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1.1 Introduction to Hematologic Malignancies 

HaeŵatologiĐal ŵaligŶaŶĐies aƌe a diǀeƌse gƌoup of Ŷeoplasŵs affeĐtiŶg heŵatopoietiĐ 

aŶd lǇŵphoid tissues. The Woƌld Health OƌgaŶizatioŶ ;WHOͿ ƌeĐogŶises oǀeƌ ϭϲϬ 

diffeƌeŶt tǇpes of heŵatologiĐ ŵaligŶaŶĐies iŶ the updated ϮϬϭϲ ĐlassifiĐatioŶ sĐheŵe 

[ϭ]. TheǇ displaǇ ǀeƌǇ diffeƌeŶt aetiologies, ĐliŶiĐal pƌeseŶtatioŶ aŶd pƌogƌessioŶ, 

iŶĐideŶĐe aŶd pƌogŶosis. The iŶĐideŶĐe of heŵatologiĐal ŵaligŶaŶĐies iŶ WesteƌŶ 

Euƌope is Ϯϰ.ϱ peƌ ϭϬϬ.ϬϬϬ haďitaŶts, aŶd ϮϬ.ϰ peƌ ϭϬϬ.ϬϬϬ haďitaŶts iŶ SpaiŶ. 

MoƌtalitǇ ƌates foƌ the saŵe peƌiod ǁeƌe ϴ.ϯ aŶd ϳ.Ϯ peƌ ϭϬϬ.ϬϬϬ haďitaŶts iŶ WesteƌŶ 

Euƌope aŶd SpaiŶ ƌespeĐtiǀelǇ [Ϯ]. The ĐlassifiĐatioŶ of diffeƌeŶt tǇpes of heŵatologiĐal 

ŵaligŶaŶĐǇ has ďeeŶ the suďjeĐt of gƌeat ĐoŶtƌoǀeƌsǇ oǀeƌ the Ǉeaƌs iŶǀolǀiŶg ŵaŶǇ 

diffeƌeŶt ĐlassifiĐatioŶ sĐheŵes ;e.g. Keal, BNLI, REAL etĐ.Ϳ, that haǀe ĐulŵiŶated iŶ the 

geŶeƌal ĐoŶseŶsus ǁith the WHO ĐlassifiĐatioŶ sǇsteŵ [ϭ]. IŶ geŶeƌal teƌŵs 

heŵatologiĐal ŵaligŶaŶĐies ĐaŶ ďe diǀided aĐĐoƌdiŶg to theiƌ ƌespeĐtiǀe Đell liŶeage as 

ďeiŶg eitheƌ ŵǇeloid oƌ lǇŵphoid, aŶd aĐĐoƌdiŶg to the degƌee of ŵatuƌitǇ of the 

ƌespeĐtiǀe Đell-of-oƌigiŶ. The WHO ĐlassifiĐatioŶ sĐheŵe also utilizes ŵoƌphologǇ, 

iŵŵuŶopheŶotǇpe, aŶd geŶetiĐ aŶd ĐliŶiĐal Đƌiteƌia to fuƌtheƌ suďdiǀide eaĐh ĐategoƌǇ 

[ϯ, ϰ] ;Taďle ϭ.ϭͿ. 
 

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) - 

Taďle ϭ.ϭ: WHO ClassifiĐatioŶ of tuŵouƌs of heŵatopoietiĐ aŶd lǇŵphoid tissues 
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Matuƌe B-Đell Ŷeoplasŵs aƌe a gƌoup of tuŵouƌs affeĐtiŶg lǇŵphoid tissues, ǁheƌe the 

tuŵouƌ Đells ƌetaiŶ a ƌeseŵďlaŶĐe to ŵatuƌe B-lǇŵphoĐǇtes, theiƌ pƌoďaďle Đell of 

oƌigiŶ. This laƌge gƌoup iŶĐludes leukeŵias ;e.g. ĐhƌoŶiĐ lǇŵphoĐǇtiĐ leukeŵia, B-Đell 

pƌolǇŵphoĐǇtiĐ leukeŵia aŶd haiƌǇ Đell leukeŵiaͿ, lǇŵphoŵas ;e.g. HodgkiŶ aŶd ŶoŶ-

HodgkiŶ lǇŵphoŵasͿ aŶd plasŵa Đell Ŷeoplasŵs ;e.g. plasŵa Đell ŵǇeloŵa, 

plasŵaĐǇtoŵa, iŵŵuŶogloďuliŶ depositioŶ disease, osteosĐleƌotiĐ ŵǇeloŵaͿ.  

ʹ.ʹ B-cell Non-Hodgkin lymphomas 

B-Đell NoŶ-HodgkiŶ lǇŵphoŵas ;NHLsͿ Đoŵpƌise a heteƌogeŶeous gƌoup of diseases 

Đaused ďǇ ŶeoplastiĐ pƌolifeƌatioŶ of B-lǇŵphoĐǇtes. The iŶĐideŶĐe of these 

lǇŵphoŵas is ϭϲ.Ϯ Ŷeǁ Đases peƌ ϭϬϬ.ϬϬϬ haďitaŶts iŶ WesteŶ ĐouŶtƌies [5]. FolliĐulaƌ 

lǇŵphoŵa ;FLͿ aŶd Diffuse Laƌge B Đell lǇŵphoŵa ;DLBCLͿ aƌe the ŵost ĐoŵŵoŶ foƌŵs 

of B Đell lǇŵphoŵa, ĐuŵatiǀelǇ aĐĐouŶtiŶg foƌ ϲϬ % of all B-Đell NHLs [ϰ]. AĐĐoƌdiŶg to 

the Woƌld Health OƌgaŶizatioŶ IŶteƌŶatioŶal AgeŶĐǇ foƌ ReseaƌĐh oŶ CaŶĐeƌ ;IARCͿ, the 

ƌate of ŶoŶ-HodgkiŶ B-Đell lǇŵphoŵas is ƌisiŶg ǁoƌldǁide, ǁith aŶ iŶĐƌease of ϰ.Ϯ% peƌ 

aŶŶuŵ [ϲ], aŶd is higheƌ iŶ ǁesteƌŶ ĐouŶtƌies thaŶ deǀelopiŶg ĐouŶtƌies [Ϯ].  Theƌe aƌe 

oǀeƌ ϯϬ distiŶĐt tǇpes aŶd suďtǇpes of ŶoŶ-HodgkiŶ B-Đell lǇŵphoŵas ƌeĐogŶised ďǇ 

the WHO ĐlassifiĐatioŶ sĐheŵe that ƌepƌeseŶt a ǁide speĐtƌuŵ of ĐliŶiĐal pƌeseŶtatioŶs 

fƌoŵ sŵall loĐalized lesioŶs to ďulkǇ lesioŶs aŶd disseŵiŶated tuŵouƌ gƌoǁth [ϭ]. The 

aggƌessiǀeŶess of these suďtǇpes is also ǀeƌǇ ǀaƌiaďle, ƌaŶgiŶg fƌoŵ iŶdoleŶt oƌ loǁ-

gƌade lǇŵphoŵas ;ie. FL aŶd ŵaƌgiŶal zoŶe lǇŵphoŵa ;MZLͿͿ to aggƌessiǀe oƌ high-

gƌade lǇŵphoŵas ;ie. DLBCL aŶd Buƌkitt lǇŵphoŵa ;BLͿͿ. CoŶseƋueŶtlǇ, diffeƌeŶt 

lǇŵphoŵa tǇpes ƌeƋuiƌe diffeƌeŶt tƌeatŵeŶts, aŶd patieŶt outĐoŵe ǀaƌies ŵaƌkedlǇ [ϳ] 

;Taďle ϭ.ϮͿ. Foƌ the ŵajoƌitǇ of B-Đell lǇŵphoŵas, tuŵouƌ Đells ƌeĐapitulate the Ŷoƌŵal 

stages of B-Đell diffeƌeŶtiatioŶ so theǇ ĐaŶ ďe Đlassified aĐĐoƌdiŶg to theiƌ Ŷoƌŵal 

ĐouŶteƌpaƌt [ϴ]. Theƌefoƌe, it is iŵpoƌtaŶt to kŶoǁ the B Đell diffeƌeŶtiatioŶ pƌoĐess to 

ďetteƌ uŶdeƌstaŶd the ďiologǇ of B-Đell lǇŵphoŵas. 
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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 

 

Taďle ϭ.Ϯ: MaiŶ tǇpes of ŶoŶ-HodgkiŶ B-Đell lǇŵphoŵas. The taďle shoǁs the iŶĐideŶĐe of 

these lǇŵphoŵas, the ϱ-Ǉeaƌ oǀeƌall suƌǀiǀal ;OSͿ aŶd the Đell of oƌigiŶ of eaĐh lǇŵphoŵa. 

EpideŵiologiĐ data oďtaiŶed fƌoŵ Sŵith et al ϮϬϭϱ [ϱ].  

1.2.1 B-cell differentiation 

ͳ.ʹ.ͳ.ͳ Early hematopoiesis 

B-lǇŵphoĐǇtes oƌigiŶate fƌoŵ heŵatopoietiĐ steŵ Đells ;HSCͿ iŶ the ďoŶe ŵaƌƌoǁ. 

DuƌiŶg heŵatopoiesis, HSCs diffeƌeŶtiate to ŵultipoteŶt pƌogeŶitoƌ Đells ;MPPsͿ aŶd 

suďseƋueŶtlǇ these Đells diffeƌeŶtiate iŶto ĐoŵŵoŶ ŵǇeloid pƌogeŶitoƌs ;CMPsͿ aŶd 

ĐoŵŵoŶ lǇŵphoid pƌogeŶitoƌs ;CLPsͿ giǀiŶg ƌise to ŵǇeloid aŶd lǇŵphoid liŶeages 

ƌespeĐtiǀelǇ. The ĐoŵŵitŵeŶt of CLPs to the lǇŵphoid diffeƌeŶtiatioŶ pathǁaǇ is highlǇ 

ƌegulated ǀia a Ŷuŵďeƌ of speĐialised tƌaŶsĐƌiptioŶ faĐtoƌs iŶĐludiŶg SPIϭ, IKZFϭ, TCFϯ, 

EBFϭ aŶd PAXϱ [ϵ, ϭϬ]. EBFϭ aŶd PAXϱ eǆpƌessioŶ aƌe highlǇ depeŶdeŶt oŶ IL-

ϳ sigŶalliŶg, ǁhiĐh is also a ĐƌitiĐal faĐtoƌ iŶ this pƌoĐess. IŶ additioŶ, it has ďeeŶ 

desĐƌiďed that the eǆpƌessioŶ of LYϲD aŶd CDϵϯ ŵaƌk the eaƌliest B-liŶage Đoŵŵitted 

pƌogeŶitoƌs [ϭϭ, ϭϮ].  

Cells diffeƌeŶtiate fƌoŵ CLPs to pƌogeŶitoƌ B Đells ;pƌo-BͿ. These pƌo-B Đells aƌe 

paƌtiĐulaƌlǇ depeŶdeŶt oŶ IL-ϳ foƌ suƌǀiǀal aŶd pƌolifeƌatioŶ [ϭϯ]. IŶ pƌo-B Đells heaǀǇ 

ĐhaiŶ ;HCͿ iŵŵuŶogloďuliŶ ;IgͿ ƌeaƌƌaŶgeŵeŶt ďegiŶs. OŶĐe this pƌoĐess has ďeeŶ 
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suĐĐessfullǇ iŶitiated Đells ďeĐoŵe pƌeĐuƌsoƌ B Đells ;pƌe-BͿ. DuƌiŶg the pƌe-B Đell stage 

HC Ig geŶe ƌeaƌƌaŶgeŵeŶt is Đoŵpleted ǁhile light ĐhaiŶ ;LCͿ geŶe ƌeaƌƌaŶgeŵeŶt 

takes plaĐe to geŶeƌate a fullǇ fuŶĐtioŶal B Đell ƌeĐeptoƌ ;BCRͿ. At this stage the Đell 

ďeĐoŵes aŶ iŵŵatuƌe B Đell [ϭϰ]. A sĐheŵatiĐ ƌepƌeseŶtatioŶ of heŵatopoiesis is 

shoǁŶ iŶ Figuƌe ϭ.ϭ.  

 

Figuƌe ϭ.ϭ: SĐheŵatiĐ diagƌaŵ of heŵatopoiesis depiĐtiŶg the ǀaƌious liŶeages aŶd theiƌ 

gƌoss ŵoƌphologiĐal ĐhaƌaĐteƌistiĐs.  

 

ͳ.ʹ.ͳ.ʹ Ig gene rearrangement 

The ƌeaƌƌaŶgeŵeŶt of Ig geŶes is a soŵatiĐ ƌeĐoŵďiŶatioŶ pƌoĐess that oŶlǇ oĐĐuƌs iŶ 

deǀelopiŶg lǇŵphoĐǇtes duƌiŶg eaƌlǇ stages of T aŶd B Đell ŵatuƌatioŶ. The 

iŵŵuŶogloďuliŶ heaǀǇ ĐhaiŶ geŶe ;IGHͿ ;loĐated iŶ Đhƌoŵosoŵe ϭϰͿ ĐoŶtaiŶs ŵultiple 

Đopies of thƌee diffeƌeŶt tǇpes of geŶe segŵeŶts that ĐoŶstitute the ǀaƌiaďle ƌegioŶ of 

the aŶtiďodǇ pƌoteiŶ ;Vaƌiaďle ;VͿ, DiǀeƌsitǇ ;DͿ aŶd JoiŶiŶg ;JͿ geŶe segŵeŶtsͿ as ǁell 
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as tǁo ĐoŶstaŶt geŶe segŵeŶts. This ƌeĐoŵďiŶatioŶ pƌoĐess staƌts ǁith the 

ƌeĐoŵďiŶatioŶ of a D segŵeŶt aŶd a J segŵeŶts iŶ a stoĐhastiĐ ǁaǇ. SuďseƋueŶtlǇ, a V 

geŶe segŵeŶt ǁill ƌeĐoŵďiŶe ǁith the pƌeǀiouslǇ pƌoduĐed D-J fƌagŵeŶt. VaƌiaďilitǇ is 

iŶtƌoduĐed iŶ this juŶĐtioŶ due to TdT eŶzǇŵe ǁhiĐh is a teŵplate-iŶdepeŶdeŶt DNA 

polǇŵeƌase [ϭϱ]. A pƌiŵaƌǇ tƌaŶsĐƌipt ǁill ďe theŶ geŶeƌated aŶd sliĐed to ƌeŵoǀe the 

seƋueŶĐe ďetǁeeŶ VDJ segŵeŶt aŶd oŶe of the ĐoŶstaŶt geŶe segŵeŶts. TƌaŶslatioŶ of 

this ŵRNA leads to the pƌoduĐtioŶ of the IgM heaǀǇ ĐhaiŶ pƌoteiŶ.  

A siŵilaƌ pƌoĐess oĐĐuƌs foƌ the sǇŶthesis of Ig light ĐhaiŶ iŶ pƌe-B Đells ǁith the 

eǆĐeptioŶ that light ĐhaiŶ geŶes do Ŷot haǀe D segŵeŶts so oŶlǇ V-J geŶe segŵeŶts ǁill 

ďe ƌeaƌƌaŶged. This light ĐhaiŶ pƌoteiŶ ǁill ďe asseŵďled fƌoŵ oŶe of the tǁo eǆistiŶg 

geŶe loĐi: Ig-ʃ loĐus oŶ Đhƌoŵosoŵe Ϯ oƌ Ig-ʄ loĐus oŶ Đhƌoŵosoŵe ϮϮ. UpoŶ 

suĐĐessful asseŵďlǇ, tǁo light ĐhaiŶs aƌe ĐoŵďiŶed ǁith tǁo heaǀǇ ĐhaiŶs ƌesultiŶg iŶ 

the foƌŵatioŶ of IgM ŵoleĐule eǆpƌessed oŶ the suƌfaĐe of the iŵŵatuƌe B Đell ;Figuƌe 

ϭ.ϮͿ. At this poiŶt the iŵŵatuƌe B Đell ǁill ďe eǆposed to self-aŶtigeŶs iŶ the ďoŶe 

ŵaƌƌoǁ to eǆĐlude Đells those shoǁiŶg auto-ƌeaĐtiǀitǇ. Those Đells ǁith the ĐapaĐitǇ to 

ďiŶd self-ŵoleĐules aƌe eliŵiŶated ďǇ apoptosis ǁhile the ŶoŶ-ƌeaĐtiǀe Đells ƌeĐeiǀe 

sigŶals foƌ suƌǀiǀal aŶd ŵatuƌatioŶ [ϭϲ-ϭϵ]. 

 

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 [ϮϬ]. 

ͳ.ʹ.ͳ.͵ B-cell maturation 

 OŶĐe iŵŵatuƌe B Đells leaǀe the ďoŶe ŵaƌƌoǁ aŶd eŶteƌ the ďlood ĐiƌĐulatioŶ, theǇ 

ƌeaĐh the spleeŶ ǁheƌe theǇ pƌoĐeed thƌough theiƌ fiŶal deǀelopŵeŶtal stages to 

ďeĐoŵe ŵatuƌe B Đells. Iŵŵatuƌe B Đells ĐaŶ eitheƌ ďeĐoŵe ŵaƌgiŶal zoŶe ;MZͿ B Đells, 

ƌesideŶt B Đells of the spleŶiĐ ŵaƌgiŶal zoŶe, ǁhiĐh aƌe speĐialized to ƌespoŶd ƋuiĐklǇ 

to ďlood-ďoƌŶe pathogeŶs, oƌ folliĐulaƌ B Đells, ǁhiĐh aƌe ĐiƌĐulatoƌǇ Đells that 

ĐoŶstitute the ŵaiŶ B Đell ĐoŵpaƌtŵeŶt Đapaďle of ŵouŶtiŶg T-depeŶdeŶt iŵŵuŶe 

ƌespoŶses. Iŵŵatuƌe B Đells eŶteƌ the spleeŶ aŶd populate aŶ aƌea kŶoǁŶ as the ƌed 

pulp ǁheƌe theǇ aƌe eǆposed to ŵoƌe self-Đells aŶd ĐiƌĐulatiŶg pƌoteiŶs. Cells shoǁiŶg 

autoƌeaĐtiǀitǇ uŶdeƌgo apoptosis. Afteƌ this last ĐheĐkpoiŶt, Đells difffeƌeŶtiat iŶto 

Ŷaiǀe folliĐulaƌ B Đells, ǁhiĐh aƌe fullǇ ŵatuƌe B Đells that ĐaŶ paƌtiĐipate iŶ iŵŵuŶe 

ƌespoŶses. These ŵatuƌe B Đells ǁill ĐiƌĐulate thƌough all lǇŵphoid tissues [ϭϰ]. 

 

IŶ the ƌestiŶg state, ŵatuƌe B Đells aƌe ĐoŵpaƌtŵeŶtalized iŶ seĐoŶdaƌǇ lǇŵphoid 

oƌgaŶs as lǇŵph Ŷodes ;Figuƌe ϭ.ϯͿ. OŶĐe aŶtigeŶ eŶteƌs lǇŵph Ŷodes, it is Đaptuƌed ďǇ 

aŶtigeŶ pƌeseŶtiŶg Đells iŶĐludiŶg ŵaĐƌophages, deŶdƌitiĐ Đells aŶd also B Đells. IŶ B 

Đells the aŶtigeŶ ďouŶd to the BCR is iŶteƌŶalized, pƌoĐessed so aŶtigeŶ peptides ĐaŶ 

ďe eǆposed oŶ ŵajoƌ histoĐoŵpatiďilitǇ Đoŵpleǆ ;MHCͿ Đlass II ŵoleĐules oŶ the 

suƌfaĐe of the B-Đell. This aĐtiǀatioŶ pƌoŵotes ĐheŵokiŶe ƌeĐeptoƌ eǆpƌessioŶ ĐhaŶges 

alloǁiŶg these Đells to ŵigƌate toǁaƌd T Đell zoŶe. At the T-Đell B-Đell iŶteƌfaĐe the MHC 

Đlass II ŵoleĐule ǁith the pƌeseŶted peptide iŶ the ŵeŵďƌaŶe of the aĐtiǀated B Đells 

iŶteƌaĐts ǁith the T-Đell ƌeĐeptoƌ ;TCRͿ of T helpeƌ lǇŵphoĐǇtes that ƌeĐogŶize the 

pƌeseŶted aŶtigeŶ. Apaƌt fƌoŵ this ƌeĐogŶitioŶ, iŶteƌaĐtioŶ ďetǁeeŶ Đo-stiŵulatoƌǇ 

pƌoteiŶ CDϰϬ iŶ B Đells aŶd CDϰϬL iŶ T helpeƌ Đells is Ŷeeded. These iŶteƌaĐtioŶs 

pƌoŵote B-Đell pƌolifeƌatioŶ aŶd the ŵigƌatioŶ fƌoŵ T-Đell zoŶe to pƌiŵaƌǇ folliĐle. 

Soŵe B-Đells ǁill ŵoǀe to the iŶteƌfolliĐulaƌ zoŶe aŶd diffeƌeŶtiate iŶto shoƌt-liǀiŶg 
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aŶtiďodǇ seĐƌetoƌ plasŵa Đells, pƌoǀidiŶg a ƌapid aŶtiďodǇ ƌespoŶse to the iŶfeĐtioŶ, 

although it ǁill ďe a loǁ affiŶitǇ ƌespoŶse. IŶ ĐoŶtƌast, soŵe B Đells ƌeŵaiŶ iŶ the 

folliĐles aŶd foƌŵ a geƌŵiŶal ĐeŶtƌe ;GCͿ ǁheƌe Đells eǆpeƌieŶĐe aŶ affiŶitǇ ŵatuƌatioŶ 

pƌoĐess. IŶ the geƌŵiŶal ĐeŶtƌe ƌeaĐtioŶ, iteƌatiǀe ĐǇĐles of seleĐtioŶ, pƌolifeƌatioŶ aŶd 

ŵutatioŶ oĐĐuƌ ƌesultiŶg iŶ a seleĐtioŶ of ŵultiple B Đell ĐloŶes ǁith iŶĐƌeased 

speĐifiĐitǇ aŶd affiŶitǇ toǁaƌds the aŶtigeŶ [Ϯϭ, ϮϮ]. 

 

Figuƌe ϭ.ϯ: LǇŵph Ŷode stƌuĐtuƌe. Naïǀe B-Đells eŶteƌ the lǇŵph Ŷode thƌough the high 

eŶdothelial ǀeŶules iŶ the ŵedullaƌǇ Đoƌds. B-Đells that ďiŶd aŶtigeŶ ďeĐoŵe aĐtiǀated at the 

ďoƌdeƌ ďetǁeeŶ the T-Đell ;ďlueͿ aŶd the B-Đell ;ǇelloǁͿ aƌeas. AĐtiǀated B-Đells theŶ ŵigƌate 

iŶto a pƌiŵaƌǇ folliĐle, pƌolifeƌate aŶd foƌŵ a geƌŵiŶal ĐeŶteƌ. RepƌoduĐed fƌoŵ 

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

 

Matuƌe GCs foƌŵ daƌk aŶd light zoŶes ǁithiŶ the lǇŵph Ŷode. Daƌk zoŶes ĐoŶtaiŶ 

iŶteŶsiǀelǇ paĐked pƌolifeƌatiŶg Đells kŶoǁŶ as ĐeŶtƌoďlasts aŶd iŶ this aƌea, B Đells 

uŶdeƌgo soŵatiĐ hǇpeƌŵutatioŶ ;SHMͿ of theiƌ Ig V geŶes, iŶǀolǀiŶg the eǆpƌessioŶ of 

BCLϲ [Ϯϰ, Ϯϱ]. This pƌoteiŶ aĐts as a tƌaŶsĐƌiptioŶal ƌepƌessoƌ of seǀeƌal geŶes of DNA 

daŵage ƌespoŶse, iŶĐludiŶg TPϱϯ [26]. The keǇ eŶzǇŵe iŶ this pƌoĐess is aĐtiǀatioŶ-

iŶduĐed ĐǇtidiŶe deaŵiŶase ;AIDͿ that deaŵiŶates ĐǇtosiŶe ƌesidues to uƌaĐil ƌesultiŶg 

iŶ ƌaŶdoŵ ŵutatioŶs iŶ the ǀaƌiaďle ƌegioŶ of Ig geŶes due to eƌƌoƌs iŶ the DNA 

ƌepaiƌiŶg ŵaĐhiŶeƌǇ ĐƌeatiŶg ŵoƌe diǀeƌsitǇ iŶ the aŶtigeŶ ƌeĐogŶitioŶ ĐapaĐitǇ of 

aŶtiďodies [27, 28]. A ďalaŶĐe of seŶsitiǀitǇ to CXCLϭϯ eǆpƌessed ďǇ folliĐulaƌ deŶdƌitiĐ 
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Đells ;FDCͿ iŶ the light zoŶe aŶd CXCLϭϮ eǆpƌessed ďǇ stƌoŵal Đells at the GC-T iŶteƌfaĐe 

ǁill pƌoŵote the ŵigƌatioŶ of B-Đells ďetǁeeŶ the daƌk zoŶe aŶd the light zoŶe 

ŵigƌatioŶ [Ϯϵ, ϯϬ] ;Figuƌe ϭ.ϰͿ. 

 

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 zoŶe is ĐhaƌaĐteƌised ďǇ the pƌeseŶĐe of ĐeŶtƌoĐǇtes ǁhiĐh aƌe B-Đells ǁit 

loǁeƌ pƌolifeƌatiǀe aĐtiǀitǇ aŶd sŵalleƌ size thaŶ ĐeŶtƌoďlasts. This aƌea also iŶĐludes 

FDC, ŵaĐƌophages aŶd T-helpeƌ lǇŵphoĐǇtes. Afteƌ the SMH pƌoĐess iŶ the daƌk zoŶe, 

Đells eǆpƌessiŶg BCRs ǁith high affiŶitǇ foƌ aŶtigeŶs aƌe positiǀelǇ seleĐted as a ƌesult of 

iŶteƌaĐtioŶs ǁith FDC iŶ the light zoŶe. IŶ the FDC the aŶtigeŶ is held iŶ Ŷatiǀe foƌŵ aŶd 
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B Đells ƌeĐogŶiziŶg aŶtigeŶs ǁith a high affiŶitǇ ǁill ƌeĐeiǀe suƌǀiǀal sigŶals. OŶe of 

these sigŶals is the eǆpƌessioŶ of BCLϮ aŶti-apoptotiĐ pƌoteiŶ iŶ positiǀelǇ seleĐted B-

Đells [ϯϮ]. IŶ ĐoŶtƌast, B-Đells shoǁiŶg a loǁ affiŶitǇ aƌe eliŵiŶated ďǇ apoptosis aŶd 

phagoĐǇtised ďǇ the folliĐulaƌ ŵaĐƌophages.  T-helpeƌ Đells iŶ the GC eǆpƌess ĐǇtokiŶes 

suĐh as IL-ϰ aŶd IL-ϭϬ that help ƌegulate B-Đell diffeƌeŶtiatioŶ [ϯϯ-ϯϱ]. Also, ĐǇtokiŶes 

pƌoduĐed ďǇ aŶtigeŶ speĐifiĐ T-helpeƌ Đells stiŵulate Ig Đlass-sǁitĐh iŶ GCs iŶ oƌdeƌ to 

pƌoduĐe a ŵoƌe speĐifiĐ aŶd effeĐtiǀe iŵŵuŶe ƌespoŶse aĐĐoƌdiŶg to the pathogeŶ 

;Figuƌe ϭ.ϱͿ. IŶ additioŶ, soŵe hǇpothesis hold that iŶteƌaĐtioŶ of B Đells ǁith aŶtigeŶ 

held oŶ FDC is theŶ folloǁed ďǇ aŶtigeŶ uptake aŶd pƌeseŶtatioŶ to loĐal T helpeƌ Đells 

iŶ the light zoŶe [ϯϲ, ϯϳ]. 

 

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]. 
 

FiŶallǇ, aŶtigeŶ speĐifiĐ B-Đells diffeƌeŶtiate iŶto plasŵa Đells oƌ ŵeŵoƌǇ Đells that leaǀe 

the geƌŵiŶal ĐeŶtƌe. The fuŶĐtioŶ of plasŵa Đells is to seĐƌete aŶtiďodies to the 

ďloodstƌeaŵ. Soŵe of these plasŵa Đells ǁill ďeĐoŵe loŶg-liǀed plasŵa Đells iŶ the 

ďoŶe ŵaƌƌoǁ ŶiĐhes aŶd ǁill ďe aďle to liǀe up to deĐades seĐƌetiŶg aŶtiďodies to the 

ďloodstƌeaŵ [ϯϴ, ϯϵ]. OŶ the otheƌ haŶd, loŶg-liǀed ŵeŵoƌǇ Đells eǆpƌess BCR ǁith 

soŵatiĐallǇ hǇpeƌŵutated BCR aŶd a speĐifiĐ heaǀǇ ĐhaiŶ foƌ the aŶtigeŶ ;IgG, IgA, IgE 

etĐ.Ϳ. UpoŶ aĐtiǀatioŶ of these Đells, a ƌapid aŶd speĐifiĐ iŵŵuŶe ƌespoŶse ǁill ďe 

geŶeƌated. These Đells teŶd to hoŵe to the site ǁheƌe theǇ ǁeƌe foƌŵed [ϰϬ, ϰϭ]. 

1.2.2 Cell of origin in B-cell lymphomas 

As ŵeŶtioŶed aďoǀe, ŶoŶ-HodgkiŶ B-Đell lǇŵphoŵas aƌe a heteƌogeŶeous gƌoup of 

lǇŵphoŵas affeĐtiŶg B Đells. These lǇŵphoŵas aƌe Đlassified aĐĐoƌdiŶg to diffeƌeŶt 

featuƌes, iŶĐludiŶg iŵŵuŶopheŶotǇpe aŶd ĐǇtogeŶetiĐ aďeƌƌatioŶs, ďut also aĐĐoƌdiŶg 

to theiƌ Đell of oƌigiŶ [ϰ]. It has ďeeŶ shoǁŶ that ŵost B-Đell lǇŵphoŵa suďtǇpes aƌe 

deƌiǀed fƌoŵ eitheƌ GC oƌ iŵŵediate post-GC stage of B-Đell diffeƌeŶtiatioŶ.  AĐtuallǇ, 

aŵoŶg lǇŵphoŵas deƌiǀed fƌoŵ ŵatuƌe B Đells, uŶŵutated ǀaƌiaďle ƌegioŶs of the Ig 

geŶes haǀe ďeeŶ oŶlǇ fouŶd iŶ ŵaŶtle-zoŶe lǇŵphoŵas aŶd soŵe Đases of B-Đell 

ĐhƌoŶiĐ lǇŵphoĐǇtiĐ leukeŵia [ϰϮ, ϰϯ]. The soŵatiĐ ŵutated ǀaƌiaďle ƌegioŶ iŶ the BCR 

iŶ a lǇŵphoŵa iŶdiĐates that it has ďeeŶ oƌigiŶated fƌoŵ GC oƌ post-GC. Also, 

lǇŵphoŵas ĐaŶ ďe distiŶguished ďetǁeeŶ these tǁo possiďilities. IŶ geƌŵiŶal ĐeŶtƌe B 

Đell tuŵouƌs, oŶgoiŶg soŵatiĐ ŵutatioŶ of the ǀaƌiaďle ƌegioŶ of the BCR ǁithiŶ the 

tuŵouƌ ĐloŶe ĐaŶ ďe oďseƌǀed, as iŶ the Đase of folliĐulaƌ lǇŵphoŵa. IŶ ĐoŶtƌast, if 

iŶtƌaĐloŶal ǀaƌiaďle ƌegioŶ Ig geŶe diǀeƌsitǇ is aďseŶt, this ŵaǇ iŶdiĐate that the Đell of 

oƌigiŶ is a post-geƌŵiŶal-ĐeŶtƌe B Đell ;Figuƌe ϭ.ϲͿ. The faĐt that ŵost B-Đell lǇŵphoŵas 

haǀe theiƌ oƌigiŶ iŶ Đells fƌoŵ the geƌŵiŶal ĐeŶtƌe oƌ post-GC suggests that the 

ŵiĐƌoeŶǀiƌoŶŵeŶt pƌoǀided ďǇ geƌŵiŶal ĐeŶtƌes ƌepƌeseŶts a ƌisk foƌ ŵaligŶaŶt 

tƌaŶsfoƌŵatioŶ. IŶdeed, ďoth pƌolifeƌatiǀe eǆpaŶsioŶ pƌoĐesses aloŶg ǁith soŵatiĐ 

hǇpeƌŵutatioŶ pƌoĐesses aŶd Ig Đlass sǁitĐhiŶg aƌe takiŶg plaĐe siŵultaŶeouslǇ iŶ GCs. 

Failuƌes iŶ the ĐoŶtƌol of these pƌoĐesses Đould ďe ĐƌitiĐal to B-Đell lǇŵphoŵageŶesis as 
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theǇ ĐaŶ pƌoŵote the appeaƌaŶĐe of the ĐhaƌaĐteƌistiĐ Đhƌoŵosoŵal tƌaŶsloĐatioŶs 

aŶd poiŶt ŵutatioŶs of ŵaŶǇ of these lǇŵphoŵas [ϰϰ]. Hoǁeǀeƌ, soŵe Đhƌoŵosoŵal 

tƌaŶsloĐatioŶs ĐaŶ oĐĐuƌ duƌiŶg Ig geŶes ƌeaƌƌaŶgeŵeŶts iŶ the ďoŶe ŵaƌƌoǁ, peƌhaps 

ƌefleĐtiŶg aŶ eaƌlǇ eǀeŶt iŶ lǇŵphoŵageŶesis [ϮϬ]. 

 

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-Đells that haǀeŶ’t uŶdeƌgo aŶ 

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. 

AdditioŶallǇ, soŵe B-Đell lǇŵphoŵas suĐh as FL ƌetaiŶ the depeŶdeŶĐǇ to the 

eǆpƌessioŶ of theiƌ BCR aŶd to the geƌŵiŶal ĐeŶtƌe ŵiĐƌoeŶǀiƌoŶŵeŶt foƌ theiƌ suƌǀiǀal 

aŶd gƌoǁth [ϰϱ, ϰϲ].  IŶ ĐoŶtƌast, otheƌ lǇŵphoŵas appeaƌ to haǀe lost this 

depeŶdeŶĐǇ, shoǁiŶg a ŵoƌe aggƌessiǀe pheŶotǇpe suĐh as is the Đase ǁith DLBCL aŶd 
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BL. Theƌefoƌe, the diǀeƌsitǇ aŵoŶg diffeƌeŶt B-Đell lǇŵphoŵa tǇpes ƌefleĐts Ŷot oŶlǇ 

the Đell of oƌigiŶ ďut also the aĐƋuiƌed soŵatiĐ ŵutatioŶs of these Đells [ϮϬ]. Beloǁ ǁe 

disĐuss ǁe disĐuss soŵe of the ŵoƌe ĐoŵŵoŶ B-Đell lǇŵphoŵas iŶ ŵoƌe detail. 

 

 

ͳ.͵. Types of non-Hodgkin B-cell lymphomas 

1.3.1 Follicular lymphoma 

FolliĐulaƌ lǇŵphoŵa ;FLͿ is the ŵost ĐoŵŵoŶ iŶdoleŶt ŶoŶ-HodgkiŶ lǇŵphoŵa ;NHLͿ 

aŶd the seĐoŶd ŵost ĐoŵŵoŶ NHL aĐĐouŶtiŶg foƌ ŶeaƌlǇ ϮϬ% of all lǇŵphoŵas iŶ 

WesteƌŶ ĐouŶtƌies ǁith aŶ aŶŶual iŶĐideŶĐe of ϯ,ϯ Ŷeǁ Đases peƌ ϭϬϬ,ϬϬϬ haďitaŶts 

[ϱ]. The ŵediaŶ age at diagŶosis is ϲϱ Ǉeaƌs old aŶd it is slightlǇ ŵoƌe fƌeƋueŶt iŶ 

ǁoŵeŶ thaŶ ŵeŶ [ϱ]. The iŶĐideŶĐe of FL, as ǁith otheƌ ŶoŶ-HodgkiŶ lǇŵphoŵas, is 

ƌisiŶg ďǇ Ϯ% peƌ aŶŶuŵ aŶd ǁhilst the ƌeasoŶ foƌ this iŶĐƌease is uŶĐleaƌ, ŵight ďe a 

ĐoŶseƋueŶĐe of the iŶĐƌease iŶ gloďal life eǆpeĐtaŶĐǇ as the iŶĐideŶĐe of FL iŶĐƌeases 

sigŶifiĐaŶtlǇ ǁith age [ϯ, ϰϳ]. 

FL is Đlassified as aŶ iŶdoleŶt oƌ loǁ-gƌade lǇŵphoŵa that ĐoŵŵoŶlǇ pƌeseŶts as a 

paiŶless aŶd sloǁ pƌogƌessiǀe adeŶopathǇ. The iŶitial sǇŵptoŵs of FL iŶĐlude paiŶless 

sǁelliŶg iŶ oŶe oƌ ŵoƌe lǇŵph Ŷodes. Hoǁeǀeƌ, soŵe patieŶts iŶ adǀaŶĐe stages ĐaŶ 

eǆpeƌieŶĐe soŵe sǇŵptoŵatologǇ Đalled B sǇŵptoŵs iŶĐludiŶg feǀeƌ of uŶkŶoǁŶ 

oƌigiŶ ;> ϯϴºCͿ, Ŷight sǁeats aŶd a ƋuiĐk ǁeight loss. EǀeŶ if the disease is highlǇ 

ƌespoŶsiǀe to theƌapǇ, it is geŶeƌallǇ ĐoŶsideƌed iŶĐuƌaďle aŶd patieŶts ŶoƌŵallǇ 

eǆpeƌieŶĐe ƌelapse-ƌeŵissioŶ ĐǇĐles. The life eǆpeĐtaŶĐǇ foƌ these patieŶts ǀaƌies 

ĐoŶsideƌaďlǇ aŵoŶg iŶdiǀiduals ďut, despite this ͞iŶĐuƌaďilitǇ ,͟ outĐoŵes aƌe ŶoƌŵallǇ 

good ǁith ŵediaŶ oǀeƌall suƌǀiǀal eǆĐeediŶg ϭϮ Ǉeaƌs [ϰϴ]. EǀeŶ though, a pƌopoƌtioŶ 

of FL patieŶts haǀe a high ƌisk of death fƌoŵ the disease. AppƌoǆiŵatelǇ ϰϱ% of FL 

patieŶts ǁill eǆpeƌieŶĐe tƌaŶsfoƌŵatioŶ to aŶ aggƌessiǀe lǇŵphoŵa, ŵost fƌeƋueŶtlǇ 

DLBCL, ƌesultiŶg iŶ a pooƌeƌ pƌogŶostiĐ outĐoŵe of ϱ Ǉeaƌs [ϰϵ]. 
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ͳ.͵.ͳ.ͳ Clinical management of FL 

FL is ĐhaƌaĐteƌized ďǇ the pƌolifeƌatioŶ of ŶeoplastiĐ GC B Đells, ďoth ĐeŶtƌoĐǇtes aŶd 

ĐeŶtƌoďlasts, that folloǁ a ĐhaƌaĐteƌistiĐ folliĐulaƌ patteƌŶ [ϰ]. The ĐuƌƌeŶt histologiĐ 

gƌadiŶg sǇsteŵ foƌ FL eǀaluates the pƌopoƌtioŶ of ĐeŶtƌoĐǇtes to ĐeŶtƌoďlasts. Gƌade ϭ 

is defiŶed as Ϭ-ϱ ĐeŶtƌoďlasts peƌ high-poǁeƌed field, Gƌade Ϯ as ϲ-ϭϱ ĐeŶtƌoďlasts peƌ 

high-poǁeƌed field aŶd Gƌade ϯ as > ϭϱ ĐeŶtƌoďlasts peƌ high-poǁeƌed field. Gƌade ϯ is 

fuƌtheƌ Đlassified as ϯA aŶd ϯB ǁith the latteƌ ĐhaƌaĐteƌised ďǇ aŶ aďseŶĐe of 

ĐeŶtƌoĐǇtes [ϰ, ϱϬ]. It is ǁidelǇ aĐĐepted that FLϯB ƌepƌeseŶts a ďiologiĐallǇ distiŶĐt 

eŶtitǇ ǁith a ĐliŶiĐal Đouƌse ŵoƌe siŵilaƌ to DLBCL. IŶdeed, FLϯB is ofteŶ Ŷegatiǀe foƌ 

t;ϭϰ;ϭϴͿ aŶd CDϭϬ eǆpƌessioŶ [ϱϭ, ϱϮ]. 

IŶ additioŶ to ŵoƌphologiĐal featuƌes, FL diagŶosis ƌelies oŶ the iŵŵuŶohistoĐheŵiĐal 

positiǀe eǆpƌessioŶ of BCLϮ, BCLϲ, CDϭϬ, CDϮϬ, CDϳϵa aŶd a Ŷegatiǀe eǆpƌessioŶ ofCDϱ 

aŶd CDϯ. Positiǀe CDϮϭ aŶd CDϮϯ staiŶiŶg aƌe ofteŶ used to alloǁ ideŶtifiĐatioŶ of the 

folliĐulaƌ patteƌŶ aŶd the pƌolifeƌatiǀe ŵaƌkeƌ Kiϲϳ is useful as aŶ iŶdiĐatoƌ of loǁ-gƌade 

lǇŵphoŵa ;geŶeƌallǇ <ϯϬ% of positiǀitǇͿ [ϱϯ]. WheŶ the iŵŵuŶopheŶotǇpe is Ŷot Đleaƌ 

the pƌeseŶĐe of BCLϮ tƌaŶsloĐatioŶ t;ϭϰ;ϭϴͿ;ƋϯϮ;ƋϮϭͿ is deteĐted ďǇ fluoƌesĐeŶt iŶ situ 

hǇďƌidizatioŶ ;FISHͿ [ϱϯ]. 

FL is a ǀeƌǇ heteƌogeŶeous disease aŶd the pƌogŶosis ǀaƌies ǁidelǇ aŵoŶg iŶdiǀiduals. 

GƌadiŶg of FL ĐaŶ ďe helpful iŶ deteƌŵiŶiŶg pƌogŶosis aŶd optiŵal theƌapǇ foƌ patieŶts.  

Apaƌt fƌoŵ the histologiĐal gƌadiŶg, aŶotheƌ ǁaǇ foƌ stagiŶg FL disease ǁidelǇ used iŶ 

the ĐliŶiĐ is the ŵodified AŶŶ Aƌďoƌ ClassifiĐatioŶ sǇsteŵ [ϱϰ]. This stagiŶg sǇsteŵ 

Đlassifies FL patieŶts iŶ fouƌ gƌoups aĐĐoƌdiŶg to the degƌee of disseŵiŶatioŶ of the 

disease:  

 

Stage I SiŶgle lǇŵph Ŷode gƌoup 

Stage II Multiple lǇŵph Ŷode gƌoups oŶ saŵe side of diaphƌagŵ 

Stage III Multiple lǇŵph Ŷode gƌoups oŶ ďoth sides of diaphƌagŵ 

Stage IV Multiple eǆtƌaŶodal sites oƌ lǇŵph Ŷodes aŶd eǆtƌaŶodal disease 

 

The ŵajoƌitǇ of FL patieŶts pƌeseŶt ǁith adǀaŶĐed disease at tiŵe of diagŶosis, aŶd 

oŶlǇ ϭϬ-ϮϬ% pƌeseŶt ǁith eaƌlǇ stage disease ;AŶŶ Aƌďoƌ I oƌ IIͿ [55]. Foƌ tƌeatŵeŶt of 



1. Introduction 

 

 

Ϯϴ 

 

liŵited stage oƌ loĐalized FL, loĐal ƌadiotheƌapǇ iŶ the affeĐted aƌeas ƌesults iŶ loŶg 

teƌŵ disease-fƌee suƌǀiǀal aŶd poteŶtial Đuƌe. Hoǁeǀeƌ, foƌ patieŶts ǁith a life 

eǆpeĐtaŶĐǇ loǁeƌ thaŶ ϭϱ Ǉeaƌs a ǁatĐh-aŶd-ǁait stƌategǇ is ofteŶ ŵoƌe appƌopƌiate. 

IŶ ĐoŶtƌast, iŶ adǀaŶĐed stage FL, the tƌeatŵeŶt appƌoaĐh depeŶds oŶ pƌeseŶĐe oƌ 

aďseŶĐe of speĐifiĐ sǇŵptoŵs iŶĐludiŶg the tuŵoƌ ďuƌdeŶ aŶd age of the patieŶt [ϰϴ]. 

