hi ito s. Cell pellets e e esuspe ded i  the l sis uffe  

a d i u ated i  i e fo   i  appl i g o te  e e  -  i utes. Sa ples e e 

e t ifuged at g fo  i  at ºC a d supe ata ts e e olle ted a d sto ed at -

ºC. To ua tif  the total p otei  o te t of the l sates Pie e™ BCA P otei  Assa  Kit 

The oFishe  S ie tifi , DE, USA  as used a o di g to a ufa tu e 's i st u tio s.  
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3.13.2 SDS-PAGE and Membrane Transference  

Fo  p otei  ele t opho esis et ee  -  µg of total p otei  e e loaded i to i -

house ade pol a la ide gels. Gels e e ade usi g % a la ide/ is-

a la ide, . :  eage t Bio-Rad, Califo ia, USA . P e iousl , loadi g uffe  as 

added to the sa ples follo ed  a  i u atio  step at ºC fo   i utes to p o ote 

the de atu alizatio  of the p otei s. Alo g ith loaded sa ples, P e isio  Plus 

P otei ™ Kaleidos ope™ P estai ed P otei  Sta da ds Bio-Rad, Califo ia, USA  as 

used. Afte  SDS-PAGE, the o te t as t a sfe ed f o  the gels i to it o ellulose 

e a es A e sha  P ot a  P e iu  .  NC, GE Health a e Life S ie es .  

3.13.3 Antibody staining and development 

Me a es e e lo ked ith % Ski  Milk diluted i  TBS-T ee  . % o  i  % BSA 

Bo i e Se u  Al u i , Sig a-Ald i h  diluted i  TBS-T ee  . % depe di g o  the 

spe ifi atio s of the p i a  a ti od . Me a es e e i u ated i  the sa e 

solutio  at ºC o/  ith the p i a  a ti od  diluted a o di g to the spe ifi atio s 

of the a ti od  i  otatio  i  L Fal o  tu es. Th ee ashes of  i utes i  TBS-

T ee  . % e e pe fo ed follo ed  a  i u atio  ith the se o da  a ti od  

o jugated ith HRP  diluted :  i  % Ski  Milk TBS-T ee  . % fo   hou  at 

oo  te pe atu e i  otatio  i  L Fal o  tu es. Th ee ashes of  i utes i  TBS-

T ee  . % e e pe fo ed a d e a es e e de eloped usi g No e ™ ECL 

Che ilu i es e t Su st ate Reage t Kit The oFishe  S ie tifi , DE, USA .  
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.  Background 

Folli ula  l pho a FL  is the ost o o  fo  of lo -g ade B- ell l pho a 

a ou ti g fo  app o i atel  % of all diag osed l pho as [ ]. Due to its slo  

p og essi e atu e FL is ofte  o side ed a  i u a le alig a , ith a edia  life 

e pe ta  of app o i atel   ea s [ ]. Ho e e , up to % of FL patie ts u de go 

high-g ade t a sfo atio  i to a u h o e agg essi e fo  of l pho a ith a 

poo e  out o e, ge e all  te ed as t a sfo ed FL tFL  [ , ]. Ma  effo ts ha e 

ee  ade to u de sta d the ole ula  e ha is s leadi g this p o ess. Fo  

e a ple, so ati  alte atio s i ol ed i  t a sfo atio  of FL ha e ee  idel  

studied. Alte atio s i  ge es i ol ed i  ell- le p og essio  a d DNA da age 

espo ses e,g, CDKN A/B, TP  a d MYC  [ ], as ell as utatio s the affe t the NF-

B sig alli g path a  su h as MYD  a d TNFAIP  ha e also ee  att i uted to 

t a sfo atio  [ ]. I  additio , utatio s i  BCL  that ha e ee  sho  i eased at 

t a sfo atio  a d o elate ith a highe  isk of o talit  [ ]. Ho e e , despite the 

high f e ue  of this e e t, the t a sfo atio  p o ess is o l  poo l  u de stood at 

the ole ula  le el, a d as et o p edi ti e io a ke s e ist fo  patie ts at isk f o  

this phe o e o .   

The efo e, the goal of this p oje t as to i estigate hethe  utatio s i  iRNA 

i di g sites a e asso iated ith the t a sfo atio  p o ess as ell as dete i e if 

the  ould e useful as io a ke s to p edi t this phe o e o . It has ee  postulated 

that iRNAs pla  a ole i  the t a sfo atio  p o ess. So e high-th oughput studies 

ha e sho  diffe i g iRNA p ofiles asso iated ith FL li i opathologi al featu es 

[ - ], i ludi g t a sfo atio  [ ]. The latest stud  ide tified si  iRNAs iR-

, , ,  a d let- i a d  that ould p edi t t a sfo atio  i  FL patie ts 

suggesti g that iRNA e p essio  sig atu es ha e pote tial as p og osti  a ke s a d 

a  e used to ide tif  FL patie ts at isk of high-g ade t a sfo atio . Also, a  

i depe de t stud  ide tified iR-  a d iR- - p le els to ha ge du i g FL 

t a sfo atio  [ ]. Ho e e , to date o o e has i estigated the ole of utatio s 

asso iated ith iRNAs i  FL t a sfo atio . 
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Re u e t utatio s i  iR-  i  diffuse la ge B- ell l pho as a d folli ula  

l pho as, a d editi g of the iR-  luste  ha e ee  epo ted, p o idi g e ide e 

fo  i oRNA editi g i  l pho age esis [ ]. Also, a so ati  utatio  i  E F  ge e 

ithi  a iR- - p i di g site as de o st ated to i pai  ge e egulatio  leadi g 

to a  i ease i  the ge e a ti it  of olo e tal a e  [ ]. Si ila l , a utatio  i  

CFTR ge e sho ed to i ease the affi it  fo  iR- - p i - it o edu i g the 

e p essio  of the CFTR p otei  [ ]. Se e al additio al studies ha e de o st ated 

that u leotide a ia ts i  iRNA se ue es a d iRNA i di g sites a e asso iated 

ith sus epti ilit  to e tai  a e  t pes su h as east a e  [ - ],  gast i  

a e  [ ], hepato ellula  a i o a [ ] a d also NHL [ ]. I  NHL the  ha e also 

ee  asso iated ith su i al [ , ]. Co putatio al studies ha e also ee  

pe fo ed to p edi t dis uptio  of iRNA i di g sites  so ati  utatio s i  a e  

ge o es [ ]. A data ase alled So a iR has ee  eated to olle t so ati  

utatio s that a  eate o  dis upt iRNA ta get sites i  a e  as ell as ge li e 

a d so ati  utatio s that ha e ee  e pe i e tall  sho  to i pa t iRNA 

fu tio  a d ha e ee  asso iated ith a e  [343]. 

To test ou  h pothesis, e used hole ge o e se ue i g WGS  data f o  

lo gitudi all  o tai ed sa ples f o   FL patie ts that u de e t t a sfo atio . 

This data as p odu ed  the g oup of Jude Fitzgi o  i  the Hae atologi al Ce t e 

of Ba ts Ca e  I stitute i  Lo do , a d data elated to so ati  odi g utatio s as 

pu lished i  Natu e Ge eti s [ ]. We e e ki dl  allo ed to use this data fo  this 

stud , i  additio  to usi g so e of thei  FL sa ples fo  this stud . Usi g this data, e 

e plo ed the p ese e of so ati  utatio s i  o putatio all  p edi ted iRNA 

i di g sites a d e aluated the p e ale e of the ide tified utatio s i  a  e te ded 

oho t of  patie ts usi g ta geted pa el se ue i g. Ide tified e u e t a ia ts 

e e sele ted as a didates a d i - it o fu tio al e pe i e ts e e pe fo ed i  

o de  o fi  these ioi fo ati  p edi tio s a d also to e pe i e tall  assess the 

effe t of the utatio s i  the iRNA i di g. Fi all , this e ha is  as e aluated i  

l phoid ell odels a d FL patie ts. 



4. Investigating mutations in the miRNA binding sites of follicular lymphoma 

 

 

   

.  Methodology 

4.2.1 Patient samples  

A total of  tu ou  sa ples f o   patie ts e e used i  this stud . F o  the  

patie ts,  e e i itiall  diag osed ith FL a d f o  those,  u de e t a 

histologi al t a sfo atio  to DLBCL tFL . The e ai i g se e  ases e e diag osed 

as de o o DLBCL. tFL ases  out of  e e sele ted a o di g to the a aila ilit  of 

the p e-t a sfo ed a te e t FL  alo g ith tFL pai ed ate ial. I  additio ,  FL 

ases e e sele ted fo  this stud  ased o  the a se e of epo ted t a sfo atio  i  

the li i al data ases of the hospital of o igi . Fo   ases, the tu o  sa ple i luded 

i  the stud  as the iops  at elapse. This ate ial as o tai ed f o  Ba ts Ca e  

I stitute Bio a k  patie ts , C u es U i e sit  Hospital  patie ts  a d Do ostia 

U i e sit  Hospital  patie ts . Detailed i fo atio  of ea h sa ple is a aila le i  

Ta le -A e . 

Fo  the i lusio  of sa ples i  this stud  f o  lo al Hospitals itte  o se t as 

o tai ed f o  patie ts a d app o ed  lo al ethi s o ittees. These sa ples e e 

olle ted f o  the Bas ue Tissue Bio a k. Fo  the sa ples f o  the UK, itte  

o se t as o tai ed fo  olle tio  a d use of spe i e s fo  esea h pu poses ith 

ethi al app o al o tai ed f o  the I stitutio al Re ie  Boa d. 

4.2.2 Whole Genome Sequencing (WGS) 

WGS as a ied out at Ba ts as des i ed i  this pu li atio  [ ] 

. . .  Sample characteristics 

WGS data o tai ed f o  si  patie ts ith FL ho u de e t histologi al 

t a sfo atio  to DLBCL tFL  as used fo  this stud  Figu e . . These si  patie ts 

e e sele ted ased o  the a aila ilit  of se ue tial tu o  l ph ode iopsies a 

sa ple ith FL a d a su se ue t sa ple ith histologi al t a sfo atio  tFL , a d 

at hed ge li e ate ial o sisti g of e issio  o e a o s o  pe iphe al lood 

spe i e s. The lo alit  et ee  the sa ples f o  the sa e patie t as o fi ed 

a al si g the BCL -IGH eakpoi t. All iopsies e e p e iousl  histologi all  e ie ed 

to o fi  diag osis a d tu o  o te t efo e DNA e t a tio  f o  f esh f oze  tu o  
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sa ples [ ]. I  total,  sa ples f o  these si  patie ts e e i luded i  this stud  as 

i di ated i  Figu e . . This g oup ep ese ts the dis o e  oho t.  

 

Figu e . : Biops  i fo atio  ith disease e e t ti eli es fo  the  WGS ases dis o e  

oho t . Modified f o  Okosu , et al.  [ ] 

 

. . .  Whole genome sequencing performance 

g of ge o i  DNA f o  ea h sa ple as f ag e ted to a e age  p i se t-size 

li a ies a d se ue ed usi g the HiSe   platfo  ith pai ed-e d eads of  

p, a o di g to a ufa tu e s p oto ols Illu i a, Sa  Diego, CA . Se ue i g as 

pe fo ed ith a ea  o e age of X ith % of the ta geted ases o e ed at 

> -fold o e age [ ]. 

. . .  WGS pre-processing and variant calling 

Ra  se ue i g data e e alig ed to the efe e e hu a  ge o e hg  usi g the 

Illu i a ELAND  alig e  to ge e ate BAM files. PCR dupli ates e e e o ed a d 

poo l  alig ed a d a o alous eads e e e-alig ed usi g CASAVA . . So ati  

si gle u leotide a ia ts SNVs  a d i dels e e ide tified usi g St elka algo ith  due 

to its se siti it  of utatio  dete tio  ith a i g tu o  pu ities. Those a ia t 

a didates e e su se ue tl  filte ed: o l  the so ati  alls o igi ati g f o  

ho oz gous efe e e alleles i  the o al sa ples e e sele ted a d those SNVs a d 

i dels ith so ati  ualit  s o e Q <  a d < , espe ti el , e e dis a ded [ ]. 
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4.2.3 Computational prediction of mutations present in miRNA 

binding sites using a bespoke script based on the TargetScan and 

miRanda miRNA target prediction algorithms.  

Fo  the p edi tio  of utatio s p ese t i  ioi fo ati all  p edi ted iRNA i di g 

sites, o l  the ide tified so ati  utatio s p ese t i  ge es that e ode fo  p otei s 

e e o side ed = . The o putatio al s ipt as de eloped a d u   D . 

Jose Afo so Gue a-Assu ção of the Sa ge  Ce t e i  Ca idge. I  ief, the atu e 

se ue es of all hu a  i oRNAs e e et ie ed f o  iRBase [344]. The se ue es 

e e the  luste ed a d ollapsed i to dis eet fa ilies a o di g to if the  sha ed the 

sa e seed egio  o  ot. Ge o i  oo di ates fo  hu a  UTR's e e o tai ed f o  

E se l ioMa t [ ] a d a at hi g epeat asked hole ge o e FASTA file as 

et ie ed f o  the E se l FTP se e s. A usto  set of s ipts as the  e plo ed to 

p odu e FASTA files o tai i g UTRs ithout utatio s, alo g ith the utatio s 

ide tified  WGS i  the patie ts.  

The Ta getS a  algo ith  as e plo ed to p edi t ta get sites i  the ge e ated 

se ue e files [262], a d the esults depe di g o  the utatio s ei g p ese t o  

a se t e e o pa ed. O l  utatio s lo ated a o g the % ost o fide t ta get 

sites fo  ea h iRNA e e o side ed, e ludi g the % of ith the lo est s o es. 

The iRa da ta get p edi tio  algo ith  as the  e plo ed o  these ta gets to t  to 

assess the the od a i  sta ilit  a d the effe ts of the utatio s o  pote tial 

i oRNA i di g to the ta get [266]. This a al sis as est i ted to ta gets p e iousl  

ide tified  Ta getS a .  

4.2.4 Pathways enrichment analysis: Ingenuity 

O toge  a al sis of utatio s ide tified i  p edi ted iRNA- i di g sites as a ied 

out usi g I ge uit  Path a  A al sis tool [ ]. 
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4.2.5 Validation of the candidate mutations with Sanger 

Sequencing and analysis of the validated mutations in a 

preliminary extended cohort 

Ca didate utatio s e e a al sed i  the o igi al dis o e  oho t  Sa ge  

Se ue i g see p oto ol i  se tio  .  usi g spe ifi  PCR p i e s listed i  Ta le . . 

Validated utatio s /  e e the  easu ed i  a  e te ded oho t of patie ts 

a ed as p eli i a  e te ded oho t. This oho t o sisted of  ases i ludi g the 

 ases f o  the dis o e  oho t:  sa ples f o   FL patie ts ho u de e t 

t a sfo atio ,  o -t a sfo ed FL tFL  ases a d  de o o DLBCL ases. See 

Ta le -A e  fo  details of the patie ts i  ea h oho t. 

 

Ge e 
A pli o  Ge o i  

Coo de ates 
F d p i e  '--> '  Re  p i e  '--> '  

IFT  o desig a le p i e s  -  - 

ATP A h : -  CCCATCTCGTGGTGTAGCAT GGCCTACGCTCTCGAGAAA 

ATP A h : -  CATGCAATTCTCCAATGGGCAT ATCGCCAGCAACGGCTA 

BCL  h : -  ACTGAATGAATCTCATGGGTTTAACCAA TGGAATAACTCTGTGGCATTATTGCAT 

EZH  h : -  GCCCAGCACAATCCAGTTACTA TGCCCAATTACTGCCTTAGAACA 

GDI  h : -  GCTTTCTCCAAATGACTCCCTATGT CCTGCTTTTGTAATGAAAATGGAGAGA 

MEF B h : -  GGTTCTGCAGGCCACTGTAG TCTCCCTTCCGACCAGCA 

MEF B h : -  GCCAGGTTGTGACATGAGAA TCCCTTCTAGGGACAGCAGA 

PCSK  h : -  GCAGGGTCTTACAGATTTCCTTGT GCACAAGCCTTTAGTAAACTGAAGA 

SLC A  h : -  CCACTCTGAACCCTCTGGTCA TCCTGTTCCCGGGTGTTCTA 

RETSAT h : -  CAGCAAAGTATTCATCTTACCAGTCCA GGGCAATGGAATCACTGCT 

ITGB BP  h : -  CAGCATGAATCCTGGTCTCCA ACTGCAATGCTGAAATGTTATGCAAATA 

MYO  h : -  CCTTTCCATGAAGCATGTCA TGGATTCACCCCTGAATATGA 

BCL  h : -  GACTCCATTAAAATGATTTTGGCAGGAT TGTCCCTTTGACCTTGTTTCTTGAA 

PCSK  h : -  CTGCAAAACATGTACATTTCAAGGCT AAGCAAGTCAATGCAAAAGGGAAAA 

BMP  h : -  GCTCTTTCCCCTCCCACTAGA GGTCATTGGCTGGGAAGTCTC 

MYO B h : -  CTTCAGCAACAACTCATGTGTACATT ACTTGGAGGCTAGAAGAAGCATCT 

MYO B h : -  GGACATTCTCTAGTTCTATGCAAAGATC CCCAATGTGAGCAAGAAGGAAGTATAT 

PEX  h : -  GCTAGGCTAGCAGAAGTGAGAATC GGAAGAGCCCAGATCTGAATGTAA 
 

Ta le . : P i e s fo  PCR a plifi atio  a d Sa ge  Se ue i g fo  alidatio  of utatio s 

ide tified i  the dis o e  oho t. 
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4.2.6 Ampliseq (Ion Torrent) NGS panel design and performance  

To e plo e the f e ue  of all the ide tified iRNA- i di g site utatio s i.e = , 

e desig ed a usto  NGS pa el usi g Io  A pliSe  ta geted se ue i g te h olog . 

The Io  A plise  Desig e  .  tool as used to desig  the pa el usi g oo di ates 

o tai ed f o  the o igi al WGS data. The pa el o sisted of a si gle pool of  

sepa ate a pli o s - p i  le gth , o e i g a total of k , a d i luded  of 

the  %  of the o igi all  ide tified utatio s. 

A total of  sa ples f o   patie ts e e a al sed usi g this se ue i g pa el. This 

g oup ep ese ted the alidatio  oho t a d o sisted of  sa ples f o   FL 

patie ts ho u de e t t a sfo atio  i ludi g the  ases f o  the dis o e  

oho t , a d  sa ples of o -t a sfo ed FL patie ts. I  additio , fi e pools f o   

health  o t ols togethe  ith  l pho a ell li es DLBCL a d FL  e e se ue ed.  

DNA f o  health  o t ols as se ue ed i  o de  to ide tif  se ue i g a tefa ts a d 

ge eti  pol o phis s ot asso iated ith the disease. The easo  of usi g pools as 

to a i ize the dete tio  of SNPs i  the o al populatio  keepi g a dete ta le 

a ia t allele f e ue  VAF  u e . Fo  o e detailed i fo atio  see Ta le -

A e . I  total, se e t -fi e sa ples e e se ue ed o  a  Io  To e t Pe so al 

Ge o e Ma hi e PGM  i  the ge o i s fa ilit  of Biodo ostia. This data as 

ge e ated du i g ele e  diffe e t se ue i g u s usi g  flo s ith pai ed-e d 

eads of  p. Fift -eight sa ples e e u  o   hips -  sa ples pe  hip  

a d eightee  sa ples o  t o  hips  sa ples pe  hip . The e ai i g t e t -

th ee sa ples e e se ue ed e te all   Ge et a e  Biote h Sa ta de , Spai  o  

a  Io  P oto  a hi e.  
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Figu e . : Io  To e t platfo s A , spe ifi atio s of Io  To e t diffe e t platfo s a d hips 

B , illust atio  of Io  a aila le se ue i g hips C .  

Sig al p o essi g a d ase alli g e e pe fo ed ithi  the To e t Se e  usi g 

default pa a ete s. Afte  de- ultiple i g, eads e e alig ed agai st the hg  e sio  

of the hu a  ge o e, a d a ia ts e e alled usi g the Io  Repo te  .  o li e tool 

usi g so ati  lo  st i ge  pa a ete s f o  the To e t Va ia t Calle  .  plugi . 

4.2.7 Functional in-vitro studies - Luciferase Assays 

Luciferase assays were performed on seven candidate genes: BCL2, EZH2, MEF2B, 

SPOCK3, ARMC10, METTL15 and SENP1. We analysed all the variants that we identified 

in these seven genes. For BCL2 gene, three different loci where analysed. For EZH2, an 

additional mutation (hg19 chr7:g.[148508727T>G]) identified in SU-DHL-4 cell line and 

commonly identified in FL patients [80] was included. So, in total, nine miRNA-binding 

sites were analysed (see table 4.2). The cDNA sequences were cloned into psiCHECK-2 

luciferase vector to carry out the assays. Firstly, wild type sequences were analysed. In 

those validated as bona fide target sites the assay was performed together with all the 

mutated sequences for each locus.  
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Ge e 
*  St a d 

/ Lo atio  
iRNA iRNA- i di g site Va ia ts/ utatio s **  

ARMC  + / ’UTR iR- - p h : -  
hg  h :g.[ A>G]   Mut 

hg  h :g.[ C>T]   Va  

METTL  + / ’UTR iR-  h : -  hg  h :g.[ G>A] Mut 

EZH  - / E o  iR- - p h : -  

hg  h :g.[ T>A]   Mut 

hg  h :g.[ T>G]   Mut 

hg  h :g.[ A>T]   Mut 

MEF B - / E o  iR-  h : -  
hg  h :g.[ T >A]   Mut 

hg  h :g.[ T>C]   Va  

BCL  - / ’UTR iR- a- p h : -  
hg  h :g.[ G>A]  Mut 

hg  h :g.[ T>C]   Va  

BCL  - / ’UTR iR- - p h : -  
hg  h :g.[ T>C]   Mut 

hg  h :g.[ T>C]   Va  

BCL  - / ’UTR iR- - p h : -  hg  h :g.[ G>A] Va  

SENP  - / ’UTR iR- a- p h : -  hg  h :g.[ A>G] Va  

SPOCK  - / ’UTR iR- - p h : -  

hg  h :g.[ A>T]   Mut 

hg  h :g.[ C>T]   Va  

hg  h :g.[ A>G]   Va  

Table 4.2: Candidate mutations/variants for luciferase assays performance. All the variants 

identified with targeted re-sequencing located in the seven candidate genes were analysed 

using luciferase assays. These genes are: BCL2, EZH2, MEF2B, SPOCK3, ARMC10, METTL15 and 

SENP1. (*) Strand is referred to the strand where the gene is located. Locations means in what 

ge o i  lo atio  the a ia t is p ese t i  the ge e. **  Mut  efe s the o fi ed so ati  

mutations identified in FL tumours and not in the germ line material in the discovery cohort. 

Var  efe s to a ia ts dete ted i  the validation cohort that cannot be identified with 

certainty as somatic mutations as germ line material from these patients was lacking.  

. . .  Cloning 

P i e s e e desig ed to lo e the iRNA- i di g sites alo g ith a fla ki g egio  of 

app o i atel  p Ta le . . The p i e s also o tai ed the P eI a d NotI i di g 

sites fo  lo i g i to the psiCHECK-  lu ife ase e to  P o ega  Figu e . -A . Fo  the 

PCR a plifi atio  of these egio s, DNA f o  l pho a ell li es o  patie ts as used 

as a te plate see detailed p oto ol of PCR a plifi atio  i  se tio  . . Whe  the 

te plate DNA o tai i g the utatio s/ a ia ts as li ited o  diffi ult to a plif , e 

used s theti  p odu ed DNA fo  lo i g i stead. This s theti  DNA o tai ed the 
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est i tio  sites fo  P eI i   a d NotI i   Ge eA t, The oFishe  Figu e . -B . 

L ophilized s theti  DNA f ag e ts e e e o stituted i  RNAse/DNAse f ee ate  to 

get a fi al o e t atio  of g/µL a d half of the olu e as used fo  the lo i g 

see se tio  .  fo  the detailed lo i g p oto ol . Fo  o e detailed i fo atio  

a out the lu ife ase o st u ts see Ta le . .  

 

Figu e . : S he ati  e a ple of the desig ed p i e s A  a d of the desig ed s theti  DNA 

B  oth o tai i g est i tio  sites fo  P eI a d NotI. 
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Co st u t 
Mutatio  

/ a ia t positio  
St a d Te plate F d p i e  '--> '  Re  p i e  '--> '  Lo atio  

ARMC  
t - + RIVA ell li e 

TTTTTTGTTTAAACGGGAT
TCTCCCAGCTGCTAA 

TTTTTTGCGGCCGCTGC
CACTTCATGTAGGGAAG 

'UTR 

ARMC  
ut  

h :  + RIVA ell li e 
TTTTTTGTTTAAACGGGAT

TCTCCCAGCTGCTAA 

TTTTTTGCGGCCGCTGC
CACTTCATGTAGGGAAG 

'UTR 

ARMC  
ut  

h :  + RIVA ell li e 
TTTTTTGTTTAAACGGGAT

TCTCCCAGCTGCTAA 

TTTTTTGCGGCCGCTGC
CACTTCATGTAGGGAAG 

'UTR 

SPOCK  t - - FL  ell li e 
TTTTTTGTTTAAACGACCA

GCAACTTAGGGAGCA 

TTTTTTGCGGCCGCTTTT
CTTCATTCCAGCAGCA 

'UTR 

SPOCK  
ut  

h :  - FL  ell li e 
TTTTTTGTTTAAACGACCA

GCAACTTAGGGAGCA 

TTTTTTGCGGCCGCTTTT
CTTCATTCCAGCAGCA 

'UTR 

SPOCK  
ut  

h :  - 
Su-DHL-  

ell li e 

TTTTTTGTTTAAACGACCA
GCAACTTAGGGAGCA 

TTTTTTGCGGCCGCTTTT
CTTCATTCCAGCAGCA 

'UTR 

SPOCK  
ut  

h :  - 
S theti  

DNA 
- - 'UTR 

BCL  t - - RIVA ell li e 
TTTTTTGTTTAAACTTTGTG

AGCAAAGGTGATCG 

TTTTTTGCGGCCGCTTCT
GTTGACGTGGAAATGC 

'UTR 

BCL  
ut  

h :  - 
S theti  

DNA 
- - 'UTR 

BCL  
ut  

h :  - 
S theti  

DNA 
- - 'UTR 

BCL  t - - RIVA ell li e 
TTTTTTGTTTAAACTTCCGC

ATTTAATTCATGGT 

TTTTTTGCGGCCGCAAG
GACAGCCATGAGAAAGC 

'UTR 

BCL  t - - RIVA ell li e 
TTTTTTGTTTAAACTCAGG

GTCTTCCTGAAATGC 

TTTTTTGCGGCCGCGCA
GCACAGGATTGGATATT 

'UTR 

BCL  
ut h :  - 

S theti  
DNA 

- - 'UTR 

MEF B t - - 
Su-DHL-  

DNA  

TTTTTTGTTTAAACCAACC
GCCTCTTCCAGTATG 

TTTTTTGCGGCCGCAGC
CTCCGAAACTTCTCTCC 

E o  

MEF B 
ut  

h :  - 
Su-DHL-  

DNA  

TTTTTTGTTTAAACCAACC
GCCTCTTCCAGTATG 

TTTTTTGCGGCCGCAGC
CTCCGAAACTTCTCTCC 

E o  

MEF B 
ut  

h :  - 
S theti  

DNA 
- - E o  

EZH  t - - 
SU-DHL-  

DNA  

TTTTTTGTTTAAACGCTGA
CCATTGGGACAGTAAA 

TTTTTTGCGGCCGCTGG
ATTTACCGAATGATTTGC 

E o  

EZH  ut  h :  - 
SU-DHL-  

DNA  

TTTTTTGTTTAAACGCTGA
CCATTGGGACAGTAAA 

TTTTTTGCGGCCGCTGG
ATTTACCGAATGATTTGC 

E o  

EZH  ut  h :  - 
Su-DHL-  

DNA  

TTTTTTGTTTAAACGCTGA
CCATTGGGACAGTAAA 

TTTTTTGCGGCCGCTGG
ATTTACCGAATGATTTGC 

E o  

EZH  ut  h :  - FL  DNA  
TTTTTTGTTTAAACGCTGA

CCATTGGGACAGTAAA 

TTTTTTGCGGCCGCTGG
ATTTACCGAATGATTTGC 

E o  

METTL  
t - + 

Su-DHL-  
ell li e 

TTTTTTGTTTAAACAACAA
ATTGAGGAGATTGATTCAT 

TTTTTTGCGGCCGCTTCA
CTTGGATTCACCAACC 

'UTR 

METTL  
ut h :  + 

Su-DHL-  
ell li e 

TTTTTTGTTTAAACAACAA
ATTGAGGAGATTGATTCAT 

TTTTTTGCGGCCGCTTCA
CTTGGATTCACCAACC 

'UTR 

SENP  t  

- 

 

- 
THD T  

TTTTTTGTTTAAACGACAG
GTCCCAAAGTTCCAA 

TTTTTTGCGGCCGCCCA
AACTAGATCTGCATTCAT

CC 

'UTR 

SENP  ut h :  - THD T  
TTTTTTGTTTAAACGACAG

GTCCCAAAGTTCCAA 

TTTTTTGCGGCCGCCCA
AACTAGATCTGCATTCAT

CC 

'UTR 

Ta le .  Ge o i  lo atio  of the utatio s/ a ia ts i  the putati e iRNA- i di g sites: 

the ta les also sho s the ases he e s theti  DNA as used fo  the lo i g. Fo  the est of 

the ases, the se ue es of the p i e s used fo  the lo i g i to psiCHECK-  lu ife ase e to  

a e sho  togethe  ith the te plate used. Fo  the lo i g of egio s lo ated i  e o s, DNA 

as used as te plate to i i  as u h as possi le the o igi al ta get se ue e RNA . 