The additioŶ of ƌituǆiŵaď, aŶ aŶti-CDϮϬ ŵoŶoĐloŶal aŶtiďodǇ, to ĐoŶǀeŶtioŶal 

ĐheŵotheƌapǇ has sigŶifiĐaŶtlǇ iŵpƌoǀed the outĐoŵe of FL patieŶts [ϱϲ, ϱϳ]. CDϮϬ is 

speĐifiĐallǇ eǆpƌessed iŶ the ŵeŵďƌaŶe of pƌe-B Đells aŶd ŵatuƌe B-Đells, ďoth Ŷoƌŵal 

aŶd tuŵoƌal. TƌeatŵeŶt ǁith this ŵoŶoĐloŶal aŶtiďodǇ pƌoŵotes aŶ iŵŵuŶe ƌespoŶse 

agaiŶst B-Đells ǁith the ďouŶd aŶtiďodǇ. Hoǁeǀeƌ, the optiŵal ĐheŵotheƌapǇ 

ďaĐkďoŶe ƌeŵaiŶs uŶdeĐided. The ŵost ĐoŵŵoŶlǇ used ĐheŵotheƌapǇ ďaĐkďoŶe 

ƌegiŵeŶs aƌe a ĐoŵďiŶatioŶ of ĐǇĐlophosphaŵide, ǀiŶĐƌistiŶe aŶd pƌedŶisoŶe ;CVPͿ, 

the ĐoŵďiŶatioŶ of ĐǇĐlophosphaŵide, doǆoƌuďiĐiŶ, ǀiŶĐƌistiŶe aŶd pƌedŶisoŶe 

;CHOPͿ, oƌ oŶlǇ ďeŶdaŵustiŶe [ϰϴ].  

The pƌogŶosis foƌ aŶ iŶdiǀidual patieŶt ĐaŶ ďe estiŵated usiŶg The FolliĐulaƌ 

LǇŵphoŵa IŶteƌŶatioŶal PƌogŶostiĐ IŶdeǆ ;FLIPIͿ that suďĐlassifies patieŶts aĐĐoƌdiŶg 

to fiǀe iŶdepeŶdeŶt pƌogŶostiĐ faĐtoƌ [58]: Ŷuŵďeƌ of iŶǀolǀed Ŷodal sites laĐtate 

dehǇdƌogeŶase ;LDHͿ leǀels, age >ϲϬ Ǉeaƌs, stage III oƌ IV disease aŶd haeŵogloďiŶ 

leǀels ;Đut-off <ϭϮg/dLͿ. The FLIPI pƌoǀides a ƌoughlǇ eƋual distƌiďutioŶ of patieŶts 

aĐƌoss loǁ-ƌisk ;Ϭ-ϭ faĐtoƌͿ, iŶteƌŵediate-ƌisk ;Ϯ faĐtoƌsͿ, oƌ high-ƌisk ;>ϯ faĐtoƌsͿ 

Đategoƌies. The ϭϬ-Ǉeaƌ OS ƌates ĐalĐulated foƌ the oƌigiŶal Đohoƌt used to ĐalĐulate the 

iŶdeǆ ǁeƌe ϳϭ% ;loǁ ƌiskͿ, ϱϭ% ;iŶteƌŵediate ƌiskͿ, aŶd ϯϲ% ;high ƌiskͿ [ϱϴ]. Hoǁeǀeƌ, it 

should ďe ďoƌŶe iŶ ŵiŶd that the FLIP iŶdeǆ ǁas deƌiǀed fƌoŵ FL patieŶts ;>ϰϬϬϬͿ 

tƌeated ďefoƌe the adǀeŶt of ƌoutiŶe ƌituǆiŵaď tƌeatŵeŶt [59]. AŶ alteƌŶatiǀe iŶdeǆ, 

FLIPI-Ϯ deǀeloped iŶ the post-ƌituǆiŵaď eƌa iŶĐludes, age > ϲϬ Ǉeaƌs, eleǀated ďϮ-

ŵiĐƌogloďuliŶ ;BϮMͿ, haeŵogloďiŶ <ϭϮ g/dL, ďoŶe ŵaƌƌoǁ iŶǀolǀeŵeŶt, aŶd lǇŵph 

Ŷode diaŵeteƌ >ϲ Đŵ as iŶdepeŶdeŶt ƌisk faĐtoƌs foƌ pooƌ pƌogƌessioŶ-fƌee suƌǀiǀal 

;PFSͿ [ϲϬ].  
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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 [ϲϭ]. 
 

Also, ŵoƌe ƌeĐeŶtlǇ, a ĐliŶiĐ-geŶetiĐ ŵodel that iŶtegƌates the ŵutatioŶal status of ϳ 

geŶes ;EZHϮ, ARIDϭA, MEFϮB, EPϯϬϬ, FOXϬϭ, CREBBP, aŶd CARDϭϭͿ ǁas added to FLIPI 

;Đalled ŵϳ-FLIPIͿ, aŶd ǁas shoǁŶ to ďe ŵoƌe effiĐieŶt iŶ ideŶtifǇiŶg high ƌisk FL 

populatioŶs ;Figuƌe ϭ.ϳͿ. Hoǁeǀeƌ, this sǇsteŵ Ŷeeds to ďe ǀalidated pƌospeĐtiǀelǇ [ϲϭ]. 

It has ďeeŶ oďseƌǀed that oŶe of stƌoŶgest pƌediĐtoƌ of loŶg-teƌŵ outĐoŵes iŶ FL is the 

leŶgth of fiƌst ƌeŵissioŶ afteƌ a staŶdaƌd iŵŵuŶoĐheŵotheƌapǇ iŶduĐtioŶ, ǁith 

patieŶts that eǆpeƌieŶĐe ƌelapse ǁithiŶ Ϯ Ǉeaƌs haǀiŶg the ǁoƌse pƌogŶosis [ϲϮ]. 

ͳ.͵.ͳ.ʹ Pathogenesis of FL 

FL aƌises fƌoŵ the ŵaligŶaŶt tƌaŶsfoƌŵatioŶ of Ŷoƌŵal GC B-Đells. The fiƌst eǀeŶt of the 

oŶĐogeŶiĐ ĐasĐade is geŶeƌallǇ attƌiďuted to the Đhƌoŵosoŵal tƌaŶsloĐatioŶ 

t;ϭϰ;ϭϴͿ;ƋϯϮ;ƋϮϭͿ, ǁhiĐh is ĐoŶsideƌed the ŵoleĐulaƌ hallŵaƌk of this pathologǇ aŶd 

pƌeseŶt iŶ ϴϱ% of FL Đases [ϲϯ]. This soŵatiĐ ƌeaƌƌaŶgeŵeŶt is thought to ďe 

ĐoŶseƋueŶĐe of defeĐtiǀe RAG-ŵediated VDJ ƌeĐoŵďiŶatioŶ iŶ the ďoŶe ŵaƌƌoǁ 

duƌiŶg B-Đell lǇŵphopoiesis [ϲϰ, ϲϱ]. The t;ϭϰ;ϭϴͿ tƌaŶsloĐatioŶ leads to ĐoŶstitutiǀe 

eǆpƌessioŶ of the aŶti-apoptotiĐ BCLϮ pƌoteiŶ as the pƌoteiŶ eŶĐodiŶg ƌegioŶ of the 

geŶe Đoŵes uŶdeƌ ĐoŶtƌol of the highlǇ eǆpƌessed IGH pƌoŵoteƌ ƌegioŶ. WheŶ these 

Ŷaiǀe B Đells ĐaƌƌǇiŶg the t;ϭϰ;ϭϴͿ eǆit the ďoŶe ŵaƌƌoǁ, theǇ ĐoloŶize seĐoŶdaƌǇ 

lǇŵphoid tissue aŶd uŶdeƌgo a GC ƌeaĐtioŶ theǇ haǀe a suƌǀiǀal adǀaŶtage due to theiƌ 
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ĐoŶstitutiǀe eǆpƌessioŶ of BCLϮ, ǁhiĐh is Ŷot ŶoƌŵallǇ eǆpƌessed iŶ the geƌŵiŶal ĐeŶteƌ 

[ϲϰ, ϲϲ].  

Hoǁeǀeƌ, Đells haƌďouƌiŶg t;ϭϰ;ϭϴͿ ĐaŶ ďe deteĐted iŶ the peƌipheƌal ďlood of >ϱϬ% of 

healthǇ iŶdiǀiduals, suggestiŶg that the ƌeaƌƌaŶgeŵeŶt itself is iŶsuffiĐieŶt foƌ 

ŵaligŶaŶt tƌaŶsfoƌŵatioŶ aŶd that seĐoŶdaƌǇ geŶetiĐ alteƌatioŶs aƌe ƌeƋuiƌed [ϲϳ, ϲϴ]. 

These alteƌatioŶs aƌe likelǇ to ďe aĐƋuiƌed duƌiŶg the SHM pƌoĐess iŶ geƌŵiŶal ĐeŶtƌes 

[ϲϵ]. IŶ additioŶ, soŵe ƌeĐuƌƌeŶt Đhƌoŵosoŵal aďŶoƌŵalities aƌe also ĐoŵŵoŶ iŶ FL 

suĐh as losses of ϭpϯϲ aŶd ϲƋ as ǁell as gaiŶs of ϳ,ϭϴ aŶd X [ϳϬ, ϳϭ]. AŶalǇsis of geŶes 

ĐoŶtaiŶed iŶ deleted ƌegioŶs has led to ideŶtifiĐatioŶ of ĐƌitiĐal tuŵouƌ suppƌessoƌs 

suĐh as EPHAϳ aŶd TNFRSFϭϰ [ϳϮ, ϳϯ].  

MutatioŶs iŶ histoŶe-ŵodifǇiŶg geŶes haǀe also ďeeŶ fouŶd to ďe ĐhaƌaĐteƌistiĐ of 

geƌŵiŶal ĐeŶtƌe deƌiǀed lǇŵphoŵas suĐh as FL. MutatioŶs iŶ ĐhƌoŵatiŶ-ŵodifǇiŶg 

geŶes oĐĐuƌ ǁith high fƌeƋueŶĐǇ, affeĐtiŶg histoŶe ŵethǇltƌaŶsfeƌases, histoŶe 

aĐetǇltƌaŶsfeƌases oƌ histoŶe liŶkeƌ pƌoteiŶs, suggestiŶg that these ŵutatioŶs aĐt iŶ 

ĐoŶĐeƌt, ƌatheƌ thaŶ iŶdepeŶdeŶtlǇ, to pƌoŵote lǇŵphoŵageŶesis. Foƌ eǆaŵple, 

tƌuŶĐatiŶg aŶd ŵisseŶse ŵutatioŶs affeĐtiŶg KMTϮD aƌe oďseƌǀed iŶ ϲϬ-ϳϬ% of FL 

Đases aŶd loss of KMTϮD ƌesults iŶ deĐƌeased gloďal HϯKϰ ŵethǇlatioŶ leǀels aŶd 

doǁŶ-ƌegulatioŶ of keǇ sets of geŶes iŶǀolǀed iŶ iŵŵuŶe sigŶalliŶg aŶd B Đell 

diffeƌeŶtiatioŶ [ϳϰ, ϳϱ]. Also, iŶaĐtiǀatiŶg ŵutatioŶs of CREBBP aŶd EPϯϬϬ 

aĐetǇltƌaŶsfeƌases aƌe fƌeƋueŶtlǇ fouŶd iŶ FL ĐaŶ haǀe aŶ iŵpaĐt oŶ gloďal geŶe 

eǆpƌessioŶ [ϳϲ]. GaiŶ-of-fuŶĐtioŶ ŵutatioŶs of EZHϮ iŶĐƌease geŶe ƌepƌessioŶ ǀia 

eŶhaŶĐed HϯKϮϳ tƌiŵethǇlatioŶ aŶd this tƌaŶsĐƌiptioŶal pƌofile faǀouƌs pƌolifeƌatioŶ of 

lǇŵphoŵa Đells aŶd ƌesults also iŶ ƌepƌessioŶ of plasŵa Đell diffeƌeŶtiatioŶ sigŶatuƌes 

[ϳϳ]. EZHϮ is a ǁell ĐhaƌaĐteƌized histoŶe ŵethǇltƌaŶfeƌase iŶ lǇŵphoŵa. It is the 

ĐatalǇtiĐ suďuŶit of the PolǇĐoŵď Repƌessiǀe Coŵpleǆ Ϯ ;PRCϮͿ, ǁhiĐh is ƌespoŶsiďle iŶ 

phǇsiologiĐal ĐoŶditioŶs, foƌ healthǇ eŵďƌǇoŶiĐ deǀelopŵeŶt thƌough the epigeŶetiĐ 

ŵaiŶteŶaŶĐe of geŶes ƌespoŶsiďle foƌ ƌegulatiŶg deǀelopŵeŶt aŶd diffeƌeŶtiatioŶ[ϳϴ]. 

EZHϮ has ďeeŶ shoǁŶ upƌegulated iŶ B Đells duƌiŶg the geƌŵiŶal ĐeŶtƌe ƌeaĐtioŶ 

pƌoŵotiŶg Đell pƌolifeƌatioŶ [ϳϵ]. AĐtiǀatiŶg soŵatiĐ ŵutatioŶs iŶ the ĐatalǇtiĐ SET 

doŵaiŶ of EZHϮ haǀe ďeeŶ ideŶtified iŶ ŵoƌe thaŶ Ϯϱ% of folliĐulaƌ lǇŵphoŵa patieŶts 

aŶd haǀe ďeeŶ suggested as eaƌlǇ eǀeŶts iŶ FL [ϴϬ]. 
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SiŵilaƌlǇ, fƌeƋueŶt soŵatiĐ ŵutatioŶs iŶ MEFϮB tƌaŶsĐƌiptioŶ faĐtoƌ haǀe ďeeŶ also 

ideŶtified aŶd ƌesult iŶ aŶ eŶhaŶĐed tƌaŶsĐƌiptioŶal aĐtiǀitǇ. MEFϮB has ďeeŶ desĐƌiďed 

as a tƌaŶsĐƌiptioŶal aĐtiǀatoƌ of BCLϲ, theƌefoƌe, this ŵeĐhaŶisŵ ŵaǇ ĐoŶtƌiďute to 

lǇŵphoŵageŶesis as BCLϲ plaǇs a keǇ ƌole iŶ geƌŵiŶal ĐeŶtƌes foƌŵatioŶ aŶd 

ŵaiŶteŶaŶĐe aŶd is fƌeƋueŶtlǇ oǀeƌeǆpƌessed iŶ FL [ϴϭ]. IŶ additioŶ, ŵutatioŶs 

affeĐtiŶg geŶes iŶǀolǀed iŶ iŵŵuŶe ŵodulatioŶ ;BϮM, CDϱϴ, TNFRSFϭϰͿ, JAK-STAT 

sigŶalliŶg ;SOCSϭ aŶd STATϲͿ, BCR/NF-ʃB sigŶalliŶg ;BCLϭϬ, CARDϭϭ, CDϳϵBͿ aŶd ŵTOR 

sigŶalliŶg ;RRAGCͿ haǀe ďeeŶ ƌepoƌted [ϴϮ, ϴϯ].  

IŶ additioŶ to the tuŵouƌ Đells theŵselǀes, the ŵiĐƌoeŶǀiƌoŶŵeŶt plaǇs a ĐƌuĐial ƌole iŶ 

FL pathogeŶesis. This is highlighted ďǇ the faĐt that ŵaligŶaŶt FL Đells aƌe uŶaďle to 

gƌoǁ iŶ ǀitƌo iŶ the aďseŶĐe of eǆtƌiŶsiĐ suƌǀiǀal sigŶals [ϴϰ, ϴϱ]. FL tuŵouƌs aƌe highlǇ 

iŶfiltƌated ďǇ ŶoŶ-ŵaligŶaŶt Đells that aƌe ŶoƌŵallǇ pƌeseŶt iŶ geƌŵiŶal ĐeŶtƌes iŶ 

phǇsiologiĐal ĐoŶditioŶs. FL Đells ƌetaiŶ depeŶdeŶĐǇ oŶ BCR eǆpƌessioŶ. Theƌefoƌe, Đells 

fƌoŵ the ŵiĐƌoeŶǀiƌoŶŵeŶt suppoƌt theiƌ pƌolifeƌatioŶ aŶd suƌǀiǀal. SHM iŶ FL Đells ĐaŶ 

iŶtƌoduĐe alteƌatioŶs iŶ the ǀaƌiaďle ƌegioŶ of BCR, ŵakiŶg theŵ ŵoƌe ƌeaĐtiǀe aŶd 

alloǁiŶg the iŶteƌaĐtioŶ ǁith GC ŵiĐƌoeŶǀiƌoŶŵeŶt Đells eǀeŶ iŶ the aďseŶĐe of 

aŶtigeŶ pƌeseŶtatioŶ [ϰϴ]. IŶ additioŶ, it has ďeeŶ shoǁŶ that the eǆpƌessioŶ pƌofile of 

iŶfiltƌatiŶg T lǇŵphoĐǇtes is diffeƌeŶt ďetǁeeŶ the oŶes pƌeseŶt iŶ FL tuŵouƌs aŶd iŶ 

healthǇ iŶdiǀiduals. T helpeƌ lǇŵphoĐǇtes aƌe sigŶifiĐaŶtlǇ eŶƌiĐhed iŶ FL tuŵouƌs 

stiŵulatiŶg CDϰϬ sigŶalliŶg aŶd seĐƌeatiŶg ILϰ to pƌoŵote tuŵoƌ Đell suƌǀiǀal aŶd 

gƌoǁth [ϴϲ-ϴϴ] suggestiŶg that tuŵoƌ Đells ͞ƌe-eduĐate͟ the tuŵoƌ ŵiĐƌoeŶǀiƌoŶŵeŶt. 

ͳ.͵.ͳ.͵ High grade transformation  

AppƌoǆiŵatelǇ ϰϱ% of FL patieŶts ǁill eǆpeƌieŶĐe histologiĐal tƌaŶsfoƌŵatioŶ to a ŵoƌe 

aggƌessiǀe tǇpe of lǇŵphoŵa, teƌŵed tƌaŶsfoƌŵed FL ;tFLͿ, dƌastiĐallǇ ƌeduĐiŶg theiƌ 

life eǆpeĐtaŶĐǇ fƌoŵ ŵediaŶ oǀeƌall suƌǀiǀal of ϭϮ Ǉeaƌs to just oǀeƌ Ϯ Ǉeaƌs [ϴϵ]. 

TƌaŶsfoƌŵatioŶ is also assoĐiated ǁith a ŵoƌe aggƌessiǀe ĐliŶiĐal Đouƌse, aŶd ƌesistaŶĐe 

to tƌeatŵeŶt. The oĐĐuƌƌeŶĐe of high-gƌade tƌaŶsfoƌŵatioŶ is laƌgelǇ diagŶosed oŶ the 

ďasis of histologiĐal featuƌes. Most ĐoŵŵoŶlǇ this is defiŶed ďǇ the pƌopoƌtioŶ of laƌge 

Đells iŶfiltƌatiŶg the lǇŵph Ŷodes iŶĐƌeasiŶg leadiŶg to effaĐeŵeŶt of folliĐulaƌ 

aƌĐhiteĐtuƌe aŶd ďeĐoŵiŶg ŵoƌe ĐhaƌaĐteƌistiĐ of DLBCL ŵoƌphologǇ ;Figuƌe ϭ.ϴͿ. The 

siŵultaŶeous pƌeseŶĐe of FL aŶd DLBCL iŶ the saŵe iŶitial diagŶostiĐ ďiopsǇ ƌepƌeseŶts 
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a Đoŵposite histologǇ ǁhiĐh iŵplies ďut does Ŷot ŶeĐessaƌilǇ ĐoŶfiƌŵ aŶ eaƌlǇ 

tƌaŶsfoƌŵatioŶ of FL [ϴϵ]. Foƌ this ĐoŶfiƌŵatioŶ, a deŵoŶstƌatioŶ of a ĐloŶal 

ƌelatioŶship ďetǁeeŶ the oƌigiŶal FL aŶd suďseƋueŶt Ŷeoplasŵs is ƌeƋuiƌed. This ĐaŶ ďe 

estaďlished ďǇ aŶalǇsiŶg the ǀaƌiaďle ƌegioŶ of Ig geŶe aŶd shoǁiŶg that theǇ shaƌe a 

ďaĐkďoŶe of ĐoŵŵoŶ soŵatiĐ ŵutatioŶs [ϴϵ].  

 

 

 

Figuƌe ϭ.ϴ: HistologiĐal tƌaŶsfoƌŵatioŶ of FL to DLBCL. The figuƌe shoǁs the tǇpiĐal folliĐulaƌ 

patteƌŶ of a FL tuŵouƌ ǀeƌsus a diffuse aƌĐhiteĐtuƌe afteƌ histologiĐal tƌaŶsfoƌŵatioŶ ǁith a 

high pƌopoƌtioŶ of iŶfiltƌatiŶg laƌge Đells. Modified fƌoŵ Lossos, et al. ϮϬϭϭ [ϴϵ]. 

 

FL tƌaŶsfoƌŵatioŶ does Ŷot oĐĐuƌ due to a siŶgle geŶetiĐ oƌ epigeŶetiĐ eǀeŶt, ďut 

appeaƌs to aƌise thƌough a suďset of aĐƋuisitioŶs of geŶetiĐ aďeƌƌatioŶs. tFL tuŵoƌs aƌe 

tǇpiĐallǇ geŶetiĐallǇ ŵoƌe Đoŵpleǆ thaŶ to theiƌ aŶteĐedeŶt folliĐulaƌ lǇŵphoŵa 

tuŵouƌs [ϵϬ]. FL tƌaŶsfoƌŵatioŶ is assoĐiated ǁith alteƌatioŶs that deƌegulate Đell-ĐǇĐle 

pƌogƌessioŶ aŶd DNA daŵage ƌespoŶse geŶes suĐh as CDKNϮA/B, TPϱϯ aŶd MYC. The 

oŶĐogeŶe MYC, iŶ paƌtiĐulaƌ, ĐaŶ ďe deƌegulated iŶ a Ŷuŵďeƌ of ǁaǇs iŶĐludiŶg ĐopǇ 

Ŷuŵďeƌ aŵplifiĐatioŶs, poiŶt ŵutatioŶs aŶd tƌaŶsloĐatioŶs [ϵϭ]. IŶ additioŶ, aĐƋuisitioŶ 

of soŵatiĐ ŵutatioŶs affeĐtiŶg ƌegulatoƌs of NF-ʃB sigŶalliŶg suĐh as iŶ MYDϴϴ aŶd 

TNFAIPϯ has ďeeŶ assoĐiated ǁith tƌaŶsfoƌŵatioŶ [ϴϮ]. These ŵutatioŶs aƌe tǇpiĐallǇ 

assoĐiated ǁith aŶ aĐtiǀated B-Đell-like ;ABCͿ pheŶotǇpe [ϵϮ, ϵϯ]. IŶ ĐoŶtƌast to this, 

the Đell of oƌigiŶ of tFL is Đlassified as a geƌŵiŶal ĐeŶtƌe B-Đell-like ;GCBͿ pheŶotǇpe iŶ 

appƌoǆiŵatelǇ ϴϬ% of Đases [ϵϰ]. AďeƌƌatioŶs iŶ BCLϲ, CIITA, PAXϱ, PIMϭ, BϮM, EBFϭ 

aŶd TNFRSFϭϰ aƌe ŶotaďlǇ iŶĐƌeased iŶ tFL [ϴϮ, ϵϭ, ϵϱ], as ǁell as ŵutatioŶs iŶ BCLϮ 

that haǀe ďeeŶ shoǁŶ iŶĐƌeased at tƌaŶsfoƌŵatioŶ aŶd Đoƌƌelate ǁith a higheƌ ƌisk of 
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death [ϵϲ]. TƌaŶsfoƌŵatioŶ has also ďeeŶ suggested to oĐĐuƌ fƌoŵ the ĐloŶal eǆpaŶsioŶ 

of ŵiŶoƌ suďĐloŶes that ďeĐoŵe doŵiŶaŶt uŶdeƌ stƌoŶg seleĐtiǀe pƌessuƌe [ϵϳ]. 

AĐĐoƌdiŶg to this hǇpothesis, tƌaŶsfoƌŵatioŶ ƌesults fƌoŵ diǀeƌgeŶt ĐloŶal eǀolutioŶ 

ǁheƌeďǇ ďoth FL aŶd tƌaŶsfoƌŵed FL ;tFLͿ doŵiŶaŶt ĐloŶes deƌiǀe fƌoŵ a ĐoŵŵoŶ 

pƌogeŶitoƌ Đell thƌough the iŶdepeŶdeŶt aĐƋuisitioŶ of distiŶĐt ŵutatioŶs [ϵϭ]. 

CuƌƌeŶtlǇ theƌe aƌe Ŷo ďioŵaƌkeƌs to pƌediĐt those patieŶts that aƌe at ƌisk of 

tƌaŶsfoƌŵatioŶ. The ideŶtifiĐatioŶ of suĐh ďioŵaƌkeƌs Đould gƌeatlǇ iŵpƌoǀe the 

outĐoŵe foƌ these patieŶts ďǇ alloǁiŶg theŵ to ďe tƌeated ǁith ŵoƌe aggƌessiǀe 

theƌapǇ upfƌoŶt. 

1.3.2 Diffuse Large B-Cell Lymphoma (DLBCL) 

Diffuse Laƌge B Cell LǇŵphoŵa ;DLBCLͿ is the ŵost ĐoŵŵoŶ tǇpe of lǇŵphoŵa 

aĐĐouŶtiŶg foƌ ϰϬ% of all lǇŵphoŵas iŶ WesteƌŶ ĐouŶtƌies ǁith aŶ aŶŶual iŶĐideŶĐe of 

ϴ.ϯ Ŷeǁ Đases peƌ ϭϬϬ,ϬϬϬ haďitaŶts. The ŵediaŶ age at tiŵe of diagŶosis is ϳϬ Ǉeaƌs 

old ǁith a slight ŵale pƌedoŵiŶaŶĐe. Siŵilaƌ to FL, the iŶĐideŶĐe of DLBCL also 

iŶĐƌeases ǁith age ;Figuƌe ϭ.ϵͿ [ϱ].  

 

 

Figuƌe ϭ.ϵ: Age-speĐifiĐ iŶĐideŶĐe of FL aŶd DLBCL. IŶĐideŶĐe ƌates peƌ ϭϬϬ,ϬϬϬ iŶhaďitaŶts. 

Data fƌoŵ HaeŵatologiĐal MaligŶaŶĐǇ ReseaƌĐh Netǁoƌk ;HMRNͿ ϮϬϬϰ–ϮϬϭϮ. Modified fƌoŵ 

Sŵith A, et al. ϮϬϭϱ [ϱ].  

 

CliŶiĐallǇ, ŵost patieŶts pƌeseŶt ǁith a ƌapidlǇ gƌoǁiŶg tuŵouƌ ŵass iŶǀolǀiŶg oŶe oƌ 

ŵoƌe lǇŵph Ŷodes aŶd eǆtƌaŶodal sites ;~ϰϬ% of patieŶtsͿ. Aďout half of patieŶts 
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pƌeseŶt ǁith stage I-II disease aŶd the otheƌ half ǁith adǀaŶĐe disease oƌ stage III-IV 

aĐĐoƌdiŶg to AŶŶ Aƌďoƌ stagiŶg sǇsteŵ. IŶ additioŶ, appƌoǆiŵatelǇ oŶe-thiƌd of patieŶts 

pƌeseŶt ǁith assoĐiated B sǇŵptoŵs ;i.e. feǀeƌ, ǁeight loss aŶd Ŷight sǁeatsͿ, aŶd 

soŵe patieŶts ǁith sǇŵptoŵs assoĐiated ǁith oƌgaŶ;sͿ iŶǀolǀeŵeŶt. The fƌeƋueŶĐǇ of 

ďoŶe ŵaƌƌoǁ iŶǀolǀeŵeŶt iŶ DLBCL is ϭϬ-ϮϬ% aŶd is assoĐiated ǁith a ǁoƌse oǀeƌall 

suƌǀiǀal [98]. IŶĐƌeased leǀels of seƌuŵ laĐtase dehǇdƌogeŶase ;LDHͿ aŶd ďeta-Ϯ-

ŵiĐƌogloďuliŶ ;BϮMͿ aƌe ofteŶ fouŶd iŶ DLBCL patieŶts [ϵϵ].  

The staŶdaƌd theƌapǇ foƌ patieŶts ǁith DLBCL is ĐheŵotheƌapǇ, ďased oŶ ƌituǆiŵaď, 

ĐǇĐlophosphaŵide, doǆoƌuďiĐiŶ, ǀiŶĐƌistiŶe aŶd pƌedŶisoŶe ;R-CHOPͿ. UsiŶg this 

theƌapeutiĐ appƌoaĐh aƌouŶd ϲϬ-ϳϬ% of patieŶts aƌe Đuƌed. Hoǁeǀeƌ, ϯϬ-ϰϬ% of theŵ 

ǁill ƌelapse oƌ ďeĐoŵe ƌefƌaĐtoƌǇ to R-CHOP tƌeatŵeŶt seƌiouslǇ ĐoŵpƌoŵisiŶg theiƌ 

outĐoŵe [ϭϬϬ].  

ͳ.͵.ʹ.ͳ Diagnosis, molecular classification and prognosis molecular 
predictors 

DLBCL is ĐhaƌaĐteƌised at the ŵoƌphologiĐal leǀel ďǇ laƌge ŶeoplastiĐ Đells ǁith a high 

pƌolifeƌatiǀe iŶdeǆ aƌƌaŶged iŶ a diffuse patteƌŶ that totallǇ oƌ paƌtiallǇ effaĐes Ŷoƌŵal 

lǇŵph Ŷode aƌĐhiteĐtuƌe. Thƌee ŵoƌphologiĐal ǀaƌiaŶts ĐaŶ ďe distiŶguished: 

ĐeŶtƌoďlastiĐ, iŵŵuŶoďlastiĐ aŶd aŶaplastiĐ, the ŵost ĐoŵŵoŶ ďeiŶg the ĐeŶtƌoďlastiĐ 

ǀaƌiaŶt ;ϴϬ% of patieŶtsͿ [ϵϵ]. DLBCL is diagŶosed ǁith a ďiopsǇ of aŶ affeĐted lǇŵph 

Ŷode oƌ fƌoŵ eǆtƌagaŶglioŶaƌ affeĐted tissue that is iŵŵuŶopheŶotǇped ďǇ eitheƌ 

iŵŵuŶohistoĐheŵistƌǇ oƌ floǁ ĐǇtoŵetƌǇ usiŶg the B Đell liŶage ŵaƌkeƌs CDϭϵ, CDϮϬ, 

CDϮϮ aŶd CDϳϵA aŶd ofteŶ the additioŶal ŵaƌkeƌs, CDϱ, CDϭϬ, BCLϲ, IRFϰ/MUMϭ, Đ-

MYC, BCLϮ, kiϲϳ ;>ϰϬ%Ϳ aŶd CDϯϬ [ϰ, ϭϬϭ]. 

DLBCL is ĐliŶiĐallǇ a heteƌogeŶous disease that is ƌefleĐted at the ŵoleĐulaƌ leǀel ďǇ 

geŶe eǆpƌessioŶ pƌofiliŶg ;GEPͿ ŵiĐƌoaƌƌaǇ studies. The seŵiŶal ǁoƌk of Alizadeh et al 

iŶ ϮϬϬϬ fiƌst ƌeǀealed that DLBCL Đases Đould ďe diǀided iŶto tǁo distiŶĐt ŵoleĐulaƌ 

suďtǇpes, geƌŵiŶal ĐeŶtƌe B-Đell like ;GCBͿ aŶd aĐtiǀated B-Đell like ;ABCͿ as ǁell as a 

sŵall uŶĐlassifiĐaďle suďgƌoup [ϭϬϮ]. These tǁo ŵoleĐulaƌlǇ distiŶĐt foƌŵs of DLBCL 

haǀe geŶe eǆpƌessioŶ patteƌŶs iŶdiĐatiǀe of diffeƌeŶt stages of B-Đell diffeƌeŶtiatioŶ. 

Fuƌtheƌŵoƌe, this studǇ shoǁed that the ŵoleĐulaƌ suďtǇpes ǁeƌe also pƌogŶostiĐallǇ 
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sigŶifiĐaŶt aŶd that patieŶts ǁith GCB-deƌiǀed disease had a ďetteƌ oǀeƌall suƌǀiǀal 

thaŶ ŶoŶ-GCB patieŶts. OŶ the ďasis of this studǇ aŶd the ŵaŶǇ ĐoŶfiƌŵatoƌǇ studies 

that folloǁed, the ƌeǀised WHO ĐlassifiĐatioŶ ƌeĐoŵŵeŶds assessiŶg the Đell of oƌigiŶ 

foƌ all DLBCL Đases [ϭ]. Hoǁeǀeƌ, this iŶfoƌŵatioŶ is Ŷot Ǉet ĐliŶiĐallǇ ƌeleǀaŶt as, ǁith 

the eǆĐeptioŶ of ĐliŶiĐal tƌials, the saŵe theƌapeutiĐ stƌategies aƌe used iŶdepeŶdeŶtlǇ 

of the ŵoleĐulaƌ suďtǇpe. The high Đosts aŶd ŶeĐessitǇ of fƌesh oƌ fƌesh fƌozeŶ ŵateƌial 

foƌ ŵiĐƌoaƌƌaǇ teĐhŶologǇ ŵeaŶs that GEP ŵoleĐulaƌ ĐlassifiĐatioŶ is out of ƌeaĐh foƌ 

ŵost ƌoutiŶe ĐliŶiĐs. As a ƌesult, ǀaƌious iŵŵuŶohistoĐheŵiĐal ;IHCͿ algoƌithŵs haǀe 

ďeeŶ deǀeloped as suƌƌogates foƌ GEP to pƌediĐt the Đell-of-oƌigiŶ of DLBCL Đases. 

AŵoŶg those, the HaŶs algoƌithŵ is the ŵost ĐoŵŵoŶlǇ used [ϭϬϯ]. This sǇsteŵ 

eŵploǇs CDϭϬ, BCLϲ aŶd MUMϭ eǆpƌessioŶ usiŶg ϯϬ% positiǀitǇ Đut-offs to ĐlassifǇ 

ďetǁeeŶ GCB aŶd ŶoŶ-GCB tuŵouƌs aĐĐoƌdiŶg to the folloǁiŶg sĐheŵa ;Figuƌe ϭ.ϭϬͿ: 

 

 

Figuƌe ϭ.ϭϬ: HaŶs algoƌithŵ, aĐĐoƌdiŶg to CDϭϬ, BCL-ϲ aŶd MUMϭ eǆpƌessioŶ. 

The HaŶs algoƌithŵ hoǁeǀeƌ is Ŷot paƌtiĐulaƌlǇ aĐĐuƌate, ǁith a ĐoŶĐoƌdaŶĐe of ϳϲ% 

ǁith Đell of oƌigiŶ deteĐted ďǇ GEP. CoŶseƋueŶtlǇ, otheƌ algoƌithŵs haǀe ďeeŶ 

pƌoposed ǁith iŵpƌoǀed ĐoŶĐoƌdaŶĐe to GEP ĐlassifiĐatioŶ of up to ϵϯ%. These 

algoƌithŵs use additioŶal aŶtiďodies agaiŶst of the GC-ŵaƌkeƌ SERPINA9 (GCETϭͿ aŶd 

ABC-ŵaƌkeƌ FOXPϭ [ϭϬϰ, ϭϬϱ]. Hoǁeǀeƌ, these alteƌŶatiǀes aƌe Ŷot iŶ ǁidespƌead use 

Ǉet pƌoďaďlǇ as a ƌesult of the assoĐiated additioŶal Đosts of the eǆtƌa staiŶiŶg ƌeƋuiƌed. 

DLBCL tuŵouƌs usuallǇ pƌeseŶt a Đoŵpleǆ kaƌǇotǇpe aŶd the FISH teĐhŶiƋue is 

geŶeƌallǇ the ŵethod of ĐhoiĐe eǀaluatiŶg the pƌeseŶĐe of Đhƌoŵosoŵal 

ƌeaƌƌaŶgeŵeŶts. Most ĐoŵŵoŶlǇ, paƌaffiŶ eŵďedded tissue seĐtioŶs aƌe used foƌ 

assessiŶg ƌeaƌƌaŶgeŵeŶts iŶ BCLϲ, MYC aŶd BCLϮ ǁhiĐh aƌe the ŵajoƌ tƌaŶsloĐatioŶs iŶ 

DLBCL. IŶ aďout ϯϬ% of Đases BCLϲ, eŶĐoded at Đhƌoŵosoŵe ϯƋϮϳ is juǆtaposed ǁith 
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IGH loĐated oŶ Đhƌoŵosoŵe ϭϰƋϯϮ, although BCLϮ ĐaŶ also ďe tƌaŶsposed to otheƌ 

loĐi. Foƌ eǆaŵple, IGH-BCLϮ tƌaŶsloĐatioŶ t;ϭϰ;ϭϴͿ;ƋϮϭ;ƋϯϮͿ is also oďseƌǀed iŶ ϮϬ-ϯϬ% 

of Đases as ǁell as tƌaŶsloĐatioŶs iŶǀolǀiŶg MYC at ϴƋϮϰ iŶ ϭϬ-ϭϱ% of Đases, that is  

assoĐiated ǁith high-gƌade ŵoƌphologiĐal featuƌes aŶd ďad pƌogŶosis [ϭϬϲ]. SiŵilaƌlǇ, 

soŵe studies haǀe shoǁŶ that MYC aŵplifiĐatioŶs haǀe a Ŷegatiǀe iŵpaĐt oŶ oǀeƌall 

suƌǀiǀal eǀeŶ if the degƌee of Ŷegatiǀe pƌogŶosis is less thaŶ ǁith the ƌeaƌƌaŶgeŵeŶt 

[ϭϬϳ, ϭϬϴ]. BCLϮ ƌeaƌƌaŶgeŵeŶts also seeŵ to Đoƌƌelate ǁith pooƌeƌ pƌogŶosis iŶ 

patieŶts ǁith GCB suďtǇpe, ďut Ŷot iŶ patieŶts ǁith ŶoŶ-GCB suďtǇpe ;ǁheƌe the 

fƌeƋueŶĐǇ is ǀeƌǇ loǁͿ oƌ iŶ the oǀeƌall DLBCL patieŶt gƌoup [ϭϬϵ].  

Those diseases ǁith MYC aŶd aŶotheƌ oŶĐogeŶe ƌeaƌƌaŶgeŵeŶt, usuallǇ BCLϮ ďut less 

ofteŶ BCLϲ aŶd ƌaƌelǇ BCLϯ oƌ CCNDϭ, aƌe kŶoǁŶ as douďle hit lǇŵphoŵas ;DHLͿ. 

Cases ǁith ƌeaƌƌaŶgeŵeŶts of MYC, BCLϮ, aŶd BCLϲ aƌe kŶoǁŶ as tƌiple hit lǇŵphoŵa 

;THLͿ [ϭϭϬ]. PaƌadoǆiĐallǇ, eǀeŶ if theǇ shoǁ aggƌessiǀe ĐliŶiĐal Đouƌses, ŶeaƌlǇ all Đases 

of MYC/BCLϮ DHL aŶd MYC/BCLϮ/BCLϲ THL haǀe a GCB Đell-of-oƌigiŶ [ϭϭϭ]. Also, soŵe 

DLBCL Đases ǁithout tƌaŶsloĐatioŶs ĐaŶ oǀeƌeǆpƌess these oŶĐogeŶes. Douďle 

eǆpƌessoƌ lǇŵphoŵas ;DELͿ aƌe defiŶed as lǇŵphoŵas iŶ ǁhiĐh MYC aŶd BCLϮ aƌe 

oǀeƌeǆpƌessed, ďut Ŷot due to tƌaŶsloĐatioŶ aŶd ƌepƌeseŶt Ϯϱ-ϯϱ% of all DLBCL Đases.  

TheǇ aƌe also assoĐiated ǁith pooƌ pƌogŶosis aŶd theǇ aƌe ŵoƌe ĐoŵŵoŶ iŶ ABC/ŶoŶ-

GCB gƌoup [ϭϭϮ, ϭϭϯ]. Otheƌ ďioŵaƌkeƌs foƌ pƌogŶosis iŶ DLBCL aƌe the eǆpƌessioŶ of 

CDϱ, ǁhiĐh is pƌeseŶt iŶ ϱ–ϭϬ% of Đases, aŶd it is ofteŶ assoĐiated ǁith aggƌessiǀe 

ĐliŶiĐal ďehaǀiouƌ aŶd pooƌ suƌǀiǀal ǁheŶ tƌeated ǁith R-CHOP theƌapǇ. These patieŶts 

haǀe ofteŶ a Đoŵpleǆ kaƌǇotǇpe aŶd aƌe usuallǇ aŶ ABC/ŶoŶ-GCB tǇpe [ϭϭϰ]. Also, 

ŵutatioŶs iŶ TPϱϯ haǀe ďeeŶ shoǁŶ to ďe aŶ iŶdepeŶdeŶt pƌediĐtoƌ of pooƌeƌ 

pƌogŶosis. These ŵutatioŶs aƌe pƌeseŶt iŶ aďout ϮϬ% of Đases of DLBCL aŶd oĐĐuƌ iŶ a 

siŵilaƌ fƌeƋueŶĐǇ ďetǁeeŶ GCB aŶd ABC/ŶoŶ-GCB tǇpe [ϭϭϱ]. OŶ the otheƌ haŶd, CDϯϬ 

eǆpƌessioŶ ;ϭϬ–ϭϱ% of ĐasesͿ has ďeeŶ shoǁŶ to Đoƌƌelate ǁith ďetteƌ pƌogŶosis [ϭϭϲ].  

Oǀeƌall, foƌ all these ƌeasoŶs, the ϮϬϭϲ updated ǀeƌsioŶ of WHO ĐlassifiĐatioŶ 

ƌeĐoŵŵeŶds assessiŶg iŶ the iŵŵuŶohistoĐheŵistƌǇ paŶel at the tiŵe of diagŶosis the 

folloǁiŶg: ;ϭͿ the tǇpe of lǇŵphoŵa aĐĐoƌdiŶg to the Đell of oƌigiŶ ;GCB ǀs ŶoŶ-GCBͿ 

usiŶg HaŶs algoƌithŵ as pƌeǀiouslǇ eǆplaiŶed, ;ϮͿ the eǆpƌessioŶ of MYC aŶd BCLϮ 

;douďle eǆpƌessoƌsͿ as aŶ adǀeƌse pƌogŶostiĐ faĐtoƌ, aŶd ;ϯͿ the eǆpƌessioŶ of CDϱ as 
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aŶ adǀeƌse pƌogŶostiĐ faĐtoƌ. IŶ additioŶ, TPϱϯ aŶd CDϯϬ eǆpƌessioŶ ĐaŶ also ďe 

eǀaluated as pƌogŶosis faĐtoƌs. IŶ those Đases ǁith Đ-MYC oǀeƌeǆpƌessioŶ, assessiŶg the 

pƌeseŶĐe of tƌaŶsloĐatioŶs of Đ-MYC usiŶg FISH is ƌeĐoŵŵeŶded. If the ƌesult is 

positiǀe, the pƌeseŶĐe of ƌeaƌƌaŶgeŵeŶts iŶ BCLϮ aŶd BCLϲ should also ďe assessed [ϭ]. 

ͳ.͵.ʹ.ʹ Prognostic assessment and treatment 

IŶ ϭϵϵϰ the iŶteƌŶatioŶal pƌogŶostiĐ iŶdeǆ ;IPIͿ ǁas deǀeloped to stƌatifǇ ƌisk foƌ 

patieŶts diagŶosed ǁith DLBCL. The IPI iŶĐludes fiǀe ǀaƌiaďles ǁhiĐh aƌe adǀeƌse 

pƌogŶostiĐ faĐtoƌs: disease stage, age, peƌfoƌŵaŶĐe status, seƌuŵ LDH leǀels aŶd the 

pƌeseŶĐe oƌ aďseŶĐe of ŵultiple eǆtƌaŶodal sites affeĐted. The IPI sĐoƌe diǀides DLBCL 

patieŶts iŶto fouƌ ƌisk gƌoups: loǁ ƌisk ;Ϭ-ϭ faĐtoƌsͿ, loǁ/iŶteƌŵediate ƌisk ;Ϯ faĐtoƌsͿ, 

iŶteƌŵediate/high ƌisk ;ϯ faĐtoƌsͿ aŶd high ƌisk ;ϰ-ϱ faĐtoƌsͿ [ϭϭϳ]. Hoǁeǀeƌ, ƌituǆiŵaď 

has gƌeatlǇ iŵpƌoǀed the outĐoŵe of patieŶts ǁith DLBCL aŶd as a ƌesult the IPI sĐoƌe 

lost soŵe of its pƌogŶostiĐ poǁeƌ. The NatioŶal CaŶĐeƌ CeŶtƌe Netǁoƌk ;NCCNͿ 

pƌoposed aŶ eŶhaŶĐed IPI sǇsteŵ ǁhiĐh stƌatifies ƌisk iŶ DLBCL patieŶts ŵoƌe 

aĐĐuƌatelǇ iŶ the ĐheŵoiŵŵuŶotheƌapǇ eƌa ;Figuƌe ϭ.ϭϭͿ. The NCCN-IPI ƌefiŶed 

ĐategoƌizatioŶ of age aŶd LDH, aŶd the ideŶtifiĐatioŶ of disease iŶǀolǀeŵeŶt at speĐifiĐ 

eǆtƌaŶodal sites. This sǇsteŵ has a ŵaǆiŵuŵ total sĐoƌe of ϴ poiŶts aŶd ĐaŶ stƌatifǇ 

DLBCL patieŶts iŶto fouƌ distiŶĐt ƌisk gƌoups: loǁ ;Ϭ-ϭ poiŶtͿ; loǁ-iŶteƌŵediate ;Ϯ-ϯ 

poiŶtsͿ; high-iŶteƌŵediate ;ϰ-ϱ poiŶtsͿ; aŶd high ;≥ϲ poiŶtsͿ ;Taďle ϭ.ϯͿ [ϭϭϴ]. 

 

Taďle ϭ.ϯ: PƌogŶosis stƌatifiĐatioŶ of DLBCL aĐĐoƌdiŶg to IPI aŶd NCCN-IPI sĐoƌes. LDH ;laĐtase 

dehǇdƌogeŶaseͿ, CNS ;ĐeŶtƌal Ŷeƌǀous sǇsteŵͿ, GI ;gastƌoiŶtestiŶalͿ. ;*Ϳ ECOG peƌfoƌŵaŶĐe 

status ŵeasuƌes hoǁ disease affeĐts the dailǇ liǀiŶg aďilities of patieŶts [ϭϭϴ]. 
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Figuƌe ϭ.ϭϭ: Risk stƌatifiĐatioŶ poǁeƌ of the tǁo ƌisk faĐtoƌ iŶdeǆes ;NCCN-IPI ǀs IPIͿ. 

Coŵpaƌed ǁith the IPI, the NCCN-IPI ďetteƌ disĐƌiŵiŶated loǁ- aŶd high-ƌisk suďgƌoups ;ϱ-Ǉeaƌ 

oǀeƌall suƌǀiǀal [OS]: ϵϲ% ǀs ϯϯ%Ϳ thaŶ the IPI ;ϱ-Ǉeaƌ OS: ϵϬ% ǀs ϱϰ%Ϳ, ƌespeĐtiǀelǇ. ;Ŷ=ϭϭϯϴ 

patieŶtsͿ. NCCN-IPI is ŵoƌe poǁeƌful thaŶ the IPI foƌ pƌediĐtiŶg suƌǀiǀal iŶ the ƌituǆiŵaď eƌa. 

RepƌoduĐed fƌoŵ Zhou, et al. ϮϬϭϰ [ϭϭϴ]. 

As pƌeǀiouslǇ ŵeŶtioŶed, the staŶdaƌd fƌoŶtliŶe theƌapǇ foƌ patieŶts ǁith DLBCL is 

ĐheŵotheƌapǇ ǁith R-CHOP. The ĐuƌƌeŶt ŵaŶageŵeŶt pƌotoĐol of patieŶts is ďased oŶ 

the ƌisk faĐtoƌs iŶĐludiŶg the IPI sĐoƌe, aloŶg ǁith the degƌee of disseŵiŶatioŶ of the 

disease. IŶ appƌoǆiŵatelǇ ϯϬ% of Đases, DLBCL is pƌeseŶted as liŵited-stage disease, 

tǇpiĐallǇ defiŶed as AŶŶ Aƌďoƌ stage I oƌ II, ŶoŶ-ďulkǇ aŶd ǁithout B-sǇŵptoŵs. 

HistoƌiĐallǇ, theƌapǇ ƌelied oŶ a ĐoŵďiŶed ŵodalitǇ of aďďƌeǀiated ĐheŵotheƌapǇ 

folloǁed ďǇ iŶǀolǀed-field ƌadiotheƌapǇ ;IFRTͿ. Hoǁeǀeƌ, the use of ƌadiotheƌapǇ didŶ͛t 

iŵpƌoǀe oǀeƌall suƌǀiǀal foƌ these patieŶts aŶd theƌefoƌe, sole use of ĐheŵotheƌapǇ 

tƌeatŵeŶt is ƌeĐoŵŵeŶded [ϭϭϵ]. Thƌee to fouƌ ĐǇĐles of R-CHOP folloǁed ĐloselǇ ďǇ 

IFRT, oƌ siǆ ĐǇĐles of R-CHOP ĐheŵoiŵŵuŶotheƌapǇ aƌe the ƌeĐoŵŵeŶded ƌegiŵeŶ foƌ 

these patieŶts [ϭϮϬ]. WheŶ disseŵiŶated disease is diagŶosed, sǇsteŵiĐ 

ĐheŵoiŵŵuŶotheƌapǇ ;R-CHOPͿ adŵiŶisteƌed eǀeƌǇ Ϯϭ daǇs is the staŶdaƌd tƌeatŵeŶt 

[ϭϮϭ].  

The CDϮϬ aŶtiďodǇ Rituǆiŵaď has dƌaŵatiĐallǇ iŵpƌoǀed the outĐoŵe of DLBCL 

patieŶts, aŶd ǁheŶ ĐoŵďiŶed ǁith CHOP ĐheŵotheƌapǇ ;R-CHOPͿ, patieŶts iŶ all ƌisk 

gƌoups haǀe deŵoŶstƌated ďeŶefit iŶ oǀeƌall suƌǀiǀal [ϭϮϮ]. Hoǁeǀeƌ, tƌeatŵeŶt failuƌe 

still oĐĐuƌs. Foƌ those patieŶts ǁith ƌelapsed/ƌefƌaĐtoƌǇ DLBCL, ƌepƌeseŶtiŶg ϯϬ-ϰϬ% of 

patieŶts, high-dose ĐheŵotheƌapǇ aŶd autologous steŵ Đell tƌaŶsplaŶtatioŶ ;ASCTͿ is 

the staŶdaƌd appƌoaĐh. This seĐoŶd-liŶe ĐheŵotheƌapǇ ofteŶ goes iŶ ĐoŵďiŶatioŶ ǁith 
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ƌituǆiŵaď [ϭϮϯ]. Foƌ patieŶts ǁho aƌe Ŷot ĐaŶdidates foƌ ASCT ďeĐause of age oƌ 

Đoŵoƌďidities, palliatiǀe ĐheŵotheƌapǇ should ďe ĐoŶsideƌed. AlteƌŶatiǀelǇ, eŶƌolŵeŶt 

iŶ ĐliŶiĐal tƌials of Ŷeǁ taƌgeted theƌapies ŵight ďe iŶdiĐated. 

Theƌefoƌe, theƌe is a Đleaƌ Ŷeed of ideŶtifǇiŶg Ŷeǁ ďioŵaƌkeƌs to pƌoŵote a ďetteƌ ƌisk 

stƌatifiĐatioŶ of DLBCL patieŶts as ǁell as ďioŵaƌkeƌs foƌ ƌespoŶse to theƌapǇ, to kŶoǁ 

ǁhiĐh patieŶts ǁill do ǁell ǁith R-CHOP ǀeƌsus ǁhiĐh oŶes ǁill ďeŶefit fƌoŵ ŵoƌe 

aggƌessiǀe tƌeatŵeŶt ƌegiŵeŶs. Foƌ eǆaŵple, dose adjusted ƌituǆiŵaď, etoposide, 

pƌedŶisoŶe, ǀiŶĐƌistiŶe, ĐǇĐlophosphaŵide, aŶd doǆoƌuďiĐiŶ ;R-EPOCHͿ Đoŵpaƌed ǁith 

staŶdaƌd R-CHOP as a fiƌst liŶe iŵŵuŶoĐheŵotheƌapǇ ƌesulted iŶ iŵpƌoǀiŶg the 

outĐoŵe iŶ DHL patieŶts [ϭϮϰ]. OŶ the otheƌ haŶd, iŶǀestigatiŶg the ďiologǇ of the 

disease is ĐƌuĐial to deǀelop Ŷoǀel taƌgeted ageŶts agaiŶst speĐifiĐ ŵoleĐulaƌ 

alteƌatioŶs. Altogetheƌ, haǀiŶg a ďetteƌ uŶdeƌstaŶdiŶg of the pathogeŶesis of DLBCL ǁill 

ďe tƌaŶslate iŶto deǀelopiŶg ďetteƌ tools to faĐilitate tƌeatŵeŶt deĐisioŶs alloǁiŶg a 

tƌaŶsitioŶ toǁaƌds a ŵoƌe peƌsoŶalized ĐliŶiĐal ŵaŶageŵeŶt of patieŶts as ǁell as 

iŵpƌoǀiŶg theƌapeutiĐ stƌategies.  

ͳ.͵.ʹ.͵ Pathogenesis DLBCL and novel therapies 

DLBCL ĐaŶ ďe Đlassified iŶto tǁo diffeƌeŶt ŵoleĐulaƌ suďgƌoups aĐĐoƌdiŶg to theiƌ Đell 

of oƌigiŶ aŶd geŶe eǆpƌessioŶ pƌofile. Theƌefoƌe, it is Ŷot suƌpƌisiŶg that these 

suďgƌoups diffeƌ iŶ the ŵoleĐulaƌ ŵeĐhaŶisŵs leadiŶg to lǇŵphoŵageŶesis. GCB-tǇpe 

DLBCL, iŶ ĐoŵŵoŶ ǁith FL, oƌigiŶates fƌoŵ GC B-Đells, so its pathogeŶesis is iŶtiŵatelǇ 

liŶked to the ďiologǇ of the GC ƌeaĐtioŶ. SoŵatiĐ ŵutatioŶs ĐoŵŵoŶ to FL aƌe also 

fouŶd iŶ GC-tǇpe DLBCL suĐh as epigeŶetiĐ ŵodifieƌ pƌoteiŶs EZHϮ, EPϯϬϬ, CREBBP aŶd 

KMTϮD [ϴϬ, ϴϮ]. 

UŶdeƌ phǇsiologiĐal ĐoŶditioŶs, EZHϮ plaǇs aŶ esseŶtial ƌole iŶ the GC foƌŵatioŶ. This 

pƌoĐess faǀouƌs the pƌolifeƌatioŶ of ĐeŶtƌoďlasts aŶd the ďloĐkade of teƌŵiŶal 

diffeƌeŶtiatioŶ. This histoŶe ŵethǇltƌaŶsfeƌase is upƌegulated iŶ ĐeŶtƌoďlasts ǁithiŶ the 

GC pƌoŵotiŶg tƌaŶsĐƌiptioŶal sileŶĐiŶg of the geŶes ƌeƋuiƌed foƌ ŵeŵoƌǇ aŶd plasŵa 

Đell diffeƌeŶtiatioŶ suĐh as IRFϰ aŶd PRDMϭ as ǁell as of ĐheĐkpoiŶt ƌegulatoƌs suĐh as 

CDKNϭA aŶd CDKNϭB [ϳϳ]. MisseŶse ŵutatioŶs iŶ EZHϮ oĐĐuƌ iŶ Ϯϭ.ϳ% of patieŶts ǁith 

GCB-DLBCL ďut aƌe aďseŶt iŶ ABC-DLBCL [ϭϮϱ]. This ŵight ďe ďeĐause EZHϮ ƌepƌesses 
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the geƌŵiŶal ĐeŶtƌe B-Đell eǆit. These ŵutatioŶs aƌe alǁaǇs heteƌozǇgous aŶd aƌe 

loĐated iŶ the EZHϮ ĐatalǇtiĐ SET doŵaiŶ. The ǀast ŵajoƌitǇ of theŵ affeĐt Yϲϰϭ ĐodoŶ 

[ϭϮϱ]. Wheƌeas ǁild tǇpe EZHϮ ŵediates ŵoŶo- aŶd di-ŵethǇlatioŶ of HϯKϮϳ, the Yϲϰϭ 

ŵutaŶt is ŵoƌe effiĐieŶt at addiŶg a thiƌd ŵethǇl gƌoup. Foƌ this ƌeasoŶ, these 

ŵutatioŶs aƌe ĐoŶsideƌed aĐtiǀatiŶg ŵutatioŶs [ϭϮϲ, ϭϮϳ]. SiŵilaƌlǇ, soŵatiĐ ŵisseŶse 

aŶd ŶoŶseŶse ŵutatioŶs of KMTϮD histoŶe ŵethǇltƌaŶsfeƌase oĐĐuƌ iŶ Ϯϯ-Ϯϳ% of 

DLBCL patieŶts. These ŵutatioŶs ƌesult iŶ loss of fuŶĐtioŶ aŶd ŵaǇ disƌupt the ĐatalǇtiĐ 

SET doŵaiŶ of this pƌoteiŶ [ϭϮϴ, ϭϮϵ]. IŶ additioŶ, EPϯϬϬ aŶd CREBBP histoŶe 

aĐetǇltƌaŶsfeƌases aƌe ĐoŵŵoŶlǇ ŵutated iŶ GCB DLBCL, ǁith ŵutatioŶ ƌates of ϱ-ϭϬ% 

aŶd ϭϴ-Ϯϯ% ƌespeĐtiǀelǇ [ϭϮϴ].  EPϯϬϬ ŵutatioŶs aƌe usuallǇ heteƌozǇgous aŶd 

geŶeƌallǇ disƌupt the HAT doŵaiŶ pƌoŵotiŶg a ĐatalǇtiĐallǇ iŶaĐtiǀe eŶzǇŵe. EPϯϬϬ is a 

diƌeĐt taƌget foƌ BCLϲ so is hǇpothesised to fuŶĐtioŶ as a tuŵoƌ suppƌessoƌ pƌoteiŶ iŶ 

DLBCL [ϭϯϬ]. Siŵilaƌ to EPϯϬϬ, CREBBP ŵutatioŶs aƌe usuallǇ iŶaĐtiǀatiŶg ŵutatioŶs 

that peƌtuƌď the HAT doŵaiŶ [ϳϲ].  

IŶ ĐoŶtƌast, NF-ʃB aĐtiǀatioŶ thƌough the ĐlassiĐal pathǁaǇ is a hallŵaƌk of the ABC-

DLBCL suďtǇpe [131]. IŶ B Đells NF-ʃB sigŶalliŶg oĐĐuƌs doǁŶstƌeaŵ of the aĐtiǀatioŶ of 

ǀaƌious ƌeĐeptoƌ ŵoleĐules iŶĐludiŶg BCR, CDϰϬ aŶd soŵe Toll-like ƌeĐeptoƌs ;TLRsͿ 

[132, 133]. The NF-KB pathǁaǇ aŶtagoŶizes the apoptotiĐ aĐtioŶ of ĐheŵotheƌapǇ 

eǆplaiŶiŶg ǁhǇ ABC is ŵoƌe ƌefƌaĐtoƌǇ to ĐheŵotheƌapǇ [ϭϯϰ].  MutatioŶs pƌoŵotiŶg 

the aĐtiǀatioŶ of this sigŶalliŶg pathǁaǇ aƌe ĐoŵŵoŶ featuƌes of ABC-DLBCL. Foƌ 

eǆaŵple, CARDϭϭ-aĐtiǀatiŶg ŵutatioŶs aƌe pƌeseŶt iŶ appƌoǆiŵatelǇ ϭϬ% of ABC-DLBCL 

tuŵoƌs [ϭϯϱ, ϭϯϲ].  CARDϭϭ is a ŵeŵďeƌ of CBM Đoŵpleǆ ǁhiĐh is ƌeƋuiƌed foƌ the 

aĐtiǀatioŶ of the ĐlassiĐal NF-ʃB pathǁaǇ. These ŵutatioŶs ĐoŶfeƌ hǇpeƌseŶsitiǀitǇ to 

upstƌeaŵ sigŶals. IŶ additioŶ, ŵutatioŶs affeĐtiŶg BCR sigŶalliŶg ;upstƌeaŵ to NF-ʃB 

sigŶalliŶgͿ aƌe fƌeƋueŶt ǁith ϮϬ% of ABC-DLBCL Đases ĐoŶtaiŶiŶg ŵutatioŶs iŶ the BCR 

ƌeĐeptoƌ suďuŶits, CDϳϵA aŶd CDϳϵB [ϭϯϱ].  UpoŶ aŶtigeŶ eŶĐouŶteƌ aŶd BCR 

ĐlusteƌiŶg, CDϳϵA aŶd CDϳϵB tƌaŶsŵit aĐtiǀatioŶ sigŶals to a ǀaƌietǇ of doǁŶstƌeaŵ 

sigŶalliŶg pathǁaǇs leadiŶg to Đell suƌǀiǀal aŶd pƌolifeƌatioŶ. MutatioŶs iŶ these geŶes 

pƌoŵote ĐhƌoŶiĐ aĐtiǀatioŶ of the BCR ƌeĐeptoƌ. SiŵilaƌlǇ, ƌeĐuƌƌeŶt gaiŶ-of-fuŶĐtioŶ 

ŵutatioŶs iŶ MYDϴϴ ;adapteƌ pƌoteiŶ of TLRͿ aƌe pƌeseŶt iŶ ϯϬ% ABC tuŵoƌs aŶd ƌesult 

iŶ aĐtiǀatioŶ of NF-ʃB aĐtiǀitǇ [ϵϮ]. GeŶetiĐ aŶd fuŶĐtioŶal data suggest that ĐhƌoŶiĐallǇ 
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aĐtiǀe BCR sigŶalliŶg aŶd MYDϴϴ-depeŶdeŶt sigŶalliŶg Đoopeƌate to sustaiŶ the suƌǀiǀal 

of ABC-DLBCL tuŵoƌ Đells [ϵϮ].  IŶ additioŶ, ABC-DLBCL is a post-GC lǇŵphoŵa so the 

plasŵaĐǇtiĐ diffeƌeŶtiatioŶ is ďloĐked at plasŵaďlast stage. This ďloĐkade is aĐhieǀed ďǇ 

iŶaĐtiǀatiŶg BLIMP1 tƌaŶsĐƌiptioŶal faĐtoƌ ǁhiĐh is ŶeĐessaƌǇ foƌ dƌiǀiŶg ŵatuƌe B Đells 

iŶto teƌŵiŶal diffeƌeŶtiatioŶ [ϭϯϳ].  

SoŵatiĐ ŵutatioŶs ĐoŵŵoŶ to ďoth DLBCL suďtǇpes iŶĐlude iŶaĐtiǀatiŶg ŵutatioŶs of 

TPϱϯ, geŶes iŶǀolǀed iŶ iŵŵuŶosuƌǀeillaŶĐe ;BϮM, CDϱϴͿ, aŶd oŶĐogeŶiĐ aĐtiǀatioŶ of 

BCLϲ [ϭ]. Apaƌt fƌoŵ soŵatiĐ poiŶt ŵutatioŶs ĐhƌoŵosoŵiĐ ƌeaƌƌaŶgeŵeŶts aƌe also 

ĐoŵŵoŶ featuƌe iŶ DLBCL. OǀeƌeǆpƌessioŶ of the tƌaŶsĐƌiptioŶal faĐtoƌ Đ-MYC ďoth ďǇ 

geŶe aŵplifiĐatioŶ oƌ tƌaŶsloĐatioŶ aŶd ofteŶ ĐoŶfeƌs aggƌessiǀe ĐliŶiĐal ďehaǀiouƌ as 

pƌeǀiouslǇ ŵeŶtioŶed. IŶ GCs, Đ-MYC is eǆpƌessed iŶ the light zoŶe ďut ĐoŵpletelǇ 

suppƌessed iŶ pƌolifeƌatiŶg GC ĐeŶtƌoďlasts iŶ the daƌk zoŶe. EǆpƌessioŶ of Đ-MYC is 

ƌeƋuiƌed foƌ ƌe-eŶteƌiŶg the daƌk zoŶe foƌ additioŶal ƌouŶds of positiǀe seleĐtioŶ ǁithiŶ 

the GC ƌeaĐtioŶ. IŶ iŶdoleŶt lǇŵphoŵas suĐh as FL, aĐƋuisitioŶ of Đ-

MYC ƌeaƌƌaŶgeŵeŶt usuallǇ ƌesults iŶ tƌaŶsfoƌŵatioŶ iŶto highlǇ aggƌessiǀe lǇŵphoŵas 

[ϭϯϴ]. Siŵilaƌ to FL, otheƌ oŶĐogeŶe ƌeaƌƌaŶgeŵeŶts aƌe also ĐoŵŵoŶ iŶ DLBCL suĐh as 

BCLϲ aŶd BCLϮ ƌeaƌƌaŶgeŵeŶts,  the latteƌ ďeiŶg ŵoƌe fƌeƋueŶt iŶ GCB-DLBCL thaŶ FL 

[ϭϯϵ]. 

The disĐoǀeƌǇ of these ďiologiĐal featuƌes has pƌoŵoted the deǀelopŵeŶt of taƌgeted 

dƌugs aŶd theiƌ iŶtƌoduĐtioŶ foƌ the tƌeatŵeŶt of DLBCL ĐuƌƌeŶtlǇ ƌestƌiĐted to ĐliŶiĐal 

tƌials. Dƌugs taƌgetiŶg ĐoŵpoŶeŶts of the NF-ʃB pathǁaǇ, ĐoŶstituatiǀelǇ aĐtiǀe iŶ ABC-

tǇpe DBCL, iŶĐlude Boƌtezoŵiď oƌ IďƌutiŶiď. Boƌtezoŵiď is a pƌoteosoŵe iŶhiďitoƌ that 

eŶaďles the aƌƌest of IkB degƌadatioŶ aŶd ĐoŶseƋueŶtlǇ the NF-ʃB pathǁaǇ [ϭϰϬ]. 

IďƌutiŶiď, iŶ ĐoŶtƌast, taƌgets BTK a speĐifiĐ tǇƌosiŶe kiŶase of the NF-ʃB pathǁaǇ [ϭϰϭ]. 

AdditioŶallǇ, leŶalidoŵide, aŶ aŶalogue of thalidoŵide, is aŶ oƌal iŵŵuŶoŵodulatoƌǇ 

dƌug that iŶhiďits the pƌoduĐtioŶ of ĐeƌtaiŶ pƌo iŶflaŵŵatoƌǇ ĐǇtokiŶes suĐh as TNF-α, 

IL-ϭ, IL-ϲ aŶd IL-ϭϮ [ϭϰϮ]. LeŶalidoŵide has ďeeŶ appƌoǀed foƌ ŵǇelodǇsplasiĐ 

sǇŶdƌoŵe ;MDSͿ aŶd ŵǇeloŵa aŶd has shoǁŶ pƌoŵisiŶg data of effiĐaĐǇ aŶd safetǇ iŶ 

ƌelapse/ƌefƌaĐtoƌǇ DLBCL patieŶts [ϭϰϯ].  Otheƌ pƌoŵisiŶg dƌugs uŶdeƌ studǇ iŶĐlude 

Eǀeƌoliŵus, aŶ ŵTOR pathǁaǇ iŶhiďitoƌ, VeŶtoĐlaǆ, a BCLϮ iŶhiďitoƌ, aŶd tazeŵetostat, 

aŶ EZHϮ iŶhiďitoƌ ;ƌeǀieǁed iŶ [ϭϰϰ]Ϳ. Also, otheƌ pƌoŵisiŶgg theƌapies foƌ DLBCL 
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tƌeatŵeŶt iŶĐlude iŵŵuŶotheƌapǇ suĐh as theƌapeutiĐ ďloĐkade of iŵŵuŶe 

ĐheĐkpoiŶts [iŶ paƌtiĐulaƌ ĐǇtotoǆiĐ T lǇŵphoĐǇte-assoĐiated pƌoteiŶ ϰ ;CTLA-ϰͿ aŶd 

pƌogƌaŵŵed Đell death pƌoteiŶ ϭ pathǁaǇ ;PD-ϭ/PD-Lϭ] as ǁell as CAR T Đell theƌapǇ 

[ϭϰϱ]. Also, theƌapies ďased oŶ ŵiĐƌoRNA taƌgetiŶg seeŵ pƌoŵisiŶg stƌategies [ϭϰϲ-

ϭϰϵ]. 

 

ͳ.Ͷ. MicroRNAs 

1.4.1 History 

The histoƌǇ of ŵiĐƌoRNAs ;ŵiRNAsͿ staƌted iŶ ϭϵϵϯ ǁheŶ tǁo iŶdepeŶdeŶt gƌoups that 

ǁeƌe iŶǀestigatiŶg liŶϰ-liŶϭϰ iŶteƌaĐtioŶs iŶ Ŷeuƌal deǀelopŵeŶt of CaeŶoƌhaďditis 

elegaŶs ŵade soŵe iŶteƌestiŶg oďseƌǀatioŶs. Lee aŶd Đolleagues deŵoŶstƌated that 

the geŶoŵiĐ loĐus ĐoŶtaiŶiŶg liŶ-ϰ, although fuŶĐtioŶal aŶd eŶĐoded foƌ tǁo sŵall 

tƌaŶsĐƌipts of ϮϮ aŶd ϲϭŶt, did Ŷot eŶĐode foƌ a pƌoteiŶ [ϭϱϬ]. At the saŵe tiŵe, the 

RuǀkuŶ laď ideŶtified ĐoŵpleŵeŶtaƌǇ ƌegioŶs to the liŶ-ϰ tƌaŶsĐƌipts iŶ the 

ϯ'uŶtƌaŶslated ƌegioŶ ;UTRͿ of the liŶ-ϭϰ geŶe [ϭϱϭ], estaďlishiŶg a Ŷoǀel post-

tƌaŶsĐƌiptioŶal ƌegulatoƌǇ ŵeĐhaŶisŵ iŶǀolǀiŶg ŶoŶ-ĐodiŶg RNAs that ĐaŶ ŵodulate 

geŶe eǆpƌessioŶ ďǇ diƌeĐt ďiŶdiŶg to the ϯ' UTR ƌegioŶ of geŶes. 

IŶ ϮϬϬϬ, aŶotheƌ geŶe iŶ Ŷeŵatodes, lethal-ϳ ;let-ϳͿ ƌelated to deǀelopŵeŶt ǁas 

disĐoǀeƌed ǁhiĐh eŶĐoded a Ϯϭ ŶuĐleotide ŶoŶ-ĐodiŶg RNA ƌatheƌ thaŶ a pƌoteiŶ 

pƌoduĐt [ϭϱϮ, ϭϱϯ]. Lateƌ that Ǉeaƌ, PasƋuiŶelli et al. ideŶtified let-ϳ geŶe hoŵologues 

iŶ otheƌ ŵaŶǇ aŶiŵal speĐies, iŶĐludiŶg huŵaŶs, aŶd that the deǀelopŵeŶtal 

ƌegulatioŶ ŵediated ďǇ this ŵiRNA ǁas highlǇ ĐoŶseƌǀed [ϭϱϰ]. SuďseƋueŶt studies 

suppoƌted the idea that ŵiRNAs ǁeƌe iŶdeed ĐoŶseƌǀed thƌough eǀolutioŶ suggestiŶg 

that theǇ Đould ďe a geŶeƌal geŶe ƌegulatoƌǇ ŵeĐhaŶisŵ iŶ eukaƌǇotes [ϭϱϱ-ϭϱϳ]. 

1.4.2 Biogenesis 

MiRNA ďiogeŶesis is a ĐoŶtƌolled aŶd seƋueŶtial pƌoĐess ĐoǀeƌiŶg diffeƌeŶt steps 

staƌtiŶg at pƌiŵaƌǇ tƌaŶsĐƌipts aŶd eŶdiŶg iŶ a ŵatuƌe aŶd fuŶĐtioŶal ŵiRNA. MiRNA 

geŶes aƌe ǁidelǇ loĐated thƌoughout the geŶoŵe. It is estiŵated that appƌoǆiŵatelǇ 



1. Introduction 

 

ϰϯ 

   

ϱϬ% of ŵiRNAs aƌe eǆpƌessed fƌoŵ ŶoŶ-pƌoteiŶ ĐodiŶg tƌaŶsĐƌipts. It is fƌeƋueŶt that 

Đlusteƌs of ŵiRNAs aƌe tƌaŶsĐƌiďed polǇĐistƌoŶiĐallǇ [ϭϱϴ]. Also, ŵaŶǇ ŵiRNA geŶes aƌe 

loĐated iŶ iŶtƌoŶiĐ ƌegioŶs of pƌoteiŶ ĐodiŶg geŶes aŶd aƌe geŶeƌallǇ Đo-tƌaŶsĐƌiďed 

ǁith theiƌ host geŶes aŶd pƌoĐessed sepaƌatelǇ [ϭϱϵ].  

MiRNAs aƌe iŶitiallǇ tƌaŶsĐƌiďed ďǇ RNA polǇŵeƌase II as loŶg ;seǀeƌal huŶdƌed 

ŶuĐleotidesͿ pƌiŵaƌǇ ŵiRNAs ;pƌi-ŵiRNAsͿ ĐoŶtaiŶiŶg steŵ-loop stƌuĐtuƌes ǁith a ϱ͛-

guaŶosiŶe Đap aŶd a ϯ͛ polǇadeŶǇlated tail aŶd. This pƌi-ŵiRNA is theŶ pƌoĐessed iŶto 

ϳϬ-ϭϮϬ ŶuĐleotide-loŶg pƌeĐuƌsoƌ ŵiRNA ;pƌe-ŵiRNAͿ ǁith a haiƌpiŶ stƌuĐtuƌe. This 

pƌoĐessiŶg takes plaĐe iŶ the ŶuĐleus ďǇ aŶ RNase III eŶzǇŵe Đalled Dƌosha [ϭϲϬ]. 

Dƌosha diŵeƌizes ǁith the ĐofaĐtoƌ pƌoteiŶ DGCRϴ to foƌŵ a fuŶĐtioŶal Đoŵpleǆ [ϭϲϭ]. 

The pƌe-ŵiRNA, ǁith a ϱ͛ phosphate aŶd a shoƌt ϯ͛ oǀeƌhaŶg, is theŶ eǆpoƌted iŶto the 

ĐǇtoplasŵ ďǇ eǆpoƌtiŶ ϱ ;XPOϱͿ iŶ a RaŶ-GTP depeŶdeŶt ŵaŶŶeƌ [162, 163]. IŶ the 

ĐǇtoplasŵ, pƌe-ŵiRNAs aƌe pƌoĐessed iŶto ŵatuƌe ̴ϮϮ ŶuĐleotide-loŶg ŵiRNA 

asǇŵŵetƌiĐ dupleǆes ďǇ aŶotheƌ RNase III eŶzǇŵe Đalled DiĐeƌ [164, 165]. Siŵilaƌ to 

Dƌosha, ĐofaĐtoƌs suĐh as TRBP aŶd PACT aƌe ŶeĐessaƌǇ foƌ DiĐeƌ aĐtiǀitǇ [166]. The 

dupleǆ ǁhiĐh is foƌŵed ďǇ the ŵatuƌe ŵiRNA seƋueŶĐe, oƌ guide stƌaŶd, aŶd the 

aŶtiseŶse passeŶgeƌ stƌaŶd, also kŶoǁŶ as ŵiRNA* is theŶ assoĐiated to AƌgoŶaute 

;AgoͿ pƌoteiŶs. The aŶtiseŶse stƌaŶd is usuallǇ degƌaded, despite theƌe aƌe soŵe 

studies that ƌepoƌt aŶtiseŶse guide ĐaŶ ďe also fuŶĐtioŶal [ϭϲϳ, ϭϲϴ]. At this poiŶt, Ago, 

TRBP aŶd DiĐeƌ pƌoteiŶs togetheƌ ǁith the ŵiRNA aƌe asseŵďled to Đƌeate the RNA-

iŶduĐed sileŶĐiŶg Đoŵpleǆ ;RISCͿ ǁheƌe Ago pƌoteiŶs aƌe the ĐatalǇtiĐ ĐoŵpoŶeŶt of 

the Đoŵpleǆ [ϭϲϵ, ϭϳϬ]. This Đoŵpleǆ is guided ďǇ the ŵiRNA seƋueŶĐe to taƌget 

seƋueŶĐes ǁhiĐh aƌe usuallǇ loĐated iŶ the ϯ'UTR of the taƌget geŶe ŵRNA ďut ŵiRNAs 

ĐaŶ also taƌget ϱ'UTR seƋueŶĐes aŶd seƋueŶĐes iŶ ĐodiŶg ƌegioŶs [ϭϳϭ, ϭϳϮ] ;Figuƌe 

ϭ.ϭϮͿ.  
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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 ŵost ŵiRNAs aƌe geŶeƌated ďǇ the ĐaŶoŶiĐal pathǁaǇ, theƌe aƌe also 

alteƌŶatiǀe ŵiRNA ďiogeŶesis pathǁaǇs. The ŵajoƌitǇ of these pathǁaǇs aƌe 

Dƌosha/DGCRϴ-iŶdepeŶdeŶt ǁhiĐh ĐaŶ geŶeƌate pƌe-ŵiRNA-like haiƌpiŶs that ĐaŶ ďe 

ƌeĐogŶized ďǇ Xpoϱ aŶd DiĐeƌ. This is the Đase ǁith ŵiƌtƌoŶs ǁhiĐh aƌe shoƌt iŶtƌoŶiĐ 

haiƌpiŶs eǆĐised ďǇ spliĐiŶg aŶd theŶ deďƌaŶĐhed. BeĐause of theiƌ sŵall size ;deƌiǀed 

fƌoŵ sŵall iŶtƌoŶsͿ theǇ ďǇpass the Dƌosha-pƌoĐessiŶg step eǀeŶ if theǇ usuallǇ Ŷeed to 

ďe tƌiŵŵed ďǇ ŶuĐleases ďefoƌe ďeiŶg eǆpoƌt iŶto the ĐǇtoplasŵ [ϭϳϰ, ϭϳϱ]. SiŵilaƌlǇ, 

otheƌ sŵall RNA speĐies suĐh as sŶoRNA-deƌiǀed ŵiRNAs oƌ tRNaseZ-deƌiǀed ŵiRNAs 

ĐaŶ also skip Dƌosha pƌoĐessiŶg aŶd eŶteƌ iŶ the ĐaŶoŶiĐal ďiogeŶesis pathǁaǇ [ϭϳϲ]. A 

Dƌosha/DGCRϴ-depeŶdeŶt ďut DiĐeƌ-iŶdepeŶdeŶt ďiogeŶesis stƌategǇ has ďeeŶ 

ƌepoƌted foƌ the ĐoŶseƌǀed ǀeƌteďƌate ŵiRNA ŵiR-ϰϱϭ. Siŵilaƌ to ĐoŶǀeŶtioŶal 

ŵiRNAs, the pƌi-ŵiR-ϰϱϭ is suďjeĐted to Dƌosha/DGCRϴ-pƌoĐessiŶg, ƌesultiŶg iŶ a pƌe-

ŵiR-ϰϱϭ haiƌpiŶ stƌuĐtuƌe ǁith a shoƌt   ̴ϭϴ ďp leŶgth, ǁhiĐh is diƌeĐtlǇ iŶĐoƌpoƌated 

iŶto AgoϮ ƌesultiŶg iŶ a Dƌosha-depeŶdeŶt aŶd DiĐeƌ-iŶdepeŶdeŶt ŶoŶ-ĐaŶoŶiĐal 

ďiogeŶesis pathǁaǇs [177]. The agotƌoŶs ĐoŶstitute oŶe of the ŵost ƌeĐeŶtlǇ 
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disĐoǀeƌed Đlasses of eǀolutioŶaƌǇ ĐoŶseƌǀed RNA-speĐies that assoĐiate ǁith Ago 

pƌoteiŶs [ϭϳϴ]. IŶ ĐoŶtƌast to all the Ago-assoĐiated RNAs that haǀe ďeeŶ desĐƌiďed to 

date, agotƌoŶs ďǇpass the ĐaŶoŶiĐal ŵiRNA ďiogeŶesis pathǁaǇ eŶtiƌelǇ, aŶd theƌeďǇ 

pƌoǀide the fiƌst eŶdogeŶous eǆaŵple of a ďoth Dƌosha/DGCRϴ- aŶd DiĐeƌ-

iŶdepeŶdeŶt ďiogeŶesis stƌategǇ. SiŵilaƌlǇ, to ŵiƌtƌoŶs, the agotƌoŶs aƌe tƌaŶsĐƌiďed 

fƌoŵ host geŶe iŶtƌoŶs, ďut theǇ esĐape DiĐeƌ pƌoĐessiŶg. AgotƌoŶs aƌe theŶ eǆpoƌted 

to the ĐǇtoplasŵ ďǇ a hitheƌto uŶkŶoǁŶ ŵeĐhaŶisŵ, possiďlǇ ďǇ Xpoϱ, aŶd loaded 

oŶto Ago as uŶpƌoĐessed, full-leŶgth   ̴ϭϬϬ Ŷt, deďƌaŶĐhed iŶtƌoŶs. Alďeit to a lesseƌ 

eǆteŶt thaŶ ĐoŶǀeŶtioŶal ŵiRNA speĐies, agotƌoŶs haǀe also ďeeŶ shoǁŶ to ďe Đapaďle 

of fuŶĐtioŶiŶg as post-tƌaŶsĐƌiptioŶal ƌegulatoƌs of geŶe eǆpƌessioŶ iŶ a seed-

depeŶdeŶt ŵaŶŶeƌ despite theiƌ loŶg ŵatuƌe leŶgth aŶd ŵuĐh ŵoƌe Đoŵpleǆ 

seĐoŶdaƌǇ stƌuĐtuƌe [ϭϳϴ] ;Figuƌe ϭ.ϭϯͿ.  

 

 

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 Daugaaƌd I, et al. 

ϮϬϭϳ [176].  
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1.4.3 Function 

MiĐƌoRNAs pƌiŵaƌilǇ fuŶĐtioŶ as post-tƌaŶsĐƌiptioŶal ƌegulatoƌs of geŶe eǆpƌessioŶ 

[ϭϳϵ]. The loaded ŵiRNA ďouŶd to Ago pƌoteiŶs aĐts as guides foƌ the RISC Đoŵpleǆ 

toǁaƌds taƌget seƋueŶĐes iŶ ŵRNAs pƌoŵotiŶg ƌepƌessioŶ of geŶe eǆpƌessioŶ. The 

ĐoŶseƋueŶĐe of this taƌget site ƌeĐogŶitioŶ has ďeeŶ desĐƌiďed to ŶegatiǀelǇ iŶteƌfeƌe 

ǁith the tƌaŶslatioŶal ŵaĐhiŶeƌǇ alteƌiŶg the pƌoteiŶ pƌoduĐtioŶ [ϭϴϬ]. Moƌe ƌeĐeŶt 

studies haǀe ƌeǀealed that, iŶ additioŶ to ƌepƌessioŶ of the tƌaŶslatioŶ, ŵiRNAs ĐaŶ 

also ƌegulate geŶe eǆpƌessioŶ ďǇ ŵRNA deadeŶǇlatioŶ, destaďilizatioŶ aŶd 

degƌadatioŶ, all of ǁhiĐh ƌesult iŶ a deĐƌease of ŵRNA eǆpƌessioŶ leǀels [ϭϴϭ-ϭϴϯ]. To 

diƌeĐtlǇ Đleaǀe the taƌget ŵRNA, a ĐatalǇtiĐallǇ aĐtiǀe Ago pƌoteiŶ is ƌeƋuiƌed. IŶ 

ǀeƌteďƌates, aŵoŶg Ago pƌoteiŶs, oŶlǇ AgoϮ has sliĐeƌ aĐtiǀitǇ [ϭϴϰ]. MiRNAs ĐaŶ haǀe 

pleiotƌopiĐ effeĐts, taƌgetiŶg ŵultiple geŶes aŶd sigŶalliŶg pathǁaǇs [ϭϴϱ] ǁhile geŶes 

ĐaŶ ďe taƌgeted ďǇ ŵultiple ŵiRNAs [ϭϴϲ]. IŶ-siliĐo pƌediĐtioŶs suggest that ŵoƌe thaŶ 

oŶe-thiƌd of all huŵaŶ geŶes aƌe taƌgets of ŵiRNAs [ϭϴϳ].  

 CaŶoŶiĐal ŵiRNA ďiŶdiŶg iŶǀolǀes ďase paiƌiŶg of the ŵiRNA seed ƌegioŶ to 

ĐoŵpleŵeŶtaƌǇ taƌget sites. This seed ƌegioŶ ĐoƌƌespoŶds to the fiƌst ŶuĐleotides Ϯ–ϴ 

iŶ the ϱ͛ eŶd of ŵiRNAs [ϭϴϴ]. The ƌeŵaiŶiŶg seƋueŶĐe does Ŷot paiƌ peƌfeĐtlǇ ǁith the 

taƌget iŶ ŵaŵŵals. MiRNAs ǁith the saŵe seed seƋueŶĐe usuallǇ shaƌe taƌgets aŶd 

the seed seƋueŶĐe is ofteŶ used foƌ the ĐlassifiĐatioŶ of ŵiRNAs iŶto faŵilies [ϭϳϵ]. 

Hoǁeǀeƌ, seǀeƌal fuŶĐtioŶal ŶoŶ-ĐaŶoŶiĐal ŵiRNA-taƌget sites haǀe ďeeŶ ƌepoƌted 

[ϭϴϵ-ϭϵϭ]. 

AlteƌŶatiǀe fuŶĐtioŶs foƌ ŵiRNAs haǀe ďeeŶ also desĐƌiďed. Foƌ eǆaŵple, eŶhaŶĐed 

ŵRNA tƌaŶslatioŶ due to ŵiRNA taƌgetiŶg has ďeeŶ ƌepoƌted [ϭϵϮ]. Apaƌt fƌoŵ ŵRNAs 

theǇ ĐaŶ also taƌget otheƌ RNA ŵoleĐules suĐh as loŶg ŶoŶ-ĐodiŶg RNAs ;lŶĐRNAsͿ 

ǁhiĐh aƌe also ƌegulatoƌs of geŶe eǆpƌessioŶ aŶd ĐaŶ fuŶĐtioŶ as ŵiRNA deĐoǇ sǇsteŵs 

[ϭϵϯ]. Soŵe studies haǀe ƌepoƌted that ŵiRNAs ŵight haǀe a ƌegulatoƌǇ ƌole iŶ the 

ŶuĐleus aĐtiǀatiŶg geŶe eǆpƌessioŶ ďǇ taƌgetiŶg pƌoŵoteƌ ƌegioŶs [ϭϵϰ-ϭϵϲ]. Also, theǇ 

haǀe ďeeŶ shoǁŶ to ƌeĐogŶize aŶd guide tƌaŶsĐƌiptioŶ faĐtoƌs to theiƌ geŶe pƌoŵoteƌs 

[197], as ǁell as iŶteƌaĐt ǁith otheƌ pƌoteiŶs ďǇ seƋueŶĐe-speĐifiĐ iŶteƌaĐtioŶ iŶ a RISC-

iŶdepeŶdeŶt ŵaŶŶeƌ aŶd iŶhiďit theiƌ aĐtiǀitǇ [198, 199]. 
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1.4.4 MiRNAs and cancer 

MiRNA eǆpƌessioŶ is ƌegulated ďǇ ŵultiple tƌaŶsĐƌiptioŶ faĐtoƌ Ŷetǁoƌks as ǁell as 

epigeŶetiĐ ŵaĐhiŶeƌǇ. IŶ additioŶ, ŵiRNAs ĐaŶ theŵselǀes fuŶĐtioŶ as ƌepƌessoƌs of 

epigeŶetiĐ faĐtoƌs, geŶeƌatiŶg ƌegulatoƌǇ ĐiƌĐuits that ĐaŶ haǀe a sigŶifiĐaŶt iŵpaĐt iŶ 

the tƌaŶsĐƌiptioŶal laŶdsĐape of the Đell. IŶ the last feǁ Ǉeaƌs it has ďeeŶ shoǁŶ that 

ŵiRNAs plaǇ keǇ ƌegulatoƌǇ ƌoles iŶ ŵaŶǇ phǇsiologiĐal pƌoĐesses iŶĐludiŶg Đell ĐǇĐle 

ĐoŶtƌol [ϮϬϬ], steŵ Đell diffeƌeŶtiatioŶ aŶd self-ƌeŶeǁal [ϮϬϭ] aŶd oƌgaŶogeŶesis [ϮϬϮ], 

aŵoŶg ŵaŶǇ otheƌ fuŶĐtioŶs. Hoǁeǀeƌ, deƌegulatioŶ of these pƌoĐesses ĐaŶ ƌesult iŶ 

pathogeŶesis. Multiple studies haǀe Đoƌƌelated ĐhaŶges iŶ ŵiRNA eǆpƌessioŶ pƌofiles 

ǁith diffeƌeŶt tǇpes of ĐaŶĐeƌ [ϭϴϲ, ϮϬϯ-ϮϬϱ] ;Figuƌe ϭ.ϭϰͿ. Moƌeoǀeƌ, aŶ aĐtiǀe ƌole of 

ŵiRNAs iŶ ĐaŶĐeƌ ǁas fiƌst deŵoŶstƌated iŶ B-Đell lǇŵphoŵa aŶd has ďeeŶ lateƌ 

deŵoŶstƌated iŶ ŵaŶǇ studies [ϮϬϲ-ϮϬϴ].  

 

 

 

 

 

 

 

 

 

Figuƌe ϭ.ϭϰ: Nuŵďeƌ of puďliĐatioŶs iŶdeǆed iŶ Puďŵed uŶtil ϮϬϭϴ peƌ Ǉeaƌ aďout ŵiĐƌoRNAs 

aŶd ĐaŶĐeƌ.  

 

Seǀeƌal ŵiRNAs haǀe ďeeŶ shoǁŶ to plaǇ a ƌole as tuŵouƌ pƌoŵoteƌs ǁhiĐh haǀe ďeeŶ 

teƌŵed oŶĐoŵiRs. Foƌ eǆaŵple, the miR-17~92 cluster targets the cell cycle regulator 

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

reduce CDKNϭB 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 
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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 [Ϯϭϰ].  Deregulation of 

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

of VEGF expression [Ϯϭϱ, Ϯϭϲ]. 