Highlighted i  old lette s a e P eI est i tio  site F d p i e  a d NotI est i tio  site Re  

p i e . 
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 Afte  lo i g a d PCR s ee i g, -  olo ies ith the o e t i se t size e e 

se ue ed usi g Sa ge  Se ue i g see se tio  . . O e the o e t lo es e e 

o fi ed ild t pe a d/o  utated , a te ia f o  the o igi al olo ies e e g o  

i  L of LB oth ith µg/ L A pi illi  at ºC  p  o/  a d plas ids e e 

e t a ted QIAGEN Mi ip ep Kit . Afte  plas id e t a tio s, DNA o e t atio  a d 

ualit  e e easu ed usi g a od op Na oD op® ND-  spe t ophoto ete  

The o Fishe  S ie tifi , DE, USA  a d the i se t of these plas ids e e e-a al sed 

usi g i-di e tio al Sa ge  Se ue i g. The esulti g plas id DNA as sto ed at - ºC 

u til fu the  use. 

. . .  Transfection and luciferase activity measurement 

Fo  lu ife ase assa s HEK  ells e e seeded i  - ell plates,  hou s efo e 

t a sfe tio . Afte  this ti e ells e e t a sfe ted ith g/ ell of psiCHECK-  

e to  alo g ith M of the iRNA i i  o  a s a le iRNA se ue e used as a 

egati e o t ol iRIDIAN iRNA i i s, Dha a o . Dha aFECT Duo 

Dha a o  as used as the t a sfe tio  eage t , L/ ell , a d t a sfe tio s e e 

pe fo ed i  iologi al t ipli ate.  hou s afte  t a sfe tio , the ells e e ashed 

ith PBS a d l sed usi g l sis uffe  f o  the Dual-Lu ife ase Repo te  Assa  

P o ega  kit. Cell l sates e e olle ted a d sto ed at - ºC Figu e . .  

Fi stl , uL of ea h l sate e e added to uL of Lu ife ase Assa  Reage t II LAR II  

to easu e the lu ife ase a ti it  of Fi efl  lu ife ase. Afte  ua tif i g the 

lu i es e e, uL of Stop&Glo eage t a e added. Lu i es e e as easu ed 

usi g a PHERAsta  i oplate eade  BMG LABTECH . The dete ted lu i is e e f o  

Re illa lu ife ase as o alized usi g the lu i is e e f o  Fi efl  lu ife ase fo  ea h 

ell. The o alized lu ife ase sig al of ea h o ditio  as take  a d the lu ife ase 

a ti it  as al ulated taki g as efe e e the o alized lu ife ase sig al of the 

s a le o ditio  fo  ea h diffe e t e to  t pe. Fo  the stadisti al a al sis, the 

Ma –Whit e  U test as applied.  



4. Investigating mutations in the miRNA binding sites of follicular lymphoma 

 

 

   

 

Figu e . : Lu ife ase assa  p oto ol. A  S he ati  ep ese tatio  of the t a sfe tio  a d 

lu ife ase easu e e t p oto ol fo  lu ife ase assa s. B  Rep ese tatio  of a  assa  pe fo ed 

i  iologi al t ipli ate i  - ell plates fo  oth, ild t pe a d utated o ditio s.  

4.2.8 Analysis of the EZH2 and BCL2 mutation prevalence in an 

extended cohort using Custom TaqMan SNP Genotyping Assays: 

Fo  a al si g the p e ale e of these spe ifi  a ia ts/ utatio s i  BCL  a d EZH  

ge es, Custo  Ta Ma ® SNP Ge ot pi g Assa s The oFishe  e e pe fo ed i  a 

oho t of  FL patie ts. Fo  EZH , a  additio al utatio  hg  

h :g.[ A>G ] usuall  fou d i  FL patie ts a d affe ti g the sa e lo us as 

i luded. To a al se that,  Ta a  SNP ge ot pi g assa s e e pe fo ed ith 

p o es desig ed i  o de  to dete t the utatio s p ese t i  BCL  a d EZH  ge es 

usi g ua titati e eal ti e PCR: 
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Assa  Ge e Ge o i  a ia t 

 BCL  hg  h :g.[ G>A] 

 EZH  hg  h :g.[ T>A] 

 EZH  hg  h :g.[ T>G] 

 EZH  hg  h :g.[ A>T] 

 EZH  hg  h :g.[ A>G] 

Ta le . : Ta a  assa s used fo  sa ple ge ot pi g. Ea h assa  o tai s p o es fo  the 

spe ifi  dete tio  of the ild t pe a d the utated se ue e. Both alleles ild t pe a d 

utated  a  e diffe e tiated ithi  the sa e a plifi atio  ea tio  as the  a  diffe e t 

fluo opho es VIC a d FAM espe ti el . 

The tu o al DNA f o  these patie ts as o tai ed f o  ou  olla o ato s i  Ba ts 

Ca e  I stitute. These sa ples o sist of o -pai ed sa ples of DNA f o  FL patie ts 

at diag osis a d also DNA f o  FL patie ts at elapse Ta le -A e . . Fo  the RT-PCR 

ea tio s, Ta a  Ge ot pi g Maste  Mi  Applied Bios ste s  as used togethe  

ith the ge ot pi g p i e s ith the p o es. g of te plate DNA as used fo  ea h 

ea tio  i  a fi al olu e of µL i  a  ell plate.  

Ge ot pi g Maste  Mi  X µL 

Ta a  ge ot pi g p i e s X , µL 

DNA Te plate g/µL  µL 

H O , µL 

 µL total olu e 

The PCR p og a e used had a p e-i u atio  step of  i utes at ºC follo ed  

 les of  se o ds at ºC a d  i ute at ºC. 

To esti ate the li it of dete tio  of the te h i ue the Ta a  assa s u e  ,  a d 

 listed i  ta le .  e e used. To do that, DNA f o  utated sa ples ith a k o  

VAF pe e tage as used. This DNA as se ue tiall  diluted to si ulate utatio  at 

diffe e t a d de easi g VAF pe e tages. A o - utated DNA as used as a egati e 

o t ol. As te plate ate ial fo  the RT-PCR ea tio  g e sus g of DNA e e 

used i  pa allel. Si ila l , to esti ate the VAFs of the ide tified utatio s sta da d 

u es e e used. Mutated DNA ith k o  VAF pe e tages e e u  togethe  ith 
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se ue tial dilutio s of these DNAs a d a o - utated DNA as used as a egati e 

o t ol.  Resulti g de easi g u es e e plotted a d used as efe e e. 

The platfo  used fo  esti ati g the li it of dete tio  of the te h i ue as a 

LightC le ® Real-Ti e PCR S ste  Ro he Life S ie e  he eas fo  the est of the 

assa s a StepO ePlus™ Real-Ti e PCR S ste  Applied Bios ste s, Califo ia, USA  

as used. I  the last platfo  the u e  of PCR les as i eased to  i  o de  to 

ette  o se e the a plifi atio  u es.  

4.2.9. Functional validation of this mechanism in lymphoid cell 

models 

WSU-DLCL  a d HT DLBCL ell li es e e t a sfe ted ith µg of a iR-  i i  i  

pa allel ith a s a le iRNA se ue e used as a egati e o t ol iRIDIAN iRNA 

i i s, Dha a o . WSU-DLCL  ell li e a ies the utatio  hg  

h :g.[ T>A] i  EZH  he eas HT ell li e has a ild t pe EZH . Fo  the 

t a sfe tio , a Nu leofe to TM  De i e as used p og a  G-  ith the Cell Li e 

Nu leofe to ® Kit V Lo za, Visp, S itze la d . Half of the ells e e e o e ed afte   

hou s si e the t a sfe tio  a d total RNA as e t a ted as i di ated i  se tio  . . . 

MiR-  a d EZH  e p essio  le els e e easu ed usi g RT-PCR see se tio s .  

a d . .  hou s post-i fe tio  the est of the t a sfe ted ells e e ha ested, 

ashed ith PBS a d l sed.  P otei  l sates µg  e e u  o  a pol a la ide gel 

a d t a sfe ed to a it o ellulose e a e fo  Weste - lot a al sis see se tio  

. . Me a es e e lo ked ith % Ski  Milk diluted i  TBS-T ee  . %. A 

o o lo al a ti od  fo  the ide tifi atio  of EZH  p otei  as used Ezh  D C  XP ® 

Ra it A  A ti od , Cell Sig ali g Te h olog , Leide , Nethe la ds . This a ti od  

as i u ated i  % BSA diluted i  TBS-T ee  . % a o di g to the spe ifi atio s of 

the a ufa tu e . Tu uli  stai i g Pu ified a ti-Tu uli  β  TUBB  A ti od , Clo e 

TUJ , BioLege d, Sa  Diego, CA  as used as a loadi g o t ol dil :  i  % Ski  

Milk diluted i  TBS-T ee  . % . goat a ti- a it IgG-HRP a d goat a ti- ouse IgG-

HRP Sa ta C uz Biote h olog , Te as, USA  diluted :  i  i  % ski ed ilk TBS-

T ee  . % e e used espe ti el  as se o da  a ti odies. 
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4.2.10 In-silico analysis of miR-144 and EZH2 expression levels in 

FL patients 

Pu li  i oa a  data a essi le ia the Ge e E p essio  O i us GEO  data ase 

eposito  as used i  o de  to pe fo  i -sili o e p essio  a al sis. Fo  the a al sis of 

iR-  e p essio  le els, data f o  the stud  e titled i oRNA sig atu e i  - ell 

l pho as a d o t ol hu a  B ells f o  f esh to sils  as used GEO a essio  

u e : GSE  hi h o tai s  B- ell l pho a sa ples  DLBCL sa ples 

a d  FL sa ples  togethe  ith pu ified hu a  B ell populatio  o t ols = . The 

platfo  used i  this dataset as the Agile t-  Hu a  iRNA Mi oa a  . . 

Fo  the a al sis of EZH  e p essio , data f o  a stud  of ge e e p essio  p ofili g i  

Folli ula  L pho as as used GEO a essio  u e : GSE . The ai  of this 

stud  as to dete i e diffe e tial ge e-e p essio  et ee  the EZH  utated s 

u utated su g oups i  FL. Fo  that pu pose, the  used Aff et i  Hu a  Ge o e 

U  Plus .  A a s fo  a al si g the ge e e p essio  p ofile i  a total of  FL 

sa ples.  

 

.  Results 

4.3.1 WGS data analysis showed that mutations in putative miRNA 

binding sites are frequent and occur preferentially in genes 

associated with haematological malignancies. 

WGS data as ge e ated  the g oup of Jude Fitzgi o  f o  the Ce t e fo  

Hae ato-O olog  i  Ba ts Ca e  I stitute, a d fu the  details of the se ue i g data 

a  e fou d i  the follo i g pu li atio  [ ]. I  ief, app o i atel  ,  so ati  

a ia ts e e ide tified pe  tu o , ith -  lo ated i  p otei  odi g ge es. I  all 

of the si  ases a total of  diffe e t so ati  a ia ts e e ide tified i   ge es. 

Nea l  half of these utatio s e e i  odi g egio s % , ith ea l  the sa e 

u e  of utatio s i  the UTRs % , a d less so i  the UTRs % .  
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Figu e . : Co pa ati e et ee  the dist i utio  i  ge o i  lo atio  of the total ide tified 

utatio s i  p otei  odi g ge es a d the dist i utio  of utatio s o l  i  iRNA- i di g 

sites. 

These data e e i te ogated usi g a espoke ioi fo ati  pipeli e fo  iRNA ta get 

p edi tio . F o  the i itial  so ati  a ia ts ide tified, e dete i ed that a total 

of  utatio s lo ated i   ge es  e e p ese t i  p edi ted iRNA i di g sites 

Ta le -A e . The ast ajo it  of these %  e e lo ated i  UTRs Figu e . . 

F o  all the ide tified so ati  utatio s i  the UTRs, % a ose i  p edi ted iRNA-

i di g sites Figu e . . O l  . % of ge es had utatio s oth i  odi g egio s a d 

UTRs.  

 

Figure 4.6: Distribution of frequency of mutations in protein coding genes in 6 WGS cases 

(n = 2056 mutations). 

The u e  of utatio s ide tified i  ea h sa ple is ep ese ted i  Figu e . . As a  

e see   out of  patie ts had a highe  u e  of utatio s i  the t a sfo ed state. 
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O l   utatio s e e p ese t i  o e tha  o e patie t, those i  EZH , MEF B a d 

POM  ge es.  

 

Figu e . : Nu e  of utatio s i  p edi ted i oRNA i di g sites ide tified i  ea h of the 

 patie ts usi g WGS. 

We a ied out o tolog  a al sis o  the  ge es ith utatio s i  putati e iRNA 

i di g sites. This a al sis sho ed a sig ifi a t e i h e t fo  ge es asso iated ith 

hae atologi al alig a ies P= . -  Figu e . . This data suggested that 

utatio s i  iRNA i di g sites a e ot a do  a d the  ight pla  a egulato  ole 

i  FL pathoge esis. The efo e, e de ided to stud  this i  o e depth. To do that, e 

sele ted so e a didate ge es to stud  the p e ale e of the ide tified utatio s i  a 

la ge  oho t of patie ts. 
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Figu e . : Ide tified ge es ith utatio s i  p edi ted iRNA i di g sites i ol ed i  B-

ell sig alli g. . The figu e ep ese ts the B- ell sig alli g path a s a d the ide tified utated 

ge es a e highlighted i  the figu e.  
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4.3.2 Sanger Sequencing validation led us validate one third of the 

identified mutations using WGS. Searching of the validated 

mutations in a preliminary extended cohort showed recurrent 

mutations in EZH2 and MEF2B genes 

 

Figu e . : Wo kflo  diag a  fo  a didate ge e sele tio . Sa ge  Se ue i g alidatio  of 

a didate utatio s a d a al sis of thei  p e ale e i  a p eli i a  e te ded oho t. 

F o  the  ge es e fo used o  those o tai i g o e tha  o e utatio  i  

putati e iRNA- i di g sites; a total of  ge es. We sele ted  of these ge es fo  

fu the  a al sis  utatio s  Ta le . , a o di g tothe follo i g ite ia: 

1) Ge es elated ith FL ph siopatholog  o  ith othe  l phoid alig a ies 

2) Ge es ith ultiple utatio s 

3) Mutatio s affe ti g ultiple patie ts 
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4) Mutatio s p ese t o l  i  the t a sfo ed FL, so the  ight e asso iated ith 

the t a sfo atio  phe o e o .  

Ge es 
Nu e  of 

utatio s 

Patie ts 
affe ted =  

P e-t a sfo atio  FL  Post-t a sfo atio  tFL  

MYO B     

BCL      

ATP A     

IKZF      

BMP      

EZH      

MEF B     

PCSK      

IFT      

GDI      

ITGB BP      

PEX      

RETSAT     

SLC A      

Ta le . : List of the  ge es ith o e tha  o e utatio  p io itized fo  alidatio  

 

The f e ue  of the a didate utatio s as a al sed usi g Sa ge  Se ue i g i  a 

alidatio  oho t of  patie ts. We e e u a le to desig  p i e s o e i g the 

utatio s i  IFT  ge e see lo i i  ta le . , p o a l  as these utatio s e e 

lo ated ithi  a la ge epetiti e se ue e egio . The a pli o s o e i g the PCSK  

ge e see ta le .  ga e a iguous esults, agai  p o a l  as a esult of the utatio  

ei g lose to a highl  epetiti e se ue e egio . As a o se ue e, these t o 

a pli o s e e dis a ded a d the utatio s e o ed f o  fu the  a al sis. The 

e ai i g  utatio s e e a al sed fo  the alidatio  of the WGS data. Fou tee  of 

the  utatio s e e alidated i  this a e  e oded ithi  se e  ge es  Ta le 

. , Figu e -A e . 
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Ta le . : Sa ge  Se ue i g alidatio  esults of the utatio s ide tified usi g WGS i   FL-

tFL patie ts 

 

Ge es Mutatio  positio  Coo di ates A pli o  
A pli o  

le ght p  

Validatio  oho t 

 ases  

IFT  

h :  

h :  

h :  

h :  

o desig a le p i e s - UNSEQUENCIABLE 

PCSK  h :  h : -   UNSEQUENCIABLE 

BCL  

h :  

h :  

h :  

h :  

h : -   NOT VALIDATED 

BMP  
h :  

h :  
h : -   NOT VALIDATED 

MYO B 

h :  

h :  

h :  

h :  

h :  

h :  

h : -   NOT VALIDATED 

MYO B 
h :  

h :  
h : -   NOT VALIDATED 

MYO B h :  h : -   NOT VALIDATED 

PEX  
h :  

h :  
h : -   NOT VALIDATED 

RETSAT 
h :  

h :  
h : -   NOT VALIDATED 

ITGB BP  
h :  

h :  
h : -   NOT VALIDATED 

ATP A 
h :  

h :  
h : -   VALIDATED 

ATP A h :  h : -   VALIDATED 

BCL  h :  h : -   VALIDATED 

GDI  

h :  

h :  

h :  

h : -   VALIDATED 

PCSK  h :  h : -   VALIDATED 

SLC A  
h :  

h :  
h : -   VALIDATED 

EZH  

h :  

h :  

h :  

h : -   VALIDATED 

MEF B h :  h : -   VALIDATED 

MEF B h :  h : -   VALIDATED 
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The f e ue  of these  utatio s e e the  a al sed i  a  e te ded alidatio  

oho t of  patie ts. T o of these se e  ge es e e fou d to e e u e tl  utated. 

These utatio s e e lo ated i  e o i  egio s of EZH  a d MEF B ge es Ta le . . 

Ge e Ge o i  a ia t Lo atio  

FL-tFL ases     
= , 

 sa ples  

tFL 
=  

DLBCL 
=  

TOTAL 
=  

ATP A hg  h :g.[ G>A] 

E o i  

p.S S   - -  

  hg  h :g.[ G>A] 

E o i   

p.R H   - -  

ATP A hg  h :g.[ G>A] 

E o i  

p.S N   - -  

BCL  hg  h :g.[ G>A]  UTR  - -  

GDI  hg  h :g.[ A>C]  UTR  - -  

  hg  h :g.[ A>G]  UTR  - -  

  hg  h :g.[ A>C]  UTR  - -  

PCSK  hg  h :g.[ A>T]  UTR  - -  

SLC A  hg  h :g.[ G>A]  UTR  - -  

  hg  h :g.[ G>C]  UTR  - -  

EZH  hg  h :g.[ T>A] 

E o i  

p.Y F      

  hg  h :g.[ T>C *  

E o i  

p.Y C  -    

  hg  h :g.[ A>G] *  

E o i  

p.Y H  -  -  

  hg  h :g.[ T>C] 

E o i  

p.K E   - -  

MEF B hg  h :g.[ C>G] 

E o i  

p.S X   - -  

MEF B hg  h :g.[ T>A] 

E o i  

p.D V   -   

Ta le . : Sa ge  Se ue i g p e ale e a al sis i  a p eli i a  e te ded oho t i ludi g 

the  WGS ases  of the ide tified a d alidated utatio s i  the dis o e  oho t.  

*  Not p ese t i  WGS ases ut lo ated i  the p edi ted i di g site 
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4.3.3 Using a targeted re-sequencing approach we observed that 

the recurrently mutated genes identified are highly enriched for 

GC-like B-cell lymphoma genes  

I  o de  to e pa d the u e  of ide tified utatio s e ould s ee  si ulate ousl  

i  a la ge  u e  of ases e desig ed a espoke pa el o e i g the  utatio s 

fo  deep ta geted e-se ue i g. This pa el as i itiall  tested o  the alidatio  oho t 

 =  of pai ed FL sa ples efo e a d afte  t a sfo atio   =  a d o -

t a sfo ed FL tFL  sa ples  = .  

We a hie ed a  a e age of , ,  eads pe  sa ple a d a ea  depth of o e age 

of X Figu e . . Data elated to the se ue i g pe fo a e fo  ea h of the 

se ue i g u s is sho  i  Ta le . .  

 

Figu e . : Te h i al esults fo  the se ue i g of all the  sa ples usi g the usto  desig  

A plise  pa el i  PGM a d P oto  Io  To e t platfo s.  

A  Co e age of ea h of the  a pli o s i  all the se ue i g u s.  

B  A pli o s ith a o e age lo e  tha  X a d e luded fo  fu the  a al sis.  

C  Co e age a hie ed i  ea h of the se ue ed sa ples. A ea  o e age of X X-

X  as a hie ed fo  the sa ples se ue ed ith PGM a d X X- X  fo  the 

sa ples se ue ed ith Io  P oto . 
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D  Nu e  of eads pe  sa ple a hie ed i  e e  se ue ed sa ples. A  a e age of ,  

, - , ,  as a hie ed fo  the sa ples se ue ed ith PGM a d , ,  

, , - , ,  fo  the sa ples se ue ed ith Io  P oto  

Ru  Chip 

Nu e  
of 

sa ples 

Loadi g 
%  

Poli lo al 
eads %  

Usa le 
eads 
%  

Total eads 
Alig ed 
ases %  

PGM-       , ,   

PGM-       , ,   

PGM-       , ,   

PGM-       , ,   

PGM-       , ,   

PGM-       , ,   

PGM-       , ,   

PGM-       , ,   

PGM-       , ,   

PGM-       , ,   

PGM-       , ,   

P oto -  P      , ,   

Ta le . : Ta le sho s data elated to the se ue i g pe fo a e of the pa el fo  ea h of the 

se ue i g u s usi g PGM a d P oto  Io  To e t platfo s. This data i ludes loadi g 

effi ie , pol lo al eads, total u e  of eads a hie ed fo  ea h hip a d so o .  

Usi g this app oa h, o  the dis o e  oho t, % of the a al sed utatio s /  

e e alidated Figu e . . Ho e e , the utatio  i  POM  ge e, ide tified i  

o e tha  o e of the si  patie ts f o  the dis o e  oho t sa ple S FL a d S tFL , 

as ot alidated usi g this app oa h. This suggests that this utatio  as p o a l  a 

se ue i g atefa t, as the WGS had a u h lo  o e age ea  o e age X  

o pa ed to the ta geted deep se ue i g ea  o e age X . F o  the 

alidated utatio s,  e e fou d to e e u e tl  utated i  the alidatio  oho t. 

I  additio ,  e  a ia ts e e ide tified i to the a al sed p edi ted iRNA ta get 

sites i  su ou di g positio s to the o igi all  ide tified utatio . Fo t -eight of 

these e  a ia ts e e p ese t i  ultiple ases. 
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FIGURE 4.11: Comparison of variants detected by WGS and TR approaches 

 

To this list of  a didate a ia ts  alidated a d e u e t utatio s togethe  ith 

the  e  ide tified a ia ts  e applied t o filte i g steps. We fi st e o ed 

a ia ts also p ese t i  the health  o t ol sa ples = . Se o dl , a ia ts p ese t 

i  ho opol e  o  epetiti e egio s e e e o ed = . This QC filte i g led us to 

follo -up  a ia ts i   ge es Figu e . , Ta le . . 

Ge e e i h e t a al sis of the  e ai i g ge es de o st ated that these ge es 

e e highl  e i hed fo  GC-like B- ell l pho a ge es P= . - . The  a ia ts 

e e a al sed to see if the  e e diffe e tiall  p ese t et ee  tFL a d a te ede t FL 

pai ed sa ples, a d et ee  FL ases that t a sfo ed ith FL ases that did ot 

t a sfo  at least  ea s follo -up. Results led us to ide tif   a ia ts o l  p ese t i  

t a sfo ed sa ples a d  a ia ts p ese t e lusi el  i  patie ts that u de e t a 

t a sfo atio  Figu e . . Ho e e , the u e  of patie ts a i g these a ia ts 

is lo  -  ases pe  a ia t  Figu e . . The efo e, a statisti al a al sis to o fi  a  

asso iatio  ith the t a sfo atio  p o ess as ot a le to e pe fo ed.   
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Ge e iRNA iRNA-ta get site Ge o i  a ia t Cases 

SYNJ  hsa- i -  h : -  hg  h :g[ _ del]  

EZH  hsa- i -  h : -  hg  h :g.[ T>A]  

EZH  hsa- i -  h : -  hg  h :g.[ A>T]  

METTL  hsa- i -  h : -  hg  h :g.[ G>A]  

MEF B hsa- i -  h : -  hg  h :g.[ T >A]  

MEF B hsa- i -  h : -  hg  h :g.[ T >C]  

SENP  hsa- i - a h : -  hg  h :g.[ A>G]  

ATP B  hsa- i -  h : -  hg  h :g.[ A>T]  

HSDL  hsa- i -  h : -  hg  h :g.[  A>G]  

C o f  hsa- i - a h : -  hg  h :g.[ A>G]  

N AMT  hsa- i -  h : -  hg  h :g.[ T>G]  

HIST H AC hsa- i -  h : -  hg  h :g.[ TC>AG]  

PRSS  hsa- i -  h : -  hg  h :g.[ G>T]  

SYS -

DBNDD  
hsa- i -  h : -  hg  h :g.[ T>C]  

BCL  hsa- i -  h : -  hg  h :g.[ G>A]  

TUBB hsa- i -  h : -  hg  h :g.[ _ i sTT]  

ARMC  hsa- i -  h : -  hg  h :g.[ A>G]  

POU F  hsa- i -  h : -  hg  h :g.[ del]  

MYO B hsa- i -  h : -  hg  h :g.[ del]  

THNSL  hsa- i -  h : -  hg  h :g.[ del]  

EVL hsa- i -  h -  hg  h :g.[ C >T]  

PCDH  hsa- i -  h : -  hg  h :g.[ _ del]  

NCMAP hsa- i -  h : -  hg  h :g.[ G>A]  

SERBP  hsa- i -  h : -  hg  h :g.[ G>A]  

SH BGRL hsa- i - a h X: -  hg  h X:g.[ C>T]  

ZNF  hsa- i -  h X: -  hg  h X:g.[ T>G]  

RC H  hsa- i - a  h : -  hg  h :g.[ _ del]  

GOLGA L  hsa- i -  h : -  hg  h :g.[ T >C]  

APOL  hsa- i -  h : -  hg  h :g.[ C >G]  

RAB D hsa- i -  h : -  hg  h :g.[ del]  

Ta le . : Re u e t a ia ts fou d i  iRNA- i di g sites usi g TR afte  QC filte i g. A total of 

 a ia ts i   ge es e e ide tified. The utatio s o igi all  ide tified usi g WGS a e 

highlighted i  old lette s. 
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A B 

C 

Figu e . : Nu e  of ases sho i g 

a  of the  ide tified a ia ts i  

iRNA- i di g sites usi g TR afte  QC 

filte i g. A   Co pa iso  et ee  FL 

p e a d post-t a sfo atio  sa ples. 

B  Co pa iso  et ee  FL ases that 

t a sfo ed ith FL ases that did ot 

t a sfo . C  Co pa iso  et ee  

a ia ts o l  i  tFL sa ples a d 

a ia ts i  oth FL-tFL sa ples i  

pai ed ases.  
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F o  the  a ia ts,  e e p ese t i  ultiple patie t sa ples a d fou  of these 

e e p e iousl  epo ted i  d SNP [ ] to e o o  SNPs ith a i o  allele 

f e ue  of at least % , THNSL1, POU1F1, MYO5B, and EVL genes) a d so e e 

e o ed f o  fu the  a al sis. I te esti gl , si  of the e ai i g eight a ia ts e e 

o igi all  ide tified as so ati  utatio s i  the dis o e  oho t Figu e . .  