IŶ ĐoŶtƌast, otheƌ ŵiRNAs haǀe ďeeŶ shoǁŶ to ďe doǁŶƌegulated iŶ ĐaŶĐeƌ as theǇ plaǇ 

fuŶĐtioŶs as tuŵouƌ suppƌessoƌs. Foƌ eǆaŵple, ŵiR-ϯϰ faŵilǇ ŵeŵďeƌs aƌe fƌeƋueŶtlǇ 

doǁŶƌegulated iŶ ǀaƌious tuŵouƌs. Theiƌ eǆpƌessioŶ is positiǀelǇ ƌegulated ďǇ pϱϯ aŶd 

these ŵiRNAs diƌeĐtlǇ ƌepƌess the eǆpƌessioŶ of seǀeƌal taƌgets iŶǀolǀed iŶ the 

ƌegulatioŶ of Đell ĐǇĐle aŶd iŶ the pƌoŵotioŶ of Đell pƌolifeƌatioŶ aŶd suƌǀiǀal [217, 

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

extravasation and metastatic colonization of breast cancer cells [Ϯϭϵ]. 

MiRNAs seeŵ to haǀe a ĐƌuĐial ƌole iŶ B-Đell diffeƌeŶtiatioŶ aŶd fuŶĐtioŶ. IŶdeed, the 

saŵe ŵiRNAs iŶǀolǀed iŶ Ŷoƌŵal B-Đell phǇsiologǇ seeŵ to ďe also iŶǀolǀed iŶ B-Đell 

ŵaligŶaŶĐies ;see Ŷeǆt seĐtioŶͿ. 

ͳ.Ͷ.Ͷ.ͳ MiRNAs in B-cell development 

EaƌlǇ B-Đell deǀelopŵeŶt is ƌegulated foƌ ŵultiple ŵiRNAs. MaŶǇ of theŵ ƌegulate 

iŵpoƌtaŶt tƌaŶsĐƌiptioŶ faĐtoƌs foƌ B-Đell ĐoŵŵitŵeŶt. The ŵiR-ϭϳ~ϵϮ Đlusteƌ is 

esseŶtial foƌ pƌo-B to pƌe-B Đell tƌaŶsitioŶ as it doǁŶƌegulates the pƌoapoptotiĐ pƌoteiŶ 

BCLϮLϭϭ ;BIMͿ [220]. The ŵiR-ϭϳ~ϵϮ Đlusteƌ ĐoŶsists of siǆ ŵiRNAs ;ŵiR-ϭϳ, ŵiR-ϭϴa, 

ŵiR-ϭϵa, ŵiR-ϮϬa, ŵiR-ϭϵď-ϭ, aŶd ŵiR-ϵϮ-ϭͿ pƌoĐessed fƌoŵ the saŵe polǇĐistƌoŶiĐ 

tƌaŶsĐƌipt. SiŵilaƌlǇ, ŵiR-ϭϴϭa eŶhaŶĐes B-Đell diffeƌeŶtiatioŶ also ďǇ BIM taƌgetiŶg 

[221, 222]. IŶ ĐoŶtƌast, ŵiR-ϮϭϮ/ϭϯϮ Đlusteƌ aŶd ŵiR-ϯϰa suppƌess B-Đell diffeƌeŶtiatioŶ 

at pƌo-B to pƌe-B tƌaŶsitioŶ stage ďǇ ƌepƌessiŶg SOXϰ [223] aŶd FOXPϭ tƌaŶsĐƌiptioŶ 

faĐtoƌs ƌespeĐtiǀelǇ, ƌeƋuiƌed foƌ eaƌlǇ B-Đell deǀelopŵeŶt [224, 225]. SiŵilaƌlǇ, ŵiR-

ϭϱϬ iŵpaiƌs B-Đell deǀelopŵeŶt ďǇ taƌgetiŶg Đ-MǇď tƌaŶsĐƌiptioŶ faĐtoƌ [ϮϮϲ]. IŶ the 

ĐoŶtƌol of heŵatopoiesis, ŵiR-ϭϮϱď ƌepƌesses LINϮϴA aŶd diƌeĐts heŵatopoiesis 

toǁaƌds ŵǇeloid liŶage [ϮϮϳ]. 

RegaƌdiŶg B-Đell ŵatuƌatioŶ iŶ folliĐles, soŵe studies ƌeǀealed that ŵiR-ϭϱϱ eǆpƌessioŶ 

is ŶeĐessaƌǇ foƌ GC foƌŵatioŶ. MiR-ϭϱϱ defiĐieŶt ŵiĐe pƌeseŶt a deĐƌeased Ŷuŵďeƌ of 
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GCs [228], suggestiŶg that ŵiR-ϭϱϱ ŵight haǀe aŶ iŵpaĐt oŶ seǀeƌal taƌget geŶes iŶ B-

Đells.  Hoǁeǀeƌ, the ŵajoƌitǇ of these ŵiR-ϭϱϱ-taƌgeted geŶes still uŶkŶoǁŶ. Soŵe 

ǀalidated taƌgets aƌe SPIϭ that eŶĐodes the tƌaŶsĐƌiptioŶ faĐtoƌ PU.ϭ, ƌeleǀaŶt Ŷot oŶlǇ 

iŶ B-Đell ĐoŵŵitŵeŶt ďut also iŶ late B-Đell deǀelopŵeŶt. AŶotheƌ diƌeĐt taƌget of ŵiR-

ϭϱϱ is AID eŶzǇŵe, ƌespoŶsiďle foƌ Đlass-sǁitĐh ƌeĐoŵďiŶatioŶ ;CSRͿ aŶd SHM duƌiŶg 

the GC ƌeaĐtioŶ [ϮϮϵ]. Also, ŵiR-ϭϴϭď has ďeeŶ shoǁŶ to taƌget AID eŶzǇŵe [230]. 

MiR-ϯϬ aŶd ŵiR-ϵ seeŵ to ďe ŶeĐessaƌǇ foƌ GC ŵaiŶteŶaŶĐe as theǇ taƌget the 

tƌaŶsĐƌiptioŶ faĐtoƌ PRDMϭ, ĐƌitiĐal foƌ plasŵa Đell diffeƌeŶtiatioŶ [231]. SiŵilaƌlǇ, ŵiR-

ϭϮϱď also ƌepƌesses plasŵa Đell diffeƌeŶtiatioŶ [232].  

The ŵiR-ϭϳ~ϵϮ Đlusteƌ seeŵs to haǀe a poteŶtial ƌole iŶ plasŵa Đells ƌegulatiŶg the 

hoŵiŶg of these Đells to the ďoŶe ŵaƌƌoǁ thƌough the doǁŶƌegulatioŶ of SϭPRϭ 

ƌeĐeptoƌ. HoŵiŶg to ďoŶe ŵaƌƌoǁ alloǁs a loŶg-teƌŵ loŶgeǀitǇ of plasŵa Đells eŶaďliŶg 

effiĐieŶt iŵŵuŶe ƌespoŶses [233, 234].  

 

 

Figuƌe ϭ.ϭϱ: Eǆaŵples of ŵiRNA ƌegulatioŶ iŶ B-Đell deǀelopŵeŶt aŶd aĐtiǀatioŶ. Modified 

fƌoŵ Coffƌe, et al. ϮϬϭϳ [Ϯϯϱ]. 

 

ͳ.Ͷ.Ͷ.ʹ MiRNAs in B-Cell Malignancy 

DeƌegulatioŶ of ŵiRNA eǆpƌessioŶ has ďeeŶ shoǁŶ to ďe a uďiƋuitous featuƌe of 

ĐaŶĐeƌ, aŶd ŵiRNA eǆpƌessioŶ sigŶatuƌes ĐaŶ ĐlassifǇ diffeƌeŶt tuŵouƌ tǇpes aŶd 

suďtǇpes, iŶĐludiŶg haeŵatologiĐal ŵaligŶaŶĐes, to a higheƌ degƌee of aĐĐuƌaĐǇ thaŶ 
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tƌaditioŶal GEP [Ϯϯϲ]. The fiƌst eǀideŶĐe of ŵiRNAs ďeiŶg dǇsƌegulated iŶ a ĐaŶĐeƌ 

Đaŵe iŶ ϮϬϬϮ, ǁheŶ a ƌegioŶ fƌeƋueŶtlǇ deleted iŶ ĐhƌoŶiĐ lǇŵphoĐǇtiĐ leukaeŵia 

;CLLͿ, the ϭϯƋϭϰ loĐus, ǁas shoǁŶ to eŶĐode foƌ the ŵiRNAs ŵiR-ϭϱa aŶd ŵiR-ϭϲ-ϭ 

[Ϯϯϳ]. SooŶ afteƌ, ŵiRNAs ǁeƌe deŵoŶstƌated to aĐt as tuŵouƌ pƌoŵoteƌs oƌ so Đalled 

oŶĐoŵiRs, iŶ ϮϬϬϱ ďǇ He et al., ǁho deŵoŶstƌated that oǀeƌ-eǆpƌessioŶ of the ŵiR-

ϭϳ~ϵϮ Đlusteƌ lead to aŶ iŶĐƌeased tuŵouƌ pƌogƌessioŶ iŶ a Đ-MǇĐ iŶduĐed B-Đell 

lǇŵphoŵa ŵouse ŵodel [Ϯϯϴ]. The fuŶĐtioŶallǇ iŵpoƌtaŶt taƌgets of ŵiR-ϭϳ~ϵϮ 

Đoŵpƌise pƌo-apoptotiĐ pƌoteiŶs PTEN aŶd BIM, ǁhiĐh ŵight ĐoŶtƌiďute to the 

lǇŵphopƌolifeƌatiǀe pheŶotǇpe [ϮϬϵ]. 

Apaƌt fƌoŵ the ŵiR-ϭϳ~ϵϮ Đlusteƌ, the eǆpƌessioŶ of otheƌ ŵiRNAs iŶǀolǀed iŶ pƌo-B to 

pƌe-B tƌaŶsitioŶ has ďeeŶ fouŶd alteƌed iŶ B-Đell lǇŵphoŵas: loǁ leǀels of ŵiR-ϯϰa aƌe 

Đoƌƌelated ǁith pooƌ pƌogŶosis iŶ CLL, DLBCL aŶd MCL. This loǁ eǆpƌessioŶ ŵight ďe 

ŵediated ďǇ MYC [239, 240]. DoǁŶƌegulatioŶ of ŵiR-ϯϰa iŶduĐes the eǆpƌessioŶ of 

FOXPϭ ƌesultiŶg iŶ eŶhaŶĐed iŶ ǀitƌo pƌolifeƌatioŶ iŶ DLBCL [Ϯϯϵ] aŶd it is also 

assoĐiated ǁith iŶĐƌeased ƌesistaŶĐe to doǆoƌuďiĐiŶ [Ϯϰϭ]. SiŵilaƌlǇ, ŵiR-ϭϱϬ aĐts as a 

tuŵoƌ suppƌessoƌ aŶd also taƌgets FOXPϭ iŶ ŵatuƌe B Đells [ϮϰϮ]. IŶ pƌogeŶitoƌ Đells 

taƌgets the tƌaŶsĐƌiptioŶ faĐtoƌ Đ-MǇď is ƌeƋuiƌed foƌ Ŷoƌŵal haeŵatopoiesis aŶd B Đell 

deǀelopŵeŶt [226].  

MiR-ϭϱϱ is oŶe of the ŵost studied ŵiRNAs iŶ B-Đells. TƌaŶsgeŶiĐ ŵiĐe oǀeƌeǆpƌessiŶg 

this ŵiRNA deǀeloped high-gƌade lǇŵphoŵa deŵoŶstƌatiŶg its oŶĐogeŶiĐ fuŶĐtioŶ iŶ 

these Đells [243]. It ĐaŶ ƌegulate seǀeƌal sigŶalliŶg pathǁaǇs to pƌoŵote Đell 

pƌolifeƌatioŶ suĐh as TGFβ sigŶalliŶg pathǁaǇ ďǇ taƌgetiŶg SMADϱ [Ϯϰϰ], BCR sigŶalliŶg 

ďǇ taƌgetiŶg INPP5D, a Ŷegatiǀe ƌegulatoƌ of the doǁŶstƌeaŵ tǇƌosiŶe kiŶase sigŶalliŶg 

pathǁaǇ [Ϯϰϱ] oƌ JAK-STATϯ sigŶalliŶg pathǁaǇ ďǇ taƌgetiŶg the Ŷegatiǀe ƌegulatoƌ 

SOCSϯ [Ϯϰϲ]. MiR-Ϯϭ is highlǇ eǆpƌessed iŶ ŶoŶ-HodgkiŶ lǇŵphoŵas aŶd its eǆpƌessioŶ 

is Đoƌƌelated ǁith pooƌ pƌogŶosis [247, 248]. OŶe of the taƌgets of ŵiR-Ϯϭ is the 

tuŵouƌ suppƌessoƌ PTEN [249]. EpigeŶetiĐ sileŶĐiŶg of ŵiR-ϭϮϱď is ƌeƋuiƌed foƌ Ŷoƌŵal 

B-Đell deǀelopŵeŶt aŶd upƌegulatioŶ of this ŵiRNA ŵight iŶduĐe ŵǇeloid aŶd 

lǇŵphoid leukeŵias [ϮϱϬ, Ϯϱϭ]. 
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Figuƌe ϭ.ϭϲ: Soŵe eǆaŵples of aďeƌƌaŶtlǇ eǆpƌessed ŵiRNAs aŶd theiƌ taƌgets iŶ B-Đell 

lǇŵphoŵas. These ŵiRNAs 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 ƌeasoŶs foƌ aďeƌƌaŶt ŵiRNA eǆpƌessioŶ iŶ B-Đell lǇŵphoŵa ;aŶd otheƌ ĐaŶĐeƌsͿ aƌe 

Ŷuŵeƌous, aŶd ĐaŶ iŶĐlude Đhƌoŵosoŵal aďeƌƌatioŶs, epigeŶetiĐ deƌegulatioŶ, 

aďeƌƌaŶt eǆpƌessioŶ of tƌaŶsĐƌiptioŶ faĐtoƌs that ƌegulate pƌoŵoteƌ ƌegioŶs of ŵiRNAs, 

ŵutatioŶs iŶ ŵiRNA seƋueŶĐes aŶd iŶ ŵiRNA ďiŶdiŶg sites, aŶd the faĐtoƌs that ĐhaŶge 

the ďalaŶĐe of ŵiRNA ďiosǇŶthesis oƌ fuŶĐtioŶ [Ϯϱϯ]. Foƌ eǆaŵple, ŵiR-ϭϳ~ϵϮ Đlusteƌ is 

tƌaŶsaĐtiǀated ďǇ MYC, a tƌaŶsĐƌiptioŶ faĐtoƌ fƌeƋueŶtlǇ dǇsƌegulated iŶ ĐaŶĐeƌ [Ϯϱϰ]. 

DǇsƌegulatioŶ of MYC ďǇ Đhƌoŵosoŵal tƌaŶsloĐatioŶ aŶd juǆtapositioŶ to 

iŵŵuŶogloďuliŶ eŶhaŶĐeƌ is a ĐoŵŵoŶ featuƌe iŶ BL [Ϯϱϱ]. 

IŶ additioŶ, geŶetiĐ ǀaƌiatioŶs affeĐtiŶg ŵiRNA ƌegulatoƌǇ pathǁaǇs haǀe ďeeŶ 

desĐƌiďed to haǀe iŵpoƌtaŶt iŵpliĐatioŶs iŶ ŵiRNA aĐtiǀitǇ. These polǇŵoƌphisŵs ŵaǇ 
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affeĐt ŵiRNA ďiogeŶesis pathǁaǇs as ǁell as theiƌ taƌgetiŶg ĐapaĐitǇ aŶd aƌe assoĐiated 

ǁith pathogeŶesis of ǀaƌious ĐaŶĐeƌ tǇpes [Ϯϱϲ]. Seǀeƌal polǇŵoƌphisŵs affeĐtiŶg 

geŶes eŶĐodiŶg ĐoŵpoŶeŶts of ŵiRNA ďiogeŶesis suĐh as DROSHA, DGCRϴ, XPOϱ, 

DICER aŶd AGOϮ haǀe ďeeŶ fƌeƋueŶtlǇ ideŶtified iŶ soŵe ĐaŶĐeƌ diseases assoĐiated 

ǁith ƌisk of ĐaŶĐeƌ [Ϯϱϳ], pooƌ pƌogŶosis [Ϯϱϴ], ĐaŶĐeƌ deǀelopŵeŶt aŶd pƌogƌessioŶ 

[Ϯϱϴ] aŶd ƌespoŶse to ĐheŵotheƌapǇ [Ϯϱϵ]. SiŶgle ŶuĐleotide polǇŵoƌphisŵs ;SNPsͿ 

haǀe ďeeŶ also ideŶtified iŶ ŵiRNA seƋueŶĐes. These ǀaƌiatioŶs, iŶĐludiŶg pƌi-ŵiRNAs, 

pƌe-ŵiRNAs aŶd ŵatuƌe ŵiRNAs, haǀe the poteŶtial of affeĐt the pƌoĐessiŶg effiĐieŶĐǇ 

aŶd/oƌ taƌget seleĐtioŶ of ŵiRNAs, leadiŶg to aďeƌƌaŶt eǆpƌessioŶ of huŶdƌeds of geŶes 

iŶ diffeƌeŶt ďiologiĐal pathǁaǇs [ϮϲϬ]. Hoǁeǀeƌ, as ŵiRNAs aƌe highlǇ ĐoŶseƌǀed, SNPs 

iŶ ŵiRNA geŶes aƌe ƌelatiǀelǇ ƌaƌe. 

The disƌuptioŶ of ŵiRNA-depeŶdeŶt ƌegulatioŶ ďǇ SNPs iŶ the ŵiRNA ďiŶdiŶg site of 

taƌget ŵRNAs has ďeeŶ ĐoŶfiƌŵed as a ŵeĐhaŶisŵ foƌ alteƌed geŶe eǆpƌessioŶ iŶ 

ĐaŶĐeƌ. IŶ ĐoŶtƌast to the ŵiRNA-polǇŵoƌphisŵs iŶ the ŵiRNA ďiogeŶesis pathǁaǇ, the 

polǇŵoƌphisŵs loĐated at the ϯ'-UTR of a ŵiRNA taƌget geŶe aƌe ŵoƌe aďuŶdaŶt iŶ the 

huŵaŶ geŶoŵe, aŶd affeĐt oŶlǇ the eǆpƌessioŶ of the taƌget geŶe aŶd its doǁŶstƌeaŵ 

effeĐtoƌs, ƌesultiŶg iŶ a ŵoƌe defiŶed aŶd liŵited ƌaŶge of effeĐts [Ϯϲϭ]. These SNPs ĐaŶ 

disƌupt putatiǀe ŵiRNA-ďiŶdiŶg sites as ǁell as Đƌeate Ŷoǀel oŶes. Soŵe eǆaŵples of 

SNPs loĐated iŶ the ϯ'-UTR of taƌget ŵRNAs aŶd theiƌ ĐliŶiĐal sigŶifiĐaŶĐe, aƌe ƌeǀieǁed 

iŶ [Ϯϱϲ]. 

1.4.6 In-silico target prediction tools 

While it is iŶteƌestiŶg to ideŶtifǇ aďeƌƌaŶtlǇ eǆpƌessed ŵiRNAs iŶ ĐaŶĐeƌs, iŶ oƌdeƌ to 

fullǇ uŶdeƌstaŶd the fuŶĐtioŶal ĐoŶseƋueŶĐes of ŵiRNA dǇsƌegulatioŶ it is ĐƌuĐial to 

aĐĐuƌatelǇ ideŶtifǇ the taƌget geŶes ǁithiŶ a defiŶed Đellulaƌ ĐoŶteǆt. Hoǁeǀeƌ, this is 

faƌ fƌoŵ stƌaightfoƌǁaƌd as iŶ ĐoŶtƌast to plaŶts, a Ŷeaƌ-peƌfeĐt WatsoŶ-CƌiĐk ďase 

paiƌiŶg of ŵiRNA to its taƌget is ƌaƌe iŶ aŶiŵals, ŵakiŶg a ĐhalleŶge to pƌediĐt taƌget 

sites [179]. Foƌ this puƌpose, seǀeƌal diffeƌeŶt ŵiRNA taƌget geŶe pƌediĐtiǀe algoƌithŵs 

haǀe ďeeŶ deǀeloped aŶd take a Ŷuŵďeƌ of diffeƌeŶt appƌoaĐhes to pƌediĐtiŶg the 

ŵiRNA:ŵRNA iŶteƌaĐtioŶ ;Taďle ϭ.ϰͿ.  
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Taďle ϭ.ϰ: ChaƌaĐteƌistiĐs of soŵe 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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ͳ.Ͷ.͸.ͳ Seed-sequence matching parameter 

The ŵajoƌitǇ of the tools iŶĐlude the seed ƌegioŶ as the keǇ ďiologiĐal eleŵeŶt foƌ 

ŵiRNA-taƌget pƌediĐtioŶ [271].  FuŶĐtioŶal ŵiRNA-taƌget iŶteƌaĐtioŶs ĐaŶ ďe foƌŵed 

fƌoŵ as feǁ as ϲ-Ŷt ŵatĐhes iŶ a ƌegioŶ ofteŶ teƌŵed the seed ƌegioŶ [179]. Theƌe aƌe 

thƌee ϲ-ŵeƌs possiďle ŵatĐh positioŶs iŶ the seed ;ϭ-ϲ, Ϯ-ϳ aŶd ϯ-ϴ ŵiRNA positioŶsͿ 

as ǁell as tǁo ϳ-ŵeƌs ;ϭ-ϳ aŶd Ϯ-ϴ ŵiRNA positioŶsͿ aŶd oŶe ϴ-ŵeƌs ;ϭ-ϴ ŵiRNA 

positioŶͿ ;Figuƌe ϭ.ϭϳͿ. These ĐaŶoŶiĐal seed-paiƌiŶg ƌules aƌe the ďasis foƌ the 

ďioiŶfoƌŵatiĐ pƌediĐtioŶ appƌoaĐhes [271]. Hoǁeǀeƌ, seed ŵatĐhiŶg of suĐh sŵall 

seƋueŶĐes is ǀeƌǇ likelǇ to oĐĐuƌ ďǇ ĐhaŶĐe, so suĐh stƌategies still suffeƌ fƌoŵ ďoth 

false-positiǀe ;ϰϬ-ϲϲ%Ϳ aŶd false-Ŷegatiǀe pƌediĐtioŶs ;ϱϬ-ϳϬ%Ϳ [ϮϳϮ]. Fuƌtheƌŵoƌe, 

eǆpeƌiŵeŶtal ŵethods Đapaďle of ƌeĐoǀeƌiŶg RNA diƌeĐtlǇ taƌgeted ďǇ ŵiRNAs ;see 

Ŷeǆt seĐtioŶͿ haǀe oďseƌǀed that a gƌeat aŵouŶt of the ideŶtified diƌeĐt taƌget 

iŶteƌaĐtioŶs doŶ͛t folloǁ ĐaŶoŶiĐal seed-paiƌiŶg ƌules [191, 273-275]. These ŶoŶ-

ĐaŶoŶiĐal iŶteƌaĐtioŶs iŶĐlude ŶuĐleatioŶ ďulges, ĐeŶteƌed sites aŶd seed-like ŵotifs 

;ŵisŵatĐhes iŶ seed paiƌiŶg, deletioŶs oƌ G:U ǁoďďle paiƌiŶgͿ ;Figuƌe ϭ.ϭϴͿ [191, 274, 

275]. PƌediĐtioŶ ŵodels suĐh as tƌaŶsitioŶal ŶuĐleatioŶ ŵodel haǀe ďeeŶ deǀeloped 

aŶd iŵpleŵeŶted to iŶĐlude these eǆpeƌiŵeŶtallǇ oďseƌǀed ŶoŶ-ĐaŶoŶiĐal iŶteƌaĐtioŶs 

;Figuƌe ϭ.ϭϵͿ [273]. These iŶteƌaĐtioŶs haǀe ďeeŶ fuŶĐtioŶallǇ ǀalidated aŶd staďilitǇ of 

Ago-Đoŵpleǆ haǀe ďeeŶ ĐoŶfiƌŵed [276]. These ŵakes eǀeŶ ŵoƌe ĐhalleŶgiŶg ŵiRNA 

taƌget pƌediĐtioŶ also ďeĐause ŶoŶ-ĐaŶoŶiĐal sites seeŵ to haǀe a ŵodest seƋueŶĐe 

ĐoŶseƌǀatioŶ aĐƌoss speĐies [273-275]. 

 

Figuƌe ϭ.ϭϳ: CaŶoŶiĐal seed-ŵatĐhiŶg. IŶĐludiŶg all k-ŵeƌ iŶteƌaĐtioŶs: ϴŵeƌ, ϳŵeƌ-ŵϴ, ϳŵeƌ-

Aϭ, ϲŵeƌ aŶd offset ϲŵeƌ. RepƌoduĐed fƌoŵ VlaĐhos IS, et al. ϮϬϭϱ [277]. 
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Figuƌe ϭ.ϭϴ: NoŶ-ĐaŶoŶiĐal ŵiRNA taƌget sites. KeǇ ďiŶdiŶg ƌegioŶs aƌe highlighted iŶ ƌed aŶd 

suďtlǇ ĐoŶtƌiďutiŶg ƌegioŶs aƌe iŶ puƌple. Solid liŶes iŶdiĐate WatsoŶ-CƌiĐk ďase paiƌiŶg aŶd dots 

iŶdiĐate G:U ǁoďďle paiƌs. Modified fƌoŵ Seok, et al. ϮϬϭϲ [Ϯϳϴ]. 

 

 

Figuƌe ϭ.ϭϵ: Modes of ŵiRNA-taƌget ƌeĐogŶitioŶ. ;AͿ SĐheŵatiĐ diagƌaŵs of fuŶĐtioŶal ŵiRNA 

doŵaiŶs stƌuĐtuƌed ďǇ Ago. ;B–DͿ Possiďle iŶitial taƌget ƌeĐogŶitioŶ ŵodels foƌ ϱ′ doŵiŶaŶt 

ďiŶdiŶg ;seed site oƌ ŶuĐleatioŶ ďulge site, BͿ, ĐeŶtƌal doŵiŶaŶt paiƌiŶg ;ĐeŶteƌed site, CͿ, aŶd 

ϯ′-ĐoŵpeŶsatoƌǇ iŶteƌaĐtioŶs ;seed-like ŵotifs, DͿ. TƌaŶsitioŶal ŶuĐleatioŶ paiƌiŶgs aƌe 

iŶdiĐated ďǇ ďold liŶes. NoŶ-WatsoŶ-CƌiĐk ďase paiƌiŶg, ŵisŵatĐhes, aŶd deletioŶs aƌe all 

iŶdiĐated ďǇ dotted liŶes. RepƌoduĐed fƌoŵ Seok, et al. ϮϬϭϲ [Ϯϳϴ]. 
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ͳ.Ͷ.͸.ʹ Conservation parameter 

The degƌee of eǀolutioŶaƌǇ ĐoŶseƌǀatioŶ of the taƌget site is aŶ iŵpoƌtaŶt paƌaŵeteƌ 

ĐoŶsideƌed ďǇ ŵaŶǇ ŵiRNA taƌget pƌediĐtioŶ algoƌithŵs. The pƌeŵise foƌ this 

iŵpoƌtaŶĐe iŶ pƌediĐtiǀe algoƌithŵs is that sites that aƌe ĐoŶseƌǀed ŵoƌe thaŶ ǁould 

ďe eǆpeĐted ďǇ ĐhaŶĐe ŵight ďe uŶdeƌ seleĐtiǀe pƌessuƌe aŶd theƌefoƌe ďiologiĐallǇ 

iŵpoƌtaŶt [262].  

ͳ.Ͷ.͸.͵ Free energy parameter 

Thermodynamic criteria of potential miRNA:mRNA interactions are also considered by 

many of these computational tools. The loǁeƌ the fƌee eŶeƌgǇ, the gƌeateƌ the 

RNA:RNA ďiŶdiŶg, ǁhiĐh iŶĐƌeases the likelihood that this iŶteƌaĐtioŶ oĐĐuƌs [279]. To 

ŵeasuƌe this, ŵost pƌediĐtioŶ tools use VieŶŶa RNA paĐkage [280]. 

ͳ.Ͷ.͸.Ͷ The context parameter 

The ĐoŶteǆt paƌaŵeteƌ is also ĐoŶsideƌed iŶ these pƌediĐtioŶ algoƌithŵs aŶd ƌefeƌs to 

those faĐtoƌs that ŵaǇ affeĐt the ŵiRNA-ŵRNA iŶteƌaĐtioŶ oƌ aĐĐessiďilitǇ to the 

ďiŶdiŶg site suĐh as the ďiŶdiŶg of pƌoteiŶs to the RNA ;foƌ eǆaŵple the tƌaŶslatioŶal 

ŵaĐhiŶeƌǇ iŶ the ĐodiŶg ƌegioŶsͿ [Ϯϴϭ] aŶd seĐoŶdaƌǇ stƌuĐtuƌes of the RNA [267]. To 

asses this, soŵe paƌaŵeteƌs aƌe ĐoŶsideƌed. Foƌ eǆaŵple, the Ŷuŵďeƌ of AU 

ŶuĐleotides flaŶkiŶg the seed ƌegioŶ is ĐoŶsideƌed ďǇ soŵe pƌediĐtioŶ tools suĐh as 

TaƌgetSĐaŶ oƌ ŵiRaŶda aŶd assoĐiated ǁith a ǁeakeƌ ŵRNA seĐoŶdaƌǇ stƌuĐtuƌe Ŷeaƌ 

the site, iŵpƌoǀiŶg the aĐĐessiďilitǇ to the seed site. Also, the positioŶ ǁithiŶ the ϯ͛UTR 

is iŵpoƌtaŶt. The UTR Ƌuaƌtiles Ŷeaƌ the stop ĐodoŶ aŶd Ŷeaƌ the polǇ-A tail aƌe ŵost 

susĐeptiďle foƌ aŶ effeĐtiǀe taƌgetiŶg. SeĐoŶdaƌǇ RNA stƌuĐtuƌes aƌe ŵoƌe likelǇ to 

oĐĐuƌ iŶ the ĐeŶteƌ of loŶg ϯ͛UTRs [282].  

ͳ.Ͷ.͸.ͷ TargetScan 

TaƌgetSĐaŶ ǁas the fiƌst algoƌithŵ to pƌediĐt ŵiRNA taƌgets iŶ ǀeƌteďƌates aŶd the 

ŵost stƌiŶgeŶt of the seƋueŶĐe-ďased tools ďut ǁith a high false Ŷegatiǀe ƌate [271]. It 

oŶlǇ ĐoŶsideƌs seed ƌegioŶs at the ϯ͛UTR aŶd does Ŷot suppoƌt ŵisŵatĐhes eǆĐept 

ǁheŶ  a ŵisŵatĐh iŶ the seed is ĐoŵpeŶsated ǁith a iŶteƌaĐtioŶ iŶ the ϯ͛ site of the 

ŵiRNA [262, 282]. Also, it stƌoŶglǇ pƌioƌitizes the ĐoŶseƌǀatioŶ leǀel of ŵRNA:ŵiRNA 
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iŶteƌaĐtioŶs aŶd positiǀelǇ ƌates additioŶal paiƌiŶg of ϯ͛ poƌtioŶ of the ŵiRNA aŶd 

pƌoǆiŵitǇ of otheƌ ŵiRNA ďiŶdiŶg sites. It also iŶĐoƌpoƌates a phǇlogeŶetiĐ tƌee ďased 

oŶ UTR geŶoŵiĐ ƌegioŶs to ƋuaŶtitatiǀelǇ eǀaluate ŵotif ĐoŶseƌǀatioŶ [ϮϲϮ] aŶd ĐaŶ 

giǀe a Đell tǇpe speĐifiĐ sĐoƌe foƌ eaĐh site [283]. The paƌaŵeteƌs aŶd ǀalues used ďǇ 

TaƌgetSĐaŶ aƌe listed iŶ Taďle ϭ.ϱ.  

Parameter Value Range Meaning 

Site type 
8mer > 7mer > 

7mer-A1 > 6mer 

The matching sites in the seed region (nucleotides 2 to 

ϴ fƌoŵ ϱ′ of ŵiRNA that haǀe peƌfeĐt WC paiƌiŶg ǁith 
the ϯ′ UTRͿ, fƌoŵ the stƌiĐtest to the least stƌiĐt. 

Context++ score Fƌoŵ ϭ to −ϭ 

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 
Fƌoŵ i to ϭϬϬ − i; Percentage of sites for the miRNA with a less 

favorable context++score. 

Weighted 

context++ score 
Fƌoŵ ϭ to −ϭ 

The scores with a lower negative value indicate a 

greater prediction of repression. 

Cumulative 

weighted 

context++ score 

C(i–ϭͿ + ;ϭ − 
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 = ϭ − ;;ϭ – 

PCTͿ siteϭ × ;ϭ − PCT) 

site2 

For each miRNA, this parameter includes the 

ĐoŶseƌǀed ϯ′ UTR taƌgets ǁith ŵultiple sites that ǁeƌe 
ŵissed iŶ the huŵaŶ ϯ′ UTR aŶŶotatioŶ ďut ǁeƌe 

present in the mouse annotations. 

Conserved sites ≥Ϭ Number of conserved sites identified. 

Taďle ϭ.ϱ: DesĐƌiptioŶ of the paƌaŵeteƌs aŶd ǀalues shoǁŶ iŶ the ƌesults deliǀeƌed ďǇ 

TaƌgetSĐaŶ [Ϯϳϭ]. 
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ͳ.Ͷ.͸.͸ miRanda and other tools 

The ŵiRaŶda algoƌithŵ is ŵoƌe fleǆiďle aŶd seŶsitiǀe, ďut ǁith a higheƌ false positiǀe 

ƌate. Its sĐoƌiŶg sǇsteŵ ĐoŶsideƌs the eŶeƌgǇ Ŷeeded to aĐĐess the ďiŶdiŶg site 

ĐalĐulated usiŶg the VieŶŶa paĐkage, ǁhile TaƌgetSĐaŶ ĐoŶsideƌs the ĐoŶteǆt. ŵiRaŶda 

tool also ĐoŶsideƌs the ĐoŶteǆt ;aĐĐessiďilitǇ of RNA due to seĐoŶdaƌǇ stƌuĐtuƌes, 

positioŶ of the taƌget site, eǀolutioŶaƌǇ ĐoŶseƌǀatioŶ etĐͿ. Hoǁeǀeƌ, ŵiRaŶda ĐaŶ 

pƌediĐt taƌget sites of ŶoŶ-ĐaŶoŶiĐal aŶd ŶoŶ-ĐoŶseƌǀed sites [266, 271]. SiŵilaƌlǇ, 

DIANA-ŵiĐƌoT aŶd RNAϮϮ tools ĐaŶ also aŶalǇze ŶoŶ-ĐoŶseƌǀed sites as ǁell as loĐated 

iŶ ĐodiŶg ƌegioŶs aŶd all aloŶg the ŵRNA iŶ Đase of RNAϮϮ [271]. Otheƌ pƌogƌaŵŵes 

iŶĐludiŶg seed seaƌĐhiŶg iŶ ϱ͛UTRs aŶd ĐodiŶg seƋueŶĐes aƌe ŵiRTaƌ aŶd TaƌgetS tools 

[269, 284, 285]. The paƌaŵeteƌs aŶd ǀalues used ďǇ ŵiRaŶda aŶd DIANA-ŵiĐƌoT tools 

aƌe listed iŶ Taďle ϭ.ϲ.  
 

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 ≥Ϭ 
Number of species in which the predicted 

interaction is conserved. 

Signal-to-

noise ratio 

(SNR) 

>0 

This sĐoƌe is a ŵeasuƌe of the ͞sigŶal to 
Ŷoise͟ ƌatio, ǁhiĐh eŶaďles 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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Taďle ϭ.ϲ: DesĐƌiptioŶ of the paƌaŵeteƌs aŶd ǀalues shoǁŶ iŶ the ƌesults deliǀeƌed ďǇ 

ŵiRaŶda aŶd DIANA-ŵiĐƌoT tool [Ϯϳϭ]. 

ͳ.Ͷ.͸.͹ Limitations of miRNA target gene prediction tools 

These tools, eǀeŶ if ďased oŶ ĐoŵŵoŶ featuƌes, shoǁ diffeƌeŶĐes ǁheŶ pƌediĐtiŶg 

ŵiRNA ďiŶdiŶg sites. The ƌeasoŶs ĐaŶ ďe the use of diffeƌeŶt dataďases foƌ ŵRNA aŶd 

ŵiRNA seƋueŶĐes. Hoǁeǀeƌ, otheƌ ƌeasoŶs aƌe iŶtƌiŶsiĐ to the pƌediĐtioŶ algoƌithŵ aŶd 

theiƌ sĐoƌiŶg sǇsteŵ ;Figuƌe ϭ.ϮϬͿ. 

 

Figuƌe ϭ.ϮϬ: Nuŵďeƌ of ŵiR-ϭϱϱ taƌget 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 figuƌe ϭ.ϮϬ shoǁs, the seŶsitiǀitǇ aŶd speĐifiĐitǇ is ǀeƌǇ ǀaƌiaďle ǁheŶ ĐoŵpaƌiŶg 

diffeƌeŶt taƌget pƌediĐtioŶ tools. Foƌ soŵe appliĐatioŶs theǇ ŵight ďe a ƌapid aŶd 

useful ŵethod foƌ eǆploƌiŶg putatiǀe ŵiRNA ďiŶdiŶg sites. Hoǁeǀeƌ, the eǆpeƌiŵeŶtal 

ǀalidatioŶ of these pƌediĐtioŶs ofteŶ fails as the eǆaĐt ƌules that goǀeƌŶ ŵiRNAs-

ďiŶdiŶg ŵeĐhaŶisŵ haǀe Ŷot ďeeŶ ĐoŵpletelǇ eluĐidated. Also, the taƌgets of ŵiRNAs 

aŵoŶg diffeƌeŶt Đells liŶeages aŶd tissues ĐaŶ ǀaƌǇ ŵakiŶg iŶ-siliĐo pƌediĐtioŶ ŵoƌe 

diffiĐult [Ϯϴϯ, Ϯϴϲ]. Theƌefoƌe, pƌediĐtioŶs ƌeallǇ Ŷeed to ďe eǆpeƌiŵeŶtallǇ ǀalidated. 
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1.4.7 Experimental identification of miRNA target sites 

MiRNA deƌegulatioŶ is a ĐoŵŵoŶlǇ oďseƌǀed featuƌe iŶ ŵultiple diseases iŶĐludiŶg 

ĐaŶĐeƌ. Hoǁeǀeƌ, iŶ oƌdeƌ to uŶdeƌstaŶd the ŵeaŶiŶg of this aďeƌƌaŶt eǆpƌessioŶ is 

ŶeĐessaƌǇ to kŶoǁ the speĐifiĐ taƌgets of this ŵiRNA ǁithiŶ a speĐifiĐ Đellulaƌ ĐoŶteǆt. 

Multiple high-thƌoughput eǆpeƌiŵeŶtal appƌoaĐhes haǀe ďeeŶ used foƌ this puƌpose, 

fƌoŵ ŵiĐƌoaƌƌaǇ aŶalǇsis to RNA seƋueŶĐiŶg aŶd pƌoteoŵiĐ aŶalǇsis [Ϯϴϳ, Ϯϴϴ].  

Hoǁeǀeƌ, these teĐhŶiƋues aƌe Ŷot aďle to diffeƌeŶtiate ďetǁeeŶ iŶdiƌeĐt aŶd diƌeĐt 

ŵiRNA taƌgetiŶg. Theƌefoƌe, ŵethods to eǆpeƌiŵeŶtallǇ ideŶtifǇ diƌeĐt ŵiRNA taƌgets 

haǀe ďeeŶ deǀeloped. These ŵethods ideŶtifǇ diƌeĐt pƌoteiŶ-RNA iŶteƌaĐtioŶs. 

OŶe of the fiƌst teĐhŶiƋues used foƌ this puƌpose ǁas RNA iŵŵoŶopƌeĐipitatioŶ ;RIPͿ. 

This ŵethod is ďased oŶ the iŵŵuŶopƌeĐipitatioŶ ;IPͿ of a speĐifiĐ RNA-ďiŶdiŶg pƌoteiŶ 

;RBPͿ uŶdeƌ ĐoŶditioŶs that pƌeseƌǀe ƌiďoŶuĐleopƌoteiŶ Đoŵpleǆes ;RNPsͿ,  aŶd the 

suďseƋueŶt aŶalǇsis of the puƌified RNAs that ǁeƌe iŶteƌaĐtiŶg ǁith the RBP usiŶg 

ŵiĐƌoaƌƌaǇs ;RIP-ChipͿ oƌ high-thƌoughput seƋueŶĐiŶg ;RIP-SeƋͿ [289, 290]. Hoǁeǀeƌ, 

this ŵethodologǇ ǁas Ŷot suitaďle foƌ diƌeĐt pƌoteiŶ-RNA ĐoŶtaĐts as it pƌeseƌǀes 

pƌoteiŶ-pƌoteiŶ iŶteƌaĐtioŶs aŶd thus ĐaŶ puƌifǇ ŵultiple RBP aŶd the RNA ďouŶd to 

aŶǇ of these pƌoteiŶs [Ϯϵϭ].  

Lateƌ oŶ, a ŵoƌe aĐĐuƌate ŵethod foƌ the ideŶtifiĐatioŶ of diƌeĐt pƌoteiŶ-RNA 

iŶteƌaĐtioŶ Đalled CLIP ;ĐƌossliŶkiŶg aŶd iŵŵuŶopƌeĐipitatioŶͿ ǁas deǀeloped. The CLIP 

ŵethod ƌelies oŶ the puƌifiĐatioŶ of shoƌt RNA fƌagŵeŶts that ĐƌossliŶk to a speĐifiĐ 

pƌoteiŶ aŶd theŶ ideŶtifies these fƌagŵeŶts usiŶg seƋueŶĐiŶg. This ŵethod aŶd siŵilaƌ 

teĐhŶiƋues haǀe ďeeŶ ǁidelǇ used foƌ the studǇ of RNA aŶd iŶteƌaĐtioŶs ǁith ǀaƌious 

RBPs [ϮϵϮ, Ϯϵϯ].  

Most ǀaƌiaŶts of CLIP use ultƌaǀiolet ;UVͿ light to foƌŵ ĐoǀaleŶt ďoŶds ďetǁeeŶ RBPs 

aŶd theiƌ ĐogŶate ďouŶd RNA. UV ĐƌossliŶkiŶg ƌeƋuiƌes diƌeĐt ĐoŶtaĐt ďetǁeeŶ aŶ 

aŵiŶo aĐid aŶd a ŶuĐleiĐ aĐid, aŶd theƌefoƌe eŶsuƌes that oŶlǇ diƌeĐt pƌoteiŶ-RNA 

iŶteƌaĐtioŶs aƌe pƌeseƌǀed aŶd alloǁs ŵoƌe stƌiŶgeŶt puƌifiĐatioŶ steps to ďe used as 

the ĐoǀaleŶt ďoŶd is ƌetaiŶed thƌoughout the ŵethod [Ϯϵϰ]. The oƌigiŶal CLIP pƌotoĐol 

aŶd ŵost of its ǀaƌiaŶts use UV-C ǁaǀeleŶgth ;Ϯϱϰ ŶŵͿ [295]. Hoǁeǀeƌ, a CLIP ǀaƌiaŶt 

Đalled PAR-CLIP ;PhotoaĐtiǀataďle ƌiďoŶuĐleoside-eŶhaŶĐed CLIPͿ iŶtƌoduĐes a ǀaƌiatioŶ 
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oŶ this ĐƌossliŶkiŶg stƌategǇ. IŶ PAR-CLIP, Đells aƌe pƌe-iŶĐuďated ǁith a 

photoaĐtiǀataďle ƌiďoŶuĐleoside, ϰ-thiouƌidiŶe ;ϰ-SUͿ oƌ ϲ-thioguaŶosiŶe ;ϲSGͿ, ǁhiĐh 

is iŶĐoƌpoƌated iŶto the ŶasĐeŶt ŶuĐleiĐ aĐids, aŶd  eŶaďles pƌoteiŶ-RNA ĐƌossliŶkiŶg 

ǁith UV-A ǁaǀeleŶgth ;ϯϲϱ ŶŵͿ [296]. 

Foƌ the ideŶtifiĐatioŶ of ŵiRNA-ďiŶdiŶg sites, IP agaiŶst Ago pƌoteiŶs aƌe peƌfoƌŵed 

[Ϯϵϳ]. IŶ ϮϬϬϵ, Chi et al ƌepoƌted iŶ Natuƌe jouƌŶal the fiƌst ǁoƌk ǁheƌe AƌgoŶaute 

HITS-CLIP ;High-thƌoughput seƋueŶĐiŶg of RNA isolated ďǇ CLIPͿ ǁas applied iŶ oƌdeƌ 

to aŶalǇze iŶteƌaĐtioŶs ďetǁeeŶ ŵiRNAs aŶd ŵRNA [Ϯϵϴ]. SiŶĐe theŶ, ŵultiple ǁoƌks 

haǀe ďeeŶ puďlished studǇiŶg iŶteƌaĐtioŶs ďetǁeeŶ ŵiRNAs aŶd theiƌ taƌget seƋueŶĐes 

usiŶg these teĐhŶologies suĐh as CLIP-SeƋ, HITS-CLIP aŶd PAR-CLIP [Ϯϳϴ, Ϯϵϵ, ϯϬϬ]. 

EǆistiŶg CLIP ƌelated pƌotoĐols aƌe listed iŶ Taďle ϭ.ϳ. 
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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 [ϯϭϯ] 
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 [ϯϭϲ] 
sCLIP Simplified CLIP [ϯϭϳ] 
dCLIP Denaturing CLIP [ϯϭϴ] 
CLASH Crosslinking, ligation, and sequencing of hybrids [ϯϭϵ] 
hiCLIP RNA hybrid and iCLIP [320] 

PAPERCLIP Poly(A) binding protein-mediated mRNA 30 end retrieval by 

CLIP 

[ϯϮϭ] 

cTag-PAPERCLIP  ͚͚CoŶditioŶallǇ͛͛ tagged PAPERCLIP [ϯϮϮ] 
m5C-miCLIP  Cytosine-5 methylation iCLIP [ϯϮϯ] 
m6A-miCLIP N6-methyladenosine iCLIP [ϯϮϰ] 

Table 1.7: List of CLIP and related protocols ordered by their historical development. Updated 

puďliĐatioŶs iŶtƌoduĐiŶg iŵpoƌtaŶt ǀaƌiatioŶs to the saŵe ŵethod aƌe gƌouped ǁith the iŶitial 

puďliĐatioŶ. PƌotoĐols that aƌe Ŷot aiŵed at studǇiŶg the speĐifiĐitǇ of aŶ RBP ďut that applǇ 

the CLIP teĐhŶologǇ to a Ŷeǁ puƌpose aƌe listed at the eŶd [Ϯϵϰ].  

The PAR-CLIP pƌotoĐol iŶ paƌtiĐulaƌ has seǀeƌal adǀaŶtages oǀeƌ otheƌ CLIP teĐhŶiƋues 

usiŶg UV Ϯϱϰ Ŷŵ ĐƌossliŶkiŶg iŶ aďseŶĐe of photoƌeaĐtiǀe ƌiďoŶuĐleoside aŶalogs. PAR-

CLIP faĐilitates RNA-pƌoteiŶ ĐƌossliŶkiŶg aŶd tƌaŶsĐƌiptoŵe-ǁide ideŶtifiĐatioŶ of RBP 

aŶd RNP ďiŶdiŶg sites as it gets a higheƌ Ǉield of ĐƌossliŶked RNA usiŶg siŵilaƌ ƌadiatioŶ 

iŶteŶsities. Also, aŶd ŵoƌe iŵpoƌtaŶtlǇ, the UV ϯϲϱ Ŷŵ ĐƌossliŶkiŶg ƌeaĐtioŶ ďetǁeeŶ 
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the photoaĐtiǀataďle ŶuĐleoside aŶd the iŶteƌaĐtiŶg pƌoteiŶs pƌoŵotes a speĐifiĐ 

ŵutatioŶ ;T/C usiŶg ϰ-SU aŶd G/A usiŶg ϲSGͿ duƌiŶg the ĐDNA sǇŶthesis. These 

ŵutatioŶs ĐaŶ ďe ideŶtified ďǇ NGS faĐilitatiŶg the ideŶtifiĐatioŶ of speĐifiĐ ĐƌossliŶked 

ƌegioŶs ǁhiĐh is useful to disĐƌiŵiŶate ďaĐkgƌouŶd Ŷoise ;Figuƌe ϭ.ϮϭͿ [Ϯϵϲ, ϯϬϲ]. 

 

Figuƌe ϭ.Ϯϭ: PAR-CLIP ŵethodologǇ. ;AͿ StƌuĐtuƌe of photoaĐtiǀataďle ŶuĐleosides ;BͿ Diagƌaŵ 

shoǁiŶg PAR-CLIP pƌotoĐol. ϰ-SU-laďeled tƌaŶsĐƌipts ǁeƌe ĐƌossliŶked to RBPs aŶd paƌtiallǇ 

RNase-digested RNA-pƌoteiŶ Đoŵpleǆes ǁeƌe iŵŵuŶopuƌified aŶd size-fƌaĐtioŶated. RNA 

ŵoleĐules ǁeƌe ƌeĐoǀeƌed aŶd ĐoŶǀeƌted iŶto a ĐDNA liďƌaƌǇ aŶd deep seƋueŶĐed. Modified 

fƌoŵ HafŶeƌ, et al. ϮϬϭϬ [Ϯϵϲ]. 

 

Oǀeƌall, CLIP ŵethodologies haǀe giǀeŶ the oppoƌtuŶitǇ to ďetteƌ uŶdeƌstaŶd the 

fuŶĐtioŶ aŶd the ŵeĐhaŶisŵ of these ƌegulatoƌǇ ŵoleĐules. Soŵe studies haǀe 

aŶalǇzed the ǁhole taƌgetoŵe iŶ ǀiǀo aŶd iŶ ǀitƌo [ϯϮϱ, ϯϮϲ]. Otheƌs haǀe 

eǆpeƌiŵeŶtallǇ ideŶtified taƌgets of speĐifiĐ ŵiRNAs iŶ defiŶed Đellulaƌ ĐoŶteǆts [Ϯϳϰ] 

as ǁell as aŶalǇzed ŵotiǀes of ŵiRNA-ďiŶdiŶg [Ϯϵϲ] alloǁiŶg to iŶĐƌease the kŶoǁledge 

aďout the ďiŶdiŶg ŵeĐhaŶisŵ of these ŵoleĐules to speĐifiĐ taƌgets.
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ʹ.ͳ Hypothesis 

The hǇpothesis of this thesis is that the ďiŶdiŶg sites of ŵiRNAs aƌe iŵpoƌtaŶt iŶ the 

pathogeŶesis of ŶoŶ-HodgkiŶ B-Đell lǇŵphoŵas. We ǁill test this hǇpothesis iŶ tǁo 

ǁaǇs; fiƌstlǇ, ďǇ ideŶtifǇiŶg ŵutatioŶs iŶ the ŵiRNA-ďiŶdiŶg sites of tuŵouƌ ŵateƌial 

aŶd iŶǀestigatiŶg the fuŶĐtioŶal ƌeleǀaŶĐe of these ŵutatioŶs. SeĐoŶdlǇ, ǁe ǁill use the 

PAR-CLIP teĐhŶiƋue to eluĐidate the lǇŵphoŵa-speĐifiĐ taƌgetoŵe assoĐiated ǁith a 

ĐoŵŵoŶlǇ dǇsƌegulated ŵiRNA that is ĐeŶtƌal to lǇŵphoŵageŶesis ;i.e. ŵiR-ϭϱϱͿ.  

 

ʹ.ʹ 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 ďiologiĐal ƌeleǀaŶĐe of this distiŶĐt ŵiRNA eǆpƌessioŶ patteƌŶ.  

• Identify biomarkers for classification of DLBCL patients in the GCB and ABC molecular 

subtypes thƌough the ideŶtifiĐatioŶ of the tƌue taƌgetoŵe of ŵiR-ϭϱϱ 

 



 

 

 

 

 



 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. MATERIALS AND METHODS  

 
 



 

 

 

 

 



3. Materials and Methods 

 

ϳϭ 

   

͵.ͳ Extraction of nucleic acids 

3.1.1 Genomic DNA extraction 

Cultuƌed Đells: DNA of lǇŵphoid Đell liŶes ǁas eǆtƌaĐted fƌoŵ ϮǆϭϬϲ to ϱǆϭϬϲ Đells 

pellets ǁith NuĐleospiŶ® Tissue Kit ;MaĐheƌeǇ-NagelͿ aĐĐoƌdiŶg to ŵaŶufaĐtuƌeƌ's 

iŶstƌuĐtioŶs. This kit uses SDS aŶd pƌoteiŶase K foƌ lǇsis aŶd DNA ďiŶdiŶg is ďased iŶ 

siliĐa ŵeŵďƌaŶe teĐhŶologǇ. DNA ǁas eluted iŶ ϱϬ ʅL of DNase/RNase fƌee HϮO, 

ƋuaŶtified ǁith NaŶoDƌop®ND-ϭϬϬϬ speĐtƌophotoŵeteƌ ;TheƌŵoFisheƌ SĐieŶtifiĐ, DE, 

USAͿ aŶd stoƌed at -ϮϬºC. 

FƌozeŶ tuŵouƌ ďiopsies: DNA ǁas eǆtƌaĐted fƌoŵ fƌozeŶ tuŵouƌ ŵateƌial pƌeseƌǀed iŶ 

O.C.T ĐoŵpouŶd. ϯ Đuts of ϭϬ ʅŵ thiĐk ǁeƌe Đut fƌoŵ eaĐh saŵple aŶd DNA ǁas 

eǆtƌaĐted ǁith QIAŵp DNA MiŶi Kit ;QIAGEN, VeŶlo, NetheƌlaŶdsͿ aĐĐoƌdiŶg to 

ŵaŶufaĐtuƌeƌ's iŶstƌuĐtioŶs. This kit uses eŶzǇŵatiĐ lǇsis aŶd DNA ďiŶdiŶg is ďased oŶ 

siliĐa-gel ŵeŵďƌaŶe teĐhŶologǇ. DNA ǁas eluted iŶ ϮϬϬʅL HϮO aŶd ƋuaŶtified ǁith 

NaŶoDƌop® ND-ϭϬϬϬ speĐtƌophotoŵeteƌ ;Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ. DNA ǁas 

stoƌed fƌozeŶ at -ϮϬºC.  

Tuŵouƌ ďiopsies eŵďedded iŶ paƌaffiŶ: SliĐes of tuŵouƌ ŵateƌial eŵďedded iŶ 

paƌaffiŶ ǁeƌe Đut ŵaŶuallǇ ǁith HMϯϱϱs ŵiĐƌotoŵe ;Theƌŵo SĐieŶtifiĐ, DE, USAͿ. Fiƌst, 

Đuts fƌoŵ paƌaffiŶ saŵples ǁeƌe disĐaƌded iŶ oƌdeƌ to aǀoid RNA degƌaded ŵateƌial. 

TheŶ, ϯ Đuts of ϭϬ ʅŵ thiĐk ǁeƌe Đut fƌoŵ eaĐh saŵple aŶd ĐolleĐted. Total geŶoŵiĐ 

DNA ǁas isolated ǁith QIAŵp® DNA FFPE Tissue kit ;QIAGEN, VeŶlo, NetheƌlaŶdsͿ 

aĐĐoƌdiŶg to ŵaŶufaĐtuƌeƌ iŶstƌuĐtioŶs. DNA ǁas eluted iŶ ϯϬ ʅL of DNase/RNase fƌee 

ǁateƌ ;Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ. DNA ĐoŶĐeŶtƌatioŶ aŶd puƌitǇ ǁeƌe 

deteƌŵiŶed ǁith NaŶoDƌop® ND-ϭϬϬϬ speĐtƌophotoŵeteƌ ;TheƌŵoFisheƌ SĐieŶtifiĐ, 

DE, USAͿ aŶd stoƌed at -ϮϬºC. 

3.1.2 Plasmid DNA extraction 

Plasŵid DNA isolatioŶ foƌ luĐifeƌase ĐloŶiŶg ǁas peƌfoƌŵed usiŶg the ŵiŶipƌep 

ŵethod. This ŵethod ĐoŶsists of a fiƌst ďaĐteƌial lǇsis aŶd eliŵiŶatioŶ ďǇ ĐeŶtƌifugatioŶ 

of ďaĐteƌial ǁalls aŶd ŵeŵďƌaŶes togetheƌ ǁith the ďaĐteƌial ĐhƌoŵosoŵiĐ DNA 

folloǁed ďǇ plasŵid DNA isolatioŶ fƌoŵ the ďaĐteƌial lǇsate. Foƌ this puƌpose, ϱ ŵL of 
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LB ďƌoth ǁith ϭϬϬµg/ŵL aŵpiĐilliŶ ǁeƌe iŶoĐulated aŶd gƌoǁŶ at ϯϳºC ϭϴϬƌpŵ 

oǀeƌŶight ;o/ŶͿ. BaĐteƌial Đells ǁeƌe pelleted aŶd plasŵids ǁeƌe eǆtƌaĐted usiŶg 

QIAGEN Plasŵid MiŶi Kit ;QIAGEN, VeŶlo, NetheƌlaŶdsͿ folloǁiŶg ŵaŶufaĐtuƌeƌ's 

iŶstƌuĐtioŶs. DNA ǁas eluted iŶ ϱϬ ʅL of DNase/RNase fƌee HϮO, ƋuaŶtified ǁith 

NaŶoDƌop® ND-ϭϬϬϬ speĐtƌophotoŵeteƌ ;TheƌŵoFisheƌ SĐieŶtifiĐ, DE, USAͿ aŶd stoƌed 

fƌozeŶ at -ϮϬºC. SiŵilaƌlǇ, foƌ isolatiŶg the eŶǀelopiŶg plasŵids foƌ leŶtiǀiƌal pƌoduĐtioŶ 

a Maǆipƌep ŵethod ǁas used ǁhiĐh has the saŵe pƌiŶĐiple as MiŶipƌep ŵethod ďut 

optiŵized foƌ gettiŶg a higheƌ Ǉield. This tiŵe QIAGEN Plasŵid Maǆi Kit ;QIAGEN, 

VeŶlo, NetheƌlaŶdsͿ ǁas used, staƌtiŶg fƌoŵ aŶ o/Ŷ gƌoǁŶ ďaĐteƌial Đultuƌe of ϮϱϬ ŵL 

folloǁiŶg ŵaŶufaĐtuƌeƌ's iŶstƌuĐtioŶs. 

3.1.3 Total RNA extraction 

Cultuƌed Đells: Total RNA ǁas eǆtƌaĐted usiŶg Tƌi ReageŶt® ;AŵďioŶͿ. Cell pellets ǁeƌe 

ƌesuspeŶded iŶ ϭ ŵL of Tƌi ReageŶt® aŶd iŶĐuďated ϭϬ ŵiŶutes at ƌooŵ teŵpeƌatuƌe 

;RTͿ. ϮϬϬ ʅL of Đhloƌofoƌŵ ǁeƌe theŶ added to eaĐh saŵples aŶd ǀoƌteǆ ǁas applied 

foƌ aƌouŶd ϭϬ seĐoŶds. Saŵples ǁeƌe iŶĐuďated ϭϬ ŵiŶutes at RT aŶd ĐeŶtƌifuged at 

ϭϮϬϬϬg ϰºC foƌ ϭϬ ŵiŶutes. AƋueous phase ǁas tƌaŶsfeƌƌed to Ŷeǁ ϭ.ϱŵl tuďes aŶd 

ϭµL of glǇĐogeŶ ;ϱ µg/µLͿ folloǁed ďǇ ϱϬϬʅL of isopƌopaŶol ǁeƌe added aŶd ŵiǆed ďǇ 

iŶǀeƌsioŶ. Afteƌ ϭϬ ŵiŶutes of iŶĐuďatioŶ saŵples ǁeƌe ĐeŶtƌifuged agaiŶ at the saŵe 

ĐoŶditioŶs as iŶ the pƌeǀious ĐeŶtƌifugatioŶ. ResultiŶg RNA pellet ǁas ǁashed ǁith Đold 

ϳϱ % ethaŶol aŶd afteƌ ethaŶol ƌeŵoǀal saŵples ǁeƌe left to dƌǇ foƌ ϭϬ ŵiŶutes 

applǇiŶg ǀaĐuuŵ. FiŶallǇ, pellets ǁeƌe ƌesuspeŶded iŶ ϯϬ ʅL of DNase/RNase fƌee HϮO, 

ƋuaŶtified ǁith NaŶoDƌop® ND-ϭϬϬϬ speĐtƌophotoŵeteƌ ;TheƌŵoFisheƌ SĐieŶtifiĐ, DE, 

USAͿ aŶd stoƌed at -ϴϬºC. 

 

͵.ʹ PCR amplification 

Foƌ the PCR aŵplifiĐatioŶs pƌiŵeƌs ǁeƌe desigŶ usiŶg Pƌiŵeƌϯ IŶput ;ǀeƌsioŶ Ϭ.ϰ.ϬͿ 

oŶliŶe tool. Foƌ the PCR aŵplifiĐatioŶ ƌeaĐtioŶ ϱϬ-ϭϬϬ Ŷg of teŵplate DNA, depeŶdiŶg 

oŶ the ƋualitǇ of the saŵple, ǁeƌe added to a fiŶal ǀoluŵe of ϮϱuL of the PCR ƌeaĐtioŶ 

ŵiǆ ;Ϯ.ϱµL Buffeƌ ϭϬX, ϭµL MgϮ+, Ϭ.ϱµL dNTPs, Ϭ.ϱµL Fǁd pƌiŵeƌ ;ϭϬµg/µLͿ, Ϭ.ϱµL Reǀ 



3. Materials and Methods 

 

ϳϯ 

   

pƌiŵeƌ ;ϭϬµg/µLͿ, Ϭ.ϮµL BIOTAQ™ DNA polǇŵeƌase aŶd DNase/RNase fƌee HϮO up to 

ϮϱµLͿ ;BIOLINE, LoŶdoŶ, UKͿ. PCR ƌeaĐtioŶ ǁas Đaƌƌied out iŶ a VeƌitǇ Theƌŵal CǇĐleƌ 

;Applied BiosǇsteŵs™Ϳ. The PCR pƌogƌaŵŵe slightlǇ ǀaƌied aĐĐoƌdiŶg to the paiƌ of 

pƌiŵeƌs used ďut foƌ all the Đases folloǁed this sĐheŵe.  

 

DeŶatuƌalizatioŶ ϵϱºC ϱ ŵiŶutes 

DeŶatuƌalizatioŶ ϵϱºC ϱ ŵiŶutes 

AŶŶealiŶg ϱϬ-ϲϲºC ϯϬ seĐoŶds 

EloŶgatioŶ ϳϮºC ϭ ŵiŶute 

FiŶal eloŶgatioŶ ϳϮºC ϭϬ ŵiŶute 

 ϰºC   ∞  

 

͵.͵ DNA gel electrophoresis 

Agaƌose gels at ǀaƌǇiŶg ĐoŶĐeŶtƌatioŶs of Ϭ.ϴ-ϭ.ϱ % ǁeƌe pƌepaƌed to effeĐtiǀelǇ 

sepaƌate DNA fƌagŵeŶts aĐĐoƌdiŶg to theiƌ size. Agaƌose ;EĐogeŶ, BaƌĐeloŶa, SpaiŶͿ 

ǁas ŵiǆed ǁith ϭǆTBE ďuffeƌ ;Bio-Rad, CalifoƌŶia, USAͿ aŶd heated iŶto a ŵiĐƌoǁaǀe 

uŶtil agaƌose ǁas ĐoŵpletelǇ dissolǀed. TheŶ, Gel Red dǇe ;Biotiuŵ, CalifoƌŶia, USAͿ 

ǁas added to the gel ;ϭ:ϭϬϬϬϬ dilutioŶͿ to eŶaďle ǀisualizatioŶ of DNA ďaŶds uŶdeƌ UV 

light. AloŶg ǁith loaded saŵples, ΦXϭϳϰ DNA-Hae III laddeƌ ;Neǁ EŶglaŶd Biolaďs, MA, 

USAͿ ǁas used foƌ eǆpeĐtiŶg ďaŶds up to ϭkď aŶd ϭkď DNA Laddeƌ ;Neǁ EŶglaŶd 

Biolaďs, MA, USAͿ foƌ higheƌ ďaŶds.  

 

͵.Ͷ Sanger Sequencing 

3.4.1 PCR purification 

Afteƌ aŵplifǇiŶg the desiƌed fƌagŵeŶts ďǇ PCR, pƌoduĐts ǁeƌe ĐleaŶed ǁith EǆoSAP-IT™ 

;Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ. BƌieflǇ, ϱʅL of PCR pƌoduĐt ǁeƌe ŵiǆed ǁith ϮµL 

EǆoSAP aŶd iŶĐuďated ϭϱ ŵiŶutes at ϯϳºC folloǁed ďǇ ϭϱ ŵiŶutes at ϴϬºC. Puƌified 

pƌoduĐts ǁeƌe diluted ϭ:ϭϬ addiŶg ϲϯ µL of DNase/RNase fƌee HϮO ďefoƌe pƌoĐeediŶg 

ϯϬ-ϯϱ ĐǇĐles 
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ǁith SaŶgeƌ SeƋueŶĐiŶg ƌeaĐtioŶ. AlteƌŶatiǀelǇ, foƌ soŵe Đases PCR ĐleaŶ-up ǁas ŵade 

ďǇ eǆtƌaĐtiŶg the DNA fƌagŵeŶt diƌeĐtlǇ fƌoŵ the gel aŶd peƌfoƌŵiŶg a siliĐa-

ŵeŵďƌaŶe-ďased puƌifiĐatioŶ usiŶg QIAƋuiĐk Gel EǆtƌaĐtioŶ Kit ;QIAGEN, VeŶlo, 

NetheƌlaŶdsͿ.  

3.4.2 Sanger Sequencing reaction 

Foƌ SaŶgeƌ seƋueŶĐiŶg ƌeaĐtioŶ ϳµL of the puƌified PCR pƌoduĐt, oƌ alteƌŶatiǀelǇ ϭϬϬŶg 

of aŶ isolated plasŵid, ǁeƌe ŵiǆed ǁith ϯ,ϮϱµL of a ƌeaĐtioŶ ŵiǆ ĐoŶtaiŶiŶg ϭ,ϱ µL of 

the seƋueŶĐiŶg pƌiŵeƌ, ϭ,Ϯϱ µL of the ƌeaĐtioŶ ďuffeƌ aŶd Ϭ,ϱ µL of the Big DǇe 

;Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ. The PCR ĐoŶditioŶs used ǁeƌe: ϯ ŵiŶutes at ϵϰºC, 

Ϯϱ ĐǇĐles of ϭϬ seĐoŶds at ϵϲºC, ϱ seĐoŶds at ϱϬºC aŶd ϰ ŵiŶutes at ϲϬºC aŶd a fiŶal 

Đooled doǁŶ to ϰºC. TheŶ, the seƋueŶĐiŶg ƌeaĐtioŶ pƌoduĐt ǁas puƌified usiŶg Optiŵa 

DTR™ ;EdgeBio, MaƌǇlaŶd, USAͿ aŶd fiŶallǇ saŵples ǁeƌe iŶjeĐted iŶ aŶ ABI PRISM 

ϯϭϯϬ geŶetiĐ aŶalǇzeƌ ;Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ foƌ the ĐapillaƌǇ 

eleĐtƌophoƌesis. The aŶalǇsis ǁas ŵade usiŶg MutatioŶ SuƌǀeǇoƌ® ;SoftGeŶetiĐs, PA, 

USAͿ softǁaƌe.  

 

͵.ͷ Reverse Transcription ȋRTȌ 

3.5.1 miRNA RT 

CoŵpleŵeŶtaƌǇ DNA ;ĐDNAͿ ǁas oďtaiŶed ǁith TaƋMaŶ®MiĐƌoRNA Reǀeƌse 

TƌaŶsĐƌiptioŶ Kit ;Applied BiosǇsteŵs™, CalifoƌŶia, USA staƌtiŶg fƌoŵ ϱϬŶg of total RNA 

usiŶg speĐifiĐ ŵiRNA-RT oligoŶuĐleotides, aĐĐoƌdiŶgto ŵaŶufaĐtuƌeƌ's iŶstƌuĐtioŶs. RT 

ƌeaĐtioŶ ǁas Đaƌƌied out iŶ a VeƌitǇ Theƌŵal CǇĐleƌ ;Applied BiosǇsteŵs™, CalifoƌŶia, 

USAͿ. 

3.5.2 Total RNA RT 

CoŵpleŵeŶtaƌǇ DNA ;ĐDNAͿ ǁas oďtaiŶed ǁith High CapaĐitǇ Reǀeƌse TƌaŶsĐƌiptioŶ Kit 

;Applied BiosǇsteŵs™, CalifoƌŶia, USAͿ staƌtiŶg fƌoŵ ϱϬϬŶg of total RNA usiŶg ƌaŶdoŵ 

pƌiŵeƌs, aĐĐoƌdiŶg to ŵaŶufaĐtuƌeƌ's iŶstƌuĐtioŶs. RT ƌeaĐtioŶ ǁas Đaƌƌied out iŶ a 

VeƌitǇ Theƌŵal CǇĐleƌ ;Applied BiosǇsteŵs™, CalifoƌŶia, USAͿ. 
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͵.͸ Quantitative polymerase chain reaction ȋqPCRȌ 

3.6.1 miRNA qPCR 

The aŵplifiĐatioŶ ƌeaĐtioŶs ǁeƌe peƌfoƌŵed iŶ tƌipliĐate usiŶg TaƋMaŶ speĐifiĐ ŵiRNA 

pƌoďes iŶ a CFX CoŶŶeĐt Real-Tiŵe PCR DeteĐtioŶ SǇsteŵ ;Bio-Rad, CalifoƌŶia, USAͿ 

ƋPCR ŵaĐhiŶe. Relatiǀe eǆpƌessioŶ ƋuaŶtifiĐatioŶ ǁas ĐalĐulated usiŶg Ϯ-ΔCt ŵethod 

ŶoƌŵaliziŶg Ct ǀalues of geŶes ǁith Ct ǀalues of housekeepiŶg ĐoŶtƌols ;RNUϲď aŶd 

RNUϰϴͿ. 

3.6.2 mRNA qPCR 

The aŵplifiĐatioŶ ƌeaĐtioŶs ǁeƌe peƌfoƌŵed iŶ tƌipliĐate usiŶg ϮϬ Ŷg of ĐDNA as 

teŵplate ǁith TaƋMaŶ speĐifiĐ ŵiRNA pƌoďes iŶ a CFX CoŶŶeĐt Real-Tiŵe PCR 

DeteĐtioŶ SǇsteŵ ;Bio-Rad, CalifoƌŶia, USAͿ ƋPCR ŵaĐhiŶe. Relatiǀe eǆpƌessioŶ 

ƋuaŶtifiĐatioŶ ǁas ĐalĐulated usiŶg Ϯ-ΔCtŵethod ŶoƌŵaliziŶg Ct ǀalues of geŶes ǁith 

Ct ǀalues of the housekeepiŶg ĐoŶtƌol TATA ďiŶdiŶg pƌoteiŶ ;TBPͿ. 

 

͵.͹ Production of competent bacteria 

CoŵpeteŶt ďaĐteƌia ǁeƌe pƌoduĐed iŶ-house fƌoŵ XLϭ-ďlue EsĐheƌiĐhia Coli stƌaiŶ 

usiŶg a CaClϮ aŶd glǇĐeƌol-ďased tƌeatŵeŶt. To do that, XLϭ-ďlue ďaĐteƌia ǁeƌe gƌoǁŶ 

o/Ŷ iŶ ϲŵL LB ďƌoth ;CoŶda, Madƌid, SpaiŶͿ at ϯϳºC aŶd ϭϴϬƌeǀ/ŵiŶ iŶ a shakeƌ 

IŶĐuďatoƌ OPAQ ;OVAN, BaƌĐeloŶa, SpaiŶͿ. The folloǁiŶg daǇ the ϲŵL of ďaĐteƌial 

Đultuƌe ǁeƌe added to ϯϬϬŵL of LB ďƌoth aŶd ǁeƌe gƌoǁŶ uŶtil the ODϲϬϬ ǁas ďetǁeeŶ 

Ϭ.ϱ aŶd Ϭ.ϴ so theǇ still iŶ the eǆpoŶeŶtial gƌoǁiŶg phase. To peƌfoƌŵ these 

ŵeasuƌeŵeŶts ϭ ŵL of the Đultuƌe ǁas ƌeŵoǀed aŶd ŵeasuƌed iŶ a GeŶeQuaŶt pƌo 

speĐtƌophotoŵeteƌ ;Aŵeƌshaŵ, Little ChalfoŶt, UKͿ. CoŶseĐutiǀelǇ, ďaĐteƌia ǁeƌe 

pouƌed iŶ ϱϬŵL disposaďle ĐeŶtƌifuge tuďes aŶd kept oŶ iĐe foƌ ϭϬ ŵiŶutes. BaĐteƌia 

ǁeƌe theŶ ĐeŶtƌifuged at ϮϲϬϬ ƌpŵ, at ϰºC foƌ ϭϬ ŵiŶutes aŶd supeƌŶataŶt disĐaƌded. 

EaĐh ϱϬŵL tuďe ǁith ďaĐteƌia ǁeƌe ƌesuspeŶded iŶ ϮŵL of steƌile ϭϬϬŵM CaClϮ aŶd 
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ϭϱ% glǇĐeƌol ;PaŶƌeaĐ, BaƌĐeloŶa, SpaiŶͿ aŶd ϯϱϬʅL ǁeƌe aliƋuoted iŶ ϭ,ϱ ĐeŶtƌifuge 

tuďes. FiŶallǇ, theǇ ǁeƌe stoƌed at -ϴϬºC. 

͵.ͺ Transformation of plasmid DNA into competent 
bacteria 

Foƌ plasŵid tƌaŶsfoƌŵatioŶ iŶto ĐoŵpeteŶt ďaĐteƌia, XLϭ-Blue ĐoŵpeteŶt ďaĐteƌia 

ǁeƌe defƌosted iŶ iĐe, ŵiǆed ǁith the plasŵid oƌ ligatioŶ ƌeaĐtioŶ aŶd iŶĐuďated foƌ ϯϬ 

ŵiŶutes oŶ iĐe. To pƌoŵote the tƌaŶsfoƌŵatioŶ a heat shoĐk of ϰϱ seĐoŶds at ϰϮºC ǁas 

applied to the ďaĐteƌial ǀial usiŶg a ďloĐk heateƌ ;Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ. 

BaĐteƌia ǁeƌe theŶ iŵŵediatelǇ plaĐed oŶ iĐe. ϮϱϬµL of ǁaƌŵ LB ďƌoth ǁeƌe added to 

ďaĐteƌia aŶd theǇ ǁeƌe iŶĐuďated foƌ oŶe houƌ at ϯϳºC iŶ agitatioŶ ;ϮϬϬƌeǀ/ŵiŶͿ iŶ a 

shakeƌ IŶĐuďatoƌ OPAQ ;OVAN, BaƌĐeloŶa, SpaiŶͿ. FiŶallǇ, ďaĐteƌia ǁeƌe seeded iŶ LB 

agaƌ ;CoŶda, Madƌid, SpaiŶͿ plates ǁith ϭϬϬʅM aŵpiĐilliŶ ;GiďĐo™, Theƌŵo Fisheƌ 

SĐieŶtifiĐ, DE, USAͿ aŶd iŶĐuďated o/Ŷ at ϯϳºC iŶ aŶ iŶĐuďatoƌ ;SeleĐta, BaƌĐeloŶa, 

SpaiŶͿ.  

 

͵.ͻ Glycerol Stocks 

Foƌ loŶg stoƌiŶg of the desiƌe ďaĐteƌial ĐloŶes glǇĐeƌol stoĐks ǁeƌe ŵaid aŶd stoƌed at -

ϴϬºC. BaĐteƌia ĐloŶes ǁeƌe iŶdiǀiduallǇ piĐked fƌoŵ the LB agaƌ plates aŶd gƌoǁŶ o/Ŷ at 

ϯϳºC iŶ agitatioŶ iŶ LB ďƌoth ;CoŶda, Madƌid, SpaiŶͿ ǁith ϭϬϬʅM aŵpiĐilliŶ ;GiďĐo™, 

Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ. ϱϬϬ ʅL of the o/Ŷ Đultuƌe ǁeƌe ŵiǆed ǁith ϱϬϬ ʅL of 

steƌile ϱϬ% glǇĐeƌol ;PaŶReaĐ AppliCheŵ, BaƌĐeloŶa, SpaiŶͿ iŶ a Ϯ ŵL ĐƌǇoǀial aŶd 

plaĐed iŵŵediatelǇ at -ϴϬºC foƌ stoƌage.  

 

͵.ͳͲ Cloning into luciferase psiCHECK-ʹ vector 

PCR aŵpliĐoŶs ǁeƌe puƌified usiŶg NuĐleoSpiŶ Gel aŶd PCR ĐleaŶ-up ;MaĐheƌeǇ-NagelͿ 

kit aŶd eluted iŶ ϮϱuL of RNase aŶd DNase fƌee ǁateƌ. DNA fƌagŵeŶts aloŶg ǁith the 

psiCHECK-Ϯ ǀeĐtoƌ ǁeƌe digested sepaƌatelǇ ǁith PŵeI eŶzǇŵe ;Neǁ EŶglaŶd BiolaďsͿ 

foƌ ϭ.ϱ houƌs aŶd NotI eŶzǇŵe ;Neǁ EŶglaŶd BiolaďsͿ foƌ ϭ.ϱ houƌs. Digested DNA 
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fƌagŵeŶts ǁeƌe puƌified ďǇ ƌuŶŶiŶg theŵ iŶ aŶ agaƌose ϭ.ϱX eleĐtƌophoƌesis gel 

folloǁed ďǇ aŶ eǆtƌaĐtioŶ of the DNA fƌoŵ the gel ;NuĐleoSpiŶ Gel aŶd PCR ĐleaŶ-up 

MaĐheƌeǇ-Nagel kitͿ. DNA ǁas eluted iŶ ϮϬuL of RNase aŶd DNase fƌee ǁateƌ. The 

digested fƌagŵeŶts aŶd ǀeĐtoƌ ǁeƌe ligated usiŶg Tϰ DNA Ligase ;Neǁ EŶglaŶd BiolaďsͿ 

foƌ oŶe houƌ at ƌooŵ teŵpeƌatuƌe as folloǁs: 

Digested DNA Teŵplate ϭϱµL 

Digested psiCHECK-Ϯ plasŵid ϮµL 

Buffeƌ ϭϬX ϮµL 

Tϰ DNA Ligase ϭµL 

 ϮϬuL total ǀoluŵe 

Half of the ligatioŶ pƌoduĐt ;i.e. ϭϬuLͿ ǁas tƌaŶsfoƌŵed iŶto ĐoŵpeteŶt ďaĐteƌia ;see 

seĐtioŶ ϯ.ϴͿ aŶd ďetǁeeŶ ϱϬ-ϮϬϬuL of these ďaĐteƌia ǁeƌe plated iŶto LB plates ǁith 

ϭϬϬµg/ŵL of AŵpiĐiliŶe aŶd iŶĐuďated at ϯϳºC O.N. ResistaŶt ĐoloŶies ǁeƌe 

tƌaŶsfeƌƌed oŶto a Ŷeǁ LB Aŵp plate aŶd iŶĐuďated agaiŶ at ϯϳºC O.N. The pƌeseŶĐe of 

the ĐoƌƌeĐt iŶseƌt ǁas ĐheĐked ďǇ ĐoloŶǇ PCR. ColoŶies ǁeƌe piĐked, put iŶto ϱϬuL of 

distilled ǁateƌ, aŶd theŶ heat ďoiled at ϵϱºC foƌ ϱ ŵiŶutes. ϮuL ǁeƌe used as the 

teŵplate foƌ the PCR usiŶg ǀeĐtoƌ-speĐifiĐ pƌiŵeƌs ;Taďle ϯ.ϭͿ. These pƌiŵeƌs ǁeƌe 

desigŶ ĐoǀeƌiŶg the ĐloŶiŶg ƌegioŶ of the ǀeĐtoƌ so that the pƌeseŶĐe oƌ aďseŶĐe of the 

iŶseƌt ĐaŶ ďe distiŶguished ďǇ the size of the iŶseƌt. 

 

 

 

 

Taďle ϯ.ϭ: Pƌiŵeƌs foƌ ĐoloŶǇ PCR.  

 

͵.ͳͳ Cell culture 

3.11.1 Adherent cell lines 

Oligo Ŷaŵe SeƋueŶĐe 

PsiĐheĐk-Ϯ-Fǁd  ϱ͛- AGGACGCTCCAGATGAAATG-ϯ͛ 

PsiĐheĐk-Ϯ-Reǀ ϱ͛- GCGAGGTCCGAAGACTCAT-ϯ͛ 
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HEKϮϵϯ Đell liŶe ;huŵaŶ eŵďƌǇoŶiĐ kidŶeǇ Đell liŶeͿ ǁas Đultuƌed iŶ oƌdeƌ to peƌfoƌŵ 

luĐifeƌase assaǇs aŶd foƌ leŶtiǀiƌal pƌoduĐtioŶ aŶd titƌatioŶ. These Đells ǁeƌe gƌoǁŶ iŶ 

DulďeĐĐo's Modified Eagle Mediuŵ ;DMEMͿ suppleŵeŶted ǁith ϭϬ% of Fetal BoǀiŶe 

Seƌuŵ ;FBSͿ, ϭ% ;oƌ ϮŵMͿ L-GlutaŵiŶe aŶd ϭ% PeŶiĐilliŶ-StƌeptoŵǇĐiŶ ;GiďĐo™, 

Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ.  

Foƌ the PAR-CLIP optiŵizatioŶ, FLAG-HA-AgoϮ HEKϮϵϯ eŶgiŶeeƌiŶg ŵodified Đell liŶe 

ǁas kiŶdlǇ faĐilitated ďǇ Maƌkus LaŶdthaleƌ fƌoŵ RNA BiologǇ aŶd PosttƌaŶsĐƌiptioŶal 

RegulatioŶ gƌoup, Maǆ-DelďƌuĐk-CeŶtƌe foƌ MoleĐulaƌ MediĐiŶe, BeƌliŶ, GeƌŵaŶǇ.  This 

Đell liŶe that ǁas ŵodified to haǀe aŶ iŶduĐiďle AgoϮ eǆpƌessioŶ sǇsteŵ ǁas Đultuƌed iŶ 

high gluĐose DulďeĐĐo's Modified Eagle Mediuŵ ;DMEMͿ suppleŵeŶted ǁith ϭϬ% of 

Fetal BoǀiŶe Seƌuŵ ;FBSͿ, ϭ% ;oƌ ϮŵMͿ L-GlutaŵiŶe aŶd ϭ% PeŶiĐilliŶ-StƌeptoŵǇĐiŶ 

;GiďĐo™, Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ togetheƌ ǁith ďlastiĐidiŶ ;ϭϱµg/ŵLͿ aŶd 

hǇgƌoŵǇĐiŶ B ;ϭϬϬµg/ŵLͿ ;Sigŵa-AldƌiĐh, Missouƌi, USAͿ. Foƌ iŶduĐiŶg AgoϮ eǆogeŶous 

eǆpƌessioŶ Đells ǁeƌe Đultuƌed o/Ŷ suppleŵeŶtiŶg the ŵedia ǁith ϭµg/ŵL of 

DoǆǇĐǇĐliŶe ;Sigŵa-AldƌiĐh, Missouƌi, USAͿ.  

3.11.2 Suspension cell lines 

Diffuse Laƌge B-Đell LǇŵphoŵa ;DLBCLͿ Đell liŶes ǁeƌe Đultuƌed to use theŵ as iŶ ǀitƌo 

lǇŵphoŵa ŵodels usiŶg Rosǁell Paƌk Meŵoƌial IŶstitute Mediuŵ ;RPMIͿ 

suppleŵeŶted ǁith ϭϬ% of Fetal BoǀiŶe Seƌuŵ ;FBSͿ ϭ% ;oƌ ϮŵMͿ L-GlutaŵiŶe aŶd ϭ% 

PeŶiĐilliŶ-StƌeptoŵǇĐiŶ ;GiďĐo™, Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ. These Đells aƌe: 

RIVA ;ABC suďtǇpeͿ, SU-DHL-ϭϬ ;GCB suďtǇpeͿ, HT ;GCB suďtǇpeͿ aŶd WSU-DLCLϮ ;GCB 

suďtǇpe, tƌaŶsfoƌŵed fƌoŵ folliĐulaƌͿ. 

3.11.3 Cryopreservation 

Foƌ Đell ĐƌǇopƌeseƌǀatioŶ Ϯ-ϱ ŵillioŶ Đells ;depeŶdiŶg oŶ the Đell tǇpeͿ ǁeƌe spiŶ doǁŶ, 

ƌesuspeŶded iŶ ϭŵL Fetal BoǀiŶe Seƌuŵ ;FBSͿ ǁith ϭϬ% DMSO aŶd disposed iŶ 

ĐƌǇogeŶiĐ tuďes. Cells ǁeƌe Đool doǁŶ up to -ϴϬºC deĐƌeasiŶg teŵpeƌatuƌe 

pƌogƌessiǀelǇ, at a ĐooliŶg ƌate of ϭºC peƌ ŵiŶute. Afteƌ ƌeaĐhiŶg this teŵpeƌatuƌe Đells 

ǁeƌe loŶg-teƌŵ stoƌed iŶ liƋuid ŶitƌogeŶ ;-ϭϴϬºCͿ. 
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͵.ͳʹ Lentiviral production and titration 

Foƌ leŶtiǀiƌal pƌoduĐtioŶ HEKϮϵϯT Đells ǁeƌe seeded iŶ Tϳϱ flasks. At a ϳϬ% ĐoŶflueŶĐe 

theǇ ǁeƌe tƌaŶsfeĐted ǁith the paĐkagiŶg plasŵids togetheƌ ǁith the tƌaŶsfeƌ ǀeĐtoƌ 

usiŶg TuƌďoFeĐt™ TƌaŶsfeĐtioŶ ReageŶt ;TheƌŵoFisheƌ SĐieŶtifiĐ, DE, USAͿ. Afteƌ ϭϲ-ϭϴ 

houƌs ŵedia ǁas ƌeplaĐed ǁith ϭϬŵL of fƌesh ŵedia aŶd iŶĐuďated uŶtil the folloǁiŶg 

daǇ ǁheŶ the fiƌst haƌǀest of ǀiƌuses ǁas ĐolleĐted. To do that, the ŵedia ĐoǀeƌiŶg the 

Đells ǁas ĐolleĐted, ĐeŶtƌifuged to pellet doǁŶ Đell deďƌis, filtƌated aŶd aliƋuoted. ϭϬŵL 

of fƌesh ŵedia ǁeƌe added to the Đells aŶd the seĐoŶd haƌǀest of ǀiƌuses ǁas ĐolleĐted 

the folloǁiŶg daǇ folloǁiŶg the saŵe steps.  

Foƌ ǀiƌal titƌatioŶ, HEKϮϵϯT Đells ǁeƌe seeded ;ϭϬϬ.ϬϬϬ Đells peƌ ǁell iŶ pϭϮ platesͿ aŶd 

iŶfeĐted ǁith diffeƌeŶt ǀoluŵes of the ƌeĐoǀeƌed supeƌŶataŶt ;ϱϬϬuL, ϭϬϬuL, ϱϬuL, 

ϮϬuL, ϭϬuL, ϮuLͿ foƌ the fiƌst aŶd the seĐoŶd haƌǀest sepaƌatelǇ. Cells ǁeƌe iŶĐuďated 

foƌ ϳϮ houƌs aŶd theŶ dissoĐiated usiŶg tƌǇpsiŶ aŶd iŶteƌƌogated usiŶg floǁ ĐǇtoŵetƌǇ 

;FACSDiǀa VeƌsioŶ ϲ.ϭ.ϯͿ. The peƌĐeŶtage of gƌeeŶ Đells ǁas ĐalĐulated peƌ eaĐh 

ĐoŶditioŶ. Results ǁith the diffeƌeŶt iŶfeĐtioŶs ǀoluŵes fƌoŵ the saŵe haƌǀests ǁeƌe 

plotted togetheƌ. The liŶeaƌ phase ǁas ideŶtified aŶd a ƌegƌessioŶ liŶe ǁas applied iŶ 

oƌdeƌ to eǆtƌapolate the aŵouŶt of ǀoluŵe ŶeĐessaƌǇ foƌ iŶfeĐtiŶg ϭϬϬ% of the Đells. 

AssuŵiŶg that eǀeƌǇ ǀiƌal paƌtiĐle iŶfeĐts oŶe siŶgle Đell aŶd takiŶg iŶto aĐĐouŶt the 

total aŵouŶt of Đells seeded the aŵouŶt of ǀiƌal paƌtiĐles peƌ ŵiĐƌoliteƌ ǁas estiŵated 

;IFUs/µLͿ.  

 

͵.ͳ͵ Western-Blot 

3.13.1 Protein extraction and quantification 

Cell lǇsates ǁeƌe oďtaiŶed fƌoŵ Đell pellets usiŶg RIPA lǇsis ďuffeƌ suppleŵeŶted ǁith 

pƌotease aŶd phosphatase iŶhiďitoƌs. Cell pellets ǁeƌe ƌesuspeŶded iŶ the lǇsis ďuffeƌ 

aŶd iŶĐuďated iŶ iĐe foƌ ϯϬ ŵiŶ applǇiŶg ǀoƌteǆ eǀeƌǇ ϱ-ϭϬ ŵiŶutes. Saŵples ǁeƌe 

ĐeŶtƌifuged at ϭϮϬϬg foƌ ϭϬŵiŶ at ϰºC aŶd supeƌŶataŶts ǁeƌe ĐolleĐted aŶd stoƌed at -

ϴϬºC. To ƋuaŶtifǇ the total pƌoteiŶ ĐoŶteŶt of the lǇsates PieƌĐe™ BCA PƌoteiŶ AssaǇ Kit 

;TheƌŵoFisheƌ SĐieŶtifiĐ, DE, USAͿ ǁas used aĐĐoƌdiŶg to ŵaŶufaĐtuƌeƌ's iŶstƌuĐtioŶs.  
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3.13.2 SDS-PAGE and Membrane Transference  

Foƌ pƌoteiŶ eleĐtƌophoƌesis ďetǁeeŶ ϮϬ-ϱϬ µg of total pƌoteiŶ ǁeƌe loaded iŶto iŶ-

house ŵade polǇaĐƌǇlaŵide gels. Gels ǁeƌe ŵade usiŶg ϯϬ% aĐƌǇlaŵide/ďis-

aĐƌǇlaŵide, ϯϳ.ϱ:ϭ ƌeageŶt ;Bio-Rad, CalifoƌŶia, USAͿ. PƌeǀiouslǇ, loadiŶg ďuffeƌ ǁas 

added to the saŵples folloǁed ďǇ aŶ iŶĐuďatioŶ step at ϵϱºC foƌ ϱ ŵiŶutes to pƌoŵote 

the deŶatuƌalizatioŶ of the pƌoteiŶs. AloŶg ǁith loaded saŵples, PƌeĐisioŶ Plus 

PƌoteiŶ™ KaleidosĐope™ PƌestaiŶed PƌoteiŶ StaŶdaƌds ;Bio-Rad, CalifoƌŶia, USAͿ ǁas 

used. Afteƌ SDS-PAGE, the ĐoŶteŶt ǁas tƌaŶsfeƌƌed fƌoŵ the gels iŶto ŶitƌoĐellulose 

ŵeŵďƌaŶes ;Aŵeƌshaŵ PƌotƌaŶ Pƌeŵiuŵ Ϭ.ϰϱ NC, GE HealthĐaƌe Life SĐieŶĐesͿ.  