We Sa ge  se ue ed the eight a ia ts alo g ith a  additio al th ee 

utatio s/ a ia ts that although dete ted o l  i  a si gle ase the ge e had 

p e iousl  ee  asso iated ith hae atologi al alig a ies. These a e BCL  [ ], 

SPOCK  [348] a d SENP  [349].  Va ia ts i  the ge es TUBB, PCDH  a d SYNJ  ge es 

e e ot alidated a d the efo e e e e luded f o  fu the  fu tio al testi g ta le 

. .  

 

Figu e . : TR a ia t filte i g o kflo  
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Ge e iRNA Mutatio /Va ia t *  Lo atio  Cases 
F e ue  

%  

ARMC  hsa- i -  hg  h :g.[ A>G] Mut 'UTR  .  

METTL  hsa- i -  hg  h :g.[ G>A] Mut 'UTR  .  

EZH  hsa- i -  hg  h :g.[ T>A] Mut E o i   .  

EZH  hsa- i -  hg  h :g.[ A>T] Mut E o i   .  

MEF B hsa- i -  hg  h :g.[ T >A] Mut E o i   .  

BCL  hsa- i -  hg  h :g.[ G>A] Va  'UTR  .  

SENP  hsa- i - a hg  h :g.[ A>G] Va  'UTR  .  

SPOCK  hsa- i -  hg  h :g.[ A>T] Mut 'UTR  .  

TUBB hsa- i -  hg  h :g.[ _ del] 'UTR  .  

PCDH  hsa- i -  hg  h :g.[ _ del] I t o i   .  

SYNJ  hsa- i -  hg  h :g.[ del] 'UTR  .  

Table 4.10: Initial candidate mutations/variants for functional testing. Variants excluded for 

fu the  testi g a e i  g e  ells. *  Mut  efe s the o fi ed so ati  utatio s ide tified i  

FL tu ou s a d ot i  the ge  li e ate ial i  the dis o e  oho t. Var  efe s to a ia ts 

detected in the validation cohort that cannot be identified with certainty as somatic mutations 

as germ line material from these patients was lacking.  

4.3.5 Functional in-vitro assays demonstrated that the mutations 

in miRNA binding sites can interfere in the microRNA activity 

The lu ife ase epo te  ge e s ste  as used to test hethe  the ide tified a ia ts 

affe ted the i di g apa ilities of the og ate iRNAs. To do that, e lo ed the 

iRNA- i di g egio  o espo di g to the ild t pe a d sepa atel  the egio  

o tai i g the a ia t se ue e i to a lu ife ase epo te  plas id. The ide tified 

a ia ts i  a total of i e iRNA ta get sites e e a al sed i  this a . Detailed 

i fo atio  fo  ea h ge e, ta get site a d utatio / a ia t is a aila le i  Ta le . .  

The fi st thi g to do as to see hethe  the p edi ted iRNA i di g site as 

fu tio al o  ot  looki g at the ild t pe se ue es t a sfe ted alo g ith thei  

og ate iRNA. These esults sho ed that t o of the p edi eted iRNA i di g sites 

ARMC ; h : -  a d BCL ; h : -  did ot 

esult i  a edu tio  i  lu ife ase a ti it  he  t a sfe ted ith thei  espe ti e 
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iRNAs, iR- - p a d iR- - p Figu e . . All the othe  se e  p edi ted 

i di g sites e e e pe i e tall  alidated as the lu ife ase a ti it  as sig ifi a tl  

edu ed o pa ed ith the o t ol o ditio  he  a al si g the o - utated o  ild 

t pe ta get sites Figu e . . The effe t of the utatio s a d a ia ts e e the  

a al sed i  these se e  lo i.  

 

Figu e . : Lu ife ase assa  esults: Lu ife ase assa s fo  the p edi ted iRNA i di g sites i  

BCL  A  a d ARMC  B  did ´t e pe i e tall  alidate the o putatio al iRNA ta get 

p edi tio s. Results do ’t sho  a  effe t i  the edu tio  of the lu ife ase a ti it  u de  the 

iR- - p a d iR- - p ta geti g espe ti el .  

As a  e see  f o  Figu e .  a ia ts p ese t i  MEF B [hg  h :g.[ T 

>A] , hg  h :g.[ T >C] ], BCL  [hg  h :g.[ G>A] , 

hg  h :g.[ T >C] ], METTL  hg  h :g.[ G >A] , SENP  

hg  h :g.[ A >G]   a d  SPOCK  [hg  h :g.[ A >T] , hg  

h :g.[ C >T] ] did ot to ha e a sig ifi a t effe t o  the i di g of thei  

og ate iRNAs, iR- , iR- a- p, iR- , iR- a- p a d iR- - p 

espe ti el .  I te esti gl , the a ia t hg  h :g.[ A >G] of SPOCK  

appea ed to e ha e iR- - p i di g Figu e . . 



4. Investigating mutations in the miRNA binding sites of follicular lymphoma 

 

 

 

 

 

 

Figu e . : Lu ife ase assa  esults: 

Co putatio al iRNA ta get p edi tio s e e 

e pe i e tall  o fi ed fo  fi e iRNA i di g 

sites i  MEF B, SPOCK , SENP , BCL  a d 

METTL  ge es. The a al sed utatio s a d 

a ia ts did ´t p o ote a  sig ifi a t ha ge i  

the lu ife ase a ti it . ** p < . , *** p < .  

 

A B 

C 

(mRNA) 

(miR-196a-3p) 

D 

E 
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I  o t ast, the utatio s of EZH  [hg  h :g.[ T>A] , hg  

h :g.[ T>G]  a d hg  h :g.[ A>T] ] a d that of BCL  

hg  h :g.[ G>A]  esulted i  a sig ifi a t i ease i  the lu ife ase 

a ti it  o pa ed to the ild t pe se ue e Figu e . .  

 

Figu e . : Lu ife ase assa  esults: Co putatio al iRNA ta get p edi tio s e e 

e pe i e tall  o fi ed fo  t o lo i i  BCL  A  a d EZH  B  ge es. The a al sed utatio s 

i  EZH  a d the a ia t i  BCL  did sho  to  p o ote a sig ifi a t diffe e e  i  the lu ife ase 

a ti it .  *** p < .  

4.3.6 Estimating the prevalence of EZH2 mutations and the BCL2 

variant in FL patients  

Fo  a al si g the p e ale e of the tested a ia t/ utatio s ith lu ife ase assa s i  

BCL  hg  h :g.[ G>A]  a d EZH  hg  h :g.[ T>A], hg  

h :g.[ T>G], hg  h :g.[ A>T]  a o g FL patie ts, togethe  

ith a  additio al utatio  i  EZH  hg  h :g.[ A>G] o o l  

ide tified i  FL patie ts Bodo , e desig ed a d tested Custo  Ta a  SNP 

Ge ot pi g Assa s o   FL patie ts. A total of  Ta a  SNP ge ot pi g assa s e e 

used, o e fo  the dete tio  of ea h utatio . Fi stl , e esti ated the li it of 

dete tio  fo  th ee of the fi e assa s. Usi g  g of i put DNA e dete i ed the 

assa  as a le to dete t VAF do  to % Figu e . .  

A B 
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Figu e . : Li it of dete tio  esti atio  fo  Ta Ma  SNP Ge ot pi g Assa s: Results fo  

th ee of the fi e assa s t o ta geti g EZH  a d o e BCL  ge e  de o st ated that this 

ge ot pi g te h i ue is highl  se siti e allo i g ide tif i g utatio s ith a e  lo  VAF up 

to %  usi g o l  g of te plate DNA. A  Results fo  assa   ta geti g hg  

h :g.[ T>A] utatio  i  EZH ; g s g of te plate. B  Results fo  assa   

ta geti g hg  h :g.[ A>T] i  EZH ; g s g of te plate. C  Results fo  assa   

ta geti g hg  h :g.[ G>A] i  BCL ; g of te plate.  

Ne t, e e te ded the a al sis to the  FL ases. U fo tu atel , the Ta a  assa  

fo  the dete tio  of hg  h :g.[ T>G] utatio  i  EZH  ge e did t gi e 

a  sig al so it as e luded f o  fu the  a al sis. RT-PCR esults sho  a total of  

sa ples a i g hg  h :g.[ T>A] utatio  i  EZH , ith a VAF esti atio  

of a ou d - % fo  fou  of the sa ples a d % fo  o e sa ple Figu e . -A . 

A 

B 

C 
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Si ila l ,  patie ts e e positi e fo  hg  h :g.[ A>T] utatio  i  EZH  

ith a VAF esti atio  of a ou d - % fo   sa ples a d a ou d % fo   sa ples 

Figu e . -C . Also o e patie t sho  o e sa ple positi el  utated fo  hg  

h :g.[ A>G] i  EZH  a d o e patie t a i g the a ia t hg  

h :g.[ G>A] i  BCL  Figu es . -D ,B . 
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Figu e . : Ta Ma  SNP Ge ot pi g esults fo  utatio s/ a ia t i  EZH  a d BCL . A  

Ge ot pi g esults fo  hg  h :g.[ T>A] EZH  utatio  togethe  ith a efe e e 

u e fo  VAF esti atio . B  Ge ot pi g esults fo  hg  h :g.[ G>A] BCL  a ia t. 

C  Ge ot pi g esults fo  hg  h :g.[ A>T] EZH  utatio  togethe  ith a 

efe e e u e fo  VAF esti atio . D  Ge ot pi g esults fo  hg  h :g.[ A>G] 

A 

B 

D 

C 
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EZH  utatio . NTC  i di ates o -te plate- o t ol. WT  i di ates ild t pe. VAF  

i di ates a ia t allele f e ue . 

Co i i g the Ta a  Ge ot pi g s ste  a d NGS app oa hes o  the  FL patie ts 

gi es us that the utatio s i  EZH  e e fou d to e p ese t i  % of FL patie ts 

he eas the a ia t i  BCL  as fou d i  . % of the FL patie ts Ta le . .  

Ge e 
Ge o i   

utatio / a ia t 

A i oa id 
ha ge 

Mutated sa ples 

=  

F e ue  a o g 
FL patie ts %  

BCL  hg  h :g.[ G>A] -  .  

EZH  hg  h :g.[ T>A] Y F  .  

EZH  hg  h :g.[ T>G] Y S   

EZH  hg  h :g.[ A>T] Y N   

EZH  hg  h :g.[ A>G] Y H  .  

EZH  TOTAL EZH  utatio s -   

Ta le . : P e ale e of BCL  a d EZH  a ia t/ utatio s. The ta le sho s a  esti atio  of 

the f e ue  of the fu tio all  alidated utatio s i  EZH  a d a ia t i  BCL  a o g FL 

patie ts =  dete i ed usi g high-th oughput a d high se siti it  se ue i g 

app oa hes.  

 4.3.7 Functional validation of this mechanism in lymphoid cell 

models  

I  o de  to test hethe  this e ha is  ased o  the dis uptio  of the iRNA i di g 

o se ed i  lu ife ase assa s, is also fu tio al i  l phoid ells the effe t of t a sito  

t a sfe tio s of iR-  i  EZH  e p essio  e e a al sed i  a utated Y F  a d a 

ild t pe EZH  DLBCL-de i ed ell odels. Whe  t a sfe ted the expression levels of 

miR-144 were checked using RT-qPCR to ensure a correct modulation of this miRNA 

and the effect of this modulation was measured by analysing the expression levels of 

EZH2 both at mRNA level (RT-qPCR) and protein level (Western-blot). Results showed 

that, even though not statistically significant, EZH  as do - egulated he  iR-  

as o e -e p essed Figu e . . I  o o da e ith the esults o se ed i  the 

lu ife ase assa s, the do egulatio  as st o ge  i  the ell li e ith ild t pe EZH  

HT ell li e  o pa i g to the ell li e ith utated EZH  WSU-DLCL . This suggests 
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that the utatio  ight e i te fe i g ith the o e t i di g of the iRNA to the 

ta get site Figu e . .  

 

Figure 4.19: EZH2 expression under transitory transfection of miR-144 in lymphoma cell lines. 

EZH2 expression levels were measured using RT-qPCR in two different DLBCL cell lines. TATA-

binding protein (TBP) expression was used for normalization. The figure shows a 

do egulatio  of EZH  i  oth ell li es upo  iR-  up egulatio . Ho e e , the ild t pe 

EZH  is less e p essed tha  the utated EZH . SCR efe s to t a sfe ted ith a s a le iRNA 

se ue e.  

 

Consistent with the qRT-PCR results, EZH2 protein levels showed no difference in the 

cell line containing the mutated EZH2 (WSU-DLCL2), but did express less protein when 

transfected with miR-144 in the EZH2 wild type (HT cell line) (Figure 4.20).  

  

Wild t pe EZH  Mutated EZH  
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Figure 4.20: EZH2 protein expression analysis under transitory transfection of miR-144 in 

lymphoma cell lines. EZH2 protein levels were measured in cell lysates by a western-blot 

analysis in two different DLBCL cell lines. Results show less expression of EZH2 i  the EZH  ild 

t pe ell li e HT ell li e  o pa i g to the o t ol o ditio s ild t pe a d s a le . WSU-

DLCL  ell li e utated EZH  ell li e  sho s the sa e EZH  le els i  the t a sfe ted 

o ditio s, oth ith the iR-  a d ith the s a le o t ol o ditio .  

*  Note: HT s a le sa ple as i fe ted ith a le ti i us e p essi g a s a le se ue e i stead of t a sfe ted 

ith a s a le i i  

4.3.8 In-silico analysis of miR-144 expression and EZH2 expression  

To see ho  ele a t this e ha is  as i  FL patie ts e looked at le els of iR-  

a d EZH  i  i oa a  datasets o tai ed ithi  the GEO data ase [350]. Le els of 

iR-  e e sig ifi a tl  do egulated i  FL =  a d DLBCL =  patie ts 

o pa ed to o al B l pho tes =  although o a diffe e e i  iRNA 

e p essio  et ee  FL a d DLBCL ases as dete ta le Figu e . -A . 

  

*  
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Figu e . : I -sili o a al sis of iR-  A  a d EZH  B  e p essio  le els i  patie ts usi g 

i oa a  data a aila le i  GEO data ase. Figu e A sho s the o pa iso  of iR-  

e p essio  le els et ee  o al B- ells, FL patie ts a d DLBCL patie ts. MiR-  e p essio  is 

a ia le i  FL a d DLBCL patie ts a d sig ifi a tl  do egulated o pa i g to o al B 

l pho tes. Figu e B sho s ge e e p essio  diffe e es of EZH  et ee  EZH  ild t pe a d 

utated FL ases togethe  ith EZH  e p essio  i  FL ases at diffe e t g ades.  

Ne t, e a al sed the e p essio  le els of EZH , i   FL sa ples a i g the the Y  

utatio  e sus sa ples ith a ild t pe EZH  = , a d et ee  diffe e t li i al 

stages of FL. The e as o sig ifi a t diffe e e i  the le els of EZH , although those 

ases ith utated Y  do appea  to ha e highe  e p essio  le els of EZH  Figu e 

. -B . 

U fo tu atel , e ould t pe fo  a  i -sili o a al sis fo  iR-  a d BCL  as the e 

as o a essi le data fo  iR-  e p essio , o  e p essio  le els of BCL  li ked to 

the BCL  ge ot pe i  the pu lished datasets. 

  

A B 
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.  Discussion 

Mutatio s i  iRNA i di g sites ha e p e iousl  ee  p oposed as a pathoge i  

e ha is  i  a e . Fo  e a ple, utatio s i  E F  a d CFTR ge es sho ed to alte  

the affi it  fo  iR- - p a d iR- - p espe ti el  leadi g to a de egulatio  of 

the ta geted ge e [ , ].  Ho e e , the e ha e ot ee  si ila  studies a ied out 

o  NHL. I  this o k e e plo ed WGS data f o  si  lo gitudi all  o tai ed sa ples 

f o  FL iopsies to ide tif  a d e plo e the ole of utatio s i  iRNA i di g sites i  

FL. Ou  esults i di ated that of the total  utatio s ide tified i  UTRs, % of 

the  e e ithi  ioi fo ati all  p edi ted iRNA- i di g sites. I te esti gl , 

utatio s i  the iRNA ge e se ue e the sel es e e ot ide tified. The possi le 

easo  ould e that, iRNA odi g ge es a e o all  e  o se ed se ue es 

[ ]. Ge es ith utatio s i  iRNA- i di g sites e e highl  e i hed fo  ge es 

i ol ed i  he atologi al alig a ies, suggesti g that utatio s a e ot a do , a d 

gi i g eight to thei  fu tio al i po ta e i  l pho age esis. Mo e e ,  of the  

ases had o e iRNA i di g site utatio s i  the t a sfo ed FL o pa ed to the 

a te edee t FL. This ould suggest that these utatio s a e a ui ed du i g the 

t a sfo atio  p o ess a d a  pla  a ole i  this p o ess.   

Sa ge  se ue i g of  utatio s esulted i to alidatio  of o l  app o i atel  o e 

thi d. This appa e tl  poo  alidatio  is p o a l  e ause of the lo  se siti it  of 

Sa ge  se ue i g o pa ed to NGS. I  Sa ge  Se ue i g, utatio s ith a VAF 

lo e  tha  - % a e ot dete ta le as the  e o e i disti guisha le f o  the 

a kg ou d oise [ ]. We fou d that f o  the positi el  alidated utatio s, those 

lo ated i  odi g- egio  of the EZH  a d MEF B ge es e e p ese t i  ultiple ases 

/  a d /  espe ti el . These utatio s a e isse se utatio s that ha e 

p e iousl  ee  des i ed as gai -of fu tio - utatio s [ , ].  

Usi g deep ta geted e-se ue i g i stead of Sa ge  se ue i g, e alidated % of 

the o igi al utatio s ide tified  WGS, e e  though the platfo s use e  diffe e t 

he ist ies Figu e . . As pa t of ou  QC filte i g st ateg  e i luded the e o al 

of a ia ts ea  ho opol e  a d epetiti e egio s. The easo  fo  this is that a 

su sta tial f a tio  of i del e o s a e aused  ho opol e s ith the ase- alli g 
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a u a  de easi g ith ho opol e  le gth. This is espe iall  t ue fo  

ho opol e s of -  u leotides o  o e [ , ]. Afte  QC filte i g, e fou d that 

the ide tified utated ge es =  e e highl  e i hed fo  GC-like B- ell l pho a 

ge es, st o gl  suggesti g that these a ia ts a  ha e a iologi al sig ifi a e i  the 

disease. 

 

Figu e .  Io  Chip ell a hite tu e. Clo all  a plified li a ies atta hed to the eads a e 

loaded i to Io  Chips. Ea h ead ill e deposited i to a ell o  the hip. The hip is flooded 

ith o e of the fou  u leotides se ue tiall . Whe e e  a u leotide is i o po ated i to the 

si gle st a ded DNA ole ule a h d oge  io  is eleased. This elease of io s ill t igge  a 

ha ge i  the pH of the solutio  that a  e dete ted  the se si g la e  i  ea h ell. Voltage 

ha ges a e t a slated i to digital i fo atio  fo  ase alli g JM Roth e g et al. Natu e. 

 [ ]. 

Fo  the lu ife ase assa s, the ge es ith a ia ts p ese t i  ultiple patie ts that e e 

ot epo ted as o o  SNPs e e sele ted /  ge es  as ell as th ee additio al 

ge es elated ith hae atologi al alig a ies ith utatio s i  o l  o e ase. The 

ge es ith a ia ts that e e ot alidated ith Sa ge  se eu i g e e e luded 

= . The efo e, lu ife ase assa s e e pe fo ed i  a total of i e lo i i  se e  
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a didate ge es. This te h i ue allo s the i - it o testi g of the i di g apa it  of a 

iRNA to a pa ti ula  ta get site. I te esti gl , e fou d that the effe t of the a ia t 

o  the iRNA- i di g as ot asso iated ith its positio  ithi  the i di g site. Fo  

e a ple, a ia ts lo ated i  the p edi ted seed egio  of the i di g site, su h as hg  

h :g.[ A>T] a d hg  h :g.[ C>T]  i  SPOCK  a d hg  

h :g.[ G>A] i  BCL ,  had o affe t o  iRNA i di g, he eas the a ia t 

hg  h :g.[ G>A]  p ese t i  BCL , ut outside of the p edi ted seed 

egio , did st o gl  affe t iRNA i di g. These o se atio s suggest that the 

e ha is  of iRNA i di g e ai s to e o pletel  u de stood a d u de lies the 

diffi ulties i  iRNA-ta get ge e p edi tio  the su je t of the e t hapte . I deed, 

idesp ead o - a o i al i oRNA ta geti g has ee  e pe i e tall  ide tified [ , 

, ]. I po ta tl , lu ife ase assa s allo ed us to fu tio all  alidate this 

e ha is  fo  t o ke  ge es i  B ell l pho age esis, EZH  a d BCL . 

 

Figu e . : Lu ife ase assa . A  psiCHECK-  e to  ap sho i g the se ue e of the ultiple 

lo i g egio s afte  the stop odo  of Re illa lu ife ase ge e. Fi efl  lu ife ase is used as a 

o t ol fo  the t a sfe tio .  B  S he ati  ep ese tatio  of lu ife ase assa . U de  the 

p ese e of a iRNA ta geti g the ’UTR lo ed se ue e a edu tio  i  the e itted a ou t of 

light is dete ted.  

A B 

S

LIGHT LIGHT 
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EZH  is a ell ha a te ized histo e eth lt a fe ase hi h is up egulated i  B ells 

du i g the GC ea tio  p o oti g ell p olife atio  [ ]. A ti ati g so ati  utatio s 

i  the atal ti  SET do ai  of EZH  ha e ee  ide tified i  % of folli ula  l pho a 

patie ts [ ]. The ast ajo it  of the  affe t Y  odo  [ ], hi h is the sa e 

odo  as the utatio s e tested i  this hapte . We the efo e h pothesised that 

these utatio s, apa t f o  alte i g the p otei  fu tio  as p e iousl  des i ed, 

ight also alte  thei  o  e p essio   i pai i g the iRNA ta geti g a ti it  of iR-

. I deed, it has ee  epo ted that these EZH  gai -of-fu tio  utatio s 

asso iated ith H K e  h pe a ti atio  also i ease the sta ilit  of the p otei  

[ ]. EZH  has ee  al ead  epo ted as a di e t ta get of iR-  i  ladde  a e , 

osteosa o a a d ast o to a [ - ]. So e of these studies sho  a  i e se 

o elatio  et ee  iR-  a d EZH  e p essio  i  sa ples of patie ts, ith iR-

 usuall  do - egulated a d EZH  up- egulated [ , ], as ell as a st o g 

o elatio  ith agg essi e ess of the asso iated tu ou  [ ].  

We a ied out fu tio al assa s to i estigate the EZH  Y F/ iR-  a is i  

l phoid ell odels. Whe  iR-  as o e -e p essed i  DLBCL-de i ed ell li es, 

EZH  as do - egulated of at RNA a d p otei  le els. This as ot the ase fo  ell 

li es a i g the Y F utatio . We ould ha e liked to follo  up these esults i  FL 

patie ts. Ho e e , tu o  RNA sa ples e e ot a aila le fo  the ast ajo it  of the 

ases. The efo e, e de ided to pe fo  a  i -sili o a al sis to look at EZH  e p essio  

a d ge ot pe as ell as iR-  e p essio  le els i  FL patie ts. Results i di ated that 

iR-  is do egulated i  FL a d DLBCL patie ts ut this e p essio  is e  a ia le 

suggesti g that this e ha is  ight e effe ti e fo  patie ts ith highe  iR-  

le els. Mo eo e , a sig ifi a t ole fo  iR-  i  B- ell l pho a has al ead  ee  

de o st ated th ough its ta geti g of BCL  [ ].  

Ne e theless, it has to e take  i to o side atio  that utatio s i  EZH  a e lo ated 

at the e d of the odi g egio  so the a essi ilit  to the iRNA sile i g a hi e  

ight e lo e  tha  if it as lo ated i  the UTR. I  fa t, the lu ife ase assa  p o ed 

that this se ue e ight e ta geted  iR-  i  ph siologi al o ditio s ut i  a 

h potheti al sho t ~ p  UTR so this should e o side ed as ell. Also, the fa t 

that the assa  as pe fo ed i  HEK  ell li e, hi h is a ell odel idel  a epted 
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to do this t pe of assa s, ut it the i di g itself as ot p o e  i  a l phoid ellula  

o te t.  

BCL  is a  a ti-apoptoti  p otei  that pa ti ipates i  the GC B- ell sele tio  [ ]. The 

t ;  t a slo atio  leads to o stituti e e p essio  of BCL  p otei  as it o es 

u de  o t ol of the IGH p o ote  egio . This e e t is o side ed the hall a k of FL 

as it is p ese t i  % of FL patie ts [ ]. Ho e e , so e - % of FL ases la k the 

t ;  t a slo atio , ut u iousl  also displa  high e p essio  of BCL  p otei   

so e u k o  e ha is  [ ]. We h pothesised that ha ges i  the iRNA i di g 

site ould p o ide a  e pla atio . U fo tu atel  i -sili o i oa a  data as ot 

a aila le fo  this iRNA iR- , as the e data a aila le ega di g the ge ot pe 

of FL patie ts fo  this h o so al positio , o  i deed hethe  patie ts a e t ;  

t a slo ated. Ho e e , the h o oso e gai  of  a , he e iR-  is e oded, 

has ee  des i ed fo  % of FL [ ]. It ould also e e isaged that su h as 

e ha is  ight o l  e ele a t fo  FL patie ts la ki g t ; . Ho e e , as o l  -

% of ases a e egati e fo  this t a slo atio , it akes it diffi ult to fi d suffi ie t 

ate ial to p o e this h pothesis [ ]. A o g ou  oho t  ases, o l  t o ases 

o tai ed the a ia t ut e had o l  DNA ate ial a aila le a d e e ot a le to 

easu e the e p essio  le els of iR-  a d BCL  fo  these patie ts. We also t ied 

to fi d li i al data f o  these sa ples to fi d out if the  e e egati e fo  t ;  

ut u fo tua atle  e e ot a le to. Fo  FL patie ts ith t ;  the ajo  eakpoi t 

egio  MBR , this p oposed e ha is  is u likel  to e e  i po ta t as this 

eakpoi t o u s i  the UTR upst ea  of the a ia t lo atio  so the pa t of the 

UTR he e the a ia t is lo ated is ot t a slo ated togethe  ith BCL  ge e [ ]. 

That said, the MBR o u s o l  i  % of the patie ts ith the t ;  t a slo atio . 

The e ai i g % of patie ts e hi it i o  do st ea  eakpoi ts [ ], hi h 

ea s that this a ia t ould e of o e ele a e fo  those patie ts. It ould e 

i te esti g to test this h pothesis fu the .  

Si ila l , the a essi ilit  of the i di g site ide tified i  BCL  ge e should e also 

o side ed. This i di g site is lo ated e  e te ed i  a lo g UTR egio  so 

se o da  st u tu es of the RNA ight o u  de easi g its a essi ilit  to iR- . 

Also, ge li e ate ial f o  the alidatio  oho t as la ki g so, e a ot t ul  
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o fi  that this a ia t is i deed a so ati  utatio . Ho e e , as the VAFs fo  this 

a ia t e e % a d % i  FL a d tFL sa ples espe ti el , it is likel  to e a so ati  

utatio  as, if it as a ge li e pol o phis  e ould e pe t VAFs of % o  %. 

I  su a , i  this hapte  of the thesis e de o st ated that a ti ati g utatio s i  

EZH  as ell as a a ia t i  the UTR of BCL  ide tified i  FL patie ts i pai  the 

i di g of iR-  a d iR-  espe ti el  p o oti g a de egulatio  of these ge es 

i  the pe fo ed i - it o assa s. This is a pote tiall  o el e ha is  i  FL that 

e ui es fu the  i estigatio  to assess its ele a e to FL patie ts. 
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.  Background  

A e a t e p essio  of i oRNAs iRNAs  is a idesp ead phe o e o  i  a e  

[ , - ]. Ho e e , the fu tio al sig ifi a e of su h de egulatio  is poo l  

u de stood as the ta get ge es the ta geto e  of iRNAs a e oto iousl  diffi ult to 

p edi t o putatio all , a d o eo e  diffe  a o di g to the ellula  o te t [ , 

]. A  alte ati e app oa h is to di e tl  sa ple the ta geto e i  situ usi g oss-

li ki g i u op e ipitatio  CLIP  te h i ues oupled ith high-th oughput 

se ue i g. This te h olog  has e ol ed th ough the de elop e t of se e al 

a iatio s ith a gua l  the ost p o isi g ei g Photoa ti ata le-Ri o u leoside-

E ha ed CLIP PAR-CLIP  hi h has fa  ette  sig al-to- oise atio tha  othe  CLIP-

ased te h ologies [ ]. PAR-CLIP i p o es the ossli ki g st ateg   i o po ati g 

photoa ti ata le i o u leosides i to RNA s thesis the e  i t odu i g ha a te isti  

utatio s T-to-C  i di ati g the positio s he e a ossli k et ee  the i o po ated 

i o u leoside a d a p otei  o u ed [296]. I  the o igi al PAR-CLIP p oto ol HEK  

e oge ousl  e p essi g a tagged p otei  as used fo  i u op e ipitatio  [296, 366, 

367]. Su se ue tl  this te h i ue has ee  used i  a ous cell models [299, 368] 

although to date there are only two studies have used this approach in lymphoid cells 

to study the target genes of miR-17~92 in human B-cells inmortalized by Epstein-Barr 

virus [368, 369] and to study the viral targetome of Kaposi s sa o a-associated 

herpesvirus and Epstein-Barr virus in primary effusion lymphoma cell lines [368, 369].  