3.13.3 Antibody staining and development 

MeŵďƌaŶes ǁeƌe ďloĐked ǁith ϱ% Skiŵ Milk diluted iŶ TBS-TǁeeŶ Ϭ.ϭ% oƌ iŶ ϱ% BSA 

;BoǀiŶe Seƌuŵ AlďuŵiŶ, Sigŵa-AldƌiĐhͿ diluted iŶ TBS-TǁeeŶ Ϭ.ϭ% depeŶdiŶg oŶ the 

speĐifiĐatioŶs of the pƌiŵaƌǇ aŶtiďodǇ. MeŵďƌaŶes ǁeƌe iŶĐuďated iŶ the saŵe 

solutioŶ at ϰºC o/Ŷ ǁith the pƌiŵaƌǇ aŶtiďodǇ ;diluted aĐĐoƌdiŶg to the speĐifiĐatioŶs 

of the aŶtiďodǇͿ iŶ ƌotatioŶ iŶ ϱϬŵL FalĐoŶ tuďes. Thƌee ǁashes of ϱ ŵiŶutes iŶ TBS-

TǁeeŶ Ϭ.ϭ% ǁeƌe peƌfoƌŵed folloǁed ďǇ aŶ iŶĐuďatioŶ ǁith the seĐoŶdaƌǇ aŶtiďodǇ 

;ĐoŶjugated ǁith HRPͿ diluted ϭ:ϮϬϬϬ iŶ ϱ% Skiŵ Milk TBS-TǁeeŶ Ϭ.ϭ% foƌ ϭ houƌ at 

ƌooŵ teŵpeƌatuƌe iŶ ƌotatioŶ iŶ ϱϬŵL FalĐoŶ tuďes. Thƌee ǁashes of ϱ ŵiŶutes iŶ TBS-

TǁeeŶ Ϭ.ϭ% ǁeƌe peƌfoƌŵed aŶd ŵeŵďƌaŶes ǁeƌe deǀeloped usiŶg Noǀeǆ™ ECL 

CheŵiluŵiŶesĐeŶt Suďstƌate ReageŶt Kit ;TheƌŵoFisheƌ SĐieŶtifiĐ, DE, USAͿ.  
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Ͷ.ͳ Background 

FolliĐulaƌ lǇŵphoŵa ;FLͿ is the ŵost ĐoŵŵoŶ foƌŵ of loǁ-gƌade B-Đell lǇŵphoŵa 

aĐĐouŶtiŶg foƌ appƌoǆiŵatelǇ ϮϬ% of all diagŶosed lǇŵphoŵas [ϱ]. Due to its sloǁ 

pƌogƌessiǀe Ŷatuƌe FL is ofteŶ ĐoŶsideƌed aŶ iŶĐuƌaďle ŵaligŶaŶĐǇ, ǁith a ŵediaŶ life 

eǆpeĐtaŶĐǇ of appƌoǆiŵatelǇ ϭϮ Ǉeaƌs [ϰϴ]. Hoǁeǀeƌ, up to ϰϱ% of FL patieŶts uŶdeƌgo 

high-gƌade tƌaŶsfoƌŵatioŶ iŶto a ŵuĐh ŵoƌe aggƌessiǀe foƌŵ of lǇŵphoŵa ǁith a 

pooƌeƌ outĐoŵe, geŶeƌallǇ teƌŵed as tƌaŶsfoƌŵed FL ;tFLͿ [ϰϵ, ϴϵ]. MaŶǇ effoƌts haǀe 

ďeeŶ ŵade to uŶdeƌstaŶd the ŵoleĐulaƌ ŵeĐhaŶisŵs leadiŶg this pƌoĐess. Foƌ 

eǆaŵple, soŵatiĐ alteƌatioŶs iŶǀolǀed iŶ tƌaŶsfoƌŵatioŶ of FL haǀe ďeeŶ ǁidelǇ 

studied. AlteƌatioŶs iŶ geŶes iŶǀolǀed iŶ Đell-ĐǇĐle pƌogƌessioŶ aŶd DNA daŵage 

ƌespoŶses ;e,g, CDKNϮA/B, TPϱϯ aŶd MYCͿ [ϵϭ], as ǁell as ŵutatioŶs the affeĐt the NF-

ʃB sigŶalliŶg pathǁaǇ suĐh as MYDϴϴ aŶd TNFAIPϯ haǀe also ďeeŶ attƌiďuted to 

tƌaŶsfoƌŵatioŶ [ϴϮ]. IŶ additioŶ, ŵutatioŶs iŶ BCLϮ that haǀe ďeeŶ shoǁŶ iŶĐƌeased at 

tƌaŶsfoƌŵatioŶ aŶd Đoƌƌelate ǁith a higheƌ ƌisk of ŵoƌtalitǇ [ϵϲ]. Hoǁeǀeƌ, despite the 

high fƌeƋueŶĐǇ of this eǀeŶt, the tƌaŶsfoƌŵatioŶ pƌoĐess is oŶlǇ pooƌlǇ uŶdeƌstood at 

the ŵoleĐulaƌ leǀel, aŶd as Ǉet Ŷo pƌediĐtiǀe ďioŵaƌkeƌs eǆist foƌ patieŶts at ƌisk fƌoŵ 

this pheŶoŵeŶoŶ.   

Theƌefoƌe, the goal of this pƌojeĐt ǁas to iŶǀestigate ǁhetheƌ ŵutatioŶs iŶ ŵiRNA 

ďiŶdiŶg sites aƌe assoĐiated ǁith the tƌaŶsfoƌŵatioŶ pƌoĐess as ǁell as deteƌŵiŶe if 

theǇ Đould ďe useful as ďioŵaƌkeƌs to pƌediĐt this pheŶoŵeŶoŶ. It has ďeeŶ postulated 

that ŵiRNAs plaǇ a ƌole iŶ the tƌaŶsfoƌŵatioŶ pƌoĐess. Soŵe high-thƌoughput studies 

haǀe shoǁŶ diffeƌiŶg ŵiRNA pƌofiles assoĐiated ǁith FL ĐliŶiĐopathologiĐal featuƌes 

[ϯϮϳ-ϯϮϵ], iŶĐludiŶg tƌaŶsfoƌŵatioŶ [Ϯϯϲ]. The latest studǇ ideŶtified siǆ ŵiRNAs ;ŵiR-

ϮϮϯ, Ϯϭϳ, ϮϮϮ, ϮϮϭ aŶd let-ϳi aŶd ϳďͿ that Đould pƌediĐt tƌaŶsfoƌŵatioŶ iŶ FL patieŶts 

suggestiŶg that ŵiRNA eǆpƌessioŶ sigŶatuƌes haǀe poteŶtial as pƌogŶostiĐ ŵaƌkeƌs aŶd 

ŵaǇ ďe used to ideŶtifǇ FL patieŶts at ƌisk of high-gƌade tƌaŶsfoƌŵatioŶ. Also, aŶ 

iŶdepeŶdeŶt studǇ ideŶtified ŵiR-ϯϭ aŶd ŵiR-ϭϳ-ϱp leǀels to ĐhaŶge duƌiŶg FL 

tƌaŶsfoƌŵatioŶ [ϯϯϬ]. Hoǁeǀeƌ, to date Ŷo oŶe has iŶǀestigated the ƌole of ŵutatioŶs 

assoĐiated ǁith ŵiRNAs iŶ FL tƌaŶsfoƌŵatioŶ. 
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ReĐuƌƌeŶt ŵutatioŶs iŶ ŵiR-ϭϰϮ iŶ diffuse laƌge B-Đell lǇŵphoŵas aŶd folliĐulaƌ 

lǇŵphoŵas, aŶd editiŶg of the ŵiR-ϯϳϲ Đlusteƌ haǀe ďeeŶ ƌepoƌted, pƌoǀidiŶg eǀideŶĐe 

foƌ ŵiĐƌoRNA editiŶg iŶ lǇŵphoŵageŶesis [ϯϯϭ]. Also, a soŵatiĐ ŵutatioŶ iŶ EϮFϭ geŶe 

ǁithiŶ a ŵiR-ϭϯϲ-ϱp ďiŶdiŶg site ǁas deŵoŶstƌated to iŵpaiƌ geŶe ƌegulatioŶ leadiŶg 

to aŶ iŶĐƌease iŶ the geŶe aĐtiǀitǇ of ĐoloƌeĐtal ĐaŶĐeƌ [ϯϯϮ]. SiŵilaƌlǇ, a ŵutatioŶ iŶ 

CFTR geŶe shoǁed to iŶĐƌease the affiŶitǇ foƌ ŵiR-ϱϬϵ-ϯp iŶ-ǀitƌo ƌeduĐiŶg the 

eǆpƌessioŶ of the CFTR pƌoteiŶ [ϯϯϯ]. Seǀeƌal additioŶal studies haǀe deŵoŶstƌated 

that ŶuĐleotide ǀaƌiaŶts iŶ ŵiRNA seƋueŶĐes aŶd ŵiRNA ďiŶdiŶg sites aƌe assoĐiated 

ǁith susĐeptiďilitǇ to ĐeƌtaiŶ ĐaŶĐeƌ tǇpes suĐh as ďƌeast ĐaŶĐeƌ [ϯϯϰ-ϯϯϲ],  gastƌiĐ 

ĐaŶĐeƌ [ϯϯϳ], hepatoĐellulaƌ ĐaƌĐiŶoŵa [ϯϯϴ] aŶd also NHL [ϯϯϵ]. IŶ NHL theǇ haǀe also 

ďeeŶ assoĐiated ǁith suƌǀiǀal [ϯϰϬ, ϯϰϭ]. CoŵputatioŶal studies haǀe also ďeeŶ 

peƌfoƌŵed to pƌediĐt disƌuptioŶ of ŵiRNA ďiŶdiŶg sites ďǇ soŵatiĐ ŵutatioŶs iŶ ĐaŶĐeƌ 

geŶoŵes [ϯϰϮ]. A dataďase Đalled SoŵaŵiR has ďeeŶ Đƌeated to ĐolleĐt soŵatiĐ 

ŵutatioŶs that ŵaǇ Đƌeate oƌ disƌupt ŵiRNA taƌget sites iŶ ĐaŶĐeƌ as ǁell as geƌŵliŶe 

aŶd soŵatiĐ ŵutatioŶs that haǀe ďeeŶ eǆpeƌiŵeŶtallǇ shoǁŶ to iŵpaĐt ŵiRNA 

fuŶĐtioŶ aŶd haǀe ďeeŶ assoĐiated ǁith ĐaŶĐeƌ [343]. 

To test ouƌ hǇpothesis, ǁe used ǁhole geŶoŵe seƋueŶĐiŶg ;WGSͿ data fƌoŵ 

loŶgitudiŶallǇ oďtaiŶed saŵples fƌoŵ ϲ FL patieŶts that uŶdeƌǁeŶt tƌaŶsfoƌŵatioŶ. 

This data ǁas pƌoduĐed ďǇ the gƌoup of Jude FitzgiďďoŶ iŶ the HaeŵatologiĐal CeŶtƌe 

of Baƌts CaŶĐeƌ IŶstitute iŶ LoŶdoŶ, aŶd data ƌelated to soŵatiĐ ĐodiŶg ŵutatioŶs ǁas 

puďlished iŶ Natuƌe GeŶetiĐs [ϴϮ]. We ǁeƌe kiŶdlǇ alloǁed to use this data foƌ this 

studǇ, iŶ additioŶ to usiŶg soŵe of theiƌ FL saŵples foƌ this studǇ. UsiŶg this data, ǁe 

eǆploƌed the pƌeseŶĐe of soŵatiĐ ŵutatioŶs iŶ ĐoŵputatioŶallǇ pƌediĐted ŵiRNA 

ďiŶdiŶg sites aŶd eǀaluated the pƌeǀaleŶĐe of the ideŶtified ŵutatioŶs iŶ aŶ eǆteŶded 

Đohoƌt of ϱϱ patieŶts usiŶg taƌgeted paŶel seƋueŶĐiŶg. IdeŶtified ƌeĐuƌƌeŶt ǀaƌiaŶts 

ǁeƌe seleĐted as ĐaŶdidates aŶd iŶ-ǀitƌo fuŶĐtioŶal eǆpeƌiŵeŶts ǁeƌe peƌfoƌŵed iŶ 

oƌdeƌ ĐoŶfiƌŵ these ďioiŶfoƌŵatiĐ pƌediĐtioŶs aŶd also to eǆpeƌiŵeŶtallǇ assess the 

effeĐt of the ŵutatioŶs iŶ the ŵiRNA ďiŶdiŶg. FiŶallǇ, this ŵeĐhaŶisŵ ǁas eǀaluated iŶ 

lǇŵphoid Đell ŵodels aŶd FL patieŶts. 
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Ͷ.ʹ Methodology 

4.2.1 Patient samples  

A total of Ϯϭϰ tuŵouƌ saŵples fƌoŵ ϭϴϭ patieŶts ǁeƌe used iŶ this studǇ. Fƌoŵ the ϭϴϭ 

patieŶts, ϭϳϰ ǁeƌe iŶitiallǇ diagŶosed ǁith FL aŶd fƌoŵ those, ϯϱ uŶdeƌǁeŶt a 

histologiĐal tƌaŶsfoƌŵatioŶ to DLBCL ;tFLͿ. The ƌeŵaiŶiŶg seǀeŶ Đases ǁeƌe diagŶosed 

as de Ŷoǀo DLBCL. tFL Đases ;ϯϭ out of ϯϱͿ ǁeƌe seleĐted aĐĐoƌdiŶg to the aǀailaďilitǇ of 

the pƌe-tƌaŶsfoƌŵed ;aŶteĐeŶt FLͿ aloŶg ǁith tFL paiƌed ŵateƌial. IŶ additioŶ, ϭϯϵ FL 

Đases ǁeƌe seleĐted foƌ this studǇ ďased oŶ the aďseŶĐe of ƌepoƌted tƌaŶsfoƌŵatioŶ iŶ 

the ĐliŶiĐal dataďases of the hospital of oƌigiŶ. Foƌ ϱϳ Đases, the tuŵoƌ saŵple iŶĐluded 

iŶ the studǇ ǁas the ďiopsǇ at ƌelapse. This ŵateƌial ǁas oďtaiŶed fƌoŵ Baƌts CaŶĐeƌ 

IŶstitute BioďaŶk ;ϭϰϯ patieŶtsͿ, CƌuĐes UŶiǀeƌsitǇ Hospital ;ϱ patieŶtsͿ aŶd DoŶostia 

UŶiǀeƌsitǇ Hospital ;ϯϯ patieŶtsͿ. Detailed iŶfoƌŵatioŶ of eaĐh saŵple is aǀailaďle iŶ 

Taďle ϭ-AŶŶeǆ. 

Foƌ the iŶĐlusioŶ of saŵples iŶ this studǇ fƌoŵ loĐal Hospitals ǁƌitteŶ ĐoŶseŶt ǁas 

oďtaiŶed fƌoŵ patieŶts aŶd appƌoǀed ďǇ loĐal ethiĐs Đoŵŵittees. These saŵples ǁeƌe 

ĐolleĐted fƌoŵ the BasƋue Tissue BioďaŶk. Foƌ the saŵples fƌoŵ the UK, ǁƌitteŶ 

ĐoŶseŶt ǁas oďtaiŶed foƌ ĐolleĐtioŶ aŶd use of speĐiŵeŶs foƌ ƌeseaƌĐh puƌposes ǁith 

ethiĐal appƌoǀal oďtaiŶed fƌoŵ the IŶstitutioŶal Reǀieǁ Boaƌd. 

4.2.2 Whole Genome Sequencing (WGS) 

WGS ǁas Đaƌƌied out at Baƌts as desĐƌiďed iŶ this puďliĐatioŶ [ϴϮ] 

Ͷ.ʹ.ʹ.ͳ Sample characteristics 

WGS data oďtaiŶed fƌoŵ siǆ patieŶts ǁith FL ǁho uŶdeƌǁeŶt histologiĐal 

tƌaŶsfoƌŵatioŶ to DLBCL ;tFLͿ ǁas used foƌ this studǇ ;Figuƌe ϰ.ϭͿ. These siǆ patieŶts 

ǁeƌe seleĐted ďased oŶ the aǀailaďilitǇ of seƋueŶtial tuŵoƌ lǇŵph Ŷode ďiopsies ;a 

saŵple ǁith FL aŶd a suďseƋueŶt saŵple ǁith histologiĐal tƌaŶsfoƌŵatioŶ ;tFLͿͿ, aŶd 

ŵatĐhed geƌŵliŶe ŵateƌial ĐoŶsistiŶg of ƌeŵissioŶ ďoŶe ŵaƌƌoǁs oƌ peƌipheƌal ďlood 

speĐiŵeŶs. The ĐloŶalitǇ ďetǁeeŶ the saŵples fƌoŵ the saŵe patieŶt ǁas ĐoŶfiƌŵed 

aŶalǇsiŶg the BCLϮ-IGH ďƌeakpoiŶt. All ďiopsies ǁeƌe pƌeǀiouslǇ histologiĐallǇ ƌeǀieǁed 

to ĐoŶfiƌŵ diagŶosis aŶd tuŵoƌ ĐoŶteŶt ďefoƌe DNA eǆtƌaĐtioŶ fƌoŵ fƌesh fƌozeŶ tuŵoƌ 
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saŵples [ϴϮ]. IŶ total, ϭϰ saŵples fƌoŵ these siǆ patieŶts ǁeƌe iŶĐluded iŶ this studǇ as 

iŶdiĐated iŶ Figuƌe ϰ.ϭ. This gƌoup ƌepƌeseŶts the disĐoǀeƌǇ Đohoƌt.  

 

Figuƌe ϰ.ϭ: BiopsǇ iŶfoƌŵatioŶ ǁith disease eǀeŶt tiŵeliŶes foƌ the ϲ WGS Đases ;disĐoǀeƌǇ 

ĐohoƌtͿ. Modified fƌoŵ OkosuŶ, et al. ϮϬϭϰ [ϴϮ] 

 

Ͷ.ʹ.ʹ.ʹ Whole genome sequencing performance 

ϱʅg of geŶoŵiĐ DNA fƌoŵ eaĐh saŵple ǁas fƌagŵeŶted to aǀeƌage ϯϬϬ ďp iŶseƌt-size 

liďƌaƌies aŶd seƋueŶĐed usiŶg the HiSeƋ ϮϬϬϬ platfoƌŵ ǁith paiƌed-eŶd ƌeads of ϭϬϬ 

ďp, aĐĐoƌdiŶg to ŵaŶufaĐtuƌeƌ͛s pƌotoĐols ;IlluŵiŶa, SaŶ Diego, CAͿ. SeƋueŶĐiŶg ǁas 

peƌfoƌŵed ǁith a ŵeaŶ Đoǀeƌage of ϯϳX ǁith ϵϲ% of the taƌgeted ďases Đoǀeƌed at 

>ϭϬ-fold Đoǀeƌage [ϴϮ]. 

Ͷ.ʹ.ʹ.͵ WGS pre-processing and variant calling 

Raǁ seƋueŶĐiŶg data ǁeƌe aligŶed to the ƌefeƌeŶĐe huŵaŶ geŶoŵe ;hgϭϵͿ usiŶg the 

IlluŵiŶa ELANDǀϮ aligŶeƌ to geŶeƌate BAM files. PCR dupliĐates ǁeƌe ƌeŵoǀed aŶd 

pooƌlǇ aligŶed aŶd aŶoŵalous ƌeads ǁeƌe ƌe-aligŶed usiŶg CASAVA ;ǀϭ.ϴͿ. SoŵatiĐ 

siŶgle ŶuĐleotide ǀaƌiaŶts ;SNVsͿ aŶd iŶdels ǁeƌe ideŶtified usiŶg Stƌelka algoƌithŵ due 

to its seŶsitiǀitǇ of ŵutatioŶ deteĐtioŶ ǁith ǀaƌǇiŶg tuŵoƌ puƌities. Those ǀaƌiaŶt 

ĐaŶdidates ǁeƌe suďseƋueŶtlǇ filteƌed: oŶlǇ the soŵatiĐ Đalls oƌigiŶatiŶg fƌoŵ 

hoŵozǇgous ƌefeƌeŶĐe alleles iŶ the Ŷoƌŵal saŵples ǁeƌe seleĐted aŶd those SNVs aŶd 

iŶdels ǁith soŵatiĐ ƋualitǇ sĐoƌe Q < ϭϱ aŶd < ϯϬ, ƌespeĐtiǀelǇ, ǁeƌe disĐaƌded [ϴϮ]. 
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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.  

Foƌ the pƌediĐtioŶ of ŵutatioŶs pƌeseŶt iŶ ďioiŶfoƌŵatiĐallǇ pƌediĐted ŵiRNA ďiŶdiŶg 

sites, oŶlǇ the ideŶtified soŵatiĐ ŵutatioŶs pƌeseŶt iŶ geŶes that eŶĐode foƌ pƌoteiŶs 

ǁeƌe ĐoŶsideƌed ;Ŷ= ϮϬϱϲͿ. The ĐoŵputatioŶal sĐƌipt ǁas deǀeloped aŶd ƌuŶ ďǇ Dƌ. 

Jose AfoŶso Gueƌƌa-AssuŶção of the SaŶgeƌ CeŶtƌe iŶ Caŵďƌidge. IŶ ďƌief, the ŵatuƌe 

seƋueŶĐes of all huŵaŶ ŵiĐƌoRNAs ǁeƌe ƌetƌieǀed fƌoŵ ŵiRBase [344]. The seƋueŶĐes 

ǁeƌe theŶ Đlusteƌed aŶd Đollapsed iŶto disĐƌeet faŵilies aĐĐoƌdiŶg to if theǇ shaƌed the 

saŵe seed ƌegioŶ oƌ Ŷot. GeŶoŵiĐ ĐooƌdiŶates foƌ huŵaŶ ϯ͛UTR's ǁeƌe oďtaiŶed fƌoŵ 

EŶseŵďl ďioMaƌt [ϯϰϱ] aŶd a ŵatĐhiŶg ƌepeat ŵasked ǁhole geŶoŵe FASTA file ǁas 

ƌetƌieǀed fƌoŵ the EŶseŵďl FTP seƌǀeƌs. A Đustoŵ set of sĐƌipts ǁas theŶ eŵploǇed to 

pƌoduĐe FASTA files ĐoŶtaiŶiŶg UTRs ǁithout ŵutatioŶs, aloŶg ǁith the ŵutatioŶs 

ideŶtified ďǇ WGS iŶ the patieŶts.  

The TaƌgetSĐaŶ algoƌithŵ ǁas eŵploǇed to pƌediĐt taƌget sites iŶ the geŶeƌated 

seƋueŶĐe files [262], aŶd the ƌesults depeŶdiŶg oŶ the ŵutatioŶs ďeiŶg pƌeseŶt oƌ 

aďseŶt ǁeƌe Đoŵpaƌed. OŶlǇ ŵutatioŶs loĐated aŵoŶg the ϳϱ% ŵost ĐoŶfideŶt taƌget 

sites foƌ eaĐh ŵiRNA ǁeƌe ĐoŶsideƌed, eǆĐludiŶg the Ϯϱ% of ǁith the loǁest sĐoƌes. 

The ŵiRaŶda taƌget pƌediĐtioŶ algoƌithŵ ǁas theŶ eŵploǇed oŶ these taƌgets to tƌǇ to 

assess the theƌŵodǇŶaŵiĐ staďilitǇ aŶd the effeĐts of the ŵutatioŶs oŶ poteŶtial 

ŵiĐƌoRNA ďiŶdiŶg to the taƌget [266]. This aŶalǇsis ǁas ƌestƌiĐted to taƌgets pƌeǀiouslǇ 

ideŶtified ďǇ TaƌgetSĐaŶ.  

4.2.4 Pathways enrichment analysis: Ingenuity 

OŶtogeŶǇ aŶalǇsis of ŵutatioŶs ideŶtified iŶ pƌediĐted ŵiRNA-ďiŶdiŶg sites ǁas Đaƌƌied 

out usiŶg IŶgeŶuitǇ PathǁaǇ AŶalǇsis tool [ϯϰϲ]. 
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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 

CaŶdidate ŵutatioŶs ǁeƌe aŶalǇsed iŶ the oƌigiŶal disĐoǀeƌǇ Đohoƌt ďǇ SaŶgeƌ 

SeƋueŶĐiŶg ;see pƌotoĐol iŶ seĐtioŶ ϯ.ϰͿ usiŶg speĐifiĐ PCR pƌiŵeƌs listed iŶ Taďle ϰ.ϭ. 

Validated ŵutatioŶs ;ϭϰ/ϰϯͿ ǁeƌe theŶ ŵeasuƌed iŶ aŶ eǆteŶded Đohoƌt of patieŶts 

Ŷaŵed as pƌeliŵiŶaƌǇ eǆteŶded Đohoƌt. This Đohoƌt ĐoŶsisted of ϰϵ Đases iŶĐludiŶg the 

ϲ Đases fƌoŵ the disĐoǀeƌǇ Đohoƌt: Ϯϳ saŵples fƌoŵ ϭϰ FL patieŶts ǁho uŶdeƌǁeŶt 

tƌaŶsfoƌŵatioŶ, Ϯϴ ŶoŶ-tƌaŶsfoƌŵed FL ;ŶtFLͿ Đases aŶd ϳ de Ŷoǀo DLBCL Đases. See 

Taďle ϭ-AŶŶeǆ foƌ details of the patieŶts iŶ eaĐh Đohoƌt. 

 

GeŶe 
AŵpliĐoŶ GeŶoŵiĐ 

CooƌdeŶates 
Fǁd pƌiŵeƌ ;ϱ'-->ϯ'Ϳ Reǀ pƌiŵeƌ ;ϱ'--> ϯ'Ϳ 

IFTϴϭ Ŷo desigŶaďle pƌiŵeƌs  -  - 

ATPϭϬA Đhƌϭϱ:Ϯϱϵϯϵϴϴϯ-ϮϱϵϰϬϭϭϳ CCCATCTCGTGGTGTAGCAT GGCCTACGCTCTCGAGAAA 

ATPϭϬA Đhƌϭϱ:Ϯϱϵϱϴϲϴϯ-ϮϱϵϱϵϭϳϮ CATGCAATTCTCCAATGGGCAT ATCGCCAGCAACGGCTA 

BCLϮ Đhƌϭϴ:ϲϬϳϵϯϲϳϮ-ϲϬϳϵϰϭϲϭ ACTGAATGAATCTCATGGGTTTAACCAA TGGAATAACTCTGTGGCATTATTGCAT 

EZHϮ Đhƌϳ:ϭϰϴϱϬϴϱϯϱ-ϭϰϴϱϬϴϵϰϴ GCCCAGCACAATCCAGTTACTA TGCCCAATTACTGCCTTAGAACA 

GDIϮ ĐhƌϭϬ:ϱϴϬϳϰϬϲ-ϱϴϬϳϴϴϴ GCTTTCTCCAAATGACTCCCTATGT CCTGCTTTTGTAATGAAAATGGAGAGA 

MEFϮB Đhƌϭϵ:ϭϵϮϱϳϰϯϬ-ϭϵϮϱϳϴϴϰ GGTTCTGCAGGCCACTGTAG TCTCCCTTCCGACCAGCA 

MEFϮB Đhƌϭϵ:ϭϵϮϱϵϴϴϵ-ϭϵϮϲϬϯϴϲ GCCAGGTTGTGACATGAGAA TCCCTTCTAGGGACAGCAGA 

PCSKϱ Đhƌϵ:ϳϴϵϳϱϬϭϵ-ϳϴϵϳϱϱϯϳ GCAGGGTCTTACAGATTTCCTTGT GCACAAGCCTTTAGTAAACTGAAGA 

SLCϮϵAϮ Đhƌϭϭ:ϲϲϭϯϬϱϱϰ-ϲϲϭϯϭϬϯϵ CCACTCTGAACCCTCTGGTCA TCCTGTTCCCGGGTGTTCTA 

RETSAT ĐhƌϮ:ϴϱϱϲϵϱϭϴ-ϴϱϱϳϬϮϬϯ CAGCAAAGTATTCATCTTACCAGTCCA GGGCAATGGAATCACTGCT 

ITGBϭBPϭ ĐhƌϮ:ϵϱϰϲϬϰϭ-ϵϱϰϲϵϭϬ CAGCATGAATCCTGGTCTCCA ACTGCAATGCTGAAATGTTATGCAAATA 

MYOϱď Đhƌϭϴ:ϰϳϯϰϵϯϯϰ-ϰϳϯϱϬϬϯϯ CCTTTCCATGAAGCATGTCA TGGATTCACCCCTGAATATGA 

BCLϮ Đhƌϭϴ:ϲϬϳϵϯϮϵϱ-ϲϬϳϵϯϳϴϱ GACTCCATTAAAATGATTTTGGCAGGAT TGTCCCTTTGACCTTGTTTCTTGAA 

PCSKϱ Đhƌϵ:ϳϴϴϬϴϮϰϭ-ϳϴϴϬϴϲϰϰ CTGCAAAACATGTACATTTCAAGGCT AAGCAAGTCAATGCAAAAGGGAAAA 

BMPϳ ĐhƌϮϬ:ϱϱϳϰϱϯϱϬ-ϱϱϳϰϱϳϰϯ GCTCTTTCCCCTCCCACTAGA GGTCATTGGCTGGGAAGTCTC 

MYOϱB Đhƌϭϴ:ϰϳϯϱϬϭϱϬ-ϰϳϯϱϬϱϵϰ CTTCAGCAACAACTCATGTGTACATT ACTTGGAGGCTAGAAGAAGCATCT 

MYOϱB Đhƌϭϴ:ϰϳϯϱϮϰϴϵ-ϰϳϯϱϯϬϬϭ GGACATTCTCTAGTTCTATGCAAAGATC CCCAATGTGAGCAAGAAGGAAGTATAT 

PEXϭϵ Đhƌϭ:ϭϲϬϮϰϳϰϰϲ-ϭϲϬϮϰϳϲϴϯ GCTAGGCTAGCAGAAGTGAGAATC GGAAGAGCCCAGATCTGAATGTAA 
 

Taďle ϰ.ϭ: Pƌiŵeƌs foƌ PCR aŵplifiĐatioŶ aŶd SaŶgeƌ SeƋueŶĐiŶg foƌ ǀalidatioŶ of ŵutatioŶs 

ideŶtified iŶ the disĐoǀeƌǇ Đohoƌt. 
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4.2.6 Ampliseq (Ion Torrent) NGS panel design and performance  

To eǆploƌe the fƌeƋueŶĐǇ of all the ideŶtified ŵiRNA-ďiŶdiŶg site ŵutatioŶs ;i.e Ŷ=ϱϰϰͿ, 

ǁe desigŶed a Đustoŵ NGS paŶel usiŶg IoŶ AŵpliSeƋ taƌgeted seƋueŶĐiŶg teĐhŶologǇ. 

The IoŶ AŵpliseƋ DesigŶeƌ ǀϯ.ϰ tool ǁas used to desigŶ the paŶel usiŶg ĐooƌdiŶates 

oďtaiŶed fƌoŵ the oƌigiŶal WGS data. The paŶel ĐoŶsisted of a siŶgle pool of ϰϴϮ 

sepaƌate aŵpliĐoŶs ;ϭϮϱ-ϭϳϱďp iŶ leŶgthͿ, ĐoǀeƌiŶg a total of ϱϳkď, aŶd iŶĐluded ϱϬϯ of 

the ϱϰϰ ;ϵϮ%Ϳ of the oƌigiŶallǇ ideŶtified ŵutatioŶs. 

A total of ϵϴ saŵples fƌoŵ ϱϱ patieŶts ǁeƌe aŶalǇsed usiŶg this seƋueŶĐiŶg paŶel. This 

gƌoup ƌepƌeseŶted the ǀalidatioŶ Đohoƌt aŶd ĐoŶsisted of ϲϰ saŵples fƌoŵ ϯϰ FL 

patieŶts ǁho uŶdeƌǁeŶt tƌaŶsfoƌŵatioŶ ;iŶĐludiŶg the ϲ Đases fƌoŵ the disĐoǀeƌǇ 

ĐohoƌtͿ, aŶd Ϯϭ saŵples of ŶoŶ-tƌaŶsfoƌŵed FL patieŶts. IŶ additioŶ, fiǀe pools fƌoŵ ϯϰ 

healthǇ ĐoŶtƌols togetheƌ ǁith ϴ lǇŵphoŵa Đell liŶes ;DLBCL aŶd FLͿ ǁeƌe seƋueŶĐed.  

DNA fƌoŵ healthǇ ĐoŶtƌols ǁas seƋueŶĐed iŶ oƌdeƌ to ideŶtifǇ seƋueŶĐiŶg aƌtefaĐts aŶd 

geŶetiĐ polǇŵoƌphisŵs Ŷot assoĐiated ǁith the disease. The ƌeasoŶ of usiŶg pools ǁas 

to ŵaǆiŵize the deteĐtioŶ of SNPs iŶ the Ŷoƌŵal populatioŶ keepiŶg a deteĐtaďle 

ǀaƌiaŶt allele fƌeƋueŶĐǇ ;VAFͿ Ŷuŵďeƌ. Foƌ ŵoƌe detailed iŶfoƌŵatioŶ see Taďle ϭ-

AŶŶeǆ. IŶ total, seǀeŶtǇ-fiǀe saŵples ǁeƌe seƋueŶĐed oŶ aŶ IoŶ ToƌƌeŶt PeƌsoŶal 

GeŶoŵe MaĐhiŶe ;PGMͿ iŶ the geŶoŵiĐs faĐilitǇ of BiodoŶostia. This data ǁas 

geŶeƌated duƌiŶg eleǀeŶ diffeƌeŶt seƋueŶĐiŶg ƌuŶs usiŶg ϱϬϬ floǁs ǁith paiƌed-eŶd 

ƌeads of ϭϱϬ ďp. FiftǇ-eight saŵples ǁeƌe ƌuŶ oŶ ϯϭϲǀϮ Đhips ;ϰ-ϴ saŵples peƌ ĐhipͿ 

aŶd eighteeŶ saŵples oŶ tǁo ϯϭϴǀϮ Đhips ;ϵ saŵples peƌ ĐhipͿ. The ƌeŵaiŶiŶg tǁeŶtǇ-

thƌee saŵples ǁeƌe seƋueŶĐed eǆteƌŶallǇ ďǇ GeŶetƌaĐeƌ BioteĐh ;SaŶtaŶdeƌ, SpaiŶͿ oŶ 

aŶ IoŶ PƌotoŶ ŵaĐhiŶe.  
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Figuƌe ϰ.Ϯ: IoŶ ToƌƌeŶt platfoƌŵs ;AͿ, speĐifiĐatioŶs of IoŶ ToƌƌeŶt diffeƌeŶt platfoƌŵs aŶd Đhips 

;BͿ, illustƌatioŶ of IoŶ aǀailaďle seƋueŶĐiŶg Đhips ;CͿ.  

SigŶal pƌoĐessiŶg aŶd ďase ĐalliŶg ǁeƌe peƌfoƌŵed ǁithiŶ the ToƌƌeŶt Seƌǀeƌ usiŶg 

default paƌaŵeteƌs. Afteƌ de-ŵultipleǆiŶg, ƌeads ǁeƌe aligŶed agaiŶst the hgϭϵ ǀeƌsioŶ 

of the huŵaŶ geŶoŵe, aŶd ǀaƌiaŶts ǁeƌe Đalled usiŶg the IoŶ Repoƌteƌ ǀϱ.Ϯ oŶliŶe tool 

usiŶg soŵatiĐ loǁ stƌiŶgeŶĐǇ paƌaŵeteƌs fƌoŵ the ToƌƌeŶt VaƌiaŶt Calleƌ ϰ.ϰ plugiŶ. 

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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GeŶe 
;*Ϳ StƌaŶd 

/ LoĐatioŶ 
ŵiRNA ŵiRNA-ďiŶdiŶg site VaƌiaŶts/ ŵutatioŶs ;**Ϳ 

ARMCϭϬ + / ϯ’UTR ŵiR-ϮϮϮ-ϱp Đhƌϳ:ϭϬϮϳϯϵϭϳϳ-ϭϬϮϳϯϵϭϵϴ 
hgϭϵ Đhƌϳ:g.[ϭϬϮϳϯϵϭϳϵA>G]  ;ϭͿ Mut 

hgϭϵ Đhƌϳ:g.[ϭϬϮϳϯϵϭϴϴC>T]  ;ϮͿ Vaƌ 

METTLϭϱ + / ϯ’UTR ŵiR-ϰϯϭϯ Đhƌϭϭ:ϮϴϯϱϯϰϮϵ-Ϯϴϯϱϯϰϰϴ hgϭϵ Đhƌϭϭ:g.[ϮϴϯϱϯϰϯϰG>A] Mut 

EZHϮ - / EǆoŶ ŵiR-ϭϰϰ-ϯp Đhƌϳ:ϭϰϴϱϬϴϳϮϮ-ϭϰϴϱϬϴϳϰϮ 

hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A]  ;ϭͿ Mut 

hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>G]  ;ϮͿ Mut 

hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T]  ;ϯͿ Mut 

MEFϮB - / EǆoŶ ŵiR-ϭϮϲϱ Đhƌϭϵ:ϭϵϮϲϬϬϯϴ-ϭϵϮϲϬϬϱϱ 
hgϭϵ Đhƌϭϵ:g.[ϭϵϮϲϬϬϰϱT >A]  ;ϭͿ Mut 

hgϭϵ Đhƌϭϵ:g.[ϭϵϮϲϬϬϱϱT>C]  ;ϮͿ Vaƌ 

BCLϮ;ϭͿ - / ϯ’UTR ŵiR-Ϯϳa-ϱp Đhƌϭϴ: ϲϬϳϵϯϵϬϯ-ϲϬϳϵϯϵϮϱ 
hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϵϬϲG>A] ;ϭͿ Mut 

hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϵϮϭT>C]  ;ϮͿ Vaƌ 

BCLϮ;ϮͿ - / ϯ’UTR ŵiR-ϭϯϴ-ϱp Đhƌϭϴ:ϲϬϳϵϯϲϰϰ-ϲϬϳϵϯϲϲϱ 
hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϲϱϯT>C]  ;ϭͿ Mut 

hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϲϱϱT>C]  ;ϮͿ Vaƌ 

BCLϮ;ϯͿ - / ϯ’UTR ŵiR-ϱϬϬϴ-ϱp Đhƌϭϴ:ϲϬϳϵϯϰϯϲ-ϲϬϳϵϯϰϱϴ hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A] Vaƌ 

SENPϭ - / ϯ’UTR ŵiR-ϭϵϲa-ϯp ĐhƌϭϮ:ϰϴϰϯϴϯϬϴ-ϰϴϰϯϴϯϮϵ hgϭϵ ĐhƌϭϮ:g.[ϰϴϰϯϴϯϭϱA>G] Vaƌ 

SPOCKϯ - / ϯ’UTR ŵiR-ϭϵϮ-ϱp Đhƌϰ:ϭϲϳϲϱϱϮϭϰ-ϭϲϳϲϱϱϮϯϱ 

hgϭϵ Đhƌϰ:g.[ϭϲϳϲϱϱϮϭϳA>T]  ;ϭͿ Mut 

hgϭϵ Đhƌϰ:g.[ϭϲϳϲϱϱϮϭϴC>T]  ;ϮͿ Vaƌ 

hgϭϵ Đhƌϰ:g.[ϭϲϳϲϱϱϮϯϱA>G]  ;ϯͿ Vaƌ 

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 

geŶoŵiĐ loĐatioŶ the ǀaƌiaŶt is pƌeseŶt iŶ the geŶe. ;**Ϳ ͞Mut͟ ƌefeƌs the ĐoŶfiƌŵed soŵatiĐ 

mutations identified in FL tumours and not in the germ line material in the discovery cohort. 

͞Var͟ ƌefeƌs to ǀaƌiaŶts deteĐted iŶ the validation cohort that cannot be identified with 

certainty as somatic mutations as germ line material from these patients was lacking.  

Ͷ.ʹ.͹.ͳ Cloning 

Pƌiŵeƌs ǁeƌe desigŶed to ĐloŶe the ŵiRNA-ďiŶdiŶg sites aloŶg ǁith a flaŶkiŶg ƌegioŶ of 

appƌoǆiŵatelǇ ϯϬϬďp ;Taďle ϰ.ϯͿ. The pƌiŵeƌs also ĐoŶtaiŶed the PŵeI aŶd NotI ďiŶdiŶg 

sites foƌ ĐloŶiŶg iŶto the psiCHECK-Ϯ luĐifeƌase ǀeĐtoƌ ;PƌoŵegaͿ ;Figuƌe ϰ.ϯ-AͿ. Foƌ the 

PCR aŵplifiĐatioŶ of these ƌegioŶs, DNA fƌoŵ lǇŵphoŵa Đell liŶes oƌ patieŶts ǁas used 

as a teŵplate ;see detailed pƌotoĐol of PCR aŵplifiĐatioŶ iŶ seĐtioŶ ϯ.ϮͿ. WheŶ the 

teŵplate DNA ĐoŶtaiŶiŶg the ŵutatioŶs/ǀaƌiaŶts ǁas liŵited oƌ diffiĐult to aŵplifǇ, ǁe 

used sǇŶthetiĐ pƌoduĐed DNA foƌ ĐloŶiŶg iŶstead. This sǇŶthetiĐ DNA ĐoŶtaiŶed the 
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ƌestƌiĐtioŶ sites foƌ PŵeI iŶ ϱ͛ aŶd NotI iŶ ϯ͛ ;GeŶeAƌt, TheƌŵoFisheƌͿ ;Figuƌe ϰ.ϯ-BͿ. 

LǇophilized sǇŶthetiĐ DNA fƌagŵeŶts ǁeƌe ƌeĐoŶstituted iŶ RNAse/DNAse fƌee ǁateƌ to 

get a fiŶal ĐoŶĐeŶtƌatioŶ of ϭϬŶg/µL aŶd half of the ǀoluŵe ǁas used foƌ the ĐloŶiŶg 

;see seĐtioŶ ϯ.ϭϬ foƌ the detailed ĐloŶiŶg pƌotoĐolͿ. Foƌ ŵoƌe detailed iŶfoƌŵatioŶ 

aďout the luĐifeƌase ĐoŶstƌuĐts see Taďle ϰ.ϯ.  