As our original aim was to look at the targetome of primary lymphoma cells which 

would be difficult to isolate in large numbers, and exogenously express tagged proteins 

would be near impossible to produce in these cells, our objectives were to 1) reduce 

the number of cells needed for PAR-CLIP and 2) use only endogenous produced Ago2 

protein for IP. Furthermore, in order to reduce the signal to noise ratio further in our 

modified protocol we aimed to systematically perturb levels of key miRNAs (starting 

with miR-155) by comparing the targetome of cells with over-expressed miRNAs with 

those where the miRNA was inhibited, in addition with wild type cells. We started this 

project by looking at the targetome of miR-155 i  DLBCL. The o oge i  fu tio  of 

iR-  i  B- ell l pho a is ell k o  [243-246]. This iRNA pla s a ke  ole i  

o al he atopoiesis a d l pho age esis see se tio   fo  o e details . 



5. Elucidating the miRNA-targetome of DLBCL 

 

 

Fu the o e, the e p essio  of iR-  diffe s et ee  the ole ula  su t pes of 

DLBCL ith highe  e p essio  i  ABC-t pe DLBCL tha  GCB-DLBCL [370, 371]. 

The efo e, fo  these e pe i e ts e used oth GCB-DLBCL ell li e SU-DHL-  a d 

ABC-DLBCL ell li e RIVA  odels.  

 

.  Materials and methods 

5.2.1. Analysis of puromycin sensibility of DLBCL cell lines 

The i t i si  pu o i  se siti it  of SU-DHL-  GCB-DLBCL ell li e  a d RIVA ABC-

DLBCL ell li e  as easu ed i  o de  to e su e a o e t pu o i  sele tio  of the 

le ti i al-i fe ted ells to sta l  odulate iR-  le els. To do that, ell li es e e 

seeded i  - ell plates at a o e t atio  of ,  ells/ L  ells/ ell  a d 

e e e posed to i easi g o e t atio s of pu o i  i  the ultu e edia -  

g/µL . Cell ia ilit  as a al sed afte   a d  da s usi g MTT olo i et i  assa s 

Sig a-Ald i h, Missou i, USA . A so a e as easu ed i  a Multiska  As e t plate 

eade  The o Fishe  S ie tifi , DE, USA .  

5.2.2 Lentiviral infection: MOI optimization and monitorization of 

miR-155 expression 

DLBCL ell li es e e t a sfe ted ith le ti i al e to s to get th ee diffe e t 

o ditio s f o  ea h ell li e. These e to s e ode: the p e- iR-  se ue e, a 

s a le p e- iRNA se ue e o t ol , a d a sho t hai pi  RNA that, afte  

p o essi g, p odu es a  a ti-se se iR-  se ue e i  o de  to i hi it iR-  

e p essio . Plas id e to s e odi g fo  the p e- iRNA o st u ts e e pu hased 

f o  Ge eCopoeia Ro k ille, Ma la d, USA  C iR -MR  a d 

H iR MR , a d the plas id e to  e odi g fo  the a ti-se se iR- , a 

iRZip k o kdo  e to , as pu hased f o  S ste  Bios ie es Palo Alto, 

Califo ia, USA  MZIP- -PA- . All the e to s also e ode a ge e fo  pu o i  

esista e a d a g ee  fluo es e t p otei  GFP  ge e epo te  Figu e . .  
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Figu e . : S he ati  ep ese tatio  of the plas id e to s fo  le ti i al p odu tio . A  

Ba k o e fo  the le ti e to s e odi g the p e- iR-  se ue e o e - iR-  o ditio  a d 

a s a le p e- iRNA se ue e s a le o  o t ol o ditio . B  Ba k o e fo  the 

le ti e to  e odi g a  a ti-se se se ue e fo  iR-  a ti- iR-  o ditio .  

Vi al pa ti ules e e p odu ed as i di ated i  se tio  . . Fo  the i al i fe tio s 

diffe e t MOIs e e tested i  o de  to opti ize the i fe tio  p o ess. A total of 

.  ells e e i fe ted fo  ea h o ditio . Cells e e esuspe ded i  edia 

o tai i g the i al pa ti les a d e e seeded i  - ell plates.  hou s afte  the 

i fe tio , the edia as epla ed fo  f esh edia. Afte   hou s post-i fe tio , 

pu o i  as added to the ultu e at a o e t atio  of  g/µL to sele t the 

i fe ted ells. The pu o i g as kept i  the ultu e edia fo   da s. Cells e e 

i fe ted at fou  diffe e t MOIs: , , , a d  usi g . , , .  a d    i al 

pa ti les espe ti el  fo  the .  i fe ted ells pe  o ditio .  

I  o de  to e aluate the effi ie  of the i fe tio  fo  ea h MOI o ditio  the GFP 

e p essio  as a al sed o e eek afte  the i fe tio  usi g flo  to et  FACSDi a 

e sio  . . . The GFP-positi e ells e e lassified a o di g to e p essio  as eithe  

lo , ediu  o  high. Dead ells e e stai ed usi g Top o  The oFishe  S ie tifi , 

DE, USA . The , SU-DHL-  i fe ted ells at MOI  a d MOI  e e sta l  sele ted 

ith pu o i  to a al se the e p essio  le els of iR-   RT-PCR as des i ed i  

se tio s . .  a d . .  usi g the s oRNA RNU B as house-keepi g ge e. Fo  

su se ue t e pe i e ts, DLBCL ell li es e e i fe ted at a MOI of . 
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5.2.3 Analysis of Ago2 expression  

Cell l sates f o  DLBCL ell li es SU-DHL-  a d RIVA  as ell as the HEK  FLAG-HA-

Ago  ell li e e e o tai ed as des i ed i  se tio  . . . Fo  the i du tio  of Ago  

i  HEK  FLAG-HA-Ago  ell li e, ells e e ultu ed ith µg/ L Do li e as 

i di ated i  se tio  . . .  

To easu e Ago  e p essio  e a ied out Weste - lot a al sis as des i ed i  

se tio  . . Total p otei  loadi g as isualised  Po eau S stai i g of the 

it o ellulose e a e Sig a-Ald i h, Missou i, USA . Me a es e e lo ked 

ith % ski ed Milk i  TBS-T ee  . % a d p o ed ith eithe  a  a ti-Ago  

o o lo al a ti od  Clo e A , Me k Millipo e, Da stadt, Ge a  o  a ti-FLAG 

o o lo al a ti od  Clo e M , Sig a-Ald i h, Missou i, USA  oth diluted :  i  

i  % ski ed ilk TBS-T ee  . %. As se o da  a ti odies goat a ti- at IgG-HRP 

a d goat a ti- ouse IgG-HRP Sa ta C uz Biote h olog , Te as, USA  diluted :  i  

i  % ski ed ilk TBS-T ee  . % e e used espe ti el .  

Th ee ashes of  i utes i  TBS-T ee  . % e e pe fo ed follo ed  a  

i u atio  ith the se o da  a ti od  o jugated ith HRP  diluted :  i  % 

Ski  Milk TBS-T ee  . % fo   hou  at oo  te pe atu e i  otatio  i  L Fal o  

tu es. 

5.2.4 4-SU toxicity assays on DLBCL cell lines 

-ThioU idi e -SU  as pu hased f o  Sa ta C uz Biote h olog  Heidel e g, 

Ge a  ef. s - A , a d dissol ed i  DMSO.  

SU-DHL-  a d RIVA ells e e seeded i  a - ell plate at a o e t atio  of .  

ells/ L .  ells/ ell  a d e e e posed to i easi g o e t atio s of -SU , 

, ,  µM  i  the ultu e edia fo   hou s i  iologi al t ipli ates. To i it  

as assessed  ou ti g li e ells usi g T pa  Blue stai i g. 

5.2.5 Analysis of the incorporation of 4-SU into the nascent RNAs  

DLCBL ell li es e e ultu ed fo   hou s i  the p ese e of µM -SU. Cells e e 

pelleted a d RNA e t a ted usi g TRIzol eage t I it oge . Bioti latio  of µg of 
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RNA as pe fo ed usi g EZ-Li k™ Iodoa et l-LC-Bioti  Cat u e : , 

The oFishe  S ie tifi , Waltha , Massa husetts, USA  a o di g to the a ufa tu es 

i st u tio s. Bioti lated RNA as the  pu ified usi g RNAeas  Mi Elute Clea up kit 

Qiage . g of the ioti lated RNA uL ol  e e spotted o to a A e sha  

H o d-N+ lotti g e a e GE Health a e . A  ioti lated DNA oligo  t  as 

used as a positi e o t ol. The e a e as i u ated fo   i utes i  PBS % 

SDS a d  i utes o e i  the sa e solutio  o tai i g HRP-Co jugated St epta idi  

dil : ,  at u e : N , The oFishe . The e a e as ashed i  PBS 

ith de easi g a ou ts of SDS % - . %  a d de eloped ith No e  ECL HRP 

Che ilu i es e t Su st ate Reage t kit, Cat o. WP , I it oge . 

5.2.6 Immunoprecipitation control and Western-blot analysis 

Cell pellets  illio  ells pe  o ditio  e e esuspe ded i   olu es of NP  l sis 

uffe  a d i u ated o  i e fo   i utes. Cell l sates e e e t ifuged to e o e 

u dissol ed ate ial, follo ed  filt atio  ith a   po e s i ge filte .  The l sate 

as the  t eated ith RNAse T  Fe e tas, Waltha , Massa husetts, USA, EN  

fo   i utes at ºC. Half of the l sate as i u ated ith A ti-AGO - oated 

ag eti  eads Clo e A , pu hased f o  As e io , Mu i h, Ge a , a d the 

othe  half ith at IgG a The oFishe  S ie tifi , DE, USA, - , a  isot pe 

o t ol fo  the i u op e ipitatio  IP . Sa ples e e i u ated o  a otati g heel 

fo  h at ºC. The follo i g da , the IP f a tio  ot ou d to the eads as sto ed at -

ºC. The eads e e ashed usi g a D al MPC-S ag eti  pa ti le o e t ato  a d 

esuspe ded i  uL sa ple uffe  fo  the SDS-PAGE hi h o tai s β-

e aptoetha ol fo  p otei  de atu alizatio  a d i u ated  i utes at ºC. Half of 

the olu e uL  as loaded o to the gel. 

As o t ols  µg of ell l sates f o  the total l sate f a tio  a d the IP egati e 

f a tio s o  u ou d f a tio s  e e also de atu ed a d loaded o to % 

pol a la ide gels. Weste - lot as pe fo ed as i di ated i  se tio  . . Fo  

Ago  stai i g the o o lo al Clo e A , Me k Millipo e, Da stadt, Ge a  

a ti-Ago  a ti od  as used. 
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5.2.7 Gene expression profiling of DLBCL cell lines with the miR-

155 modulation using microarrays 

DLBCL ell li es SU-DHL-  a d RIVA  e e i fe ted i  iologi al t ipli ates ith the 

le ti i al e to s fo  the odulatio  of iR-  e p essio  [e odi g iR-  

se ue e o e - iR- , a s a le se ue e s a le  a d a  i hi ito  of iR-  

a ti- iR- ] a d total RNA f o  these ell li es as e t a ted see se tio  . . . A 

total of  g of RNA t eated ith DNase I I it oge  Ref: -  e e used fo  

the sa ple p epa atio  usi g Ge eChipTM WT PLUS Reage t Kit Applied Bios ste s™, 

Califo ia, USA  i  a o da e ith the a ufa tu e s i st u tio s. Sa ples e e 

h idised to Cla io ™ D i oa a s Applied Bios ste s™, Califo ia, USA  usi g a 

Ge eChip® Fluidi s Statio   Aff et i , CA, USA . Data a al sis as pe fo ed i  

R. The ge e ated CEL files e e p e-p o essed a d RMA- o alized usi g oligo 

pa kage [372]. T a s ipts a otated  A e ie  e e e o ed f o  the a al sis. 

Also, the % of p o e sets ith the s allest i te ua tile a ge. The fold- ha ge of 

the ide tified ge es as easu ed et ee  o e - iR-  a d s a le o ditio . The 

top  ge es sho i g do egulatio  i  the o e - iR-  o ditio  o pa i g to the 

s a le o ditio  ith the la gest fold- ha ge e e p io itized. 

5.2.8 PAR-CLIP modified protocol 

Sta l -t a sdu ed ells e e ultu ed fo  h i  the p ese e of  µM -SU. The 

o igi al p oto ol  Spitze  et al. [ ] as odified to a oid adioa ti e la elli g a d 

i p o e the se siti it  of the te h i ue. I  ief, l phoid ells e e ha ested, 

pelleted a d esuspe ded i  old PBS efo e ei g UV i adiated   light,  

Joules/ ²  o  i e. C oss-li ked ells e e e t ifuged, a d pellets s ap-f oze  a d 

sto ed at - ºC. F oze  ell pellets e e esuspe ded i   olu es of NP  l sis uffe , 

o  i e fo   i utes. Cell l sates e e e t ifuged a d the  filte ed th ough a   

s i ge filte .  

L sates e e t eated ith RNAse T  Fe e tas, Waltha , Massa husetts, USA, 

EN  fo   i utes at ºC. A ti-AGO - oated ag eti  eads e e the  added 

to the digested ell l sate Clo e A , pu hased f o  As e io , Mu i h, Ge a , 
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MABE , a d i u ated o  a otati g heel fo  h at ºC. The follo i g da , eads 

e e etai ed usi g a D al MPC-S ag eti  pa ti le o e t ato , esuspe ded i  

ashi g uffe , a d the  su je ted to a  additio al RNAse T  digestio  U/ l fo   

i utes at ºC , follo ed  se e al ashes follo i g the o igi al p oto ol  u til 

fi all  esuspe sed i  NEB  uffe . The esulta t RNA as the  dephospho lated 

usi g Calf I testi al alkali e Phosphatase CIP  Ne  E gla d Biola s, Ips i h, 

Massa husetts, USA  at a o e t atio  of .  U/ l fo   hou  at ºC, follo ed  e d-

epai i g ith T  Pol u leotide Ki ase NEB, M  a d  µM ATP fo   i utes 

at ºC. 

AGO - ou d eads e e de atu ed ith β- e aptoetha ol fo   i utes at ºC a d 

p otei s e e u  th ough a - % Bis-T is PAGE alo gside a p otei  sta da d 

Precision Plus Protein Kaleidoscope, Bio-Rad). Gel se tio s o espo di g to size -

KDa e e e ised f o  ea h la e. These pie es e ethe  i ed to ~   pie es, 

a d fi all  t a sfe ed to K Pall Na osep O ega e a e olu s Sig a-

Ald i h, St. Louis, Missou i, USA, Z . The RNA-AGO  o ple es e e the  

eluted f o  the gel pie es th ough e t ifugatio  usi g , % SDS. Elua ts e e the  

t a sfe ed o to K Pall Na osep O ega e a e olu s Sig a-Ald i h, 

Z , a d e o e ed i   l u lease-f ee ate . RNA-p otei  o ple es e e 

dislodged usi g p otei ase K. RNA f ag e ts e e the  o e t ated usi g the 

e u  RNA Isolatio  Kit Biofluids E i o , Ved aek, De a k, , a d eluted i  

 l u lease-f ee ate  Figu e . . 
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Figu e . : Outli e of PAR-CLIP p oto ol. PAR-CLIP steps a e listed -  follo i g the outli e of 

the o igi al p oto ol [ ]. The lue flo ha t o  the left highlights the ai  diffe e es ith 

the p oto ol used i  the p ese t o k, hi h is su a ised o  the g ee  flo ha t o  the ight. 

5.2.9 Library building and sequencing 

The ua tit  a d ualit  of the RNAs e e e aluated usi g a  Bioa al ze  Agile t, 

Sa ta Cla a, Califo ia, USA . Li a ies fo  se ue i g e e p epa ed usi g T uSe  

S all RNA Sa ple P ep Kit follo i g the T uSe ® S all RNA Sa ple P epa atio  Guide 

Illu i a, Sa  Diego, Califo ia, USA . B iefl , ligatio  of the ´ adapte  as o du ted 

 i u ati g total RNA of ea h sa ple ith the adapte  fo   i utes at ºC. The  

the ´-adapte  as ligated usi g a t u ated T -RNA ligase  Ne  E gla d Biola s, 

M S  a d i u ated at ºC fo   hou . The total olu e of the ligatio  p odu t 

as used i  a dou le e e se t a s iptio  ea tio  ith Supe S ipt II e e se 

t a s iptase Life Te h ologies, -  i  a the o le  fo   hou  at ºC. Ne t, 

e i h e t of the DNA as pe fo ed usi g PCR li g:  se  at ºC;  les of 

 se  at ºC,  se  at ºC a d  se  at ºC; a fi al elo gatio  of i  at ºC. 

PCR p odu ts e e esol ed o  % No e  TBE PAGE gels Life Te h ologies, 

EC BOX , a d f ag e ts et ee   a d  p ut f o  the gel. S all RNAs 

e e e t a ted f o  pol a la ide gel usi g a  adapted p oto ol fo  Mi Elute gel 

e t a tio  kit Qiage , , i  hi h gel sli es e e dissol ed i  diffusio  uffe  
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. M a o iu  a etate; M ag esiu  a etate; M EDTA, pH . ; . % SDS  

o e ight at oo  te pe atu e plus  hou s a d  i  at ºC. A se o d ou d of 

gel-pu ifi atio  as pe fo ed i  o de  to o pletel  eli i ate e pt -adapte s. The 

li a ies e e the  isualized o  a  Agile t  Bioa al ze  usi g the Agile t High 

Se siti it  DNA kit Agile t, G -  a d ua tified usi g Qu it® .  Fluo o ete  

The oFishe  S ie tifi . The li a ies e e pooled, a d h idised o to th ee la es, 

at  pM ea h li a  as e pe ted to e se ue ed at .  pM pe  la e . High-

th oughput se ue i g as a ied out i  a HiS a SQ platfo  Illu i a  to ge e ate 

si gle-e ded  p eads. 

5.2.10 Sequencing data analysis 

Ra  data e e lipped, a d eads sho te  tha   t e e e o ed. All fast  files f o  

the sa e sa ple e e the  e ged, a d eads e e ollapsed to e o e dupli ates. 

Se ue e eads e e the  alig ed to the hu a  ge o e hg /GRCh  usi g 

Bo tie  -   –   – est –st ata . Sa  files o tai i g alig ed eads e e o e ted 

to so ted i de ed a  files usi g sa tools. Su se ue tl , luste s o e lappi g eads 

alig i g i  the sa e lo us  e e ide tified usi g th ee diffe e t soft a e s spe ialized 

i  CLIP data a al sis: a ClusteR [ ], BMi  [374], dCLIP [375]. I  a Cluste  a d 

BMi  a al sis a i i u  o e age of t o as applied. I  the a al sis usi g dCLIP a 

i i u  u e  of tags e e esta lished as fi e oth fo  the fi st a d se o d 

o ditio . The utatio al p ofile of the alig ed eads as o tai ed usi g a ClusteR 

tool. Ca didate ge es e e ide tified usi g A o a  soft a e tool [ ]. Fo  the 

isualizatio  of the luste s the I teg ati e Ge o i s Vie e  IGV  tool as used [ ]. 

5.2.11 Pathway enrichment analysis 

A KEGG path a  e i h e t a al sis as ade o e  the ide tified PAR-CLIP a didate 

ge es usi g luste  P ofile  pa kage [ ]. 
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.  Results 

5.3.1 DLBCL cell lines are highly sensitive to puromycin 

T o DLBCL ell li es, ABC-t pe, RIVA, a d GC-t pe, SU-DHL- , e e used to elu idate 

the ta geto e of iR-  usi g the PAR-CLIP assa . We used le ti i al e to s to 

s ste ati all  odulate the le els of iR-  i  these ells i  o de  to i p o e the 

elia ilit  of the data o tai ed. P e ious to the i fe tio , the i t i si  pu o i  

se siti it  of these ell li es as easu ed i  o de  to e su e a su se ue t o e t 

pu o i  sele tio  of the i fe ted ells.  

Results of MTT assa s sho ed that these ell li es a e highl  se siti e to pu o i  

t eat e ts. E e  ith e  lo  doses .  g/µL , o e tha  % of the ells see  ot 

to e eta oli all  a ti e. Afte   da s of e posu e to the d ug the e a e ot ali e ells 

e e  at the lo est o e t atio  Figu e . . The efo e, e esta lished a sta da d 

t eat e t of g/µL of pu o i  fo   da s.  

 

Figu e . : Pu o i  se siti it  esults fo  DLBCL ell li es. Figu e sho s pu o i  killi g 

u es fo  SU-DHL-  ith  da s A  a d  da s B  of e positio  a d RIVA ell li es ith  da s 

C  a d  da s D  of e positio . 
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5.3.2 Lentiviral infection with a MOI 15 promotes an optimum 

infection of DLBCL cell lines 

We al ulated the opti u  ultipli it  of i fe tio  MOI   tit atio  fo  the DLBCL 

ell li es. Cells e e i fe ted u de   diffe e t MOI o ditio s i.e. MOI , ,  a d 

 ith th ee le ti i al e to s i  o de  to up egulate the e p essio  of iR-  

O e - iR , i hi it iR-  e p essio  A ti- iR- , a d ith a egati e o t ol 

fo  the i fe tio  S a le se ue e . The effi a  of the i fe tio  as e aluated  

a al si g the epo te  ge e GFP ith flo  to et . The g ee  i te sit  as di ided 

i to lo , ediu  a d high i te sit  fluo es e e i  o de  to see hethe  a highe  

g ee  i te sit  ould o espo d ith a highe  u e  of the e to  opies pe  ell 

a d the efo e st o ge  odulatio  of the iR- . We o se ed that i easi g the 

MOI did t ha e a sig ifi a t i pa t o  the u e  of GFP-positi e ells Figu e . . 

This suggests that ith a MOI of  the i fe tio  is al ead  opti al a d that i easi g 

the MOI ould ot e e efi ial. To o fi  this, e a al sed the e p essio  le els of 

iR-  i  SU-DHL-  ells i fe ted ith MOI  o  MOI . As sho  i  Figu e .  e 

did ´t oti e a sig ifi a t diffe e e i  the le el of iR-  odulatio  et ee  these 

t o o ditio s. 

 

Figu e . : Results of GFP e p essio  as a  i di ato  of the le ti i al i fe tio  ield. A  

E a ple of the st atifi atio  of GFP+ ells i to th ee atego ies: lo  e p essio , ediu  

e p essio , high e p essio . B  Flo  to et  data of the a ou t of ells i  ea h atego  pe  

o ditio  togethe  ith the a ou t of total g ee  ells a d dead ells.  

GFP+ ells A B 
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Figu e . : RT- PCR data. MiR-  e p essio  i  SU-DHL-  ell li e i fe ted ith the le ti i al 

e to s ith t o diffe e t MOIs.  

5.3.3 MiR-155 expression monitoring showed a stable 

upregulation of miR-155 in the infected DLBCL cell models 

DLBCL ell li es e e sta l  t a sfe ted i  iologi al t ipli ate ith le ti i al e to s 

MOI  to odulate iR-  e p essio . These e to s e ode iR-  se ue e 

O e - iR- , a s a led o t ol se ue e S a le , o  a  i hi ito  of iR-  

A ti- iR- . Cell e e sta l  sele ted ith pu o i  a d ai tai ed i  ultu e. 

iR-  e p essio  as easu ed i  these ells a d e o se ed that up- egulatio  of 

iR-  as ai tai ed i  ultu e up to  eeks post-i fe tio . I  o t ast, ho e e , 

i hi itio  of iR-  usi g the iRZip k o kdo  e to  as ot ai tai ed fo  o e 

tha   eeks Figu e . . The efo e, fo  su se ue t PAR-CLIP e pe i e ts the a ti-

iR-  o ditio  as dis a ded a d o l  the s a le o ditio  as used as a 

o t ol. 
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Figu e . : RT- PCR esults fo  iR-  e p essio . Figu e sho s iR-  e p essio  at 

diffe e t ti e poi ts afte  i fe tio , f o  t o eeks  u til  eeks  i  RIVA A  a d SU-

DHL-  B  ell li es. Results sho ed a sta le up egulatio  of iR-  up to -  eeks post-

i fe tio  ut a a ia le effe t of the iR-  do egulatio . 

6.3.4 DLBCL cell lines express high levels of endogenous Ago2 

A este - lot a al sis as ade i  o de  to o pa e the e p essio  le els of 

e doge ous Ago  p otei  i  the DLBCL ell li es e e e usi g. Results sho ed that 

Ago  is highl  e p essed i  DLBCL ell li es. I  HeK  FLAG-HA-Ago  i du ed ith 

do li e a  additio al slightl  highe  a d a  e o se ed o espo di g to the 

e oge ous FLAG-HA-tagged Ago  p otei . RIVA ell li e see s to st o gl  e p ess 

Ago . This e p essio  is si ila  to the total Ago  e p essio  i  the i du ed HeK  

FLAG-HA-Ago  ells. Ho e e , Ago  e p essio  i  SU-DHL-  is lo e , app o i atel  

half the e p essio  i  RIVA Figu e . .  

A B 
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Figu e . : Ago  e p essio  i  DLBCL ell li es a d HeK  FLAG-HA-Ago : Ago  e p essio  

as a al sed ith Weste - lot i  DLBCL ell li es o pa ed to HeK  FLAG-HA-Ago  ell li e 

ith a d ithout i du i g FLAG-HA-tagged Ago  p otei  e p essio . Figu e sho s esults of a 

este - lot fo  Ago  A , a este - lot fo  FLAG tag B , a Po eau stai i g of the e a e 

e if i g the sa e a ou t of p otei  loaded i  ea h la e C  a d the ua tifi atio  of the 

elati e Ago  e p essio  a al sed  este - lot i  these ell li es f o  th ee diffe e t 

e pe i e ts D .  

6.3.5 4-thiouridine (4-SU) is not toxic to DLBCL cell lines 

I  o de  to e su e that the -SU as ot to i  to the DLBCL ell odels e tested 

i easi g doses of -SU a d e aluated thei  ia ilit  a d p olife atio . We o se ed a 

de ease i  ellula  p olife atio  he  appl i g highe  doses of -SU. To i it  as ot 

dete ted at o e t atio s elo  µM. At µM ells do ot see  to e epli ati e 

a d, at o e t atio s a o e µM, e ould dete t a e tai  g ade of to i it , si e 

the u e  of ali e ells as lo e  tha  the a ou t of ells seeded Figu e . .  

Based o  these data e pe fo ed all fu the  e pe i e ts o  B- ells at  µM -SU. 

We o se ed that the ells e ai ed epli ati e at that o e t atio . Of ote, µM 

-SU as the o e t atio  used fo  p e ious PAR-CLIP- ased studies [ ]. 
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Figu e . : -SU to i it  assa s o  DLBCL ell li es. SU-DHL-  a d RIVA ells e e e posed to 

i easi g o e t atio s of -SU fo   hou s. The ed li e sho s the a ou t of the i itiall  

seeded ells .  ells/ ell . Data sho s that, at µM ells see  to stop ei g epli ati e 

a d fo  highe  o e t atio s the  see  to e pe i e t so e to i it  as the u e  of ali e 

ells falls elo  .  ells/ ell.  

5.3.6 DLBCL-derived cells effectively incorporate 4-SU into the 

nascent RNAs at a similar rate as HEK293 cell line 

We a ted to dete i e the u e  of DLBCL ells e ui ed to su essfull  pe fo  a 

PAR-CLIP assa , ea i g i  i d that the efe e e ell li e HEK , a  ot ha e the 

sa e ua tities of RNA o  a ilit  to i o po ate -SU as the DLBCL ell li es. 

Ou  data sho  that e e e a le to isolate  µg of total RNA pe  illio  of HEK  

ells he eas i  DLBCL ell li es the a ou t of isolated RNA as  µg of total RNA pe  

illio  ells Figu e . . Ho e e , as fo  the PAR-CLIP assa , the Ago - ou d RNA is 

that s thetized du i g the -SU i o po atio  e also looked at the RNA s thesis 

ate fo  these ells. Results sho  that all the ells a e eta oli all  a ti e du i g the -

SU e posu e a d that, it as i o po ated to the as e t RNA ole ules. The RNA 

s thesis ate fo  DLBCL ells is , - ,  less tha  fo  HEK  ell li e Figu e . . So, 

fo  the sa e a ou t of Ago  p otei , the a ou t of RNA apa le of ei g oss-li ked 

to Ago  i  HEK  is app o i atel   ti es highe  tha  that of DLBCL ells.  
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Figu e . : A ou t of RNA i  HEK  a d DLBCL ell li es. 

 

 

Figu e . : Dot- lot esults. Figu e A sho s the Dot- lot assa  fo  -SU i o po atio  i to 

as e t RNA i  HEK  a d DLBCL ell li es a d figu e B the ua tifi atio  of the sig al.  

5.3.7 Ago2 immunoprecipitation (IP) analysis by Western-blot 

verified a correct enrichment of Ago2 protein after the IP step in 

PAR-CLIP protocol.  

A  i u op e ipitatio  IP  of Ago  p otei  f o  SU-DHL-  ells o e -e p essi g 

iR-  as ade follo i g the PAR-CLIP p oto ol i  o de  to e if  the e i h e t of 

Ago  p otei  i  the i u op e ipitated f a tio . The p ese e of Ago  as a al sed 

usi g Weste - lot i  the total l sate alo g ith the i u op e ipitated f a tio  a d 

the u ou d f a tio . Results sho ed a lea  e i h e t of the a d o espo di g to 

Ago  i  the IP f a tio . Also, the a d o espo di g to Ago  i  the egati e IP f a tio  

as lea l  less i te se tha  the a d f o  the total l sate a d the a d f o  the 

u ou d f a tio  of the IP ith the isot pe o t ol Figu e . . The isot pe o t ol is 

useful to diffe e tiate o -spe ifi  a kg ou d sig al f o  spe ifi  a ti od  sig al as 

A B 
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the  ha e o ele a t spe ifi it  to a ta get a tige . The positi e f a tio  of the IP ith 

the isot pe o t ol ga e a e  i te se a kg ou d sig al due to o -spe ifi  

i te a tio s. It should e oted that although the a ti-Ago  a ti od  also appea s to 

e og ize a p otei  of kDa Figu e . , la e , fo  the PAR-CLIP assa  e isolate 

o l  p otei s et ee   a d  kDa i  size see i  PAR-CLIP odified p oto ol, 

se tio  . . .  

 

 

 

 

 

Figu e . : Weste - lot a al sis of the IP e pe i e t agai st Ago  p otei . Results sho ed 

a o e t IP of Ago  p otei  as it a  e oti e he  o pa i g Ago  i  the total l sate ith 

the egati e a d the positi e f a tio s of the IP o ditio s ,  a d  espe ti el . Co ditio s 

 a d  o espo d to the egati e o t ol of the IP egati e a d positi e f a tio . Co ditio  

u e   is the total l sate of HEK  FLAG-HA-Ago  ell li e t eated ith do li e, so a 

highe  a d o espo di g to the FLAG-HA-tagged Ago  p otei  a  e also o se ed. 

5.3.8 Gene expression profiling of DLBCL cell lines with the miR-

155 modulation using microarrays 

A t a s ipto e a al sis of the DLBCL ell odels e plo ed fo  the PAR-CLIP assa  as 

pe fo ed i  o de  to o i e these data ith the ta geto e a al sis data. Fo  ea h 

ell li e, the  ost do - egulated ge es o e - iR-  s. S a le . The ge e 

e p essio  i oa a  data sho ed a total of th ee a d si  ge es sig ifi a tl  

diffe e tiall  e p essed i  RIVA a d SU-DHL-  ell li es espe ti el  Ta le . . 

 

1. HEK293 FLAG-HA-Ago2 + Doxycycline 

2. Total lysate suDHL10 Over-miR-155 

3. Unbound IP fraction Anti-Ago2 antibody 

suDHL10 Over-miR-155 

4. IP positive fraction Anti-Ago2 antibody  

suDHL10 Over-miR-155 

5. Unbound IP fraction Anti- IgG2A antibody 

suDHL10 Over-miR-155 (Control) 

6. IP positive fraction Anti-IgG2A antibody 

suDHL10 Over-miR-155 (Control) 
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Gene Cell line log FC p value Adjusted p value 

OR2B6 RIVA -2.433 7.52E-07 0.010 

OR2W6P RIVA -2.413 9.95E-08 0.003 

HIST1H1T RIVA -1.632 6.75E-06 0.074 

RP1-86C11.7 RIVA -1.599 3.26E-05 0.194 

FCGR2B RIVA -1.366 1.99E-04 0.379 

RNU2-62P RIVA -1.263 1.09E-04 0.315 

HIST1H2BO RIVA -1.093 1.11E-04 0.315 

FCGR2C RIVA -1.016 5.13E-04 0.542 

HIST1H2APS3 RIVA -1.014 2.22E-04 0.379 

RP5-951N9.1 RIVA -0.992 2.39E-03 0.684 

RP11-616L12.4 RIVA -0.953 1.35E-03 0.635 

BCAS1 RIVA -0.950 7.32E-04 0.545 

IL3RA RIVA -0.916 1.76E-03 0.647 

TCONS_00027962 RIVA -0.903 1.75E-03 0.647 

RP11-818F20.5 RIVA -0.895 3.83E-03 0.699 

OR2B2 RIVA -0.888 7.60E-04 0.553 

SNORA51 RIVA -0.877 1.58E-03 0.635 

S100A5 RIVA -0.865 1.02E-03 0.598 

LPCAT1 RIVA -0.863 2.05E-02 0.715 

LINC01628 RIVA -0.853 1.30E-03 0.635 

G2E3 SU-DHL-10 -1.049 3.67E-06 0.012 

FAM155A SU-DHL-10 -0.970 2.86E-05 0.052 

PHACTR2 SU-DHL-10 -0.942 2.66E-05 0.051 

C9orf72 SU-DHL-10 -0.936 3.88E-05 0.062 

MIR548I2 SU-DHL-10 -0.934 2.26E-05 0.048 

OSTN SU-DHL-10 -0.875 6.55E-05 0.087 

LINC01344 SU-DHL-10 -0.860 9.77E-05 0.114 

ANKRD50 SU-DHL-10 -0.838 2.31E-04 0.183 

AF129408.17 SU-DHL-10 -0.825 1.94E-04 0.170 

RP3-468B3.4 SU-DHL-10 -0.808 3.38E-04 0.202 

RP4-635A23.6 SU-DHL-10 -0.796 3.11E-04 0.198 

RP5-855D21.2 SU-DHL-10 -0.789 4.51E-04 0.221 

LY86-AS1 SU-DHL-10 -0.778 3.48E-04 0.203 

RNU6-865P SU-DHL-10 -0.777 4.52E-04 0.221 

RNU7-45P SU-DHL-10 -0.754 5.36E-04 0.244 

OR5M10 SU-DHL-10 -0.748 7.25E-04 0.273 

CTD-2124B8.2 SU-DHL-10 -0.746 5.91E-04 0.256 

MIR5690 SU-DHL-10 -0.741 1.31E-03 0.353 

TCONS_l2_00023407 SU-DHL-10 -0.729 1.09E-03 0.326 

RP11-493L12.7 SU-DHL-10 -0.725 1.08E-03 0.326 

Ta le . : Diffe e tiall  e p essed ge es a o di g to i oa a  data u de  iR-  

odulatio  i  DLBCL ell li es. The ta le sho s the  ge es do egulated upo  
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up egulatio  of iR-  sho i g the la gest fold- ha ge alues togethe  ith the p alue a d 

the adjusted p alue fo  ea h ge e. The sig ifi a tl  diffe e tiall  e p essed ge es a e 

highlighted i  old lette s.  

5.3.9 PAR-CLIP sequencing results 

. . .  Sequencing results 

I  ge e al te s, e o tai ed o e eads >  t  i  the RIVA ell sa ples tha  SU-

DHL-  ells. Collapsi g the data to e o e epli ated eads de o st ated that less 

tha  % of the eads e e u i ue. A  a e age of  % a ge - %  of these eads 

e e alig ed to the hu a  ge o e hg /GRCh . The p o essed PAR-CLIP eads 

sho ed to o e  a  a e age of . % of the ge o e a ge . - . %  Ta le . .  

 

Samples 
Generated 

reads (> 20 nt) 

Reads after 

duplicate removal 

Aligned reads 

after 

deduplication 

Breadth of coverage 

(bp) and % of the 

genome covered 

RIVA  

Over-miR-155 
46282662 1649822 (3.56%) 389876 (23%) 6177892 (0.2%) 

RIVA 

Scramble 
56963089  . %  377963 (20%) 6136782 (0.2%) 

SU-DHL-10 

Over-miR-155 
27199700 2396222 (8.8%) 440186 (18%) 6985702 (0.22%) 

SU-DHL-10 

Scramble 
34179327 2274925 (6.65%) 538491 (23%) 8481297 (0.27%) 

Ta le . : Nu e  of PAR-CLIP se ue i g eads pe  o ditio . The ta le sho s the u e  

of eads as a esult of the PAR-CLIP se ue i g fo  ea h of the o ditio s. The fi st olu  

sho s the u e  of ge e ated eads afte  e o i g those sho te  tha   u leotides. The 

se o d olu  sho s the u e  of eads afte  e o i g the PCR dupli ates i  ea h o ditio  

a d the thi d olu  the u e  of these u i ue eads su essfull  alig i g agai st the hu a  

ge o e hg /GRCh . The pe e tages a e i  elatio ship to the data i  the p e ious 

olu . I  the last olu  the total le gth o e ed p  ith the p o essed data as ell as the 

pe e tage of the ge o e o e ed is sho  fo  ea h sa ple.  
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. . .  Cluster calling  

As o l  eads ith T-to-C ha ges esulti g f o  -SU i o po atio  a e i di ati e of 

p ope l  ei g asso iated ith the oss-li ked Ago , e used spe ialised algo ith s, 

a ClusteR [ ] a d BMi  [374] that o l  o side  eads ith that spe ifi  ha ge. I  

pa allel, dCLIP tool as e plo ed hi h is ot spe ifi  fo  PAR-CLIP data [375]. Ea h 

soft a e fo  CLIP data a al sis ide tified luste s, hi h a e o e lappi g eads alig i g 

i  the sa e lo us, f o  the alig ed eads usi g its o  pa a ete s. a Cluste  a d 

BMi  a e pipeli es spe ifi  fo  PAR-CLIP data a al sis a d it o side s PAR-CLIP 

utatio s ea h p og a e uses its o  pa a ete  fo  filte i g out T-to-C utatio s 

ot spe ifi  f o  PAR-CLIP  fo  the luste  alli g [ , ]. I  o t ast, dCLIP tool can 

be applied for the analysis of different CLIP data and allo s diffe e tial a al sis 

et ee  t o o ditio s. This tool is u i ue i  fi di g diffe e es in binding strengths 

rather than just the binary event of whether a binding site is shared or not [375]. The 

total number of clusters identified for each programme is shown in table 5.3. The 

ge o i  lo atio  of the ide tified luste s is ep ese ted i  Figu e . .  

As a  e see  f o  figu e . , all of the sa ples e e e i hed fo  the T-to-C ha ge 

he  o pa ed to all the othe  possi le a ia ts fou d i  the se ue i g data.  

Figu e . : Nu e  of ge o i  positio s sho i g a  of the possi le o e sio s.  
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Sample Identified Clusters 

RIVA Over-miR-155 (wavClusteR) 8772 

RIVA Scramble (wavClusteR) 6970 

RIVA Over-miR-155 (BMix) 986 

RIVA Scramble (BMix) 291 

RIVA (dCLIP) 3144 

SU-DHL-10 Over-miR-155 (wavClusteR) 12499 

SU-DHL-10 Scramble (wavClusteR) 12899 

SU-DHL-10 Over-miR-155 (BMix) 1290 

SU-DHL-10 Scramble (BMix) 1012 

SU-DHL-10 (dCLIP) 4743 

Table 5.3: Total number of identified clusters per condition: Results show the amount of 

identified clusters with three different software of analysis (wavClusteR, BMix and dCLIP). dCLIP 

tool compares the difference between (i.e over) experimental and the control (i.e. scramble) 

cluster analysis. 
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Figure 5.13: Ge o i  lo atio  of the ide tified luste s. The figu e sho s the ge o i  lo atio  

he e the ide tified luste s alig  fo  ea h o ditio  a d ea h ell li e usi g all the th ee 

soft a es fo  the a al sis. O l  o e g aph appea s fo  dCLIP a al sis pe  ell li e as it sho s 

the diffe e tiall  ide tified luste s et ee  the o e - iR-  a d the s a le o ditio .  
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We fou d that a ClusteR ide tifies a  o e luste s tha  eithe  BMi  o  dCLIP. B  

a  of these algo ith s, the SU-DHL  ell li e sa ples ga e a highe  u e  of 

luste s tha  the RIVA ell li e sa ples.  

Ne t, e a al sed the ge o i  lo atio  of luste s a d o se ed that the ajo it  of 

the  a e age of . %, a ge . - . %  e e lo ated i  e o i  egio s of 

p otei  odi g ge es, follo ed  UTR egio s a e age of . %, a ge - . % , 

i te ge i  egio s a e age of %, a ge . - . % , i t o i  egio s a e age of 

. %, a ge . - . % , a d UTR egio s a e age of . %, a ge . - . % . 

A si ila  dist i utio  % of the luste s ide tified i  e o i  egio s  as o se ed i  

the o igi al PAR-CLIP e pe i e ts [ , ].  

The , e o pa ed the ide tit  of the ide tified ge es usi g the th ee diffe e t 

pipeli es. As a  e see  i  Figu e .  the e as a high deg ee of o e lap i  the 

luste  alli g. It a  also e o se ed ho  a ClusteR is a o e se siti e tool he eas 

BMi  uses o e st i ge t pa a ete s fo  the luste  ide tifi atio .  

 

Figu e . : Nu e  of ide tified ge es ith PAR-CLIP usi g th ee diffe e t soft a es fo  

luste  a al sis. Th ee diffe e t soft a es a eClusteR, dCLIP a d BMi  e e e plo ed i  

o de  to ide tif  iRNA ta geted ge es i  RIVA A  a d SU-DHL-  B  ell li es afte  PAR-CLIP 

A    RIVA B   SU-DHL-  
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pe fo a e. The figu e sho s the total u e  of ge es ide tified i  o e - iR-  o ditio  

usi g a ClusteR a d BMi  a d the diffe e tial luste  ide tifi atio  et ee  o e - iR-  

a d s a le usi g dCLIP tool. O l  luste s lo ated i  p otei  odi g ge es a e o side ed. 

The figu e also sho s the o e lappi g et ee  this ge e ide tifi atio .  

The full data set fo  the PAR-CLIP e pe i e ts a  e a essed f o  the follo i g li ks:  

A) Data fo  RIVA: https:// aite at.shi apps.io/DLBCL_PARCLIP_RIVA_ M/  

B) Data fo  SU-DHL- : https:// aite at.shi apps.io/DLBCL_PARCLIP_SU _ M/  

. . .  Candidate gene selection 

Co side i g the data of all the th ee tools o i ed see li ks i  p e ious se tio , e 

e d up ith a total of ,  ge es ide tified i  the RIVA ell li e a d ,  i  the SU-

DHL-  ell li e. We e o ed luste s that e e lo ated outside of p otei -e odi g 

ge es i.e. UTR, e o i  egio  a d UTR , esulti g i  ,  ge es fo  RIVA ell li e 

a d ,  fo  SU-DHL-  ell li e.  

We fou d that % of these ge es e e diffe e tiall  ide tified et ee  the 

e pe i e tal o ditio  o e - iR-  a d the o t ol o ditio  s a le  fo  RIVA 

ells, a d % fo  SU-DHL-  ells. A o gst these ge es % i  RIVA a d % i  SU-

DHL-  ells, e e ide tified e lusi el  i  ells that o e -e p essed iR-  ut ot 

the s a le-se ue e o t ols. I  ase of dis epa  et ee  BMIX a d a ClusteR 

tools, data f o  BMi  as p io itized as this tool is o e spe ifi  tha  a ClusteR 

Figu e . . The est of the diffe e tiall  ide tified ge es e e g ouped as ge es 

sho i g i o  e ide e of diffe e tial ide tifi atio  ea i g that the  e e 

ide tified  dCLIP as diffe e tial e e  if the  e e also ide tified i  the o t ol 

dataset. % of the ge es i  RIVA a d % i  SU-DHL-  e e ot diffe e tiall  

ide tified et ee  the e pe i e tal o e - iR-  a d the o t ol o ditio  

s a le  Figu e .  a d e e e luded f o  fu the  a al sis.  

O tolog  a al sis of the diffe e tiall  ide tified ge es =  a d =  i  RIVA a d 

SU-DHL-  espe ti el  e e fou d to e sig ifi a tl  e i hed fo  B- ell e epto  

sig alli g a d ell le i  oth DLBCL su t pes. But, i te esti gl , o l  the ge es 

ide tified i  the ABC-DLBCL su t pe RIVA ell li e  sho ed a  e i h e t fo  ge es 

i ol ed i  FOXO adjusted p alue = .   -  a d AMPK adjusted p alue = .   
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-  sig alli g path a s suggesti g that ge es i ol ed i  these path a s ight e 

di e tl  ta get  iR-  spe ifi all  i  ABC-DLBCL su t pe.  

E e  though o l   . %  a d  . %  of the diffe e tiall  ide tified ge es i  

RIVA =  a d SU-DHL-  =  espe ti el , had a o plete seed at h fo  

iR-  i di g, u h highe  u e s of these ta get ge es had ee  e pe i e tall  

alidated as o a fide iR-  ta get ge es  . %  i  RIVA, a d  . %  i  SU-

DHL-  a o di g to iRTa Base [379] Figu e . . Fi e a d t o ge es espe ti el  

p ese ted a seed at h a d also a e alidated as iR-  ta gets.  The diffe e tiall  

ide tified ge es ith a seed at h fo  iR-  a e listed i  Ta le . . SF  a d MICB 

ge es e e ide tified i  oth ell li es. Also, e a ples of luste  ide tifi atio  a  e 

o se ed i  Figu e . . 

 

Figu e . : Diffe e tiall  ide tified ge es fo  RIVA a d SU-DHL- . The figu e sho s the 

diffe e tiall  ide tified ge es et ee  the e pe i e tal o e e p essio  of iR-  a d the 

o t ol o ditio  a s a le o e e p essio  afte  pe fo i g PAR-CLIP i  RIVA A  a d SU-

DHL-  B  ell li es. 

 

Figu e . : Diffe e tiall  ide tified ge es ith lues fo  ei g a iR-  ta get ge e. The 

figu e sho s, a o g the diffe e tiall  ide tified ge es et ee  the e pe i e tal a d the 

o t ol o ditio , the pe e tage of the ide tified ge es that a e p edi ted to e iR-  

ta gets, that ha e ee  e pe i e tall  alidated as iR-  ta get ge es a d the pe e tage 

of the ge es that sho ed a seed se ue e fo  the i di g of iR-  i  the ide tified luste .  

A  B  

. % . % 

. % . % 
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Ge e Cell li e 
Cluste  

alli g tool Lo atio  

Cluste  
le ght 

p  

Seed 
at h 

E ide e as 
iR-  

ta get 
CD  SU-DHL-  dCLIP e o i , UTR   es No e ide e 

EEF G SU-DHL-  dCLIP e o i   es No e ide e 

HIST H BK SU-DHL-  dCLIP e o i   es No e ide e 

HMGXB  SU-DHL-  dCLIP e o i   es No e ide e 

PIEZO  SU-DHL-  dCLIP e o i , i t o i   es No e ide e 

PXK SU-DHL-  dCLIP UTR   es No e ide e 

SF  SU-DHL-  dCLIP UTR , e o i   es No e ide e 

E F  SU-DHL-  BMi  UTR , e o i   es Validated 

NFYC SU-DHL-  a ClusteR i t o i , UTR   es Validated 

MICB SU-DHL-  BMi  UTR   es No e ide e 

DAP  SU-DHL-  a ClusteR e o i   es No e ide e 

FAM A SU-DHL-  BMi  e o i   es No e ide e 

STIP  SU-DHL-  BMi  e o i   es No e ide e 

UBB SU-DHL-  BMi  e o i , UTR   es No e ide e 

CNDP  RIVA a ClusteR e o i   es Validated 

KANSL  RIVA a ClusteR UTR , e o i   es Validated 

ZFP  RIVA a ClusteR UTR   es Validated 

ZNF  RIVA a ClusteR UTR   es Validated 

MEX C RIVA dCLIP UTR , e o i   es Validated 

BTAF  RIVA a ClusteR e o i   es No e ide e 

CTNND  RIVA a ClusteR UTR   es No e ide e 

EIF AK  RIVA a ClusteR UTR   es No e ide e 

KIAA  RIVA a ClusteR e o i   es No e ide e 

MCOLN  RIVA BMi  UTR   es No e ide e 

MICB RIVA BMi  UTR   es No e ide e 

PANK  RIVA a ClusteR e o i   es No e ide e 

RPL  RIVA BMi  e o i   es No e ide e 

TNRC A RIVA BMi  e o i , UTR   es No e ide e 

CXCR  RIVA dCLIP e o i   es No e ide e 

HIST H BJ RIVA dCLIP e o i   es No e ide e 

NREP RIVA dCLIP UTR   es No e ide e 

OGT RIVA dCLIP e o i   es No e ide e 

RPL A RIVA dCLIP e o i   es No e ide e 

SF  RIVA dCLIP e o i   es No e ide e 

Ta le . : Ca didate PAR-CLIP ge es ith a seed at h fo  iR-  i  the ide tified luste  

fo  RIVA a d SU-DHL-  ell li es.  The ta le sho s the diffe e tiall  ide tified ge es ith 

PAR-CLIP ith a seed at h fo  iR-  i  the ide tified luste  i  the DLBCL ell li es. 

SF  a d MICB ge es e e ide tified i  oth ell li es. 
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I  additio , the list of the a didate PAR-CLIP ge es diffe e tiall  ide tified ge es  as 

iR-  ta gets as ossed ith the diffe e tiall  e p essed ge es i  these ell li es 

a al sed  i oa a s upo  iR-  odulatio . Results led us to ide tif  t o 

a didate ge es fo  RIVA a d a othe  t o fo  SU-DHL-  Ta le . . 

Gene Cell line 
Cluster calling 

tool 
Location 

Cluster 

length 

(bp) 

Seed 

match 

Evidence as 

miR-155 

target 

G E  SU-DHL-10 wavClusteR 3' UTR 21 no Predicted  

OSTN SU-DHL-10 
wavClusteR 

BMix 
3' UTR 47 no No evidence 

SNORA  RIVA dCLIP exonic 19 no No evidence 

HIST H BO RIVA dCLIP exonic 78 no No evidence 

Ta le . : Ca didate ge es as iR-  ta get ge es a o di g to i oa a  a d PAR-CLIP 

data. Co elatio  of PAR-CLIP esults a d t a s ipto e a al sis fo  RIVA a d SU-DHL-  ell 

li es ith iR-  odulatio  led us to p io itize t o a didate ge es as iR-  ta gets i  

ea h ell li e.  

A o pa iso  of the deg ee of o g ue  et ee  PAR-CLIP a d ioi fo ati  

p edi tio  fo  iRNA ta get ide tifi atio  as a ied out  o pa i g PAR-CLIP data, 

agai st p edi ted iR-  ta get ge es usi g the Ta getS a  tool alo g ith 

e pe i e tall  alidated ta gets f o  iRTa Base. Results sho ed that PAR-CLIP as 

a le to ide tif  o e thi d of the alidated ta get ge es /  he eas Ta getS a  

o l  o e fifth / . Also, the u e  of alidated ge es =  is ea l  t i e as 

u h  .  as the u e  of p edi ted ge es ith Ta getS a  =  sho i g that a 

high u e  of alidated iR-  ta get ge es a e ot p edi ted ith this tool Figu e 

. .  
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Figu e . : O e lappi g et ee  the iR-  p edi ted ta get ge es a d the ide tified 

ge es ith PAR-CLIP as ell as the o e lappi g of oth app oa hes ith the e pe i e tall  

alidated iR-  ta gets. The PAR-CLIP data o espo ds to the total a ou t of ge es 

ide tified o tai i g luste s e lusi el  i  p otei  odi g ge es ’UTR, e o s o  ’UTR 

egio s  f o  SU-DHL-  o e - iR-  o ditio . P edi ted iR-  ta get ge es e e 

ide tified using the default parameters with TargetScan v.7.2. The validated miR-155 target 

genes were obtained from miRTarBase v.7.0. 

  

B 

C 

Validated genes as miR-155 targets predicted with TargetScan n = 201 

Predicted miR-155 target genes and identified with PAR-CLIP n = 124 

Validated genes as miR-155 targets identified with PAR-CLIP n=321 A 
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A  UBB: h : - , UTR, + st a d 

 
B  E F : h : - , UTR, - st a d 

 
C  MICB: h : - , UTR, + st a d 

 

Figu e . : Diffe e tiall  ide tified luste s i  SU-DHL-  ell li e. The figu e sho s so e 

e a ples of the ide tified luste s fo  UBB A , E F  B  a d MICB C  ge es e lusi el  i  the 

o e - iR-  o ditio  i  SU-DHL-  ell li e. All the th ee luste s o tai  a seed at h fo  

iR-  hi h is highlighted ith a ed s ua e i  the figu e. The PAR-CLIP spe ifi  T-to-C 

utatio  a  e o se ed i  all the th ee e a ples A-to-G fo  E F  B  as the ge e is lo ated 

i  the egati e st a d .  

SU-DHL-  

O e - iR-  

SU-DHL-  

S a le 

SU-DHL-  

O e - iR-  

SU-DHL-  

S a le 

SU-DHL-  

O e - iR-  

SU-DHL-  

S a le 
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.  Discussion 

Although previous work by ourselves, and others, have identified many microRNAs 

that are aberrantly expressed in lymphoma, the functional consequence of their 

dysfunctional expression to the pathogenesis of lymphoma, or indeed any cancer, is 

only very poorly understood. The primary reason for this is a paucity of knowledge 

about which genes are actually targeted by specific microRNAs and which of these 

genes are functionally important in specific cellular settings. With very few functionally 

annotated exceptions, current approaches to this problem rely upon the use of the 

many predictive computational algorithms available (see section 1.4.6). However, 

these algorithms typically predict hundreds or even thousands of target genes for each 

miRNA and in reality perform very poorly. Indeed when the most widely used 

algorithms were tested against experimentally validated miRNA-target gene 

interactions sensitivity ranged from just 1.3% to 48.8% and even when all five 

algorithms were used in union only 72% of experimentally validated miRNA-target 

gene interactions were predicted [380]. Additionally, it has been demonstrated that 

some experimentally proven targets of microRNAs (e.g. KRAS and HRAS targeting by 

let-7 [381], or E2F2 and MYC targeting by miR-24 [189]) are not predicted targets of 

these algorithms at all.   

In light of these facts it is clear that to fully understand the role that aberrantly-

expressed miRNAs play in lymphoma, we must firstly identify which genes are actually 

regulated by these microRNAs. One strategy to address this question is the use of gene 

expression arrays to elucidate which genes change in response to permutation of 

individual microRNAs [288]. However, this approach is limited, as miRNAs are well 

known to target protein levels without changing transcript levels. Another option is to 

analyze the proteome through mass spectrometry-based techniques (SILAC, super-

SILAC) [382]. However, these techniques do not allow the observer to distinguish 

between direct and an indirect effect of aberrant miRNA expression. A more targeted 

approach would be to directly characterize the miRNA-target gene interface. We plan 

to do this by capturing the miRNA-mRNA population of cells using an Ago2 

immunonoprecipitation (IP) technique followed by deep sequencing (see section 

1.4.7).  It has been reported that a high overlap of miRNAs loaded into Ago 1-4 
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isoforms suggesting that the use of Ago2 pull down is sufficient to have a 

representative sample over all Ago targets [383].  

The goal of this project was to determine the target genes of miR-155 in DLBCL cell 

models, a well-known miRNA implicated in lymphomagenesis, and study the biological 

effect that promotes a deregulation of this miRNA. We studied this effect in two cell 

models of DLBCL corresponding to two different subtypes of the disease that also 

differ in the expression levels of this miRNA aiming to find difference in the miR-155 

targetome between this subtypes that could somehow explain the existing appreciable 

phenotypic differences between them as well as exploring the possibility of finding 

biomarkers enabling the classification of these two molecular subtypes. To do this, we 

used a modified PAR-CLIP protocol. The original protocol we used as reference was 

optimized for performing this assay in HEK293 cell model genetically modified in order 

to overexpress an exogenous Ago2 protein [306].  