 

Figuƌe ϰ.ϯ: SĐheŵatiĐ eǆaŵple of the desigŶed pƌiŵeƌs ;AͿ aŶd of the desigŶed sǇŶthetiĐ DNA 

;BͿ ďoth ĐoŶtaiŶiŶg ƌestƌiĐtioŶ sites foƌ PŵeI aŶd NotI. 
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CoŶstƌuĐt 
MutatioŶ 

/ǀaƌiaŶt positioŶ 
StƌaŶd Teŵplate Fǁd pƌiŵeƌ ;ϱ'--> ϯ'Ϳ Reǀ pƌiŵeƌ ;ϱ'--> ϯ'Ϳ LoĐatioŶ 

ARMCϭϬ 
ǁt - + RIVA Đell liŶe 

TTTTTTGTTTAAACGGGAT
TCTCCCAGCTGCTAA 

TTTTTTGCGGCCGCTGC
CACTTCATGTAGGGAAG 

ϯ'UTR 

ARMCϭϬ 
ŵutϭ 

Đhƌϳ:ϭϬϮϳϯϵϭϴϴ + RIVA Đell liŶe 
TTTTTTGTTTAAACGGGAT

TCTCCCAGCTGCTAA 

TTTTTTGCGGCCGCTGC
CACTTCATGTAGGGAAG 

ϯ'UTR 

ARMCϭϬ 
ŵutϮ 

Đhƌϳ:ϭϬϮϳϯϵϭϳϵ + RIVA Đell liŶe 
TTTTTTGTTTAAACGGGAT

TCTCCCAGCTGCTAA 

TTTTTTGCGGCCGCTGC
CACTTCATGTAGGGAAG 

ϯ'UTR 

SPOCKϯ ǁt - - FLϭϴ Đell liŶe 
TTTTTTGTTTAAACGACCA

GCAACTTAGGGAGCA 

TTTTTTGCGGCCGCTTTT
CTTCATTCCAGCAGCA 

ϯ'UTR 

SPOCKϯ 
ŵutϮ 

Đhƌϰ:ϭϲϳϲϱϱϮϭϴ - FLϭϴ Đell liŶe 
TTTTTTGTTTAAACGACCA

GCAACTTAGGGAGCA 

TTTTTTGCGGCCGCTTTT
CTTCATTCCAGCAGCA 

ϯ'UTR 

SPOCKϯ 
ŵutϯ 

Đhƌϰ:ϭϲϳϲϱϱϮϯϱ - 
Su-DHL-ϰ 
Đell liŶe 

TTTTTTGTTTAAACGACCA
GCAACTTAGGGAGCA 

TTTTTTGCGGCCGCTTTT
CTTCATTCCAGCAGCA 

ϯ'UTR 

SPOCKϯ 
ŵutϭ 

Đhƌϰ:ϭϲϳϲϱϱϮϭϳ - 
SǇŶthetiĐ 

DNA 
- - ϯ'UTR 

BCLϮ;ϭͿ ǁt - - RIVA Đell liŶe 
TTTTTTGTTTAAACTTTGTG

AGCAAAGGTGATCG 

TTTTTTGCGGCCGCTTCT
GTTGACGTGGAAATGC 

ϯ'UTR 

BCLϮ;ϭͿ 
ŵutϭ 

Đhƌϭϴ:ϲϬϳϵϯϵϬϲ - 
SǇŶthetiĐ 

DNA 
- - ϯ'UTR 

BCLϮ;ϭͿ 
ŵutϮ 

Đhƌϭϴ:ϲϬϳϵϯϵϮϭ - 
SǇŶthetiĐ 

DNA 
- - ϯ'UTR 

BCLϮ;ϮͿ ǁt - - RIVA Đell liŶe 
TTTTTTGTTTAAACTTCCGC

ATTTAATTCATGGT 

TTTTTTGCGGCCGCAAG
GACAGCCATGAGAAAGC 

ϯ'UTR 

BCLϮ;ϯͿ ǁt - - RIVA Đell liŶe 
TTTTTTGTTTAAACTCAGG

GTCTTCCTGAAATGC 

TTTTTTGCGGCCGCGCA
GCACAGGATTGGATATT 

ϯ'UTR 

BCLϮ;ϯͿ 
ŵut Đhƌϭϴ: ϲϬϳϵϯϰϰϳ - 

SǇŶthetiĐ 
DNA 

- - ϯ'UTR 

MEFϮB ǁt - - 
Su-DHL-ϰ 

;ĐDNAͿ 
TTTTTTGTTTAAACCAACC

GCCTCTTCCAGTATG 

TTTTTTGCGGCCGCAGC
CTCCGAAACTTCTCTCC 

EǆoŶ 

MEFϮB 
ŵutϭ 

Đhƌϭϵ:ϭϵϮϲϬϬϰϱ - 
Su-DHL-ϰ 

;ĐDNAͿ 
TTTTTTGTTTAAACCAACC

GCCTCTTCCAGTATG 

TTTTTTGCGGCCGCAGC
CTCCGAAACTTCTCTCC 

EǆoŶ 

MEFϮB 
ŵutϮ 

Đhƌϭϵ:ϭϵϮϲϬϬϱϱ - 
SǇŶthetiĐ 

DNA 
- - EǆoŶ 

EZHϮ ǁt - - 
SU-DHL-ϭϬ 

;ĐDNAͿ 
TTTTTTGTTTAAACGCTGA

CCATTGGGACAGTAAA 

TTTTTTGCGGCCGCTGG
ATTTACCGAATGATTTGC 

EǆoŶ 

EZHϮ ŵutϭ Đhƌϳ:ϭϰϴϱϬϴϳϮϳ - 
SU-DHL-ϭϬ 

;ĐDNAͿ 
TTTTTTGTTTAAACGCTGA

CCATTGGGACAGTAAA 

TTTTTTGCGGCCGCTGG
ATTTACCGAATGATTTGC 

EǆoŶ 

EZHϮ ŵutϮ Đhƌϳ:ϭϰϴϱϬϴϳϮϳ - 
Su-DHL-ϰ 

;ĐDNAͿ 
TTTTTTGTTTAAACGCTGA

CCATTGGGACAGTAAA 

TTTTTTGCGGCCGCTGG
ATTTACCGAATGATTTGC 

EǆoŶ 

EZHϮ ŵutϯ Đhƌϳ:ϭϰϴϱϬϴϳϮϴ - FLϭϴ ;ĐDNAͿ TTTTTTGTTTAAACGCTGA
CCATTGGGACAGTAAA 

TTTTTTGCGGCCGCTGG
ATTTACCGAATGATTTGC 

EǆoŶ 

METTLϭϱ 
ǁt - + 

Su-DHL-ϭ 
Đell liŶe 

TTTTTTGTTTAAACAACAA
ATTGAGGAGATTGATTCAT 

TTTTTTGCGGCCGCTTCA
CTTGGATTCACCAACC 

ϯ'UTR 

METTLϭϱ 
ŵut Đhƌϭϭ:Ϯϴϯϱϯϰϯϰ + 

Su-DHL-ϭ 
Đell liŶe 

TTTTTTGTTTAAACAACAA
ATTGAGGAGATTGATTCAT 

TTTTTTGCGGCCGCTTCA
CTTGGATTCACCAACC 

ϯ'UTR 

SENPϭ ǁt  

- 

 

- 
THDϭϯTϬϬϯϰ 

TTTTTTGTTTAAACGACAG
GTCCCAAAGTTCCAA 

TTTTTTGCGGCCGCCCA
AACTAGATCTGCATTCAT

CC 

ϯ'UTR 

SENPϭ ŵut ĐhƌϭϮ:ϰϴϰϯϴϯϭϱ - THDϭϯTϬϬϯϰ 
TTTTTTGTTTAAACGACAG

GTCCCAAAGTTCCAA 

TTTTTTGCGGCCGCCCA
AACTAGATCTGCATTCAT

CC 

ϯ'UTR 

Taďle ϰ.ϯ GeŶoŵiĐ loĐatioŶ of the ŵutatioŶs/ǀaƌiaŶts iŶ the putatiǀe ŵiRNA-ďiŶdiŶg sites: 

the taďles also shoǁs the Đases ǁheƌe sǇŶthetiĐ DNA ǁas used foƌ the ĐloŶiŶg. Foƌ the ƌest of 

the Đases, the seƋueŶĐes of the pƌiŵeƌs used foƌ the ĐloŶiŶg iŶto psiCHECK-Ϯ luĐifeƌase ǀeĐtoƌ 

aƌe shoǁŶ togetheƌ ǁith the teŵplate used. Foƌ the ĐloŶiŶg of ƌegioŶs loĐated iŶ eǆoŶs, ĐDNA 

ǁas used as teŵplate to ŵiŵiĐ as ŵuĐh as possiďle the oƌigiŶal taƌget seƋueŶĐe ;ŵRNAͿ. 

Highlighted iŶ ďold letteƌs aƌe PŵeI ƌestƌiĐtioŶ site ;Fǁd pƌiŵeƌͿ aŶd NotI ƌestƌiĐtioŶ site ;Reǀ 

pƌiŵeƌͿ. 
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 Afteƌ ĐloŶiŶg aŶd PCR sĐƌeeŶiŶg, ϲ-ϭϬ ĐoloŶies ǁith the ĐoƌƌeĐt iŶseƌt size ǁeƌe 

seƋueŶĐed usiŶg SaŶgeƌ SeƋueŶĐiŶg ;see seĐtioŶ ϯ.ϰͿ. OŶĐe the ĐoƌƌeĐt ĐloŶes ǁeƌe 

ĐoŶfiƌŵed ;ǁild tǇpe aŶd/oƌ ŵutatedͿ, ďaĐteƌia fƌoŵ the oƌigiŶal ĐoloŶies ǁeƌe gƌoǁŶ 

iŶ ϱŵL of LB ďƌoth ǁith ϭϬϬµg/ŵL AŵpiĐilliŶ at ϯϳºC ϭϴϬ ƌpŵ o/Ŷ aŶd plasŵids ǁeƌe 

eǆtƌaĐted ;QIAGEN MiŶipƌep KitͿ. Afteƌ plasŵid eǆtƌaĐtioŶs, DNA ĐoŶĐeŶtƌatioŶ aŶd 

ƋualitǇ ǁeƌe ŵeasuƌed usiŶg ŶaŶodƌop NaŶoDƌop® ND-ϭϬϬϬ speĐtƌophotoŵeteƌ 

;Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ aŶd the iŶseƌt of these plasŵids ǁeƌe ƌe-aŶalǇsed 

usiŶg ďi-diƌeĐtioŶal SaŶgeƌ SeƋueŶĐiŶg. The ƌesultiŶg plasŵid DNA ǁas stoƌed at -ϮϬºC 

uŶtil fuƌtheƌ use. 

Ͷ.ʹ.͹.ʹ Transfection and luciferase activity measurement 

Foƌ luĐifeƌase assaǇs HEKϮϵϯ Đells ǁeƌe seeded iŶ ϭϮ-ǁell plates, Ϯϰ houƌs ďefoƌe 

tƌaŶsfeĐtioŶ. Afteƌ this tiŵe Đells ǁeƌe tƌaŶsfeĐted ǁith ϮϬϬŶg/ǁell of psiCHECK-Ϯ 

ǀeĐtoƌ aloŶg ǁith ϱϬŶM of the ŵiRNA ŵiŵiĐ oƌ a sĐƌaŵďle ŵiRNA seƋueŶĐe used as a 

Ŷegatiǀe ĐoŶtƌol ;ŵiRIDIAN ŵiRNA ŵiŵiĐs, DhaƌŵaĐoŶͿ. DhaƌŵaFECT Duo 

;DhaƌŵaĐoŶͿ ǁas used as the tƌaŶsfeĐtioŶ ƌeageŶt ;ϭ,ϮʅL/ǁellͿ, aŶd tƌaŶsfeĐtioŶs ǁeƌe 

peƌfoƌŵed iŶ ďiologiĐal tƌipliĐate. ϰϴ houƌs afteƌ tƌaŶsfeĐtioŶ, the Đells ǁeƌe ǁashed 

ǁith PBS aŶd lǇsed usiŶg lǇsis ďuffeƌ fƌoŵ the Dual-LuĐifeƌase Repoƌteƌ AssaǇ 

;PƌoŵegaͿ kit. Cell lǇsates ǁeƌe ĐolleĐted aŶd stoƌed at -ϴϬºC ;Figuƌe ϰ.ϰͿ.  

FiƌstlǇ, ϮϬuL of eaĐh lǇsate ǁeƌe added to ϭϬϬuL of LuĐifeƌase AssaǇ ReageŶt II ;LAR IIͿ 

to ŵeasuƌe the luĐifeƌase aĐtiǀitǇ of FiƌeflǇ luĐifeƌase. Afteƌ ƋuaŶtifǇiŶg the 

luŵiŶesĐeŶĐe, ϭϬϬuL of Stop&Glo ƌeageŶt aƌe added. LuŵiŶesĐeŶĐe ǁas ŵeasuƌed 

usiŶg a PHERAstaƌ ŵiĐƌoplate ƌeadeƌ ;BMG LABTECHͿ. The deteĐted luŵiŶisĐeŶĐe fƌoŵ 

ReŶilla luĐifeƌase ǁas Ŷoƌŵalized usiŶg the luŵiŶisĐeŶĐe fƌoŵ FiƌeflǇ luĐifeƌase foƌ eaĐh 

ǁell. The Ŷoƌŵalized luĐifeƌase sigŶal of eaĐh ĐoŶditioŶ ǁas takeŶ aŶd the luĐifeƌase 

aĐtiǀitǇ ǁas ĐalĐulated takiŶg as ƌefeƌeŶĐe the Ŷoƌŵalized luĐifeƌase sigŶal of the 

sĐƌaŵďle ĐoŶditioŶ foƌ eaĐh diffeƌeŶt ǀeĐtoƌ tǇpe. Foƌ the stadistiĐal aŶalǇsis, the 

MaŶŶ–WhitŶeǇ U test ǁas applied.  
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Figuƌe ϰ.ϰ: LuĐifeƌase assaǇ pƌotoĐol. AͿ SĐheŵatiĐ ƌepƌeseŶtatioŶ of the tƌaŶsfeĐtioŶ aŶd 

luĐifeƌase ŵeasuƌeŵeŶt pƌotoĐol foƌ luĐifeƌase assaǇs. BͿ RepƌeseŶtatioŶ of aŶ assaǇ peƌfoƌŵed 

iŶ ďiologiĐal tƌipliĐate iŶ ϭϮ-ǁell plates foƌ ďoth, ǁild tǇpe aŶd ŵutated ĐoŶditioŶs.  

4.2.8 Analysis of the EZH2 and BCL2 mutation prevalence in an 

extended cohort using Custom TaqMan SNP Genotyping Assays: 

Foƌ aŶalǇsiŶg the pƌeǀaleŶĐe of these speĐifiĐ ǀaƌiaŶts/ŵutatioŶs iŶ BCLϮ aŶd EZHϮ 

geŶes, Custoŵ TaƋMaŶ® SNP GeŶotǇpiŶg AssaǇs ;TheƌŵoFisheƌͿ ǁeƌe peƌfoƌŵed iŶ a 

Đohoƌt of ϭϭϳ FL patieŶts. Foƌ EZHϮ, aŶ additioŶal ŵutatioŶ ;hgϭϵ 

Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>GͿ] usuallǇ fouŶd iŶ FL patieŶts aŶd affeĐtiŶg the saŵe loĐus ǁas 

iŶĐluded. To aŶalǇse that, ϱ TaƋŵaŶ SNP geŶotǇpiŶg assaǇs ǁeƌe peƌfoƌŵed ǁith 

pƌoďes desigŶed iŶ oƌdeƌ to deteĐt the ŵutatioŶs pƌeseŶt iŶ BCLϮ aŶd EZHϮ geŶes 

usiŶg ƋuaŶtitatiǀe ƌeal tiŵe PCR: 
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AssaǇ GeŶe GeŶoŵiĐ ǀaƌiaŶt 

ϭ BCLϮ hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A] 

Ϯ EZHϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] 

ϯ EZHϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>G] 

ϰ EZHϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T] 

ϱ EZHϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>G] 

Taďle ϰ.ϰ: TaƋŵaŶ assaǇs used foƌ saŵple geŶotǇpiŶg. EaĐh assaǇ ĐoŶtaiŶs pƌoďes foƌ the 

speĐifiĐ deteĐtioŶ of the ǁild tǇpe aŶd the ŵutated seƋueŶĐe. Both alleles ;ǁild tǇpe aŶd 

ŵutatedͿ ĐaŶ ďe diffeƌeŶtiated ǁithiŶ the saŵe aŵplifiĐatioŶ ƌeaĐtioŶ as theǇ ĐaƌƌǇ diffeƌeŶt 

fluoƌophoƌes ;VIC aŶd FAM ƌespeĐtiǀelǇͿ. 

The tuŵoƌal DNA fƌoŵ these patieŶts ǁas oďtaiŶed fƌoŵ ouƌ Đollaďoƌatoƌs iŶ Baƌts 

CaŶĐeƌ IŶstitute. These saŵples ĐoŶsist of ŶoŶ-paiƌed saŵples of DNA fƌoŵ FL patieŶts 

at diagŶosis aŶd also DNA fƌoŵ FL patieŶts at ƌelapse ;Taďle ϭ-AŶŶeǆ.Ϳ. Foƌ the ƋRT-PCR 

ƌeaĐtioŶs, TaƋŵaŶ GeŶotǇpiŶg Masteƌ Miǆ ;Applied BiosǇsteŵsͿ ǁas used togetheƌ 

ǁith the geŶotǇpiŶg pƌiŵeƌs ǁith the pƌoďes. ϭϬŶg of teŵplate DNA ǁas used foƌ eaĐh 

ƌeaĐtioŶ iŶ a fiŶal ǀoluŵe of ϭϬµL iŶ a ϵϲ ǁell plate.  

GeŶotǇpiŶg Masteƌ Miǆ ϮX ϱµL 

TaƋŵaŶ geŶotǇpiŶg pƌiŵeƌs ϰϬX Ϭ,ϮϱµL 

DNA Teŵplate ;ϱŶg/µLͿ ϮµL 

HϮO Ϯ,ϳϱµL 

 ϭϬµL total ǀoluŵe 

The PCR pƌogƌaŵŵe used had a pƌe-iŶĐuďatioŶ step of ϭϬ ŵiŶutes at ϵϱºC folloǁed ďǇ 

ϰϱ ĐǇĐles of ϭϬ seĐoŶds at ϵϱºC aŶd ϭ ŵiŶute at ϲϬºC. 

To estiŵate the liŵit of deteĐtioŶ of the teĐhŶiƋue the TaƋŵaŶ assaǇs Ŷuŵďeƌ ϭ, Ϯ aŶd 

ϰ listed iŶ taďle ϰ.ϰ ǁeƌe used. To do that, DNA fƌoŵ ŵutated saŵples ǁith a kŶoǁŶ 

VAF peƌĐeŶtage ǁas used. This DNA ǁas seƋueŶtiallǇ diluted to siŵulate ŵutatioŶ at 

diffeƌeŶt aŶd deĐƌeasiŶg VAF peƌĐeŶtages. A ŶoŶ-ŵutated DNA ǁas used as a Ŷegatiǀe 

ĐoŶtƌol. As teŵplate ŵateƌial foƌ the ƋRT-PCR ƌeaĐtioŶ ϱŶg ǀeƌsus ϭϬŶg of DNA ǁeƌe 

used iŶ paƌallel. SiŵilaƌlǇ, to estiŵate the VAFs of the ideŶtified ŵutatioŶs staŶdaƌd 

Đuƌǀes ǁeƌe used. Mutated DNA ǁith kŶoǁŶ VAF peƌĐeŶtages ǁeƌe ƌuŶ togetheƌ ǁith 
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seƋueŶtial dilutioŶs of these DNAs aŶd a ŶoŶ-ŵutated DNA ǁas used as a Ŷegatiǀe 

ĐoŶtƌol.  ResultiŶg deĐƌeasiŶg Đuƌǀes ǁeƌe plotted aŶd used as ƌefeƌeŶĐe. 

The platfoƌŵ used foƌ estiŵatiŶg the liŵit of deteĐtioŶ of the teĐhŶiƋue ǁas a 

LightCǇĐleƌ® Real-Tiŵe PCR SǇsteŵ ;RoĐhe Life SĐieŶĐeͿ ǁheƌeas foƌ the ƌest of the 

assaǇs a StepOŶePlus™ Real-Tiŵe PCR SǇsteŵ ;Applied BiosǇsteŵs, CalifoƌŶia, USAͿ 

ǁas used. IŶ the last platfoƌŵ the Ŷuŵďeƌ of PCR ĐǇĐles ǁas iŶĐƌeased to ϱϬ iŶ oƌdeƌ to 

ďetteƌ oďseƌǀe the aŵplifiĐatioŶ Đuƌǀes.  

4.2.9. Functional validation of this mechanism in lymphoid cell 

models 

WSU-DLCLϮ aŶd HT DLBCL Đell liŶes ǁeƌe tƌaŶsfeĐted ǁith ϭµg of a ŵiR-ϭϰϰ ŵiŵiĐ iŶ 

paƌallel ǁith a sĐƌaŵďle ŵiRNA seƋueŶĐe used as a Ŷegatiǀe ĐoŶtƌol ;ŵiRIDIAN ŵiRNA 

ŵiŵiĐs, DhaƌŵaĐoŶͿ. WSU-DLCLϮ Đell liŶe Đaƌƌies the ŵutatioŶ hgϭϵ 

Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] iŶ EZHϮ ǁheƌeas HT Đell liŶe has a ǁild tǇpe EZHϮ. Foƌ the 

tƌaŶsfeĐtioŶ, a NuĐleofeĐtoƌTM Ϯď DeǀiĐe ǁas used ;pƌogƌaŵ G-ϬϭϲͿ ǁith the Cell LiŶe 

NuĐleofeĐtoƌ® Kit V ;LoŶza, Visp, SǁitzeƌlaŶdͿ. Half of the Đells ǁeƌe ƌeĐoǀeƌed afteƌ ϰϴ 

houƌs siŶĐe the tƌaŶsfeĐtioŶ aŶd total RNA ǁas eǆtƌaĐted as iŶdiĐated iŶ seĐtioŶ ϯ.ϭ.ϯ. 

MiR-ϭϰϰ aŶd EZHϮ eǆpƌessioŶ leǀels ǁeƌe ŵeasuƌed usiŶg ƋRT-PCR ;see seĐtioŶs ϯ.ϱ 

aŶd ϯ.ϲͿ. ϳϮ houƌs post-iŶfeĐtioŶ the ƌest of the tƌaŶsfeĐted Đells ǁeƌe haƌǀested, 

ǁashed ǁith PBS aŶd lǇsed.  PƌoteiŶ lǇsates ;ϯϬµgͿ ǁeƌe ƌuŶ oŶ a polǇaĐƌǇlaŵide gel 

aŶd tƌaŶsfeƌƌed to a ŶitƌoĐellulose ŵeŵďƌaŶe foƌ WesteƌŶ-ďlot aŶalǇsis ;see seĐtioŶ 

ϯ.ϭϯͿ. MeŵďƌaŶes ǁeƌe ďloĐked ǁith ϱ% Skiŵ Milk diluted iŶ TBS-TǁeeŶ Ϭ.ϭ%. A 

ŵoŶoĐloŶal aŶtiďodǇ foƌ the ideŶtifiĐatioŶ of EZHϮ pƌoteiŶ ǁas used ;EzhϮ ;DϮCϵͿ XP ® 

Raďďit ŵAď AŶtiďodǇ, Cell SigŶaliŶg TeĐhŶologǇ, LeideŶ, NetheƌlaŶdsͿ. This aŶtiďodǇ 

ǁas iŶĐuďated iŶ ϱ% BSA diluted iŶ TBS-TǁeeŶ Ϭ.ϭ% aĐĐoƌdiŶg to the speĐifiĐatioŶs of 

the ŵaŶufaĐtuƌeƌ. TuďuliŶ staiŶiŶg ;Puƌified aŶti-TuďuliŶ β ϯ ;TUBBϯͿ AŶtiďodǇ, CloŶe 

TUJϭ, BioLegeŶd, SaŶ Diego, CAͿ ǁas used as a loadiŶg ĐoŶtƌol ;dil ϭ:ϭϬϬϬ iŶ ϱ% Skiŵ 

Milk diluted iŶ TBS-TǁeeŶ Ϭ.ϭ%Ϳ. goat aŶti-ƌaďďit IgG-HRP aŶd goat aŶti-ŵouse IgG-

HRP ;SaŶta Cƌuz BioteĐhŶologǇ, Teǆas, USAͿ diluted ϭ:ϮϬϬϬ iŶ iŶ ϱ% skiŵŵed ŵilk TBS-

TǁeeŶ Ϭ.ϭ% ǁeƌe used ƌespeĐtiǀelǇ as seĐoŶdaƌǇ aŶtiďodies. 



4. Investigating mutations in the miRNA binding sites of follicular lymphoma 

 

 

ϵϴ 

 

4.2.10 In-silico analysis of miR-144 and EZH2 expression levels in 

FL patients 

PuďliĐ ŵiĐƌoaƌƌaǇ data aĐĐessiďle ǀia the GeŶe EǆpƌessioŶ OŵŶiďus ;GEOͿ dataďase 

ƌepositoƌǇ ǁas used iŶ oƌdeƌ to peƌfoƌŵ iŶ-siliĐo eǆpƌessioŶ aŶalǇsis. Foƌ the aŶalǇsis of 

ŵiR-ϭϰϰ eǆpƌessioŶ leǀels, data fƌoŵ the studǇ eŶtitled ͞ŵiĐƌoRNA sigŶatuƌe iŶ ď-Đell 

lǇŵphoŵas aŶd ĐoŶtƌol huŵaŶ B Đells fƌoŵ fƌesh toŶsils͟ ǁas used ;GEO aĐĐessioŶ 

Ŷuŵďeƌ: GSEϮϵϰϵϯͿ ǁhiĐh ĐoŶtaiŶs ϭϰϳ B-Đell lǇŵphoŵa saŵples ;Ϯϵ DLBCL saŵples 

aŶd Ϯϯ FL saŵplesͿ togetheƌ ǁith puƌified huŵaŶ B Đell populatioŶ ĐoŶtƌols ;Ŷ=ϳͿ. The 

platfoƌŵ used iŶ this dataset ǁas the AgileŶt-Ϭϭϲϰϯϲ HuŵaŶ ŵiRNA MiĐƌoaƌƌaǇ ϭ.Ϭ. 

Foƌ the aŶalǇsis of EZHϮ eǆpƌessioŶ, data fƌoŵ a studǇ of geŶe eǆpƌessioŶ pƌofiliŶg iŶ 

FolliĐulaƌ LǇŵphoŵas ǁas used ;GEO aĐĐessioŶ Ŷuŵďeƌ: GSEϱϱϮϲϳͿ. The aiŵ of this 

studǇ ǁas to deteƌŵiŶe diffeƌeŶtial geŶe-eǆpƌessioŶ ďetǁeeŶ the EZHϮ ŵutated ǀs 

uŶŵutated suďgƌoups iŶ FL. Foƌ that puƌpose, theǇ used AffǇŵetƌiǆ HuŵaŶ GeŶoŵe 

Uϭϯϯ Plus Ϯ.Ϭ AƌƌaǇs foƌ aŶalǇsiŶg the geŶe eǆpƌessioŶ pƌofile iŶ a total of ϲϯ FL 

saŵples.  

 

Ͷ.͵ 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 ǁas geŶeƌated ďǇ the gƌoup of Jude FitzgiďďoŶ fƌoŵ the CeŶtƌe foƌ 

Haeŵato-OŶĐologǇ iŶ Baƌts CaŶĐeƌ IŶstitute, aŶd fuƌtheƌ details of the seƋueŶĐiŶg data 

ĐaŶ ďe fouŶd iŶ the folloǁiŶg puďliĐatioŶ [ϴϮ]. IŶ ďƌief, appƌoǆiŵatelǇ ϭϬ,ϬϬϬ soŵatiĐ 

ǀaƌiaŶts ǁeƌe ideŶtified peƌ tuŵoƌ, ǁith ϭϱϬ-ϯϬϬ loĐated iŶ pƌoteiŶ ĐodiŶg geŶes. IŶ all 

of the siǆ Đases a total of ϮϬϱϲ diffeƌeŶt soŵatiĐ ǀaƌiaŶts ǁeƌe ideŶtified iŶ ϭϲϬϱ geŶes. 

NeaƌlǇ half of these ŵutatioŶs ǁeƌe iŶ ĐodiŶg ƌegioŶs ;ϰϳ%Ϳ, ǁith ŶeaƌlǇ the saŵe 

Ŷuŵďeƌ of ŵutatioŶs iŶ the ϯ͛UTRs ;ϯϴ%Ϳ, aŶd less so iŶ the ϱ͛UTRs ;ϭϱ%Ϳ.  
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Figuƌe ϰ.ϱ: Coŵpaƌatiǀe ďetǁeeŶ the distƌiďutioŶ iŶ geŶoŵiĐ loĐatioŶ of the total ideŶtified 

ŵutatioŶs iŶ pƌoteiŶ ĐodiŶg geŶes aŶd the distƌiďutioŶ of ŵutatioŶs oŶlǇ iŶ ŵiRNA-ďiŶdiŶg 

sites. 

These data ǁeƌe iŶteƌƌogated usiŶg a ďespoke ďioiŶfoƌŵatiĐ pipeliŶe foƌ ŵiRNA taƌget 

pƌediĐtioŶ. Fƌoŵ the iŶitial ϮϬϱϲ soŵatiĐ ǀaƌiaŶts ideŶtified, ǁe deteƌŵiŶed that a total 

of ϱϰϰ ŵutatioŶs ;loĐated iŶ ϰϵϬ geŶesͿ ǁeƌe pƌeseŶt iŶ pƌediĐted ŵiRNA ďiŶdiŶg sites 

;Taďle Ϯ-AŶŶeǆͿ. The ǀast ŵajoƌitǇ of these ;ϵϮ%Ϳ ǁeƌe loĐated iŶ ϯ͛UTRs ;Figuƌe ϰ.ϱͿ. 

Fƌoŵ all the ideŶtified soŵatiĐ ŵutatioŶs iŶ the ϯ͛UTRs, ϲϴ% aƌose iŶ pƌediĐted ŵiRNA-

ďiŶdiŶg sites ;Figuƌe ϰ.ϲͿ. OŶlǇ ϭ.ϲ% of geŶes had ŵutatioŶs ďoth iŶ ĐodiŶg ƌegioŶs aŶd 

ϯ͛UTRs.  

 

Figure 4.6: Distribution of frequency of mutations in protein coding genes in 6 WGS cases 

(n = 2056 mutations). 

The Ŷuŵďeƌ of ŵutatioŶs ideŶtified iŶ eaĐh saŵple is ƌepƌeseŶted iŶ Figuƌe ϰ.ϳ. As ĐaŶ 

ďe seeŶ ϱ out of ϲ patieŶts had a higheƌ Ŷuŵďeƌ of ŵutatioŶs iŶ the tƌaŶsfoƌŵed state. 
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OŶlǇ ϯ ŵutatioŶs ǁeƌe pƌeseŶt iŶ ŵoƌe thaŶ oŶe patieŶt, those iŶ EZHϮ, MEFϮB aŶd 

POMϭϮϭ geŶes.  

 

Figuƌe ϰ.ϳ: Nuŵďeƌ of ŵutatioŶs iŶ pƌediĐted ŵiĐƌoRNA ďiŶdiŶg sites ideŶtified iŶ eaĐh of the 

ϲ patieŶts usiŶg WGS. 

We Đaƌƌied out oŶtologǇ aŶalǇsis oŶ the ϰϵϬ geŶes ǁith ŵutatioŶs iŶ putatiǀe ŵiRNA 

ďiŶdiŶg sites. This aŶalǇsis shoǁed a sigŶifiĐaŶt eŶƌiĐhŵeŶt foƌ geŶes assoĐiated ǁith 

haeŵatologiĐal ŵaligŶaŶĐies ;P=Ϯ.ϭϴǆϭϬ-ϰͿ ;Figuƌe ϰ.ϴͿ. This data suggested that 

ŵutatioŶs iŶ ŵiRNA ďiŶdiŶg sites aƌe Ŷot ƌaŶdoŵ aŶd theǇ ŵight plaǇ a ƌegulatoƌǇ ƌole 

iŶ FL pathogeŶesis. Theƌefoƌe, ǁe deĐided to studǇ this iŶ ŵoƌe depth. To do that, ǁe 

seleĐted soŵe ĐaŶdidate geŶes to studǇ the pƌeǀaleŶĐe of the ideŶtified ŵutatioŶs iŶ a 

laƌgeƌ Đohoƌt of patieŶts. 
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Figuƌe ϰ.ϴ: IdeŶtified geŶes ǁith ŵutatioŶs iŶ pƌediĐted ŵiRNA ďiŶdiŶg sites iŶǀolǀed iŶ B-

Đell sigŶalliŶg. . The figuƌe ƌepƌeseŶts the B-Đell sigŶalliŶg pathǁaǇs aŶd the ideŶtified ŵutated 

geŶes aƌe highlighted iŶ the figuƌe.  
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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 

 

Figuƌe ϰ.ϵ: Woƌkfloǁ diagƌaŵ foƌ ĐaŶdidate geŶe seleĐtioŶ. SaŶgeƌ SeƋueŶĐiŶg ǀalidatioŶ of 

ĐaŶdidate ŵutatioŶs aŶd aŶalǇsis of theiƌ pƌeǀaleŶĐe iŶ a pƌeliŵiŶaƌǇ eǆteŶded Đohoƌt. 

Fƌoŵ the ϰϵϬ geŶes ǁe foĐused oŶ those ĐoŶtaiŶiŶg ŵoƌe thaŶ oŶe ŵutatioŶ iŶ 

putatiǀe ŵiRNA-ďiŶdiŶg sites; a total of ϯϰ geŶes. We seleĐted ϭϰ of these geŶes foƌ 

fuƌtheƌ aŶalǇsis ;ϰϯ ŵutatioŶsͿ ;Taďle ϰ.ϱͿ, aĐĐoƌdiŶg tothe folloǁiŶg Đƌiteƌia: 

1) GeŶes ƌelated ǁith FL phǇsiopathologǇ oƌ ǁith otheƌ lǇŵphoid ŵaligŶaŶĐies 

2) GeŶes ǁith ŵultiple ŵutatioŶs 

3) MutatioŶs affeĐtiŶg ŵultiple patieŶts 
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4) MutatioŶs pƌeseŶt oŶlǇ iŶ the tƌaŶsfoƌŵed FL, so theǇ ŵight ďe assoĐiated ǁith 

the tƌaŶsfoƌŵatioŶ pheŶoŵeŶoŶ.  

GeŶes 
Nuŵďeƌ of 
ŵutatioŶs 

PatieŶts 
affeĐted ;Ŷ=ϲͿ Pƌe-tƌaŶsfoƌŵatioŶ ;FLͿ Post-tƌaŶsfoƌŵatioŶ ;tFLͿ 

MYOϱB ϵ ϯ Ϭ ϯ 

BCLϮ ϱ ϭ ϭ ϭ 

ATPϭϬA ϯ ϯ Ϯ ϯ 

IKZFϯ ϯ ϭ ϭ Ϭ 

BMPϳ Ϯ ϭ ϭ ϭ 

EZHϮ Ϯ Ϯ Ϯ Ϯ 

MEFϮB Ϯ Ϯ ϭ Ϯ 

PCSKϱ Ϯ Ϯ Ϭ Ϯ 

IFTϴϭ ϰ Ϯ Ϯ ϭ 

GDIϮ ϯ ϭ Ϭ ϭ 

ITGBϭBPϭ Ϯ ϭ Ϭ ϭ 

PEXϭϵ Ϯ ϭ ϭ Ϭ 

RETSAT Ϯ Ϯ Ϯ Ϭ 

SLCϮϵAϮ Ϯ Ϯ Ϯ ϭ 

Taďle ϰ.ϱ: List of the ϭϰ geŶes ǁith ŵoƌe thaŶ oŶe ŵutatioŶ pƌioƌitized foƌ ǀalidatioŶ 

 

The fƌeƋueŶĐǇ of the ĐaŶdidate ŵutatioŶs ǁas aŶalǇsed usiŶg SaŶgeƌ SeƋueŶĐiŶg iŶ a 

ǀalidatioŶ Đohoƌt of ϰϵ patieŶts. We ǁeƌe uŶaďle to desigŶ pƌiŵeƌs ĐoǀeƌiŶg the 

ŵutatioŶs iŶ IFTϴϭ geŶe ;see loĐi iŶ taďle ϰ.ϲͿ, pƌoďaďlǇ as these ŵutatioŶs ǁeƌe 

loĐated ǁithiŶ a laƌge ƌepetitiǀe seƋueŶĐe ƌegioŶ. The aŵpliĐoŶs ĐoǀeƌiŶg the PCSKϱ 

geŶe ;see taďle ϰ.ϲͿ gaǀe aŵďiguous ƌesults, agaiŶ pƌoďaďlǇ as a ƌesult of the ŵutatioŶ 

ďeiŶg Đlose to a highlǇ ƌepetitiǀe seƋueŶĐe ƌegioŶ. As a ĐoŶseƋueŶĐe, these tǁo 

aŵpliĐoŶs ǁeƌe disĐaƌded aŶd the ŵutatioŶs ƌeŵoǀed fƌoŵ fuƌtheƌ aŶalǇsis. The 

ƌeŵaiŶiŶg ϯϳ ŵutatioŶs ǁeƌe aŶalǇsed foƌ the ǀalidatioŶ of the WGS data. FouƌteeŶ of 

the ϯϳ ŵutatioŶs ǁeƌe ǀalidated iŶ this ŵaŶŶeƌ ;eŶĐoded ǁithiŶ seǀeŶ geŶesͿ ;Taďle 

ϰ.ϲ, Figuƌe ϭ-AŶŶeǆͿ. 
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Taďle ϰ.ϲ: SaŶgeƌ SeƋueŶĐiŶg ǀalidatioŶ ƌesults of the ŵutatioŶs ideŶtified usiŶg WGS iŶ ϲ FL-

tFL patieŶts 

 

GeŶes MutatioŶ positioŶ CooƌdiŶates AŵpliĐoŶ 
AŵpliĐoŶ 

leŶght ;ďpͿ 

ValidatioŶ Đohoƌt 

;ϲ ĐasesͿ 

IFTϴϭ 

ĐhƌϭϮ:ϭϭϬϲϬϲϴϴϰ 

ĐhƌϭϮ:ϭϭϬϲϬϲϴϴϱ 

ĐhƌϭϮ:ϭϭϬϲϬϲϴϴϴ 

ĐhƌϭϮ:ϭϭϬϲϬϲϴϴϵ 

Ŷo desigŶaďle pƌiŵeƌs - UNSEQUENCIABLE 

PCSKϱ Đhƌϵ:ϳϴϴϬϴϰϭϮ Đhƌϵ:ϳϴϴϬϴϮϰϭ-ϳϴϴϬϴϲϰϰ ϰϬϯ UNSEQUENCIABLE 

BCLϮ 

Đhƌϭϴ:ϲϬϳϵϯϰϰϳ 

Đhƌϭϴ:ϲϬϳϵϯϰϰϴ 

Đhƌϭϴ:ϲϬϳϵϯϲϰϭ 

Đhƌϭϴ:ϲϬϳϵϯϲϱϯ 

Đhƌϭϴ:ϲϬϳϵϯϮϵϱ-ϲϬϳϵϯϳϴϱ ϰϵϬ NOT VALIDATED 

BMPϳ 
ĐhƌϮϬ:ϱϱϳϰϱϱϭϭ 

ĐhƌϮϬ:ϱϱϳϰϱϱϭϮ 
ĐhƌϮϬ:ϱϱϳϰϱϯϱϬ-ϱϱϳϰϱϳϰϯ ϯϵϯ NOT VALIDATED 

MYOϱB 

Đhƌϭϴ:ϰϳϯϱϬϮϵϭ 

Đhƌϭϴ:ϰϳϯϱϬϯϬϰ 

Đhƌϭϴ:ϰϳϯϱϬϯϬϳ 

Đhƌϭϴ:ϰϳϯϱϬϰϰϰ 

Đhƌϭϴ:ϰϳϯϱϬϰϵϰ 

Đhƌϭϴ:ϰϳϯϱϬϰϱϵ 

Đhƌϭϴ:ϰϳϯϱϬϭϱϬ-ϰϳϯϱϬϱϵϰ ϰϰϰ NOT VALIDATED 

MYOϱB 
Đhƌϭϴ:ϰϳϯϱϮϳϰϮ 

Đhƌϭϴ:ϰϳϯϱϮϳϱϰ 
Đhƌϭϴ:ϰϳϯϱϮϰϴϵ-ϰϳϯϱϯϬϬϭ ϯϮϯ NOT VALIDATED 

MYOϱB Đhƌϭϴ:ϰϳϯϰϵϳϱϰ Đhƌϭϴ:ϰϳϯϰϵϯϯϰ-ϰϳϯϱϬϬϯϯ ϳϬϬ NOT VALIDATED 

PEXϭϵ 
Đhƌϭ:ϭϲϬϮϰϳϲϭϬ 

Đhƌϭ:ϭϲϬϮϰϳϲϮϳ 
Đhƌϭ:ϭϲϬϮϰϳϰϰϲ-ϭϲϬϮϰϳϲϴϯ Ϯϯϳ NOT VALIDATED 

RETSAT 
ĐhƌϮ:ϴϱϱϲϵϲϲϲ 

ĐhƌϮ:ϴϱϱϳϬϭϴϲ 
ĐhƌϮ:ϴϱϱϲϵϱϭϴ-ϴϱϱϳϬϮϬϯ ϲϴϱ NOT VALIDATED 

ITGBϭBPϭ 
ĐhƌϮ:ϵϱϰϲϯϬϭ 

ĐhƌϮ:ϵϱϰϲϯϮϰ 
ĐhƌϮ:ϵϱϰϲϬϰϭ-ϵϱϰϲϵϭϬ ϴϲϵ NOT VALIDATED 

ATPϭϬA 
Đhƌϭϱ:ϮϱϵϱϴϵϮϵ 

Đhƌϭϱ:Ϯϱϵϱϴϵϯϯ 
Đhƌϭϱ:Ϯϱϵϱϴϲϴϯ-ϮϱϵϱϵϭϳϮ ϰϴϵ VALIDATED 

ATPϭϬA Đhƌϭϱ:ϮϱϵϰϬϬϯϳ Đhƌϭϱ:Ϯϱϵϯϵϴϴϯ-ϮϱϵϰϬϭϭϳ Ϯϯϰ VALIDATED 

BCLϮ Đhƌϭϴ:ϲϬϳϵϯϵϬϲ Đhƌϭϴ:ϲϬϳϵϯϲϳϮ-ϲϬϳϵϰϭϲϭ ϰϴϵ VALIDATED 

GDIϮ 

ĐhƌϭϬ:ϱϴϬϳϲϱϳ 

ĐhƌϭϬ:ϱϴϬϳϳϬϱ 

ĐhƌϭϬ:ϱϴϬϳϳϮϮ 

ĐhƌϭϬ:ϱϴϬϳϰϬϲ-ϱϴϬϳϴϴϴ ϳϭϳ VALIDATED 

PCSKϱ Đhƌϵ: ϳϴϵϳϱϮϳϴ Đhƌϵ:ϳϴϵϳϱϬϭϵ-ϳϴϵϳϱϱϯϳ ϱϭϴ VALIDATED 

SLCϮϵAϮ 
Đhƌϭϭ: ϲϲϭϯϬϵϬϭ 

Đhƌϭϭ: ϲϲϭϯϬϳϵϲ 
Đhƌϭϭ:ϲϲϭϯϬϱϱϰ-ϲϲϭϯϭϬϯϵ ϰϴϱ VALIDATED 

EZHϮ 

Đhƌϳ: ϭϰϴϱϬϴϳϮϳ 

Đhƌϳ: ϭϰϴϱϬϴϳϮϴ 

Đhƌϳ: ϭϰϴϱϬϴϳϲϰ 

Đhƌϳ:ϭϰϴϱϬϴϱϯϱ-ϭϰϴϱϬϴϵϰϴ ϰϭϯ VALIDATED 

MEFϮB Đhƌϭϵ: ϭϵϮϱϳϲϬϬ Đhƌϭϵ:ϭϵϮϱϳϰϯϬ-ϭϵϮϱϳϴϴϰ ϰϱϰ VALIDATED 

MEFϮB Đhƌϭϵ:ϭϵϮϲϬϬϰϱ Đhƌϭϵ:ϭϵϮϱϵϴϴϵ-ϭϵϮϲϬϯϴϲ ϰϵϴ VALIDATED 
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The fƌeƋueŶĐǇ of these ϭϰ ŵutatioŶs ǁeƌe theŶ aŶalǇsed iŶ aŶ eǆteŶded ǀalidatioŶ 

Đohoƌt of ϰϵ patieŶts. Tǁo of these seǀeŶ geŶes ǁeƌe fouŶd to ďe ƌeĐuƌƌeŶtlǇ ŵutated. 

These ŵutatioŶs ǁeƌe loĐated iŶ eǆoŶiĐ ƌegioŶs of EZHϮ aŶd MEFϮB geŶes ;Taďle ϰ.ϳͿ. 

GeŶe GeŶoŵiĐ ǀaƌiaŶt LoĐatioŶ 

FL-tFL Đases     
;Ŷ=ϭϰ, 

Ϯϳ saŵplesͿ 

ŶtFL 
;Ŷ=ϮϴͿ 

DLBCL 
;Ŷ=ϳͿ 

TOTAL 
;Ŷ=ϰϵͿ 

ATPϭϬA hgϭϵ Đhƌϭϱ:g.[ϮϱϵϱϴϵϯϯG>A] 

EǆoŶiĐ 

;p.SϳϰϰSͿ ϭ - - ϭ 

  hgϭϵ Đhƌϭϱ:g.[ϮϱϵϱϴϵϮϵG>A] 

EǆoŶiĐ  

;p.RϳϰϲHͿ ϭ - - ϭ 

ATPϭϬA hgϭϵ Đhƌϭϱ:g.[ϮϱϵϰϬϬϯϳG>A] 

EǆoŶiĐ 

;p.SϭϬϬϲNͿ ϭ - - ϭ 

BCLϮ hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϵϬϲG>A] ϯ͛ UTR ϭ - - ϭ 

GDIϮ hgϭϵ ĐhƌϭϬ:g.[ϱϴϬϳϲϱϳA>C] ϯ͛ UTR ϭ - - ϭ 

  hgϭϵ ĐhƌϭϬ:g.[ϱϴϬϳϳϬϱA>G] ϯ͛ UTR ϭ - - ϭ 

  hgϭϵ ĐhƌϭϬ:g.[ϱϴϬϳϳϮϮA>C] ϯ͛ UTR ϭ - - ϭ 

PCSKϱ hgϭϵ Đhƌϵ:g.[ϳϴϵϳϱϮϳϴA>T] ϯ͛ UTR ϭ - - ϭ 

SLCϮϵAϮ hgϭϵ Đhƌϭϭ:g.[ϲϲϭϯϬϵϬϭG>A] ϯ͛ UTR ϭ - - ϭ 

  hgϭϵ Đhƌϭϭ:g.[ϲϲϭϯϬϳϵϲG>C] ϯ͛ UTR ϭ - - ϭ 

EZHϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] 

EǆoŶiĐ 

;p.YϲϰϲFͿ Ϯ Ϯ Ϯ ϲ 

  hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>C ;*Ϳ 

EǆoŶiĐ 

;p.YϲϰϲCͿ - ϭ ϭ Ϯ 

  hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>G] ;*Ϳ 

EǆoŶiĐ 

;p.YϲϰϲHͿ - ϭ - ϭ 

  hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϲϰT>C] 

EǆoŶiĐ 

;p.KϲϯϰEͿ ϭ - - ϭ 

MEFϮB hgϭϵ Đhƌϭϵ:g.[ϭϵϮϱϳϲϬϬC>G] 

EǆoŶiĐ 

;p.SϮϬϵXͿ ϭ - - ϭ 

MEFϮB hgϭϵ Đhƌϭϵ:g.[ϭϵϮϲϬϬϰϱT>A] 

EǆoŶiĐ 

;p.DϴϯVͿ Ϯ - ϭ ϯ 

Taďle ϰ.ϳ: SaŶgeƌ SeƋueŶĐiŶg pƌeǀaleŶĐe aŶalǇsis iŶ a pƌeliŵiŶaƌǇ eǆteŶded Đohoƌt ;iŶĐludiŶg 

the ϲ WGS ĐasesͿ of the ideŶtified aŶd ǀalidated ŵutatioŶs iŶ the disĐoǀeƌǇ Đohoƌt.  