Fi stl , e had to adapt the p oto ol f o  the HEK  to DLBCL ell li es.  The ajo  

diffe e e et ee  the  is that l phoid ell li es a e o -adhe e t a d 

o se ue tl  o e diffi ult to i fe t. The efo e, e did the i fe tio  sta ti g ith fai l  

high MOIs a d e fi all  set a MOI of  as e de o st ated that it as al ead  

opti al a d i easi g the MOI ould ot e e efi ial. Also, he  e o ito  iR-

 e p essio  i  the i fe ted ells, ith the k o kdo  s ste  used, e ould t 

e su e a sta le do egulatio  of the iR-  so this o ditio  as dis a ded fo  the 

su se ue t e pe i e ts. Co se ue tl , e used the e doge ous le els of iR-  

e p essio  of these ell li es as a o t ol fo  the PAR-CLIP e pe i e ts ells i fe ted 

ith a e to  e p essi g a s a le iRNA se ue e .  

To adapt the p oto ol to DLBCL ells e fi st e su ed that the e doge ous e p essio  

le els of Ago  p otei  e e suffi ie t a d also that the ells sta  eta oli all  a ti e 

du i g the -SU i o po atio  a d that e a  su essfull  i o po ate this u leoside 

i to the RNA as e t ole ules. We dete i ed that the e p essio  of e doge ous 

Ago  is high i  DLBCL. Although, SU-DHL-  e p esses app o i atle  % less Ago  

tha  HEK , RIVA t i e as u h Ago  e p essio  as SU-DHL- , highe  tha  e e  the 

FLAG-i du ed HEK -Ago  ells. This highe  e p essio  of Ago  i  the ABC-DLBCL 
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RIVA  ell li e o pa ed to the GCB-DLBCL SU-DHL-  ell li e is o siste t ith 

p e ious o se atio s [ ].  

We also looked at the effe t of -SU o  the DLBCL ell li es, as it has ee  epo ted 

that high le els of -SU a  i hi it ell p olife atio  a d p odu tio  a d p o essi g of 

so e RNAs [ ]. We did i deed o se e edu ed ell ia ilit  at  µM, a  effe t 

that as e e  o e p o ou ed at  µM. Usi g a o e t atio  of  µM -SU did 

ot appea  to affe t ia ilit  a d e o se ed at that o e t atio  that DLBCL ells 

su essfull  i o po ated -SU i  thei  as e t RNA ole ules. A tuall , the 

i o po atio  of -SU o  RNA s thesis atio as o l  .  RIVA  a d .  SU-DHL-  

ti es less tha  that of HEK . These data suggest that the ualit  of the e o e ed 

RNA ight e ette  f o  the RIVA ells o pa ed to SU-DHL-  ells. We also 

he ked if the IP o ditio s e e e usi g e e opti u  as, i  this odified PAR-CLIP 

assa , e used a  a ti od  agai st Ago  p otei  i stead of a  a ti od  fo  the tagged 

e oge ous Ago  a ti od  agai st FLAG tag  used i  the o igi al p oto ol [ ]. Results 

i di ated that the e plo ed IP o ditio s e e app op iate fo  Ago  aptu e.  

A li itatio  of this te h i ue ight e the li a  p epa atio  ethod used fo  NGS. 

We used T uSe  S all RNA Sa ple P ep Kit appl i g so e odifi atio s to the 

p oto ol to adapt it fo  lo  i put RNA ha a te isti  of CLIP p oto ols [ ]. 

Spe ifi all , e used a :  dilutio  of the adapte s to a oid self-ligatio  a d e 

i eased the u e  of PCR les f o   to . Also, fo  the li a  pu ifi atio  the 

pol a la ide pe e tage as i eased f o  % to % i  the gel to eli i ate o e 

effi ie tl  the ligated e pt  adapto s. The se ue i g esults efle ted the lo  

a ou t of i put RNA as o e tha  % of the eads e e lo al, p o a l  due to PCR 

o e - a plifi atio . This ight ha e p o oted a iased i  the se ue i g esults as it 

ight e a  o e - ep ese tatio  of the s all eads o e  the la ge  eads. I  additio , 

the he i al ea tio s of the li a  p epa atio  itself, su h as the e ui e e t of t o 

i depe de t i te ole ula  ea tio s fo  the ligatio  of the adapto s also affe t the 

li a  p epa atio  ield Figu e . . The li a  should e a ep ese tati e sa ple of 

the o ple it  of the i put RNA ut it ight o u  that ot all of the RNA e o es 

pa t of the li a .  The high lo alit  of the li a ies is a o o  fa t i  CLIP 

e pe i e ts. Afte  e o i g the PCR dupli ates the a ou t of data usuall  d ops 
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d a ati all  a d a  e edu ed up to < /  of its o igi al size. Also, a o di g to 

othe  PAR-CLIP data the pe e tage of u i ue apped eads is si ila  to ou  esults 

[ , ]. I po ta tl , these eads o e  the . % of the ge o e i di ati g a 

spe ifi  RNA aptu e i stead of idesp ead.  

 

 

Figu e . : T uSe  S all RNA Li a  P epa atio  Kit he ist . Figu e sho s a diag a  of 

the steps follo ed fo  the li a  p epa atio  i  the PAR-CLIP sa ples.  

PAR-CLIP te h i ue i p o es sig al-to- oise atio o e  othe  CLIP te h i ues e ause 

allo s, due to the ha a te isti  T-to-C utatio , the spe ifi  ide tifi atio  of RNA 

oss-li ked to Ago  [ ]. I  additio , the RNA ield afte  ossli ki g is i eased 

o pa ed to t aditio al UV- ossli ki g [ ]. Ho e e , this te h i ue ight e less 

se siti e tha  othe  CLIP te h ologies as RNA ole ules ithout a -SU i o po atio  

a e ot o side ed. A e e t pape  de o st ated that o -T-to-C luste s, f e ue tl  

o se ed i  PAR-CLIP e pe i e ts, e hi it fu tio al iRNA- i di g e e ts a d st o g 

RNA a essi ilit  [ ]. 

The se ue i g esults i di ated a  e i h e t i  T-to-C ha ges o e  all the est of 

possi le u leotide ha ges i  the u i ue a d o e tl  alig ed eads suggesti g that 

the e o e ed RNA as e i hed fo  RNA ossli ked to Ago  p otei . This pe e tage 

of T-to-C ha ges as highe  i  the RIVA ell li e tha  i  the SU-DHL-  ell li e 

o siste t ith the highe  e p essio  of Ago  a d the highe  a ou t of -SU 

i o po ated i  the RNA of these ells. This PAR-CLIP spe ifi  utatio  o u s du i g 
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the DNA s thesis due to the ossli k et ee  the -SU esidues i o po ated i  the 

RNA a d the i te a ti g p otei  a i oa ids [ ] Figu e . . All the e pe i e tal 

o ditio s sho ed a  e i h e t i  this T-to-C utatio . This is also a good i di ato  

that the ethodolog  as su essful. 

 

 

Figu e . : Modified PAR-CLIP p oto ol outli e. SU-la elled t a s ipts e e ossli ked to 

RBPs. Ago -RNA o ple es e e i u opu ified a d RNA ole ules e e e o e ed a d 

se ue ed.  

Fo  the luste  alli g th ee diffe e t tools e e used as the e is ot ag ee e t a out 

the ost app op iate tool fo  the a al sis of PAR-CLIP data. Wa ClusteR tool ide tified 

o e luste s tha  a  othe  tool. I  o t ast, u h fe e  luste s e e ide tified  

BMi , a d ea l  all the luste s ide tified e e also p ese t i  the a ClusteR 

a al sis, de o st ati g a high deg ee of o o da e et ee  oth tools. Wa ClusteR 

is a pipeli e spe ifi  fo  PAR-CLIP data a al sis itte  i  R, that o side s PAR-CLIP 

utatio s o l  those that o tai  T-to-C ha ges, a d o all  e ludes those ith a  

e t e e VAF pe e tage too lo  o  too high  [ ]. I  o t ast, BMi , hi h is itte  

i  MATLAB a d R o side s ultiple sou es of a kg ou d oise efo e the luste  

alli g esulti g i  a highe  st i ge  o  spe ifi it  [ ]. DCLIP, the othe  algo ith  
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e used is itte  i  Pe l, is ot spe ifi  fo  PAR-CLIP data a d a  e applied fo  the 

a al sis of othe  CLIP te h i uies a d so it does ot dis iss luste s ithout T-to-C 

ha ges. dCLIP pe fo s diffe e tial a al sis et ee  t o o ditio s a d fi ds 

diffe e es i  i di g st e gths athe  tha  just the i a  e e t of hethe  a i di g 

site is sha ed o  ot [ ]. I te esti gl , he  e o pa e the ide tit  of the 

ide tified ge es usi g these tools agai st p edi ted iR-  ta get ge es alo g ith 

e pe i e tall  alidated ge es, e dete i ed that PAR-CLIP as a le to ide tif  

o e alidated iR-  ta get ge es tha  the i -sili o p edi tio .  

Fo  the a didate sele tio , ge es ith luste s i  UTRs, e o i  egio s o  UTRs 

that e e diffe e tiall  ide tified et ee  the e pe i e tal o e - iR-  a d the 

o t ol o ditio  s a le  e e o side ed. The ge es ide tified i  RIVA ell li e, 

ABC-DLBCL su t pe odel, e e e i hed fo  ge es i ol ed i  FOXO a d AMPK 

sig alli g path a s suggesti g that ge es i ol ed i  these path a s ight e di e tl  

egulated  iR-  i  ABC-DLBCL su t pe. AMPK sig alli g path a  oo di ates ell 

g o th a d eta olis  [ ]. A ti ated AMPK i hi its TOR path a  a d 

o se ue tl  p olife atio  a d su i al of l pho a ells [ , ]. I  additio , 

highe  e p essio  of AMPK is asso iated ith ette  p og osis i  NHL suggesti g that 

do egulatio  of this path a  p o otes the p og essio  of NHL [ ]. O  the othe  

ha d, FOXO t a s iptio  fa to s a e o side ed as tu o  supp esso s that li it ell 

p olife atio  a d i du e apoptosis [ ] a d FOXO sig alli g path a s a e i a ti ated 

 o oge i  sig als i ludi g iRNA egulatio  i  ultiple a e  t pes [ ]. Ou  

esults suggest that iR-  ight e ta geti g these path a s i  ABC-DLBCL a d 

the efo e p o oti g l pho a p og essio .  

Fo  the a didate sele tio  as pote tial iR-  ele a t ta get ge es, those ge es 

ith a iR-  seed at h i  the ide tified luste  e e p io itized. Ho e e , 

e pe i e tal e ide e i di ates that the ajo it  a out  %  of the iRNA- i di g 

a ti it  is o - a o i al [ , ] a d these has ee  also o se ed spe ifi all  fo  

Ago- iR-  i di g sites [274]. The efo e, follo i g these ite ia e ight e losi g 

p o isi g a didate ge es follo i g o - a o i al i di g ules. Si ila l , the ge es 

that e e ide tified  PAR-CLIP hi h e e do egulated o pa i g to the 

s a le o t ol o ditio  i  a t a s ipto e a al sis usi g i oa a s e e also 
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p io itized. Ho e e , e fou d o l  t o ge es i  ea h ell li e eeti g these ite ia. 

Diffe e t e pla atio s fo  this a e that iRNA egulatio  ight just affe t p otei  

e p essio  a d ot e essa il  RNA e p essio  a d also that the o t ol ells e p ess 

asal le el of iR- . I  DLBCL ells, espe iall  i  RIVA ABC su t pe , these le els a e 

al ead  high. The efo e, it is u de sta da le that e did t fi d a  diffe e es i  the 

i oa a  data.  

A o g the p io itized ge es, so e i te esti g a didates a  e highlighted su h as 

E F , MICB a d MCOLN . E e  if so e studies asso iate the up egulatio  of E F  

t a s iptio  fa to  ith a e  p og essio  a d poo  p og osis [ , ], i  T ell 

l pho a it has ee  des i ed as a tu ou  supp esso . The i a ti atio  of this 

t a s iptio  fa to  p o otes l pho age esis a d its ea ti atio  esultes i  

i eased apoptosis [ ]. I  additio , E F  as epo ted as a di e t ta get of iR-  

i  lea  ell e al ell a i o a a d this iRNA as de o st ated to fu tio s as a 

tu ou  p o oti g iRNA i  this patholog  [ ]. Si ila l , the up egulatio  of MICB, 

liga d of NKG D e epto , e ha es atu al kille  ell toto i it  i  a ute 

l pho lasti  leuke ia ALL  a d NHL. The efo e, a ta geted do egulatio  of this 

ole ule ight p o ote l pho a p og essio  [ ]. I  additio , MCOLN  egulato  

egio  as fou d h pe eth lated a d do egulated i  ALL i di ati g the pote tial 

tu o  supp esso  a ti it  of this ge e. Do egulatio  of this ge e ia iR-  

ta geti g ight e a  alte ati e e ha is  fo  o t olli g the e p essio  of this ge e 

i  DLBCL [ ].  

I  su a , i  this hapte  e su essfull  pe fo ed a PAR-CLIP e pe i e t ith a 

self- odified p oto ol a oidi g the use of adioa ti it  a d usi g the e doge ousl  

p odu ed Ago  p otei  fo  IP. We also used diffe e t e pe i e tal o ditio s, ith 

o e e p essio  a d asal le els of iR- , to fa ilitate the dete tio  of oise. We 

ide tified a set of diffe e tiall  e p essed ge es elated ith AMPK a d FOXO sig alli g 

path a s e lusi el  i  the ABC-DLBCL odel suggesti g that iR-  ight e 

ta geti g these path a s i  this DLBCL su t pe a d the efo e p o oti g l pho a 

p og essio . Also, a o g the ge es p ese ti g seed at h se ue e fo  iR-  so e 

i te esti g a didates a  e highlighted su h as E F , MICB a d MCOLN . Ho e e , 
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these a didate ge es should e alidated ith additio al fu tio al e pe i e ts. This 

ight allo  fi di g o el iR-  ta gets diffe e tiall  e p essed et ee  the 

diffe e t DLBCL ole ula  su t pes a d the efo e ide tif  pote tial io a ke s fo  

thei  lassifi atio . 
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A e a t iRNA e p essio  has ee  idel  de o st ated i  a  a e  esea h 

studies [ , - ]. Ho e e , the sig ifi a e of su h de egulatio  e ai s poo l  

u de stood. The h pothesis of this thesis as that iRNA i di g sites pla  i po ta t 

oles i  the pathoge esis of o -Hodgki  B- ell l pho as so, the stud  of the spe ifi  

ta get ge es of these iRNAs a  led us to ette  u de sta d the fu tio al 

o se ue e of iRNA de egulatio  i  these l pho as. To do that, e e plo ed 

t o diffe e t st ategies: 

O  o e ha d, e assessed hethe  utatio s lo ated i  iRNA i di g sites ould 

fu tio  as pathologi al e ha is s  i te fe i g the o e t iRNA egulatio  i  FL, 

a d hethe  these utatio s e e asso iated ith FL t a sfo atio  a d the efo e 

se e as useful io a ke s fo  p og osis. Fo  the ide tifi atio  of these utatio s WGS 

data f o  FL patie ts as a al zed a d a espoke ioi fo ati s pipeli e used fo  

iRNA ta get site p edi tio . I  o t ast, e e plo ed a  e pe i e tal app oa h to 

a al se the ta geto e of iR- , a ell-k o  o o iR i  l pho age esis, i  GCB 

a d ABC DLBCL. This iRNA is diffe e tiall  e p essed et ee  these t o ole ula  

su t pes [370, 371]. The ai  of this stud  as to ette  u de sta d the iologi al 

ea i g of the iR-  o e e p essio  i  DLBCL a d the diffe e tial e p essio  

et ee  these su t pes  e pe i e tall  fi di g the spe ifi  ta get ge es of these 

iRNA i  situ.  

The i po ta e of iRNA fu tio  is lea  as these egulato  ole ules ha e ee  

ide tified i  ultiple o ga is s: f o  u i ellula  a d si ple o ga is s to u h o e 

de eloped a d o ple  s ste s [ , ]. Refle ti g the i po ta e of these 

ole ules to iolog , iRNA se ue es a e highl  o se ed i  e olutio  [ ]. 

Mutatio s i  iRNA odi g se ue es a e a e [ ], a d the fi st e ide e a e f o  

l pho a he e a egio  f e ue tl  deleted i  CLL  lo us  as sho  to 

e ode fo  the iRNAs iR- a a d iR- -  [ ]. Si ila l , the fi st des iptio  of a 

iRNA SNP as i  p i- iR- -  i  a patie t ith fa ilial CLL [ ]. I  o t ast, iRNA 

ta get sites do ot sho  this high o se atio  so, the e e ge e of pol o phis s i  

these sites o stitutes a sou e of a ia ilit  p o oti g the fo atio  of e  ta get 

site fo  spe ifi  iRNAs as ell as the dis uptio  of e iti g iRNA egulatio s. This 

e ha is  ight e a ui ed  a e  ells: th ough the i se tio  of alte atio s i.e 
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poi t utatio s  i  spe ifi  iRNA i di g sites a e  ells ight e a le to 

de egulate the e p essio  of e tai  ge es o  sig alli g path a s i  o de  to p o ote 

ell p olife atio  a d su i al.  

E e  if less o se ed tha  iRNA e odi g se ue es, iRNA i di g se ue es a e 

also o e o se ed tha  ould e e pe ted  ha e. I deed, a  ioi fo ati s 

tools el  o  the ta get site o se atio  fo  thei  iRNA ta get p edi tio s a d fo us 

o  those sites lo ated i  UTRs a d follo i g a o i al i di g ules see se tio  

. . . Ho e e , a o di g to ou  e pe i e tal esults i  the iR-  ta geto e 

ide tifi atio  i  DLBCL as ell as i  additio al e pe i e tal studies [ , , ], the 

ajo it  of the ide tified iRNA i di g follo s o - a o i al ules. This o -

a o i al o  seedless i di g has ee  de o st ated to e fu tio al [ - ] e e  

though so e studies ha e epo ted that the ajo it  of o - a o i al i di g 

ediates odest ge e ep essio  [ , - ] p o a l  due to a lo e  i di g 

affi it . Also, these se ue es sho  odest se ue e o se atio  a oss spe ies 

[ , - ] suggesti g that the  a  e e olutio a  i te ediates u de  sele ti e 

p essu e fo  a shift to a ds high affi it  seed sites. The efo e, the iologi al ea i g 

of o - a o i al i te a tio s ould e i te p eted as e olutio al i te ediates ith 

slightl  disti t fu tio s a d, the o i atio  of a o i al a d o - a o i al sites 

a  p o ide a a iet  of spe t a i  the egulatio  of ge e e p essio , e a li g a fi e-

tu i g of ep essio  a ti it . 

I  the hapte  fou  of this thesis e used ioi fo ati s p edi tio  ot to stud  the 

ta geto e itself, ut to do a s ee i g of possi le a didate utatio s i  tu o  

sa ples. We sho ed that so e of the p edi tio s fail i  the e pe i e tal alidatio  

a d also that iRNA ta geti g is ot al a s ased o  seed at hi g. We de o st ated 

that utatio s i  iRNA i di g sites a e ot a do l  dist i uted ut lo ated i  

ge es asso iated ith GC-like B- ell l pho as. I po ta tl , e did de o st ate that 

utatio s i  iRNA i di g sites i  t o ke  ge es i  FL su h as BCL  a d EZH  i pai  

the iRNA i di g p o oti g thei  o  de egulatio .  

In contrast, in chapter five, we performed an experimental methodology (PAR-CLIP) to 

discover the targetome of miR-155 in DLBCL models based on an Ago2 IP technique 

followed by deep sequencing. These methods are expensive and challenging and they 
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still have several limitations to overcome. For example, in a PAR-CLIP experiment, the 

amount of RNA cross-linked to Ago2 recovered for sequencing is usually very low 

[386]. Therefore, a library preparation methodology adapted to this input RNA is 

required. To address this need, library preparation kits specific for low input DNA/RNA 

are emerging [404] as it is highly important that the library becomes a representative 

sample of the complexity of the input RNA. A second limitation might be the lack of 

standardization of the methods for data analysis. Also, for an optimal PAR-CLIP assay is 

essential to have good cellular models and negative control samples to facilitate the 

identification of background noise in the data. A possible negative control is to do PAR-

CLIP on a sample without adding 4-SU to the cells. This might help in the identification 

of true PAR-CLIP mutations. Another possible negative control is to do PAR-CLIP on a 

non-crosslinked sample as well as to use an isotype control antibody for the IP instead 

of an Ago2 antibody. This might help to distinguish the general background noise from 

the technique from your real data. Interestingly, a bioinformatics tool to identify 

common background presence in PAR-CLIP datasets called BackCLIP has been 

developed [405]. The improvement of CLIP technologies may allow an efficient analysis 

of the miRNA targetome in different cell models and probably using a reduced number 

of cells facilitating the transition to the performance of these methodologies in 

primary cell samples from patients. However, to reach this point is essential to 

overcome these technique limitations. This might allow an efficient identification of 

biomarkers for diagnosis and prognosis for B-cell lymphoma patients. 

In summary, in this thesis we have used two complementary techniques to look at the 

role of miRNA-binding in B cell lymphomas. Both techniques suggest that not only are 

binding sites important and non-randomly distributed in genes associated with B cell 

lymphomagenesis but that mutations in these sites are also enriched in lymphoma 

progression, both facts pointing to the relevance of miRNA binding to lymphoma 

pathology and demonstrating that the work contained in this thesis has made a 

significant contribution to extending the field of miRNAs and showing the need to fully 

understand the relevance of dysfunctional miRNA expression in lymphomas. It is 

therefore hoped that this work, while clearing illustrating the amount of research still 

to be carried out and the technical difficulties involved in carrying out these studies, 
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will serve as a first step in achieving this understanding and therefore help in the fight 

against these devastating diseases. 
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1. Mutatio s i  putati e iRNA- i di g sites a e f e ue t i  FL a d o u  

p efe e tiall  i  UTRs of ge es asso iated ith hae atologi al alig a ies.  

2. Sa ples f o  FL patie ts at the t a sfo ed state ha e a highe  u e  of 

utatio s i  putati e iRNA- i di g sites o pa ed to the sa ple efo e 

t a sfo atio . 

3. Ta geted e-se ue i g of the utatio s i  putati e iRNA- i di g sites usi g 

A plise  te h olog  sho ed a  % of o e lappi g ith the utatio s 

ide tified usi g WGS Illu i a te h olog  i  FL patie ts. 

4. A plise  se ue i g dete ted a high a ou t of false positi e e u e t 

utatio s, app o i atel  half of the , ea  epetiti e a d ho opol e  

egio s. 

5. The  e u e tl  utated a didate ge es i  FL patie ts a e highl  e i hed 

fo  GC-like B- ell l pho a suggesti g a iologi al ea i g of these utatio s 

i  FL disease. 

6. A  asso iatio  et ee  the p ese e of these a ia ts a d the t a sfo atio  

e e t i  FL ould t e de o st ated due to the lo  a ou t of utated ases 

fo  spe ifi  utatio s. 

7. E pe i e tal alidatio  of the p edi ted iRNA i di g sites de o st ated 

that the ajo it  /  e e fu tio al as the lu ife ase a ti it  as 

sig ifi a tl  edu ed o pa ed ith the o t ol o ditio  he  a al si g the 

o - utated o  ild t pe ta get sites.  

8. The positio  of the utatio  o  a ia t ithi  the i di g site is ot asso iated 

ith the effe t of the a ia t o  the iRNA- i di g highlighti g the i po ta e 

of o - a o i al iRNA i di g. 

9. The utatio s i  EZH  Y  odo  a d BCL  hg  h :g.[ G>A]  

ide tified i  FL patie ts i pai  the iR-  a d iR-  i di g espe ti el  
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de o st ati g the fu tio alit  of this e ha is  i  t o ke  ge es i  B ell 

l pho age esis. 

10. MiR-  o e e p essio  i  DLBCL-de i ed ell li es i du es the do egulatio  

of EZH  at RNA a d p otei  le els i  a  EZH  ild t pe odel ut ot i  a ell 

li e a i g the Y F utatio  suggesti g the ele a e of this e ha is  i  

l phoid ell li age.  

11. This pote tial o el e ha is  i  FL e ui es fu the  i estigatio  to assess its 

ele a e to FL patie ts. 

12. DLBCL ell li es e p ess high le els of e doge ous Ago , espe iall  RIVA ell 

li e ABC-DLBCL  that e p esses highe  le els tha  e e  the FLAG-i du ed 

HEK -Ago  ells. 

13. -SU at a o e t atio  of  µM i  the ell ultu e edia does ot affe t the 

ia ilit  of DLBCL ell li es. At this o e t atio  ells e ai  eta oli all  

a ti e a d su essfull  i o po ated -SU i  thei  as e t RNA ole ules. 

14. The RNA s thesis atio o  -SU i o po atio  atio is si ila  i  DLBCL ell li es 

a d HEK  ell li e.  

15. Se ue i g esults fo  the ide tifi atio  of the iR-  ta geto e i di ated 

that the li a ies f o  the PAR-CLIP sa ples e e highl  lo al less tha  % 

of the eads e e u i ue afte  e o i g PCR dupli ates  o siste t ith othe  

CLIP esults.  

16. The p o essed PAR-CLIP eads sho ed to o e  . % of the ge o e i di ati g 

that this RNA aptu e is spe ifi  i stead of idesp ead.  

17. The PAR-CLIP eads e e e i hed i  T-to-C ha ges o e  all the est of possi le 

u leotide ha ges i  the u i ue a d o e tl  alig ed eads i di ati g that the 

e o e ed RNA as e i hed fo  RNA ossli ked to Ago  p otei . This 

pe e tage of T-to-C ha ges as highe  i  the RIVA ell li e tha  i  the SU-
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DHL-  ell li e o siste t ith the highe  e p essio  of Ago  a d the highe  

a ou t of -SU i o po ated i  the RNA of these ells. 

18. The ajo it  of the ide tified luste s e e lo ated i  e o i  egio s follo ed 

 UTR egio s, i te ge i  egio s, i t o i  egio s a d UTR egio s 

o siste t ith othe  PAR-CLIP data.  

19. O tolog  a al sis of the diffe e tiall  ide tified ge es et ee  the 

e pe i e tal o ditio  o e - iR-  a d the o t ol o ditio  s a le  

e e fou d to e sig ifi a tl  e i hed fo  B- ell e epto  sig alli g a d ell 

le i  oth DLBCL su t pes. But, i te esti gl , o l  the ge es ide tified i  the 

agg essi e ABC-DLBCL su t pe RIVA ell li e  sho ed a  e i h e t fo  ge es 

i ol ed i  FOXO adjusted p alue = .   -  a d AMPK adjusted p alue = 

.   -  sig alli g path a s suggesti g that ge es i ol ed i  these 

path a s ight e di e tl  ta get  iR-  spe ifi all  i  ABC-DLBCL su t pe.  

20. E pe i e tal ta get ide tifi atio  PAR-CLIP  ide tifies o e effe ti el  tha  

o putatio al ta get p edi tio  Ta getS a  algo ith  the al ead  alidated 

iR-  ta get ge es a o di g to iRTa Base. 

21. Fo  the ide tifi atio  of pote tial io a ke s fo  DLBCL lassifi atio  additio al 

fu tio al e pe i e ts o e  these a didate ge es ould e e ui ed. 
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.  Introducción 

Los li fo as B o Hodgki  so  u  g upo hete ogé eo de e fe edades ausadas po  

u a p olife a ió  eoplási a de li fo itos B. Su lasifi a ió  ie e dete i ada po  

a a te ísti as lí i as, o fológi as, i u ofe otípi as, ge éti as, itoge éti as  

ta ié  po  su élula de o ige  u ho ólogo o alig o [ ]. El li fo a foli ula  FL   el 

li fo a B difuso de élula g a de DLBCL  so  los tipos ás o u es [ ]. E  la 

patogé esis de estos li fo as, apa te de alte a io es e  o oge es  ge es sup eso es 

tu o ales ta ié  se ha  des ito alte a io es ela io adas o  i oRNAs.  

Los i oRNAs iRNAs  so  RNAs o odifi a tes de pe ueño ta año -  

u leótidos  ue egula  la e p esió  gé i a a i el post-t a s ip io al [ ]. La 

fu ió  de estas olé ulas ha sido de ost ada e  di e sos p o esos fisiológi os, 

i luida la egula ió  de la he atopo esis [ ], pe o ta ié  e  dife e tes tipos de 

á e , i luido los li fo as B [ - ].  La e p esió  a e a te de iRNAs e  u  

fe ó e o o ú  e  á e . Las ausas pa a esta des egula ió  puede  se  di e sas 

i lu e do alte a io es o osó i as o des egula ió  epige éti a. Si  e a go, ot os 

fa to es ta ié  puede  te e  efe to e  la fu ió  de estas olé ulas  o o la 

p ese ia de uta io es e  zo as ue odifi a  iRNAs, e  sitios de u ió  de iRNAs 

o e  ge es i pli ados e  su iogé esis [ ] [ ]. 

De ual uie  odo, pa a e te de  el sig ifi ado de la e p esió  a e a te de iRNAs 

es e esa io ide tifi a  los ge es dia a espe ífi os e  u  o te to elula  o eto. Las 

he a ie tas o puta io ales pa a la p edi ió  de dia as de iRNAs so  u  e u so 

ápido  útil. Si  e a go, la alida ió  e pe i e tal de estas dia as es e esa ia a 

ue estas p edi io es a e udo falla . Po  este oti o, e  los últi os años se ha  

desa ollado étodos e pe i e tales pa a la ide tifi a ió  de dia as de iRNAs. Estos 

étodos, de o i ados CLIP ossli ki g a d i u op e ipitatio  ide tifi a  

i te a io es di e tas e t e RNA  p oteí a. Co siste  e  la i u op e ipita ió  IP  

de la p oteí a Ago  p oteí a ie o del o plejo RISC   el aisla ie to e 

ide tifi a ió  de los f ag e tos de RNA o ale te e te u idos a la p oteí a edia te 

i adia ió  o  luz ult a ioleta [ ]. La a ia te PAR-CLIP Photoa ti ata le 

i o u leoside-e ha ed CLIP  ha de ost ado dos e tajas susta iales espe to a 
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ot as té i as CLIP. E  el p oto olo PAR-CLIP se ha ejo ado la efi ie ia del 

e t e uza ie to RNA-p oteí a. Las élulas se i u a  o  u  i o u leósido 

fotoa ti a le ue se i o po a e  los á idos u lei os e ié  si tetizados   pe ite u  

e t e uza ie to espe ífi o de este esiduo o  las p oteí as  a u a lo gitud de o da 

de e o  pe et a ia  [ ]. Ade ás, la p ese ia de este a álogo e  el RNA 

aptu ado p odu e u a uta ió  a a te ísti a du a te el p o eso de sí tesis de DNA, 

lo ue fa ilita su ide tifi a ió   [ , ]. 

 

.  Hipótesis y objetivos 

La hipótesis de esta tesis es ue los sitios de u ió  de iRNAs tie e  u a fu ió  

ele a te e  la fisiopatología de los li fo as B o Hodgki . Pa a testa  esta hipótesis 

utiliza os dos ap o i a io es. E  p i e  luga  ide tifi a os uta io es e  sitios de 

u ió  de iRNAs e  tu o es de pa ie tes  el estudia os su ele a ia fu io al. E  

segu do luga  utiliza os la té i a PAR-CLIP o  el fi  de dilu ida  el ta geto a de 

iRNAs o ú e te de egulados e  estos li fo as o o es el aso del iR- . 

Los o jeti os ue se pla te a o  pa a esta tesis fue o  los siguie tes: 

•Ide tifi a   a aliza  la fu io alidad de uta io es e  sitios de u ió  de iRNAs 

o o posi le e a is o patogé i o del li fo a foli ula  FL  

•Dete i a  la ele a ia iológi a de uta io es e  sitios de u ió  de iRNAs  su 

aso ia ió  o  la t a sfo a ió  a li fo a de alto g ado.   

•E alua  si las uta io es e  sitios de u ió  de iRNAs puede  se i  o o 

io a ado es p o ósti o pa a la ide tifi a ió  de pa ie tes o  FL o  iesgo de 

t a sfo a ió  a li fo a de alto g ado. 

•Ide tifi a  el ta geto a del iR-  e  los su tipos de e t o ge i al GCB   de 

élula B a ti adas ABC  del li fo a B difuso de élula g a de DLBCL  o  el fi  de 

dete i a  el sig ifi ado de su e p esió  dife e ial e t e los dos su tipos.  

•Ide tifi a  io a ado es de lasifi a ió  pa a pa ie tes o  DLBCL e t e los dos 

su tipos ole ula es GCB  ABC edia te el a álisis del ta geto a del iR- . 
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.  Identificación y análisis de mutaciones en sitios de 
unión de miRNAs en linfoma folicular 

El li fo a foli ula  FL  es el li fo a B de ajo g ado ás o ú   ep ese ta el % 

de todos los li fo as diag osti ados [ ].  A pesa  de t ata se de u  li fo a de 

p og esió  le ta, el % de los pa ie tes suf e  u a t a sfo a ió  a u  li fo a 

u ho ás ag esi o  de peo  p o ósti o edu ie do d ásti a e te su espe a za de 

ida [ , ]. A pesa  de la g a edad de esta o pli a ió , o e iste  a día de ho  

io a ado es pa a p ede i  el iesgo de suf i la. Po  ta to, el o jeti o de este 

p o e to es ide tifi a  uta io es e  sitios de u ió  de i oRNAs aso iadas a la 

t a sfo a ió  ue pueda  esulta  útiles o o io a ado es p o ósti o al is o 

tie po ue a aliza  el i pa to iológi o de esta pé dida de egula ió  e  la 

fisiopatología es este li fo a. Pa a p o a  uest a hipótesis, i te oga os datos de 

se ue ia ió  del ge o a o pleto WGS  de uest as ue p o e ía  de  pa ie tes 

o  li fo a foli ula  ue ha ía  suf ido u  p o eso de t a sfo a ió   su ate ial 

o stituti o o espo die te. Utiliza do el algo it o de p edi ió  de Ta getS a   

ide tifi a os u  total de  uta io es p ese tes e  sitios de u ió  de iRNAs. Los 

esultados ost a o  u  e i ue i ie to de estas dia as e  zo as UTR  e  ge es 

ela io ados o  e fe edades he atológi as P = , -  sugi ie do ue estas 

uta io es o so  al aza  si o ue es posi le ue te ga  u a fu ió  iológi a. 

La se ue ia ió  Sa ge  de las uta io es e   ge es a didatos pe itió alida  u  

te io de las is as. Esto pudo de e se a la aja se si ilidad de esta té i a e  

o pa a ió  o  las té i as de se ue ia ió  de p ó i a ge e a ió  NGS  a ue las 

f e ue ias del alelo utado e o es al - % o so  dete ta les edia te esta 

té i a [ ]. E  a io, e plea do se ue ia ió  di igida se alida o  el % de las 

uta io es i i ial e te ide tifi adas. Al e plo a  su p ese ia e  u a oho te de 

alida ió  i os ue las a ia tes e u e tes  a ia tes e   ge es  se 

e o t a a  e  ge es ela io ados o  li fo as B de e t o ge i al P = ,   -  

lo ue ue a e te sugie e ue estas a ia tes p o a le e te te ga  u  sig ifi ado 

iológi o ela io ado o  la patología. Si  e a go, i gu a de ellas se pudo aso ia  al 

p o eso de t a sfo a ió .  
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Ade ás, pudi os alida  este e a is o patogé i o edia te e sa os de lu ife asa. 

Los esultados ost a o  o o las uta io es e  BCL  hg  h :g.[ G>A]  

 EZH  hg  h :g.[ T>A/G, A>T] , dos ge es la e e  li fo as 

B de e t o ge i al, i te fe ía  o  la u ió  del iRNA i pidie do su o e ta 

egula ió . Seguida e te os dispusi os a a aliza  i -sili o la ele a ia fu io al de 

este e a is o e  pa ie tes o  FL e plo a do datos de i oa a s pu li ados e  la 

ase de datos GEO. A aliza os los i eles de e p esió  de iR- , i oRNA ue 

de ost a os ue egula a EZH ,  o se a os ue la e p esió  de a os es a ia le 

e  pa ie tes. Si  e a go, los datos o pe itie o  ha e  u a aso ia ió  e t e los 

i eles de e p esió  del iR- , EZH   su ge otipo ild t pe o utado. El a alisis i -

sili o de BCL   iR-  o se pudo ealiza  de ido a la falta de datos dispo i les. 

EZH  a ha ía sido des ito o o dia a de iR-  p e ia e te e  á e  [ - ]  

algu os estudios ha  de ost ado u a o ela ió  i e sa e t e la e p esió  de iR-

  EZH  [ , ]. La e p esió  de iR-  se uest a a ia le e  pa ie tes segú  

el a álisis i -sili o ealizado  ade ás, su ele a ia e  pa ie tes o  li fo as B ha 

sido de ost ada [ ]. Po  ot o lado, el e a is o pa a BCL  se ía pa ti ula e te 

i te esa te e  pa ie tes o  ause ia de la t a slo a ió  t ;  a ue pod ía 

t ata se de u  e a is o de so e p esió  de BCL  alte ati o [ ] e  a uellos 

pa ie tes o  u a alta e p esió  del iR- . De ido a la ause ia de datos o 

pudi os e alua  su e p esió  e  pa ie tes pe o ga a ias o osó i as del azo , 

do de se odifi a el iR- , ha  sido des itas e  u  % de tu o es de FL [ ]. 

Po  ta to, de ost a os o o estas uta io es e  EZH   BCL  ide tifi adas e  

pa ie tes o  FL afe ta  egati a e te a la u ió  del iRNA ue los egula 

p o o ie do la des egula ió  de los ge es dia a e  los e sa os i - it o ealizados. 

Este pote ial ue o e a is o e  FL e uie e i estiga ió  adi io al pa a e alua  su 

ele a ia e  pa ie tes.  

 

. . Estudio del targetoma de miRNAs en DLBCL 

La expresión aberrante de microRNAs (miRNAs) es un fenómeno común en cáncer 

[186, 203-205]. Sin embargo, en la mayoría de los casos se desconoce el significado 
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funcional de dicha desregulación. Para comprender plenamente su función, es esencial 

identificar los genes diana de un miRNA concreto en un contexto celular relevante. 

Muchas de las metodologías actuales más utilizadas, basadas en algoritmos de 

predicción, no contemplan dicho contexto y en la práctica no funcionan del todo. Por 

ello, nos dispusimos a identificar el targetoma del miR-155, un regulador clave en la 

linfomagénesis y conocido oncomiR [243-246], en modelos celulares de linfoma B 

difuso de célula grande (DLBCL) mediante la técnica PAR-CLIP. Utilizamos para ello 

modelos celulares de los subtipos de GCB-DLBCL y ABC-DLBCL que difieren en los 

niveles de expresión de este miRNA [370, 371] y adaptamos el protocolo original [306] 

con el fin de evitar el uso de radioactividad y utilizar únicamente la proteína Ago2 

endógena para la IP. Además, modulamos la expresión del miR-155 en estas líneas 

celulares para mejorar la relación señal ruido al comparar el targetoma en células que 

sobrexpresar este miRNA con células wild type o células que lo inhiben. El objetivo de 

este proyecto es encontrar biomarcadores de clasificación para pacientes con DLBCL 

mediante la identificación del targetoma del miR-155 en los dos subtipos a la par que 

determinar la relevancia biológica de esta expresión diferencial.  

Inicialmente modulamos la expresión del miR-155 en modelos celulares de GCB-DLBCL 

y ABC-DLBCL (líneas celulares SU-DHL-10 y RIVA respectivamente) utilizando 

infecciones lentivirales. Para ello, analizamos previamente la MOI óptima de infección 

y la resistencia intrínseca de estas células a la puromicina con el fin de maximizar la 

eficiencia de la infección y la selección. Las células fueron infectadas (MOI 15) para 

sobrexpresar la secuencia del miR-155 (condición Over-miR-155), para sobrexpresar la 

secuencia complementaria al miR-155 (condición anti-miR-155) y para sobrexpresar 

una secuencia control (condición scramble). Sin embargo, para los experimentos PAR-

CLIP utilizamos las células con sobrexpresión del miRNA y, como control, su nivel de 

ezpresión basal (Scramble) ya que no conseguimos una modulación estable al infectar 

las células con el inhibidor del miR-155. Antes de realizar el ensayo PAR-CLIP tuvimos 

en cuenta factores como la expresión endógena de la proteína Ago2, la toxicidad del 

4SU y su incorporación en el RNA de nueva síntesis en estas células. También 

evaluamos que, con el anticuerpo para reconocer Ago2 endógeno 

immunoprecipitábamos correctamente esta proteína con las condiciones que 
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habíamos establecido en la adaptación de nuestro protocolo. Tras optimizar todo el 

proceso realizamos los experimentos PAR-CLIP. 

Los datos de secuenciación del RNA capturado mostraron que menos del 10% de las 

lecturas obtenidas eran únicas indicando una sobre amplificación del RNA aislado 

durante la fabricación de las librerías de secuenciación. De las lecturas únicas, el 21% 

alinearon correctamente contra el genoma de referencia (hg19/GRCh37). Estas 

lecturas cubren el 0.22% del genoma. Estos datos son comparables a los de otros 

ensayos CLIP donde es común obtener librerías de baja complejidad [386, 387]. Esto 

puede deberse a una limitación del sistema de fabricación de las librerías pero también 

podría ser un reflejo de la especificidad de la unión de Ago2 a motivos específicos. 

El perfil mutacional de estos datos mostró un enriquecimiento para la mutación (T-to-

C) característica de la técnica debida a la incorporación del análogo fotoactivable 4-SU 

lo que indica una buena captura de RNAs asociados a Ago2. Para la identificación de 

los clusters; es decir, lecturas no idénticas que se agrupan o solapan en una misma 

región, se utilizaron tres softwares especialidados en análisis de datos CLIP: 

wavClusteR [373], BMix [374] y dCLIP [375]. Los resultados mostraron una fuerte 

correlación entre los genes diana identificadas por los diferentes softwares aunque 

presentabas diferencias entre sí en cuanto a la sensibilidad y especificidad. En la 

distribución de los clusters identificados observamos que el 47% pertenecían a 

regiones codificantes mientras que el % a UTRs  solo el % a UTRs. El esto 

pertenecían a regiones intronicas e intergénicas. Este tipo de distribución, donde la 

mayoría de los clusters identificados alinean en zonas exónicas se ha observado 

también en otros ensayos CLIP [296, 326]. Se consideraron únicamente los clusters 

lo alizados e  egio es odifi a tes de p oteí as UTR, e o es  UTRs  pa a la 

selección de genes candidatos.  

Los resultados mostraron que el 82% de los genes se identificaron de forma diferencial 

entre la condición experimental (over-miR-155) y el control (scramble) en RIVA y el 

78% en SU-DHL-10. Estos genes mostraron estar relacionados con la señalización del 

receptor B y con el ciclo celular en ambos subtipos. Sin embargo, solo los genes 

identificados en el subtipo ABC (línea celular RIVA) mostraron estar relacionados con 
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las vías de señalización FOXO (p valor ajustado = 9.51 x 10-4) y AMPK (p valor ajustado 

= 3.32 x 10-2) sugiriendo que los genes que forman parte de estas vías están 

directamente regulados por el miR-155 exclusivamente en el subtipo ABC-DLBCL. La vía 

AMPK activada inhibe la vía mTOR y, por tanto, inhibe la proliferación y la viabilidad de 

las células de linfoma [390, 391] y se ha asociado a mejor pronóstico sugiriendo que, al 

regular negativamente esta vía se estaría favoreciendo la malignidad [392]. Por otro 

lado, los factores de transcripción FOXO se consideran supresores tumorales [393] y la 

vía FOXO de señalización es inactivada por señales oncogénicas incluyendo regulación 

por miRNAs en múltiples cánceres [394]. Por tanto, el miR-155 podría estar regulando 

negativamente estas vías y por consecuente promoviendo la progresión tumoral.  

De cualquier modo, se requiere la validación de estos resultados y experimentos 

funcionales adicionales con el fin de identificar dianas noveles concretas del miR-155 

que se encuentren diferencialmente expresadas entre los dos subtipos moleculares de 

DLBCL. Esto podría llevar a la identificación de biomarcadores aplicables en la clínica 

para la correcta clasificación de estos linfomas.  

 

. . Discusión 
 

Para la realización de este trabajo empleamos dos aproximaciones complementarias 

con el fin de estudiar la funcion de los sitios de union de miRNAs en linfomas B. Los 

resultados de ambos estudios muestran que los sitios de unión de miRNAs no se 

encuentran distribuidos al azar sino en genes asociados con linfomagénesis y que la 

unión de miRNAs con frecuencia sigue reglas no canónicas. Al estudiar si la presencia 

de mutaciones en sitios de unión de miRNAs promueve una desregulación de los genes 

diana en un estudio no sesgado pudimos demostrar este mecanismo en dos genes 

clave en la biología del FL como son BCL2 y EZH2. Estos hechos sugieren la relevancia 

de la función de los miRNAs en estas patologías y muestran la necesidad de entender 

la relevancia de la expresión aberrante de miRNAs en linfomas B.  
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.  Conclusiones 

1. Las uta io es e  sitios de u io  de iRNAs so  f e ue tes e  FL  o u e  

p efe e ial e te e  zo as UTR de ge es aso iados o  e fe edades 

he atológi as. 

2. Los  ge es sele io ados po  p ese ta  uta io es e u e tes e  sitios de 

u io  de iRNAs se e ue t a  alta e te aso iados o  li fo as B de e t o 

ge i al. 

3. No se pudo aso ia  i gu a de estas uta io es o  la t a sfo a ió  del FL 

de ido al li itado ú e o de pa ie tes o  uta io es o etas  

4. Las uta io es e  EZH  odo  Y   la a ia te e  BCL  hg  

h :g.[ G>A]  i pide  la o e ta u io  del iR-   iR-  

espe ti a e te de ost a do la fu io alidad de este  e a is o e  dos 

ge es alta e te ele a tes e  la li fo age esis de élula B.  

5. La so e p esió  del iR-  e  li eas elula es de i adas de DLBCL i du e la 

egula ió  a la aja de EZH  a i el de RNA  p oteí a e  élulas o  EZH  

ild t pe pe o o e  élulas o  la uta ió  Y F. Esto sugie e la ele a ia 

de este e a is o e  el li aje ellula  li foide. 

6. E  a alisis del ta geto a del iR-  edia te la té i a PAR-CLIP, las le tu as 

t as el p o esa ie to u ía  el . % del ge o a, i di a do la espe ifi idad 

e  la aptu a del RNA. 

7. La ide tifi a ió  e pe i e tal de dia as del iR-  PAR-CLIP  ide tifi a ás 

ge es dia a alidados ue los siste as de p edi ió  o puta io ales 

algo it o Ta getS a . 

8. Los ge es dife e ial e te ide tifi ados e t e la o di ió  e pe i e tal  

o t ol e  el e pe i e t PAR-CLIP de ost a o  esta  sig ifi ati a e te 

e i ue idos pa a ge es ela io ados o  la ía de señaliza ió  del e epto  B  

el i lo ellula  e  a os su tipos de DLBCL. Si  e a go, solo los ge es 
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ide tifi ados e  el su tipo ag esi o ABC-DLBCL se e o t a a  

sig ifi ati a e te i olu ados e  las ías de señaliza ió  AMPK  FOXO lo ue 

sugie e ue estas ías pod ía  esta  di e ta e te eguladas po  el iR-  e  

este su tipo.  
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 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 
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 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse  l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse  l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

 FL Relapse l ph ode F oze  Ba ts Ca e  I stitute N N N Y 

T  FL l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 
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T  FL l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

T  FL l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

T  FL l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

T  FL l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

T  FL Ileu  F oze  Do ostia U i e sit  Hospital N Y Y N 

T  FL l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T CM  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T CM  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

T .  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

THD T  FL l ph ode F oze  Do ostia U i e sit  Hospital N N Y N 

ot
-p

ai
ed

 tF
L  

  

T  
FL                  
p e-t a sf  

l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

THD T  
FL                   
p e-t a sf  

l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

THD T  tFL DLBCL  l ph ode F oze  Do ostia U i e sit  Hospital N Y Y N 

THD T PF  
tFL DLBCL + 
Bu kitt  Ski  FFPE Do ostia U i e sit  Hospital N N Y N 
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Ta le -A e : Detailed i fo atio  a out ea h sa ple. This i fo atio  i ludes the diag osis, iopsied tissue, p ese atio  of the sa ple, hospital a d 
i  hat oho t the sa ple as i luded.  

  

DL
BC

L d
e 

o
o 

T  DLBCL l ph ode F oze  Do ostia U i e sit  Hospital N Y N N 

T  DLBCL l ph ode F oze  Do ostia U i e sit  Hospital N Y N N 

T  DLBCL Ski  F oze  Do ostia U i e sit  Hospital N Y N N 

T  DLBCL l ph ode F oze  Do ostia U i e sit  Hospital N Y N N 

T  DLBCL Splee  F oze  Do ostia U i e sit  Hospital N Y N N 

THD T  DLBCL l ph ode F oze  Do ostia U i e sit  Hospital N Y N N 

THD T  DLBCL l ph ode F oze  Do ostia U i e sit  Hospital N Y N N 

L
ph

o
a 

el
l l

i
es

 

FL-  FL ell li e  -  -  -  -  - Y N 

RIVA DLBCL ell li e  -  -  -  -  - Y N 

OCI-L  DLBCL ell li e  -  -  -  -  - Y N 

suDHL  DLBCL ell li e  -  -  -  -  - Y N 

suDHL  DLBCL ell li e  -  -  -  -  - Y N 

OCI-L  DLBCL ell li e  -  -  -  -  - Y N 

OCI-L  DLBCL ell li e  -  -  -  -  - Y N 

suDHL  DLBCL ell li e  -  -  -  -  - Y N 
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Ch  Positio  St a d iRNA WT Mutated Ge e Lo atio  Patie t 

  - hsa- i -  G GTCCAAA… BCL  ut  S _FL 

  - hsa- i -  G AGGAGAG… BCL  ut  S _FL 

  - hsa- i -  A C BCL  ut  S _tFL 

  - hsa- i -  T C BCL  ut  S _FL,S _tFL 

  - hsa- i - a G A BCL  ut  S _FL,S _tFL 

  - hsa- i -  A T BMP  ut  S _FL,S _tFL 

  - hsa- i -  T A BMP  ut  S _FL,S _tFL 

  - hsa- i -  G A C o f  ut  S _FL,S _tFL 

  - hsa- i -  TTGAA T C o f  ut  S _FL,S _tFL 

  - hsa- i -  C G C o f  ut  S _tFL 

  - hsa- i -  A G RP - G .  ut  S _tFL 

  - hsa- i -  T A RP - G .  ut  S _tFL 

X  + hsa- i -  A G DRP  ut  S _tFL 

X  + hsa- i -  A G DRP  ut  S _tFL 

  + hsa- i -  T G FAM A ut  S _FL 

  + hsa- i - a C A FAM A ut  S _tFL 

  - hsa- i - a G A FAM B ut  S _tFL 

  - hsa- i -  C T FAM B ut  S _FL ,S _FL  

  - hsa- i - a A C GABRA  ut  S _FL ,S _FL  

  - hsa- i -  G A GABRA  ut  S _tFL 

  - hsa- i -  T A GAS  ut  S _tFL 

  - hsa- i -  C A GAS  ut  S _FL,S _tFL 

  - hsa- i - a A C GDI  ut  S _tFL 

  - hsa- i -  A G GDI  ut  S _tFL 

  - hsa- i - a A C GDI  ut  S _tFL 

  - hsa- i -  A C GXYLT  ut  S _tFL 
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  - hsa- i -  A G GXYLT  ut  S _tFL 

  - hsa- i - a C A GXYLT  ut  S _tFL 

  - hsa- i - a G A GXYLT  ut  S _tFL 

  + hsa- i -  T C IFT  ut  S _FL,S _tFL 

  + hsa- i -  C T IFT  ut  S _FL,S _tFL 

  + hsa- i -  C T IFT  ut  S _FL  

  + hsa- i -  T C IFT  ut  S _FL  

  - hsa- i - a A C ITGB BP  ut  S _tFL 

  - hsa- i -  GTGTT G ITGB BP  ut  S _tFL 

  - hsa- i -  C T MYO B ut  S _tFL 

  - hsa- i -  C A MYO B ut  S _tFL 

  - hsa- i -  C T MYO B ut  S _tFL 

  - hsa- i -  G A MYO B ut  S _tFL 

  - hsa- i -  A G MYO B ut  S _tFL 

  - hsa- i -  A G MYO B ut  S _tFL 

  + hsa- i -  A G PCDH  ut  S _FL,S _tFL 

  + hsa- i -  GTA G PCDH  ut  S _tFL 

  + hsa- i -  A C PCSK  ut  S _tFL 

  + hsa- i -  A T PCSK  ut  S _tFL 

  - hsa- i -  T C PEX  ut  S _FL 

  - hsa- i -  T A PEX  ut  S _FL 

  - hsa- i -  T C PGAP  ut  S _FL,S _tFL 

  - hsa- i -  T A PGAP  ut  S _tFL 

  + hsa- i -  C T PTCD  ut  S _FL  

  + hsa- i -  AG A PTCD  ut  S _tFL 

  + hsa- i -  A T REST ut  S _FL 

  + hsa- i -  A G REST ut  S _FL  
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  - hsa- i - a C T RETSAT ut  S _FL 

  - hsa- i -  G A RETSAT ut  S _FL 

  - hsa- i -  C CTTTATGT MYO B ut  S _tFL 

  - hsa- i -  T G MYO B ut  S _tFL 

  - hsa- i -  A G MYO B ut  S _tFL 

  + hsa- i -  G A RPL  ut  S _tFL 

  + hsa- i -  A G RPL  ut  S _FL ,S _FL ,S _FL ,S _tFL 

X  - hsa- i -  A C SLITRK  ut  S _FL 

X  - hsa- i -  A C SLITRK  ut  S _FL,S _tFL 

  - hsa- i -  A T SYT  ut  S _FL,S _tFL 

  - hsa- i -  G T SYT  ut  S _FL,S _tFL 

  - hsa- i - a A C SYT  ut  S _FL,S _tFL 

  - hsa- i -  A C TIMP  ut  S _FL 

  + hsa- i -  C CTT TMEM  ut  S _FL 

  + hsa- i - a G A TMEM  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  T C TWISTNB ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  A G TWISTNB ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  A ATCAAATGAC… ZNF  ut  S _FL 

  - hsa- i -  T C ZNF  ut  S _FL 

  - hsa- i -  G A ABCA  ut  S _tFL 

  + hsa- i -  A G ABCC  ut  S _FL 

X  + hsa- i - a C G ABCD  ut  S _FL 

  + hsa- i -  A T RAPH  ut  S _FL ,S _FL  

  - hsa- i -  T G ABL  ut  S _tFL 

  + hsa- i -  G A ABP  ut  S _FL,S _tFL 

  + hsa- i - a C A AC .  ut  S _FL ,S _FL  

  - hsa- i -  A C AC .  ut  S _FL ,S _FL  
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  + hsa- i -  C T AC .  ut  S _tFL 

  - hsa- i -  G A ACSBG  ut  S _FL,S _tFL 

  + hsa- i -  G C ADSSL  ut  S _tFL 

  - hsa- i -  T C AFF  ut  S _FL,S _tFL 

  - hsa- i - a C T AGT ut  S _FL,S _tFL 

  - hsa- i -  C G AKT  ut  S _tFL 

  + hsa- i - a C T AL .  ut  S _tFL 

  + hsa- i -  A G ANKS A ut  S _FL  

  - hsa- i - a A C ANTXR  ut  S _FL,S _tFL 

  - hsa- i -  T C AP M  ut  S _FL,S _tFL 

  - hsa- i -  C T APOL  ut  S _tFL 

  - hsa- i -  A AC AQP  ut  S _FL 

  + hsa- i -  G A ARHGAP  ut  S _FL 

  + hsa- i -  C T ARHGAP  ut  S _FL 

  + hsa- i -  C A ARL  ut  S _FL 

  + hsa- i -  A G ARMC  ut  S _FL 

  + hsa- i -  GT G ARNTL  ut  S _FL,S _tFL 

X  + hsa- i - a C T ARR  ut  S _tFL 

  - hsa- i -  G C ATOX  ut  S _FL  

  + hsa- i -  A C ATP B  ut  S _tFL 

  - hsa- i -  C A ATP A ut  S _tFL 

  - hsa- i -  A C BCL  ut  S _FL,S _tFL 

  - hsa- i -  A T BCL B ut  S _FL ,S _FL  

  - hsa- i -  T C BCL A  ut  S _tFL 

  - hsa- i -  TCCTAA T BCLAF  ut  S _FL 

  - hsa- i - a A G BEST  ut  S _FL,S _tFL 

  - hsa- i -  G A BIN  ut  S _FL 
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  - hsa- i -  T G BMP  ut  S _FL,S _tFL 

  + hsa- i - f C T BMPR  ut  S _tFL 

  - hsa- i -  C T BRD  ut  S _tFL 

  - hsa- i -  A C BTC ut  S _tFL 

  + hsa- i - a C T BTF L  ut  S _FL 

  + hsa- i -  C T C o f  ut  S _FL  

  - hsa- i -  A T C o f  ut  S _FL 

  - hsa- i -  C T C o f  ut  S _FL,S _tFL 

  + hsa- i -  T C C o f  ut  S _tFL 

  + hsa- i -  A G C o f  ut  S _tFL 

  - hsa- i -  A G C o f  ut  S _FL,S _tFL 

  + hsa- i - a T C C o f  ut  S _tFL 

  + hsa- i -  T G C o f  ut  S _FL ,S _FL ,S _tFL 

  + hsa- i -  G C C o f  ut  S _tFL 

  - hsa- i - a T G C o f  ut  S _tFL 

  + hsa- i -  A G C o f  ut  S _tFL 

  + hsa- i -  G A C o f  ut  S _FL,S _tFL 

  - hsa- i -  T C CALCRL ut  S _FL,S _tFL 

  + hsa- i -  T G CAPRIN  ut  S _FL,S _tFL 

  - hsa- i -  A G CAPZB ut  S _FL,S _tFL 

  - hsa- i - a T A CBX  ut  S _tFL 

  - hsa- i -  T A CCDC  ut  S _tFL 

  - hsa- i -  T A CCDC  ut  S _FL,S _tFL 

  + hsa- i -  C A C o f  ut  S _FL,S _tFL 

  + hsa- i -  T G CCDC  ut  S _FL ,S _FL  

  - hsa- i -  G A CCL  ut  S _tFL 

  - hsa- i -  G C CD E ut  S _FL  
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  + hsa- i -  C A CD  ut  S _FL 

  + hsa- i -  A T CD  ut  S _FL 

  + hsa- i -  G A CDC  ut  S _FL 

  + hsa- i -  T A CDH  ut  S _FL,S _tFL 

  - hsa- i -  C T CDIPT ut  S _tFL 

  + hsa- i -  T C CEACAM  ut  S _FL 

  + hsa- i -  G A CELF  ut  S _FL,S _tFL 

  + hsa- i -  A G CEP  ut  S _tFL 

  - hsa- i -  G A CHRNB  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  + hsa- i -  C T CHST  ut  S _FL,S _tFL 

  + hsa- i -  GCAGA G CISD  ut  S _tFL 

  + hsa- i -  C A COL A  ut  S _tFL 

  - hsa- i - a G A COX  ut  S _FL,S _tFL 

  + hsa- i -  G C CRLS  ut  S _tFL 

  - hsa- i -  T C CSNK A  ut  S _FL 

X  - hsa- i -  A C CXCR  ut  S _tFL 

  - hsa- i -  G A CYP D  ut  S _tFL 

  + hsa- i -  C T DDX  ut  S _tFL 

  - hsa- i - at AAC A DENND C ut  S _tFL 

  + hsa- i - a T A PPPDE  ut  S _FL 

  + hsa- i - a T G DFFB ut  S _FL,S _tFL 

  - hsa- i -  A C DIO  ut  S _tFL 

  + hsa- i -  T G DMRT  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  + hsa- i -  A T DOK  ut  S _FL 

  - hsa- i -  T C DPY L  ut  S _tFL 

  + hsa- i -  A G DSP ut  S _tFL 

  - hsa- i -  C A DVL  ut  S _tFL 
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  + hsa- i -  C G DVL  ut  S _FL,S _tFL 

  - hsa- i -  T G EDEM  ut  S _FL 

  - hsa- i -  G T EFNA  ut  S _tFL 

X  + hsa- i -  T G EFNB  ut  S _FL 

  + hsa- i -  C T EGFR ut  S _tFL 

  - hsa- i - a G A EIF H ut  S _FL,S _tFL 

  + hsa- i -  C T ELF  ut  S _tFL 

  - hsa- i -  A G KIAA  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  G T EMP  ut  S _FL,S _tFL 

  - hsa- i -  C T EMR  ut  S _FL,S _tFL 

  + hsa- i -  TG T ENDOD  ut  S _tFL 

  + hsa- i -  A C ENGASE ut  S _tFL 

  - hsa- i -  GT G ENKUR ut  S _tFL 

  + hsa- i -  C A ENPP  ut  S _FL,S _tFL 

  - hsa- i -  A G EPB L B ut  S _FL 

X  - hsa- i -  G A ERCC L ut  S _FL 

  + hsa- i -  A C C o f  ut  S _FL,S _tFL 

  - hsa- i - a T C ETF  ut  S _FL,S _tFL 

  + hsa- i -  G A EVL ut  S _FL 

  - hsa- i -  G A FAIM  ut  S _FL,S _tFL 

  - hsa- i -  C G FAM A ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  T TA FAM B ut  S _FL ,S _FL ,S _tFL 

  - hsa- i - a G TATCAATTTC… FAM A ut  S _FL 

  - hsa- i -  C G FAM A ut  S _tFL 

  + hsa- i -  A G FAM B ut  S _FL 

  + hsa- i -  A C FAM A ut  S _tFL 

  - hsa- i -  T C FAM B ut  S _FL,S _tFL 
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  + hsa- i -  T TA FAS ut  S _FL  

  + hsa- i -  A C FBXO  ut  S _tFL 

  - hsa- i -  T C FBXO  ut  S _tFL 

  - hsa- i -  A C FCHSD  ut  S _tFL 

  + hsa- i -  TTCA T FER ut  S _tFL 

  - hsa- i -  A C FGL  ut  S _FL 

  + hsa- i -  T A FIBIN ut  S _FL 

  + hsa- i -  A G FKBP B ut  S _tFL 

  + hsa- i -  G A FLRT  ut  S _FL,S _tFL 

X  + hsa- i -  G C FMR  ut  S _FL,S _tFL 

  + hsa- i -  TAGAA T FOXD L  ut  S _FL 

  + hsa- i -  G A FOXK  ut  S _FL,S _tFL 

  - hsa- i -  C T FOXO  ut  S _tFL 

  - hsa- i -  C G FRYL ut  S _FL 

  - hsa- i -  T C GABRB  ut  S _tFL 

  - hsa- i -  G T GALNT  ut  S _FL,S _tFL 

  - hsa- i -  T A GATA  ut  S _FL,S _tFL 

  + hsa- i -  G C GATAD  ut  S _tFL 

  - hsa- i -  A C GBP  ut  S _FL 

  + hsa- i -  A T GDF OS ut  S _tFL 

  - hsa- i -  T TG GDNF ut  S _FL,S _tFL 

  + hsa- i -  G A GET  ut  S _FL 

  - hsa- i -  A C GFPT  ut  S _tFL 

  - hsa- i - a CACACTTA… C GGA  ut  S _tFL 

  + hsa- i -  ATATCAT A GJA  ut  S _tFL 

  - hsa- i - a A T GJD  ut  S _tFL 

  - hsa- i -  A T GLIS  ut  S _FL,S _tFL 
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  + hsa- i -  G A GLP R ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  G C GLRA  ut  S _tFL 

  + hsa- i -  T C GMCL  ut  S _tFL 

  + hsa- i -  C G GNAL ut  S _tFL 

  + hsa- i - a G C GNGT  ut  S _FL 

  - hsa- i -  G T GNPDA  ut  S _FL,S _tFL 

  - hsa- i - a T A GPAM ut  S _FL,S _tFL 

  + hsa- i -  A G GPR L  ut  S _tFL 

  + hsa- i -  C T GPRC A ut  S _FL 

  - hsa- i -  CTAGGCTACG C GRB  ut  S _FL 

  - hsa- i -  A G GRIN A ut  S _FL  

  - hsa- i -  A G GRPEL  ut  S _tFL 

  + hsa- i -  G C GTPBP  ut  S _FL,S _tFL 

  + hsa- i - a A C GUCY A  ut  S _tFL 

  + hsa- i -  T C H AFJ ut  S _tFL 

  - hsa- i -  G T HAUS  ut  S _FL,S _tFL 

  - hsa- i -  T C HEATR  ut  S _tFL 

  - hsa- i -  C A HERC  ut  S _FL,S _tFL 

  - hsa- i -  T A HEY  ut  S _tFL 

  + hsa- i -  C G HIST H E ut  S _FL,S _tFL 

  - hsa- i -  C G HIST H BC ut  S _tFL 

  - hsa- i -  G GGTGA HIST H AB ut  S _tFL 

  - hsa- i -  C G HIST H  ut  S _tFL 

  - hsa- i - a T A HOXA  ut  S _tFL 

  + hsa- i -  C T HOXC  ut  S _tFL 

  - hsa- i -  C T HS ST  ut  S _tFL 

  + hsa- i -  A G HSDL  ut  S _FL 
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  + hsa- i -  G T HSPA  ut  S _tFL 

  + hsa- i -  C A IBA  ut  S _FL,S _tFL 

  - hsa- i -  G A IFITM  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  T G IGFL  ut  S _tFL 

  - hsa- i -  C T IL  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  G A INTS  ut  S _FL 

  - hsa- i -  A G INTS  ut  S _tFL 

  - hsa- i -  C G IP K  ut  S _tFL 

  - hsa- i -  T C IRF  ut  S _tFL 

  - hsa- i -  G A IRF  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  + hsa- i -  C A ISL  ut  S _FL 

  - hsa- i -  C A ITPK  ut  S _tFL 

  - hsa- i -  A C JAK  ut  S _FL 

  - hsa- i -  G GT JAKMIP  ut  S _FL,S _tFL 

  - hsa- i -  G A JMJD  ut  S _tFL 

  - hsa- i -  A G JPH  ut  S _FL,S _tFL 

  - hsa- i - a A G KATNAL  ut  S _tFL 

  - hsa- i -  C A KCNJ  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  + hsa- i -  T C KCNK  ut  S _FL,S _tFL 

  + hsa- i -  C G KCNS  ut  S _tFL 

  - hsa- i -  A C ASPHD  ut  S _FL  

  + hsa- i -  G C KCTD  ut  S _tFL 

  - hsa- i -  T C KDM A ut  S _FL,S _tFL 

  + hsa- i -  A G KIAA  ut  S _tFL 

  - hsa- i -  C A KIAA  ut  S _tFL 

  - hsa- i -  AGT A KIF  ut  S _FL 

  + hsa- i -  C A KIT ut  S _FL,S _tFL 
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  - hsa- i -  A G KITLG ut  S _FL,S _tFL 

  - hsa- i -  T A KLHL  ut  S _tFL 

  - hsa- i -  G T KPNA  ut  S _tFL 

  - hsa- i -  C T KRT C ut  S _FL,S _tFL 

  + hsa- i -  A G KRTAP -  ut  S _FL 

  + hsa- i -  G A LARP  ut  S _tFL 

  + hsa- i -  TTA T LDHAL B ut  S _tFL 

  + hsa- i - d T C LEP ut  S _FL 

X  - hsa- i -  A C LHFPL  ut  S _FL 

  - hsa- i -  G A LILRA  ut  S _FL 

  - hsa- i - ae T A LMBR  ut  S _FL 

  + hsa- i -  G A LMCD  ut  S _FL 

  - hsa- i - a C A FIP L  ut  S _FL,S _tFL 

  + hsa- i -  T C LPCAT  ut  S _FL,S _tFL 

  + hsa- i -  G T LRCH  ut  S _FL,S _tFL 

  - hsa- i -  C G LRRC  ut  S _tFL 

  - hsa- i -  T G LRRTM  ut  S _FL,S _tFL 

  + hsa- i -  G T MAFK ut  S _FL 

  + hsa- i -  G T MAP K  ut  S _FL,S _tFL 

  - hsa- i - a T A MATN  ut  S _FL,S _tFL 

  + hsa- i -  G A MCF L ut  S _tFL 

  + hsa- i -  G A METTL  ut  S _tFL 

  + hsa- i -  G A METTL  ut  S _tFL 

  - hsa- i -  T G MGLL ut  S _FL 

  + hsa- i -  TG T MIER  ut  S _tFL 

  - hsa- i -  C T MKX ut  S _tFL 

  - hsa- i -  T G C o f  ut  S _FL 
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  - hsa- i -  G C MMRN  ut  S _tFL 

  + hsa- i -  A G MNDA ut  S _FL,S _tFL 

  + hsa- i - a A G MOV L  ut  S _FL  

  - hsa- i - a G T MTHFR ut  S _tFL 

  + hsa- i - a G C MTO  ut  S _FL 

  + hsa- i -  C T MYF  ut  S _FL 

  - hsa- i -  G A MYO G ut  S _tFL 

  + hsa- i -  T C MYO B ut  S _FL 

  - hsa- i -  C T N AMT  ut  S _FL,S _tFL 

  + hsa- i -  A T NAA  ut  S _FL 

  - hsa- i - f A T NAP L  ut  S _tFL 

  + hsa- i -  G A C o f  ut  S _FL  

  + hsa- i -  T G NCR  ut  S _FL 

  + hsa- i -  T G NCS  ut  S _tFL 

  + hsa-let- a G A NDFIP  ut  S _tFL 

  + hsa- i -  C T NDUFB  ut  S _FL,S _tFL 

  - hsa- i -  A G NETO  ut  S _FL ,S _FL ,S _tFL 

  + hsa- i - a C G NFAT  ut  S _tFL 

  - hsa- i -  C T NGB ut  S _tFL 

  - hsa- i - a GT G NPY R ut  S _FL 

  + hsa- i -  T A NRSN  ut  S _FL,S _tFL 

  - hsa- i -  G T NTRK  ut  S _FL,S _tFL 

  + hsa- i -  T G NTS ut  S _FL,S _tFL 

  - hsa- i -  C T NUDCD  ut  S _tFL 

  + hsa- i -  A G NUS  ut  S _tFL 

X  - hsa- i -  T C ODZ  ut  S _FL  

X  + hsa- i -  A G OGT ut  S _FL 
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  - hsa- i -  C G OPCML ut  S _tFL 

  - hsa- i -  C T OR E  ut  S _FL,S _tFL 

  + hsa- i - g A T AC .  ut  S _FL 

  - hsa- i -  T A OSBPL A ut  S _FL,S _tFL 

  + hsa- i -  T G OSGIN  ut  S _tFL 

  - hsa- i -  A G OXGR  ut  S _FL 

  + hsa- i -  A G PAPD  ut  S _tFL 

  + hsa- i -  C T PAQR  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  A C PARP  ut  S _FL,S _tFL 

  + hsa- i - a A C PARP  ut  S _tFL 

  + hsa- i -  C T PARVA ut  S _tFL 

  - hsa- i -  C G PAX  ut  S _FL,S _tFL 

  - hsa- i - e G C PCDH  ut  S _tFL 

  + hsa- i - a T C PCDH  ut  S _FL,S _tFL 

  + hsa- i -  A T PCDHA  ut  S _FL 

  - hsa- i - a A G PCMTD  ut  S _FL 

  - hsa- i -  C T PDE A ut  S _FL 

  - hsa- i -  T A PDGFB ut  S _tFL 

X  - hsa- i -  G A PDZD  ut  S _FL 

  - hsa- i -  C CA PDZD  ut  S _tFL 

  - hsa- i - a G C AC .  ut  S _tFL 

  + hsa- i -  C T PEG  ut  S _FL 

X  - hsa- i -  T TG PGAM  ut  S _tFL 

  - hsa- i -  C G PIP K C ut  S _tFL 

  + hsa- i -  A C C o f  ut  S _FL 

  - hsa- i -  C T PLXNA  ut  S _tFL 

  + hsa- i -  A G PNLIPRP  ut  S _FL 



 

 

   

 

 . A
e

 

  + hsa- i -  A G POFUT  ut  S _FL,S _tFL 

  - hsa- i -  C G POLQ ut  S _FL,S _tFL 

  - hsa- i -  A T POLR D ut  S _FL,S _tFL 

  + hsa- i -  C CTG POM  ut  S _FL,S _tFL 

  - hsa- i -  A C POU F  ut  S _FL,S _tFL 

  + hsa- i -  A G PPARGC B ut  S _FL 

  + hsa- i -  G C PPP R D ut  S _tFL 

  + hsa- i -  G A PRDM  ut  S _FL,S _tFL 

  + hsa- i -  T TA PRKG  ut  S _tFL 

  + hsa- i -  G T PROCR ut  S _FL,S _tFL 

X  + hsa- i - a T G PRRG  ut  S _FL 

  - hsa- i -  G A PRSS  ut  S _tFL 

  - hsa- i -  T C PRSS  ut  S _FL,S _tFL 

  - hsa- i -  T C PSG  ut  S _tFL 

  + hsa- i -  G A PTGFR ut  S _tFL 

  - hsa- i - a G C PTPN  ut  S _tFL 

  - hsa- i -  A G PTPN  ut  S _FL,S _tFL 

  - hsa- i -  A T PTPRK ut  S _tFL 

  - hsa- i -  T C PURB ut  S _tFL 

  + hsa- i -  C T PVR ut  S _FL,S _tFL 

  + hsa- i -  A G PYROXD  ut  S _tFL 

  + hsa- i -  T C QKI ut  S _FL,S _tFL 

  - hsa- i -  A C RAB D ut  S _tFL 

  - hsa- i -  A G RAB B ut  S _FL ,S _FL ,S _tFL 

  + hsa- i -  A C RAB B ut  S _FL,S _tFL 

  + hsa- i -  G A RASSF  ut  S _tFL 

  - hsa- i -  A T RBMXL  ut  S _FL 
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  - hsa- i - a  AAAT A RC H  ut  S _FL 

  - hsa- i -  A G REXO L  ut  S _tFL 

  - hsa- i -  G C RGS  ut  S _FL ,S _FL  

  - hsa- i -  A T RIOK  ut  S _tFL 

  + hsa- i -  A T RNASEH B ut  S _FL 

  - hsa- i -  A C RNASEH C ut  S _FL,S _tFL 

  + hsa- i -  C T RNF  ut  S _FL  

  - hsa- i -  T G RNF  ut  S _FL,S _tFL 

  - hsa- i -  C T RORA ut  S _FL,S _tFL 

  + hsa- i -  G T RP - H .  ut  S _FL,S _tFL 

  + hsa- i -  A T CCDC A ut  S _tFL 

  + hsa- i -  T G RPE ut  S _tFL 

  - hsa- i -  C T RPH AL ut  S _FL 

  + hsa- i - a G T RPL A ut  S _tFL 

  - hsa- i - a C T RPS KA  ut  S _FL 

  + hsa- i -  A G RRM  ut  S _FL,S _tFL 

  + hsa- i -  C T RSPH  ut  S _FL,S _tFL 

  - hsa- i - a G A RSPO  ut  S _FL,S _tFL 

  - hsa- i -  C A RUVBL  ut  S _FL,S _tFL 

  + hsa- i - a G T SAMD  ut  S _FL,S _tFL 

  - hsa- i -  T A SEMA C ut  S _tFL 

  - hsa- i -  T G SEMA D ut  S _FL 

  - hsa- i - a A G SENP  ut  S _tFL 

  + hsa- i -  T C SENP  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  C G SERBP  ut  S _tFL 

  - hsa- i -  G A SERINC  ut  S _FL 

  - hsa- i -  A C SETX ut  S _FL ,S _FL ,S _FL ,S _tFL 
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  - hsa- i -  A C SEZ  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  + hsa- i -  G T SGPP  ut  S _tFL 

X  + hsa- i - a T A SH BGRL ut  S _tFL 

  + hsa- i -  T A SIGLEC  ut  S _FL 

  - hsa- i -  C T SLC A  ut  S _tFL 

  - hsa- i -  A C SLC A  ut  S _FL,S _tFL 

  - hsa- i -  A G SLC A  ut  S _FL ,S _FL ,S _tFL 

  - hsa- i -  A G SLC A  ut  S _FL 

  - hsa- i - a A G SLC A  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  A G SLC A  ut  S _FL ,S _FL ,S _tFL 

  - hsa- i -  G A SLCO A  ut  S _FL 

  + hsa- i -  G T SLFN  ut  S _tFL 

  - hsa- i -  T C ARHGAP  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  G T SMARCE  ut  S _FL 

  + hsa- i -  C T SMCR  ut  S _FL,S _tFL 

  - hsa- i - a GC G SMG  ut  S _FL ,S _FL ,S _tFL 

  - hsa- i -  G GA SMU  ut  S _FL,S _tFL 

  - hsa- i - a G A SNX  ut  S _tFL 

  + hsa- i -  C T SNX  ut  S _tFL 

  + hsa- i - a C T SORCS  ut  S _FL,S _tFL 

  - hsa- i -  AT A SOSTDC  ut  S _FL,S _tFL 

  + hsa- i -  GA G SOX  ut  S _FL,S _tFL 

  - hsa- i -  C T SOX  ut  S _FL,S _tFL 

  - hsa- i -  T C SOX  ut  S _FL 

  + hsa- i - a A C SPA  ut  S _FL,S _tFL 

X  - hsa- i -  A C SPIN A ut  S _FL  

  - hsa- i -  A T SPOCK  ut  S _FL ,S _tFL 
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  + hsa- i -  A G SPOPL ut  S _FL  

  - hsa- i -  A G SRCIN  ut  S _FL 

  - hsa- i -  A G SSR  ut  S _FL 

  + hsa- i -  A C STK  ut  S _tFL 

  + hsa- i -  A G SYK ut  S _FL ,S _FL  

  - hsa- i -  T C SNX  ut  S _FL 

  + hsa- i -  T G SYNJ  ut  S _FL 

  - hsa- i -  C T SYNJ BP ut  S _tFL 

  + hsa- i -  C T SYS  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  A T TAS R  ut  S _tFL 

  - hsa- i -  T A TC N ut  S _tFL 

  - hsa- i -  A G TEAD  ut  S _FL,S _tFL 

  - hsa- i - a T C TECPR  ut  S _FL,S _tFL 

  + hsa- i -  A T TFAP B ut  S _tFL 

  - hsa- i - as C A THAP  ut  S _tFL 

  + hsa- i -  G A THAP  ut  S _FL,S _tFL 

  + hsa- i -  G T THNSL  ut  S _FL,S _tFL 

  - hsa- i - a A G THOC  ut  S _tFL 

  - hsa- i -  C T TLE  ut  S _tFL 

  + hsa- i -  A G C o f  ut  S _FL,S _tFL 

  - hsa- i -  A G TMED  ut  S _tFL 

  - hsa- i -  A G TMEM B ut  S _tFL 

  + hsa- i - a A G TMEM  ut  S _tFL 

  - hsa- i -  A C TMEM B ut  S _FL,S _tFL 

  - hsa- i -  C G C o f  ut  S _tFL 

  - hsa- i -  CT C TMTC  ut  S _tFL 

  + hsa- i -  A C TMX  ut  S _tFL 
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  - hsa- i -  C G TNPO  ut  S _tFL 

  - hsa- i -  T C TNPO  ut  S _FL,S _tFL 

  - hsa- i -  T C TRIM  ut  S _FL,S _tFL 

  + hsa- i - a T G TRIM  ut  S _FL  

  + hsa- i -  C T TRIM  ut  S _FL 

  - hsa- i -  T A TRIM  ut  S _FL ,S _FL  

  - hsa- i -  C A TSC  ut  S _tFL 

  - hsa- i - a A T TSPYL  ut  S _tFL 

  + hsa- i -  GA G TTC  ut  S _tFL 

  + hsa- i -  T G TCP  ut  S _FL 

  + hsa- i -  G C TTPAL ut  S _tFL 

  + hsa- i -  C CTT TUBB ut  S _FL 

  + hsa- i -  A G UAP L  ut  S _tFL 

  + hsa- i -  G A UBE B ut  S _tFL 

  + hsa- i -  A G UBXN B ut  S _tFL 

  - hsa- i -  T C USP  ut  S _tFL 

  + hsa- i -  A T USP  ut  S _tFL 

  - hsa- i -  C T VAMP  ut  S _tFL 

  - hsa- i -  C T VDR ut  S _FL,S _tFL 

  - hsa- i -  G A VPS B ut  S _FL,S _tFL 

  + hsa- i -  C T VPS  ut  S _FL,S _tFL 

  - hsa- i - a A G WASF  ut  S _FL,S _tFL 

X  - hsa- i -  A G WNK  ut  S _tFL 

  + hsa- i -  A T WNT  ut  S _FL,S _tFL 

X  + hsa- i -  A G YY  ut  S _FL 

  - hsa- i -  T C ZADH  ut  S _FL 

  - hsa-let- a G A ZBTB  ut  S _FL ,S _FL  
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  + hsa- i -  T A ZC H B ut  S _tFL 

  - hsa- i -  G A ZFP  ut  S _tFL 

  + hsa- i -  C G GLI  ut  S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  T TCTATTCCTT… ZNF  ut  S _tFL 

  - hsa- i - a A T ZNF  ut  S _tFL 

  - hsa- i -  T G ZNF  ut  S _tFL 

  + hsa- i -  G C ZNF C ut  S _FL 

X  + hsa- i -  G C ZNF  ut  S _tFL 

  + hsa- i - a A G ZNF  ut  S _FL 

  - hsa- i -  T A ZNF  ut  S _FL 

  + hsa- i - a A C ZNF  ut  S _tFL 

  - hsa- i -  T C AC .  ut  S _FL 

  - hsa- i -  A ATTCCACAGT… ZNF  ut  S _FL 

  - hsa- i -  T G ZRANB  ut  S _FL,S _tFL 

  - hsa- i -  A C ZSCAN  ut  S _tFL 

  + hsa- i -  C G C o f  ut  S _tFL 

  - hsa- i -  G A GPS  ut  S _tFL 

  - hsa- i -  T G VGLL  ut  S _FL,S _tFL 

  - hsa- i -  G A ATP A odi g S _tFL 

  - hsa- i -  G A ATP A odi g S _FL,S _tFL 

  - hsa- i -  G A ATP A odi g S _FL,S _tFL 

  - hsa- i -  T A EZH  odi g 

S _FL,S _tFL,S _FL ,S _FL ,S _FL ,S
_tFL 

  - hsa- i -  T C EZH  odi g S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  TC T IKZF  odi g S _FL 

  - hsa- i -  T G IKZF  odi g S _FL 

  - hsa- i - a C G IKZF  odi g S _FL 
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  - hsa- i -  G C MEF B odi g S _FL,S _tFL 

  - hsa- i -  T A MEF B odi g S _FL,S _tFL,S _tFL 

  + hsa- i -  T C ATP V C odi g S _FL,S _tFL 

  + hsa- i -  T C ATP V C odi g S _FL,S _tFL 

  - hsa- i -  G C RP - G .  odi g S _FL 

  - hsa- i -  G A RP - G .  odi g S _FL ,S _FL ,S _tFL 

  - hsa- i - a G A TIMP  odi g S _FL,S _tFL 

  + hsa- i -  T A ATP V C odi g S _FL,S _tFL 

  + hsa- i -  C T C o f  odi g S _FL,S _tFL 

  - hsa- i -  GCT G WNK  odi g S _tFL 

  - hsa- i -  G A GPR  odi g S _FL ,S _tFL 

  + hsa- i -  C A C o f  odi g S _FL,S _tFL 

  + hsa- i -  C T CYB D  odi g S _tFL 

  + hsa- i -  T C EAF  odi g S _tFL 

  - hsa- i -  A T ETV  odi g S _FL,S _tFL 

  + hsa- i -  A G FMO P odi g S _FL ,S _FL  

  - hsa- i -  T C GOLGA L  odi g S _FL 

  + hsa- i -  G A HMGXB  odi g S _FL,S _tFL 

  + hsa- i -  G A IL RA odi g S _FL ,S _FL ,S _FL ,S _tFL 

  - hsa- i -  C T ISYNA  odi g S _FL,S _tFL 

  - hsa- i -  T TA MLL  odi g S _tFL 

  + hsa- i -  G A MPST odi g S _FL ,S _FL ,S _tFL 

  + hsa- i -  C G NCBP  odi g S _tFL 

  + hsa- i -  T A PIK C G odi g S _FL ,S _FL  

  - hsa- i -  C T PIK R  odi g S _FL,S _tFL 

  - hsa- i -  A T PSD  odi g S _tFL 

  + hsa- i - a C T RAB  odi g S _tFL 



 

 

 

 . A
e

 

  - hsa- i -  T G SLC A  odi g S _FL,S _tFL 

  + hsa- i -  G T STX  odi g S _FL,S _tFL 

  - hsa- i -  G A TMF  odi g S _tFL 

  + hsa- i -  T C TXNDC  odi g S _FL 

  - hsa- i -  G A ZNF  odi g S _tFL 

  - hsa- i -  C A ZNF  odi g S _FL,S _tFL 

Ta le -A e :  List of the total  utatio s ide tified i  p edi ted iRNA- i di g sites i  the WGS data.  
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Figu e -A e : Results of the Sa ge  se ue i g alidatio  i  the p eli i a  e te ded 
oho t.

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org