;*Ϳ Not pƌeseŶt iŶ WGS Đases ďut loĐated iŶ the pƌediĐted ďiŶdiŶg 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  

IŶ oƌdeƌ to eǆpaŶd the Ŷuŵďeƌ of ideŶtified ŵutatioŶs ǁe Đould sĐƌeeŶ siŵulateŶouslǇ 

iŶ a laƌgeƌ Ŷuŵďeƌ of Đases ǁe desigŶed a ďespoke paŶel ĐoǀeƌiŶg the ϱϰϰ ŵutatioŶs 

foƌ deep taƌgeted ƌe-seƋueŶĐiŶg. This paŶel ǁas iŶitiallǇ tested oŶ the ǀalidatioŶ Đohoƌt 

;Ŷ = ϱϱͿ of paiƌed FL saŵples ;ďefoƌe aŶd afteƌ tƌaŶsfoƌŵatioŶͿ ;Ŷ = ϯϰͿ aŶd ŶoŶ-

tƌaŶsfoƌŵed FL ;ŶtFLͿ saŵples ;Ŷ =ϮϭͿ.  

We aĐhieǀed aŶ aǀeƌage of ϭ,ϮϮϱ,ϴϳϮ ƌeads peƌ saŵple aŶd a ŵeaŶ depth of Đoǀeƌage 

of ϮϮϳϬX ;Figuƌe ϰ.ϭϬͿ. Data ƌelated to the seƋueŶĐiŶg peƌfoƌŵaŶĐe foƌ eaĐh of the 

seƋueŶĐiŶg ƌuŶs is shoǁŶ iŶ Taďle ϰ.ϴ.  

 

Figuƌe ϰ.ϭϬ: TeĐhŶiĐal ƌesults foƌ the seƋueŶĐiŶg of all the ϵϴ saŵples usiŶg the Đustoŵ desigŶ 

AŵpliseƋ paŶel iŶ PGM aŶd PƌotoŶ IoŶ ToƌƌeŶt platfoƌŵs.  

AͿ Coǀeƌage of eaĐh of the ϰϴϮ aŵpliĐoŶs iŶ all the seƋueŶĐiŶg ƌuŶs.  

BͿ AŵpliĐoŶs ǁith a Đoǀeƌage loǁeƌ thaŶ ϰϬX aŶd eǆĐluded foƌ fuƌtheƌ aŶalǇsis.  

CͿ Coǀeƌage aĐhieǀed iŶ eaĐh of the seƋueŶĐed saŵples. A ŵeaŶ Đoǀeƌage of ϴϳϲX ;ϮϬϲX-

ϯϬϮϮXͿ ǁas aĐhieǀed foƌ the saŵples seƋueŶĐed ǁith PGM aŶd ϲϴϳϰX ;ϯϱϯϲX-ϵϭϵϴXͿ foƌ the 

saŵples seƋueŶĐed ǁith IoŶ PƌotoŶ. 
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DͿ Nuŵďeƌ of ƌeads peƌ saŵple aĐhieǀed iŶ eǀeƌǇ seƋueŶĐed saŵples. AŶ aǀeƌage of ϰϲϳ,ϵϬϭ 

;ϭϬϵ,ϲϯϵ- ϭ,ϱϴϭ,ϯϮϵͿ ǁas aĐhieǀed foƌ the saŵples seƋueŶĐed ǁith PGM aŶd ϯ,ϳϯϬ,ϰϳϬ 

;ϭ,ϵϮϭ,ϳϳϴ-ϱ,Ϭϳϵ,ϯϯϭͿ foƌ the saŵples seƋueŶĐed ǁith IoŶ PƌotoŶ 

RuŶ Chip 

Nuŵďeƌ 
of 

saŵples 

LoadiŶg 
;%Ϳ 

PoliĐloŶal 
ƌeads ;%Ϳ 

Usaďle 
ƌeads 

;%Ϳ 
Total ƌeads 

AligŶed 
ďases ;%Ϳ 

PGM-ϭ ϯϭϲǀϮ ϰ ϳϰ Ϯϰ ϳϰ ϯ,ϰϰϴ,ϰϵϯ ϵϵ 

PGM-Ϯ ϯϭϲǀϮ ϳ ϳϵ ϲϮ ϯϯ ϭ,ϲϱϱ,ϳϴϬ ϵϴ 

PGM-ϯ ϯϭϲǀϮ ϴ ϴϬ ϰϲ ϰϴ Ϯ,ϰϳϭ,Ϭϯϭ ϵϴ 

PGM-ϰ ϯϭϲǀϮ ϴ ϴϬ ϰϭ ϱϱ Ϯ,ϳϲϰ,ϲϴϯ ϵϴ 

PGM-ϱ ϯϭϲǀϮ ϳ ϴϳ ϰϲ ϱϮ Ϯ,ϴϰϮ,ϰϴϲ ϵϴ 

PGM-ϲ ϯϭϲǀϮ ϱ ϲϵ ϯϭ ϲϲ Ϯ,ϴϵϬ,Ϯϭϭ ϵϴ 

PGM-ϳ ϯϭϲǀϮ ϲ ϳϴ ϭϵ ϳϴ ϯ,ϳϳϭ,ϰϲϵ ϵϴ 

PGM-ϴ ϯϭϲǀϮ ϲ ϳϴ ϰϭ ϱϴ Ϯ,ϴϰϯ,ϯϰϯ ϵϴ 

PGM-ϵ ϯϭϲǀϮ ϲ ϴϳ ϰϱ ϱϮ Ϯ,ϴϴϮ,Ϯϯϲ ϵϳ 

PGM-ϭϬ ϯϭϴǀϮ ϵ ϵϰ ϯϰ ϲϭ ϲ,ϰϲϬ,ϴϮϬ ϵϵ 

PGM-ϭϭ ϯϭϴǀϮ ϵ ϲϵ ϯϴ ϱϯ ϰ,Ϭϵϳ,ϵϲϳ ϵϳ 

PƌotoŶ-ϭ Pϭǀϯ Ϯϯ ϵϭ Ϯϳ ϲϳ ϴϴ,ϵϳϳ,Ϭϵϯ ϵϱ 

Taďle ϰ.ϴ: Taďle shoǁs data ƌelated to the seƋueŶĐiŶg peƌfoƌŵaŶĐe of the paŶel foƌ eaĐh of the 

seƋueŶĐiŶg ƌuŶs usiŶg PGM aŶd PƌotoŶ IoŶ ToƌƌeŶt platfoƌŵs. This data iŶĐludes loadiŶg 

effiĐieŶĐǇ, polǇĐloŶal ƌeads, total Ŷuŵďeƌ of ƌeads aĐhieǀed foƌ eaĐh Đhip aŶd so oŶ.  

UsiŶg this appƌoaĐh, oŶ the disĐoǀeƌǇ Đohoƌt, ϴϬ% of the aŶalǇsed ŵutatioŶs ;ϰϬϭ/ϱϬϯͿ 

ǁeƌe ǀalidated ;Figuƌe ϰ.ϭϭͿ. Hoǁeǀeƌ, the ŵutatioŶ iŶ POMϭϮϭ geŶe, ideŶtified iŶ 

ŵoƌe thaŶ oŶe of the siǆ patieŶts fƌoŵ the disĐoǀeƌǇ Đohoƌt ;saŵple SϯFL aŶd SϰtFLͿ, 

ǁas Ŷot ǀalidated usiŶg this appƌoaĐh. This suggests that this ŵutatioŶ ǁas pƌoďaďlǇ a 

seƋueŶĐiŶg atefaĐt, as the WGS had a ŵuĐh loǁ Đoǀeƌage ;ŵeaŶ Đoǀeƌage ϯϳXͿ 

Đoŵpaƌed to the taƌgeted deep seƋueŶĐiŶg ;ŵeaŶ Đoǀeƌage ϮϮϳϬXͿ. Fƌoŵ the 

ǀalidated ŵutatioŶs, ϭϲ ǁeƌe fouŶd to ďe ƌeĐuƌƌeŶtlǇ ŵutated iŶ the ǀalidatioŶ Đohoƌt. 

IŶ additioŶ, ϳϮ Ŷeǁ ǀaƌiaŶts ǁeƌe ideŶtified iŶto the aŶalǇsed pƌediĐted ŵiRNA taƌget 

sites ;iŶ suƌƌouŶdiŶg positioŶs to the oƌigiŶallǇ ideŶtified ŵutatioŶͿ. FoƌtǇ-eight of 

these Ŷeǁ ǀaƌiaŶts ǁeƌe pƌeseŶt iŶ ŵultiple Đases. 
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FIGURE 4.11: Comparison of variants detected by WGS and TR approaches 

 

To this list of ϴϴ ĐaŶdidate ǀaƌiaŶts ;ϭϲ ǀalidated aŶd ƌeĐuƌƌeŶt ŵutatioŶs togetheƌ ǁith 

the ϳϮ Ŷeǁ ideŶtified ǀaƌiaŶtsͿ ǁe applied tǁo filteƌiŶg steps. We fiƌst ƌeŵoǀed 

ǀaƌiaŶts also pƌeseŶt iŶ the healthǇ ĐoŶtƌol saŵples ;Ŷ=ϯϱͿ. SeĐoŶdlǇ, ǀaƌiaŶts pƌeseŶt 

iŶ hoŵopolǇŵeƌ oƌ ƌepetitiǀe ƌegioŶs ǁeƌe ƌeŵoǀed ;Ŷ=ϮϯͿ. This QC filteƌiŶg led us to 

folloǁ-up ϯϬ ǀaƌiaŶts iŶ Ϯϴ geŶes ;Figuƌe ϰ.ϭϯ, Taďle ϰ.ϵͿ. 

GeŶe eŶƌiĐhŵeŶt aŶalǇsis of the Ϯϴ ƌeŵaiŶiŶg geŶes deŵoŶstƌated that these geŶes 

ǁeƌe highlǇ eŶƌiĐhed foƌ GC-like B-Đell lǇŵphoŵa geŶes ;P=ϰ.ϯϵǆϭϬ-ϱͿ. The ϯϬ ǀaƌiaŶts 

ǁeƌe aŶalǇsed to see if theǇ ǁeƌe diffeƌeŶtiallǇ pƌeseŶt ďetǁeeŶ tFL aŶd aŶteĐedeŶt FL 

paiƌed saŵples, aŶd ďetǁeeŶ FL Đases that tƌaŶsfoƌŵed ǁith FL Đases that did Ŷot 

tƌaŶsfoƌŵ at least ϱ Ǉeaƌs folloǁ-up. Results led us to ideŶtifǇ ϰ ǀaƌiaŶts oŶlǇ pƌeseŶt iŶ 

tƌaŶsfoƌŵed saŵples aŶd ϭϮ ǀaƌiaŶts pƌeseŶt eǆĐlusiǀelǇ iŶ patieŶts that uŶdeƌǁeŶt a 

tƌaŶsfoƌŵatioŶ ;Figuƌe ϰ.ϭϮͿ. Hoǁeǀeƌ, the Ŷuŵďeƌ of patieŶts ĐaƌƌǇiŶg these ǀaƌiaŶts 

is loǁ ;ϭ-Ϯ Đases peƌ ǀaƌiaŶtͿ ;Figuƌe ϰ.ϭϮͿ. Theƌefoƌe, a statistiĐal aŶalǇsis to ĐoŶfiƌŵ aŶ 

assoĐiatioŶ ǁith the tƌaŶsfoƌŵatioŶ pƌoĐess ǁas Ŷot aďle to ďe peƌfoƌŵed.   
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GeŶe ŵiRNA ŵiRNA-taƌget site GeŶoŵiĐ ǀaƌiaŶt Cases 

SYNJϮ hsa-ŵiƌ-Ϯϯϱϱ Đhƌϲ:ϭϱϴϱϭϵϱϲϴ-ϭϱϴϱϭϵϱϴϵ hgϭϵ Đhƌϲ:g[ ϭϱϴϱϭϵϱϴϲ_ϭϱϴϱϭϵϱϴϳdel] ϭϳ 

EZHϮ hsa-ŵiƌ-ϭϰϰ Đhƌϳ:ϭϰϴϱϬϴϳϮϮ-ϭϰϴϱϬϴϳϰϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] ϭϬ 

EZHϮ hsa-ŵiƌ-ϭϰϰ Đhƌϳ:ϭϰϴϱϬϴϳϮϮ-ϭϰϴϱϬϴϳϰϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T] ϲ 

METTLϭϱ hsa-ŵiƌ-ϰϯϭϯ Đhƌϭϭ:ϮϴϯϱϯϰϮϵ-Ϯϴϯϱϯϰϰϴ hgϭϵ Đhƌϭϭ:g.[ϮϴϯϱϯϰϯϰG>A] ϭϯ 

MEFϮB hsa-ŵiƌ-ϭϮϲϱ Đhƌϭϵ:ϭϵϮϲϬϬϯϴ-ϭϵϮϲϬϬϱϱ hgϭϵ Đhƌϭϵ:g.[ϭϵϮϲϬϬϰϱT >A] ϰ 

MEFϮB hsa-ŵiƌ-ϭϮϲϱ Đhƌϭϵ:ϭϵϮϲϬϬϯϴ-ϭϵϮϲϬϬϱϱ hgϭϵ Đhƌϭϵ:g.[ϭϵϮϲϬϬϱϱT >C] ϭ 

SENPϭ hsa-ŵiƌ-ϭϵϲa ĐhƌϭϮ:ϰϴϰϯϴϯϬϴ-ϰϴϰϯϴϯϮϵ hgϭϵ ĐhƌϭϮ:g.[ϰϴϰϯϴϯϭϱA>G] ϭ 

ATPϮBϰ hsa-ŵiƌ-ϮϲϴϮ Đhƌϭ:ϮϬϯϳϬϵϭϭϰ-ϮϬϯϳϬϵϭϯϱ hgϭϵ Đhƌϭ:g.[ϮϬϯϳϬϵϭϮϵA>T] ϭ 

HSDLϮ hsa-ŵiƌ-ϭϮϳϳ Đhƌϵ:ϭϭϱϮϯϮϴϵϴ-ϭϭϱϮϯϮϵϭϵ hgϭϵ Đhƌϵ:g.[ϭϭϱϮϯϮϵϭϲ A>G] Ϯ 

CϮoƌfϰϰ hsa-ŵiƌ-ϯϬϮa ĐhƌϮ:ϮϰϮϱϯϰϰϬ-ϮϰϮϱϯϰϲϮ hgϭϵ ĐhƌϮ:g.[ϮϰϮϱϯϰϱϮA>G] ϭ 

NϲAMTϭ hsa-ŵiƌ-ϭϮϳϳ ĐhƌϮϭ:ϯϬϮϰϰϴϵϲ-ϯϬϮϰϰϵϭϴ hgϭϵ ĐhƌϮϭ:g.[ϯϬϮϰϰϴϵϵT>G] ϭ 

HISTϭHϮAC hsa-ŵiƌ-ϯϭϳϲ Đhƌϲ:ϮϲϭϮϯϲϲϳ-ϮϲϭϮϯϲϴϱ hgϭϵ Đhƌϲ:g.[ϮϲϭϮϯϲϳϵTC>AG] ϭ 

PRSSϯϳ hsa-ŵiƌ-ϭϮϵϵ Đhƌϳ:ϭϰϭϱϯϳϵϭϮ-ϭϰϭϱϯϳϵϯϯ hgϭϵ Đhƌϳ:g.[ϭϰϭϱϯϳϵϭϲG>T] ϭ 

SYSϭ-

DBNDDϮ 
hsa-ŵiƌ-ϭϯϬϲ ĐhƌϮϬ:ϰϰϬϬϰϱϯϰ-ϰϰϬϬϰϱϱϱ hgϭϵ ĐhƌϮϬ:g.[ϰϰϬϬϰϱϯϳT>C] ϭ 

BCLϮ hsa-ŵiƌ-ϱϬϬϴ Đhƌϭϴ:ϲϬϳϵϯϰϯϲ-ϲϬϳϵϯϰϱϴ hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A] ϭ 

TUBB hsa-ŵiƌ-ϭϯϬϮ Đhƌϲ:ϯϬϲϵϮϳϱϮ-ϯϬϲϵϮϳϳϮ hgϭϵ Đhƌϲ:g.[ϯϬϲϵϮϳϱϰ_ϯϬϲϵϮϳϱϱiŶsTT] ϵ 

ARMCϭϬ hsa-ŵiƌ-ϮϮϮ Đhƌϳ:ϭϬϮϳϯϵϭϳϳ-ϭϬϮϳϯϵϭϵϴ hgϭϵ Đhƌϳ:g.[ϭϬϮϳϯϵϭϳϵA>G] Ϯϭ 

POUϭFϭ hsa-ŵiƌ-ϭϯϬϲ Đhƌϯ:ϴϳϯϬϴϱϲϬ-ϴϳϯϬϴϱϴϭ hgϭϵ Đhƌϯ:g.[ϴϳϯϬϴϱϳϯdel] ϰ 

MYOϱB hsa-ŵiƌ-Ϯϭϲď Đhƌϭϴ:ϰϳϯϱϮϳϮϱ-ϰϳϯϱϮϳϰϲ hgϭϵ Đhƌϭϴ:g.[ϰϳϯϱϮϳϯϮdel] ϭϬ 

THNSLϭ hsa-ŵiƌ-ϰϲϱϯ ĐhƌϭϬ:ϮϱϯϭϰϱϮϮ-Ϯϱϯϭϰϱϰϯ hgϭϵ ĐhƌϭϬ:g.[Ϯϱϯϭϰϱϯϳdel] Ϯ 

EVL hsa-ŵiƌ-Ϯϰϲϳ ĐhƌϭϰϭϬϬϲϬϰϲϮϰ-ϭϬϬϲϬϰϲϰϱ hgϭϵ Đhƌϭϰ:g.[ϭϬϬϲϬϰϲϰϰC >T] ϯ 

PCDHϳ hsa-ŵiƌ-ϯϮϵ Đhƌϰ:ϯϬϳϯϮϵϲϰ-ϯϬϳϯϮϵϴϱ hgϭϵ Đhƌϰ:g.[ϯϬϳϯϮϵϴϰ_ϯϬϳϯϮϵϴϱdel] ϰ 

NCMAP hsa-ŵiƌ-ϰϳϴϭ Đhƌϭ:Ϯϰϵϯϯϳϴϱ-ϮϰϵϯϯϴϬϱ hgϭϵ Đhƌϭ:g.[ϮϰϵϯϯϳϵϱG>A] ϭ 

SERBPϭ hsa-ŵiƌ-ϭϱϬ Đhƌϭ:ϲϳϴϳϰϬϰϮ-ϲϳϴϳϰϬϲϯ hgϭϵ Đhƌϭ:g.[ϲϳϴϳϰϬϱϳG>A] ϭ 

SHϯBGRL hsa-ŵiƌ-ϰϲϲϮa ĐhƌX:ϴϬϱϱϯϲϰϳ-ϴϬϱϱϯϲϲϴ hgϭϵ ĐhƌX:g.[ϴϬϱϱϯϲϰϳC>T] ϭ 

ZNFϰϰϵ hsa-ŵiƌ-ϭϯϬϱ ĐhƌX:ϭϯϰϰϴϭϳϲϮ-ϭϯϰϰϴϭϳϴϯ hgϭϵ ĐhƌX:g.[ϭϯϰϰϴϭϳϲϰT>G] ϭ 

RCϯHϭ hsa-ŵiƌ-ϱϰϴaŶ Đhƌϭ:ϭϳϯϵϬϭϵϯϯ-ϭϳϯϵϬϭϵϱϮ hgϭϵ Đhƌϭ:g.[ϭϳϯϵϬϭϵϰϭ_ϭϳϯϵϬϭϵϰϯdel] ϭ 

GOLGAϲLϮ hsa-ŵiƌ-ϭϮϯϲ Đhƌϭϱ:ϮϯϲϴϲϮϯϱ-ϮϯϲϴϲϮϱϱ hgϭϵ Đhƌϭϱ:g.[ϮϯϲϴϲϮϱϯT >C] ϭ 

APOLϮ hsa-ŵiƌ-ϭϮϴ Đhƌϭϭ:ϯϲϲϮϯϭϳϰ-ϯϲϲϮϯϭϵϲ hgϭϵ Đhƌϭϭ:g.[ϮϯϭϳϰϵϲC >G] ϭ 

RABϯD hsa-ŵiƌ-ϭϮϴϵ Đhƌϭϵ:ϭϭϰϯϮϵϵϵ-ϭϭϰϯϯϬϮϭ hgϭϵ Đhƌϭϵ:g.[ϭϭϰϯϯϬϭϵdel] ϭ 

Taďle ϰ.ϵ: ReĐuƌƌeŶt ǀaƌiaŶts fouŶd iŶ ŵiRNA-ďiŶdiŶg sites usiŶg TR afteƌ QC filteƌiŶg. A total of 

ϯϬ ǀaƌiaŶts iŶ Ϯϴ geŶes ǁeƌe ideŶtified. The ŵutatioŶs oƌigiŶallǇ ideŶtified usiŶg WGS aƌe 

highlighted iŶ ďold letteƌs. 
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Figuƌe ϰ.ϭϮ: Nuŵďeƌ of Đases shoǁiŶg 

aŶǇ of the ϯϬ ideŶtified ǀaƌiaŶts iŶ 

ŵiRNA-ďiŶdiŶg sites usiŶg TR afteƌ QC 

filteƌiŶg. AͿ  CoŵpaƌisoŶ ďetǁeeŶ FL 

pƌe aŶd post-tƌaŶsfoƌŵatioŶ saŵples. 

BͿ CoŵpaƌisoŶ ďetǁeeŶ FL Đases that 

tƌaŶsfoƌŵed ǁith FL Đases that did Ŷot 

tƌaŶsfoƌŵ. CͿ CoŵpaƌisoŶ ďetǁeeŶ 

ǀaƌiaŶts oŶlǇ iŶ tFL saŵples aŶd 

ǀaƌiaŶts iŶ ďoth FL-tFL saŵples iŶ 

paiƌed Đases.  
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Fƌoŵ the ϯϬ ǀaƌiaŶts, ϭϮ ǁeƌe pƌeseŶt iŶ ŵultiple patieŶt saŵples aŶd fouƌ of these 

ǁeƌe pƌeǀiouslǇ ƌepoƌted iŶ dďSNP [ϯϰϳ] to ďe ĐoŵŵoŶ SNPs ;ǁith a ŵiŶoƌ allele 

fƌeƋueŶĐǇ of at least ϭ%Ϳ, ;THNSL1, POU1F1, MYO5B, and EVL genes) aŶd so ǁeƌe 

ƌeŵoǀed fƌoŵ fuƌtheƌ aŶalǇsis. IŶteƌestiŶglǇ, siǆ of the ƌeŵaiŶiŶg eight ǀaƌiaŶts ǁeƌe 

oƌigiŶallǇ ideŶtified as soŵatiĐ ŵutatioŶs iŶ the disĐoǀeƌǇ Đohoƌt ;Figuƌe ϰ.ϭϯͿ.  

We SaŶgeƌ seƋueŶĐed the eight ǀaƌiaŶts aloŶg ǁith aŶ additioŶal thƌee 

ŵutatioŶs/ǀaƌiaŶts that although deteĐted oŶlǇ iŶ a siŶgle Đase the geŶe had 

pƌeǀiouslǇ ďeeŶ assoĐiated ǁith haeŵatologiĐal ŵaligŶaŶĐies. These aƌe BCLϮ [ϵϲ], 

SPOCKϯ [348] aŶd SENPϭ [349].  VaƌiaŶts iŶ the geŶes TUBB, PCDHϳ aŶd SYNJϮ geŶes 

ǁeƌe Ŷot ǀalidated aŶd theƌefoƌe ǁeƌe eǆĐluded fƌoŵ fuƌtheƌ fuŶĐtioŶal testiŶg ;taďle 

ϰ.ϭϬͿ.  

 

Figuƌe ϰ.ϭϯ: TR ǀaƌiaŶt filteƌiŶg ǁoƌkfloǁ 
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GeŶe ŵiRNA MutatioŶ/VaƌiaŶt ;*Ϳ LoĐatioŶ Cases 
FƌeƋueŶĐǇ 

;%Ϳ 

ARMCϭϬ hsa-ŵiƌ-ϮϮϮ hgϭϵ Đhƌϳ:g.[ϭϬϮϳϯϵϭϳϵA>G] Mut ϯ'UTR Ϯϭ ϯϯ.ϯ 

METTLϭϱ hsa-ŵiƌ-ϰϯϭϯ hgϭϵ Đhƌϭϭ:g.[ϮϴϯϱϯϰϯϰG>A] Mut ϯ'UTR ϭϯ ϮϬ.ϲ 

EZHϮ hsa-ŵiƌ-ϭϰϰ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] Mut EǆoŶiĐ ϵ ϭϰ.ϯ 

EZHϮ hsa-ŵiƌ-ϭϰϰ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T] Mut EǆoŶiĐ ϲ ϵ.ϱ 

MEFϮB hsa-ŵiƌ-ϭϮϲϱ hgϭϵ Đhƌϭϵ:g.[ϭϵϮϲϬϬϰϱT >A] Mut EǆoŶiĐ ϰ ϲ.ϯ 

BCLϮ hsa-ŵiƌ-ϱϬϬϴ hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A] Vaƌ ϯ'UTR ϭ ϭ.ϲ 

SENPϭ hsa-ŵiƌ-ϭϵϲa hgϭϵ ĐhƌϭϮ:g.[ϰϴϰϯϴϯϭϱA>G] Vaƌ ϯ'UTR ϭ ϭ.ϲ 

SPOCKϯ hsa-ŵiƌ-ϭϵϮ hgϭϵ Đhƌϰ:g.[ϭϲϳϲϱϱϮϭϳA>T] Mut ϯ'UTR ϭ ϭ.ϲ 

TUBB hsa-ŵiƌ-ϭϯϬϮ hgϭϵ Đhƌϲ:g.[ ϯϬϲϵϮϳϱϱ_ϯϬϲϵϮϳϱϲdel] ϯ'UTR ϵ ϭϰ.ϯ 

PCDHϳ hsa-ŵiƌ-ϯϮϵ hgϭϵ Đhƌϰ:g.[ϯϬϳϯϮϵϴϰ_ϯϬϳϯϮϵϴϱdel] IŶtƌoŶiĐ ϰ ϲ.ϯ 

SYNJϮ hsa-ŵiƌ-Ϯϯϱϱ hgϭϵ Đhƌϲ:g.[ ϭϱϴϱϭϵϱϴϳdel] ϯ'UTR ϭϳ Ϯϳ.Ϭ 

Table 4.10: Initial candidate mutations/variants for functional testing. Variants excluded for 

fuƌtheƌ testiŶg aƌe iŶ gƌeǇ Đells. ;*Ϳ ͞Mut͟ ƌefeƌs the ĐoŶfiƌŵed soŵatiĐ ŵutatioŶs ideŶtified iŶ 

FL tuŵouƌs aŶd Ŷot iŶ the geƌŵ liŶe ŵateƌial iŶ the disĐoǀeƌǇ Đohoƌt. ͞Var͟ ƌefeƌs to ǀaƌiaŶts 

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 luĐifeƌase ƌepoƌteƌ geŶe sǇsteŵ ǁas used to test ǁhetheƌ the ideŶtified ǀaƌiaŶts 

affeĐted the ďiŶdiŶg Đapaďilities of the ĐogŶate ŵiRNAs. To do that, ǁe ĐloŶed the 

ŵiRNA-ďiŶdiŶg ƌegioŶ ĐoƌƌespoŶdiŶg to the ǁild tǇpe aŶd sepaƌatelǇ the ƌegioŶ 

ĐoŶtaiŶiŶg the ǀaƌiaŶt seƋueŶĐe iŶto a luĐifeƌase ƌepoƌteƌ plasŵid. The ideŶtified 

ǀaƌiaŶts iŶ a total of ŶiŶe ŵiRNA taƌget sites ǁeƌe aŶalǇsed iŶ this ǁaǇ. Detailed 

iŶfoƌŵatioŶ foƌ eaĐh geŶe, taƌget site aŶd ŵutatioŶ/ǀaƌiaŶt is aǀailaďle iŶ Taďle ϰ.Ϯ.  

The fiƌst thiŶg to do ǁas to see ǁhetheƌ the pƌediĐted ŵiRNA ďiŶdiŶg site ǁas 

fuŶĐtioŶal oƌ Ŷot ďǇ lookiŶg at the ǁild tǇpe seƋueŶĐes tƌaŶsfeĐted aloŶg ǁith theiƌ 

ĐogŶate ŵiRNA. These ƌesults shoǁed that tǁo of the pƌediĐeted ŵiRNA ďiŶdiŶg sites 

;ARMCϭϬ; Đhƌϳ:ϭϬϮϳϯϵϭϳϳ-ϭϬϮϳϯϵϭϵϴ aŶd BCLϮ; Đhƌϭϴ: ϲϬϳϵϯϲϰϰ-ϲϬϳϵϯϲϲϱͿ did Ŷot 

ƌesult iŶ a ƌeduĐtioŶ iŶ luĐifeƌase aĐtiǀitǇ ǁheŶ tƌaŶsfeĐted ǁith theiƌ ƌespeĐtiǀe 
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ŵiRNAs, ŵiR-ϮϮϮ-ϱp aŶd ŵiR-ϭϯϴ-ϱp ;Figuƌe ϰ.ϭϰͿ. All the otheƌ seǀeŶ pƌediĐted 

ďiŶdiŶg sites ǁeƌe eǆpeƌiŵeŶtallǇ ǀalidated as the luĐifeƌase aĐtiǀitǇ ǁas sigŶifiĐaŶtlǇ 

ƌeduĐed Đoŵpaƌed ǁith the ĐoŶtƌol ĐoŶditioŶ ǁheŶ aŶalǇsiŶg the ŶoŶ-ŵutated oƌ ǁild 

tǇpe taƌget sites ;Figuƌe ϰ.ϭϱͿ. The effeĐt of the ŵutatioŶs aŶd ǀaƌiaŶts ǁeƌe theŶ 

aŶalǇsed iŶ these seǀeŶ loĐi.  

 

Figuƌe ϰ.ϭϰ: LuĐifeƌase assaǇ ƌesults: LuĐifeƌase assaǇs foƌ the pƌediĐted ŵiRNA ďiŶdiŶg sites iŶ 

BCLϮ ;AͿ aŶd ARMCϭϬ ;BͿ didŶ´t eǆpeƌiŵeŶtallǇ ǀalidate the ĐoŵputatioŶal ŵiRNA taƌget 

pƌediĐtioŶs. Results doŶ’t shoǁ aŶǇ effeĐt iŶ the ƌeduĐtioŶ of the luĐifeƌase aĐtiǀitǇ uŶdeƌ the 

ŵiR-ϭϯϴ-ϱp aŶd ŵiR-ϮϮϮ-ϱp taƌgetiŶg ƌespeĐtiǀelǇ.  

As ĐaŶ ďe seeŶ fƌoŵ Figuƌe ϰ.ϭϱ ǀaƌiaŶts pƌeseŶt iŶ MEFϮB [hgϭϵ Đhƌϭϵ:g.[ϭϵϮϲϬϬϰϱT 

>A] ;ϭͿ, hgϭϵ Đhƌϭϵ:g.[ϭϵϮϲϬϬϱϱT >C] ;ϮͿ], BCLϮ [hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϵϬϲG>A] ;ϭͿ, 

hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϵϮϭT >C];ϮͿ], METTLϭϱ ;hgϭϵ Đhƌϭϭ:g.[ϮϴϯϱϯϰϯϰG >A]Ϳ, SENPϭ 

;hgϭϵ ĐhƌϭϮ:g.[ϰϴϰϯϴϯϭϱA >G]Ϳ  aŶd  SPOCKϯ [hgϭϵ Đhƌϰ:g.[ϭϲϳϲϱϱϮϭϳA >T] ;ϭͿ, hgϭϵ 

Đhƌϰ:g.[ϭϲϳϲϱϱϮϭϴC >T] ;ϮͿ] did Ŷot to haǀe a sigŶifiĐaŶt effeĐt oŶ the ďiŶdiŶg of theiƌ 

ĐogŶate ŵiRNAs, ŵiR-ϭϮϲϱ, ŵiR-Ϯϳa-ϱp, ŵiR-ϰϯϭϯ, ŵiR-ϭϵϲa-ϯp aŶd ŵiR-ϭϵϮ-ϱp 

ƌespeĐtiǀelǇ.  IŶteƌestiŶglǇ, the ǀaƌiaŶt hgϭϵ Đhƌϰ:g.[ϭϲϳϲϱϱϮϯϱA >G] of SPOCKϯ 

appeaƌed to eŶhaŶĐe ŵiR-ϭϵϮ-ϱp ďiŶdiŶg ;Figuƌe ϰ.ϭϱͿ. 
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Figuƌe ϰ.ϭϱ: LuĐifeƌase assaǇ ƌesults: 

CoŵputatioŶal ŵiRNA taƌget pƌediĐtioŶs ǁeƌe 

eǆpeƌiŵeŶtallǇ ĐoŶfiƌŵed foƌ fiǀe ŵiRNA ďiŶdiŶg 

sites iŶ MEFϮB, SPOCKϯ, SENPϭ, BCLϮ aŶd 

METTLϭϱ geŶes. The aŶalǇsed ŵutatioŶs aŶd 

ǀaƌiaŶts didŶ´t pƌoŵote aŶǇ sigŶifiĐaŶt ĐhaŶge iŶ 

the luĐifeƌase aĐtiǀitǇ. ** p < Ϭ.Ϭϭ, *** p < Ϭ.ϬϬϬϭ 

 

A B 

C 

(mRNA) 

(miR-196a-3p) 
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E 
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IŶ ĐoŶtƌast, the ŵutatioŶs of EZHϮ [hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] ;ϭͿ, hgϭϵ 

Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>G] ;ϮͿ aŶd hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T] ;ϯͿ] aŶd that of BCLϮ 

;hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A]Ϳ ƌesulted iŶ a sigŶifiĐaŶt iŶĐƌease iŶ the luĐifeƌase 

aĐtiǀitǇ Đoŵpaƌed to the ǁild tǇpe seƋueŶĐe ;Figuƌe ϰ.ϭϲͿ.  

 

Figuƌe ϰ.ϭϲ: LuĐifeƌase assaǇ ƌesults: CoŵputatioŶal ŵiRNA taƌget pƌediĐtioŶs ǁeƌe 

eǆpeƌiŵeŶtallǇ ĐoŶfiƌŵed foƌ tǁo loĐi iŶ BCLϮ ;AͿ aŶd EZHϮ ;BͿ geŶes. The aŶalǇsed ŵutatioŶs 

iŶ EZHϮ aŶd the ǀaƌiaŶt iŶ BCLϮ did shoǁ to  pƌoŵote a sigŶifiĐaŶt diffeƌeŶĐe  iŶ the luĐifeƌase 

aĐtiǀitǇ.  *** p < Ϭ.ϬϬϬϭ 

4.3.6 Estimating the prevalence of EZH2 mutations and the BCL2 

variant in FL patients  

Foƌ aŶalǇsiŶg the pƌeǀaleŶĐe of the tested ǀaƌiaŶt/ŵutatioŶs ǁith luĐifeƌase assaǇs iŶ 

BCLϮ ;hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A]Ϳ aŶd EZHϮ ;hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A], hgϭϵ 

Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>G], hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T]Ϳ aŵoŶg FL patieŶts, togetheƌ 

ǁith aŶ additioŶal ŵutatioŶ iŶ EZHϮ ;hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>G] ĐoŵŵoŶlǇ 

ideŶtified iŶ FL patieŶts ;BodoƌͿ, ǁe desigŶed aŶd tested Custoŵ TaƋŵaŶ SNP 

GeŶotǇpiŶg AssaǇs oŶ ϭϭϳ FL patieŶts. A total of ϱ TaƋŵaŶ SNP geŶotǇpiŶg assaǇs ǁeƌe 

used, oŶe foƌ the deteĐtioŶ of eaĐh ŵutatioŶ. FiƌstlǇ, ǁe estiŵated the liŵit of 

deteĐtioŶ foƌ thƌee of the fiǀe assaǇs. UsiŶg ϭϬ Ŷg of iŶput DNA ǁe deteƌŵiŶed the 

assaǇ ǁas aďle to deteĐt VAF doǁŶ to ϱ% ;Figuƌe ϰ.ϭϳͿ.  

A B 
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Figuƌe ϰ.ϭϳ: Liŵit of deteĐtioŶ estiŵatioŶ foƌ TaƋMaŶ SNP GeŶotǇpiŶg AssaǇs: Results foƌ 

thƌee of the fiǀe assaǇs ;tǁo taƌgetiŶg EZHϮ aŶd oŶe BCLϮ geŶeͿ deŵoŶstƌated that this 

geŶotǇpiŶg teĐhŶiƋue is highlǇ seŶsitiǀe alloǁiŶg ideŶtifǇiŶg ŵutatioŶs ǁith a ǀeƌǇ loǁ VAF ;up 

to ϱ%Ϳ usiŶg oŶlǇ ϭϬŶg of teŵplate DNA. ;AͿ Results foƌ assaǇ Ϯ taƌgetiŶg hgϭϵ 

Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] ŵutatioŶ iŶ EZHϮ; ϭϬŶg ǀs ϱŶg of teŵplate. ;BͿ Results foƌ assaǇ ϰ 

taƌgetiŶg hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T] iŶ EZHϮ; ϭϬŶg ǀs ϱŶg of teŵplate. ;CͿ Results foƌ assaǇ ϭ 

taƌgetiŶg hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A] iŶ BCLϮ; ϭϬŶg of teŵplate.  

Neǆt, ǁe eǆteŶded the aŶalǇsis to the ϭϭϳ FL Đases. UŶfoƌtuŶatelǇ, the TaƋŵaŶ assaǇ 

foƌ the deteĐtioŶ of hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>G] ŵutatioŶ iŶ EZHϮ geŶe didŶ͛t giǀe 

aŶǇ sigŶal so it ǁas eǆĐluded fƌoŵ fuƌtheƌ aŶalǇsis. ƋRT-PCR ƌesults shoǁ a total of ϱ 

saŵples ĐaƌƌǇiŶg hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] ŵutatioŶ iŶ EZHϮ, ǁith a VAF estiŵatioŶ 

of aƌouŶd ϮϬ-Ϯϱ% foƌ fouƌ of the saŵples aŶd ϭϬ% foƌ oŶe saŵple ;Figuƌe ϰ.ϭϴ-AͿ. 

A 

B 

C 
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SiŵilaƌlǇ, ϴ patieŶts ǁeƌe positiǀe foƌ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T] ŵutatioŶ iŶ EZHϮ 

ǁith a VAF estiŵatioŶ of aƌouŶd ϮϬ-ϰϬ% foƌ ϲ saŵples aŶd aƌouŶd ϭϬ% foƌ Ϯ saŵples 

;Figuƌe ϰ.ϭϴ-CͿ. Also oŶe patieŶt shoǁ oŶe saŵple positiǀelǇ ŵutated foƌ hgϭϵ 

Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>G] iŶ EZHϮ aŶd oŶe patieŶt ĐaƌƌǇiŶg the ǀaƌiaŶt hgϭϵ 

Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A] iŶ BCLϮ ;Figuƌes ϰ.ϭϴ-D ,BͿ. 
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Figuƌe ϰ.ϭϴ: TaƋMaŶ SNP GeŶotǇpiŶg ƌesults foƌ ŵutatioŶs/ǀaƌiaŶt iŶ EZHϮ aŶd BCLϮ. AͿ 

GeŶotǇpiŶg ƌesults foƌ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] EZHϮ ŵutatioŶ togetheƌ ǁith a ƌefeƌeŶĐe 

Đuƌǀe foƌ VAF estiŵatioŶ. BͿ GeŶotǇpiŶg ƌesults foƌ hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A] BCLϮ ǀaƌiaŶt. 

CͿ GeŶotǇpiŶg ƌesults foƌ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T] EZHϮ ŵutatioŶ togetheƌ ǁith a 

ƌefeƌeŶĐe Đuƌǀe foƌ VAF estiŵatioŶ. DͿ GeŶotǇpiŶg ƌesults foƌ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>G] 

A 

B 

D 

C 
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EZHϮ ŵutatioŶ. ͞NTC͟ iŶdiĐates ŶoŶ-teŵplate-ĐoŶtƌol. ͞WT͟ iŶdiĐates ǁild tǇpe. ͞VAF͟ 

iŶdiĐates ǀaƌiaŶt allele fƌeƋueŶĐǇ. 

CoŵďiŶiŶg the TaƋŵaŶ GeŶotǇpiŶg sǇsteŵ aŶd NGS appƌoaĐhes oŶ the ϭϳϭ FL patieŶts 

giǀes us that the ŵutatioŶs iŶ EZHϮ ǁeƌe fouŶd to ďe pƌeseŶt iŶ ϭϰ% of FL patieŶts 

ǁheƌeas the ǀaƌiaŶt iŶ BCLϮ ǁas fouŶd iŶ ϭ.ϭϳ% of the FL patieŶts ;Taďle ϰ.ϭϭͿ.  

GeŶe 
GeŶoŵiĐ  

ŵutatioŶ/ǀaƌiaŶt 

AŵiŶoaĐid 
ĐhaŶge 

Mutated saŵples 

Ŷ= ϭϳϭ 

FƌeƋueŶĐǇ aŵoŶg 
FL patieŶts ;%Ϳ 

BCLϮ hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A] - Ϯ ϭ.ϭϳ 

EZHϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A] YϲϰϭF ϭϭ ϲ.ϰ 

EZHϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>G] YϲϰϭS Ϭ Ϭ 

EZHϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>T] YϲϰϭN ϭϮ ϳ 

EZHϮ hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϴA>G] YϲϰϭH ϭ Ϭ.ϱϴ 

EZHϮ TOTAL EZHϮ ŵutatioŶs - Ϯϰ ϭϰ 

Taďle ϰ.ϭϭ: PƌeǀaleŶĐe of BCLϮ aŶd EZHϮ ǀaƌiaŶt/ŵutatioŶs. The taďle shoǁs aŶ estiŵatioŶ of 

the fƌeƋueŶĐǇ of the fuŶĐtioŶallǇ ǀalidated ŵutatioŶs iŶ EZHϮ aŶd ǀaƌiaŶt iŶ BCLϮ aŵoŶg FL 

patieŶts ;Ŷ=ϭϭϳͿ deteƌŵiŶed usiŶg high-thƌoughput aŶd high seŶsitiǀitǇ seƋueŶĐiŶg 

appƌoaĐhes.  

 4.3.7 Functional validation of this mechanism in lymphoid cell 

models  

IŶ oƌdeƌ to test ǁhetheƌ this ŵeĐhaŶisŵ ďased oŶ the disƌuptioŶ of the ŵiRNA ďiŶdiŶg 

oďseƌǀed iŶ luĐifeƌase assaǇs, is also fuŶĐtioŶal iŶ lǇŵphoid Đells the effeĐt of tƌaŶsitoƌǇ 

tƌaŶsfeĐtioŶs of ŵiR-ϭϰϰ iŶ EZHϮ eǆpƌessioŶ ǁeƌe aŶalǇsed iŶ a ŵutated ;YϲϰϭFͿ aŶd a 

ǁild tǇpe EZHϮ DLBCL-deƌiǀed Đell ŵodels. WheŶ tƌaŶsfeĐted 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, EZHϮ ǁas doǁŶ-ƌegulated ǁheŶ ŵiR-ϭϰϰ 

ǁas oǀeƌ-eǆpƌessed ;Figuƌe ϰ.ϭϵͿ. IŶ ĐoŶĐoƌdaŶĐe ǁith the ƌesults oďseƌǀed iŶ the 

luĐifeƌase assaǇs, the doǁŶƌegulatioŶ ǁas stƌoŶgeƌ iŶ the Đell liŶe ǁith ǁild tǇpe EZHϮ 

;HT Đell liŶeͿ ĐoŵpaƌiŶg to the Đell liŶe ǁith ŵutated EZHϮ ;WSU-DLCLϮͿ. This suggests 
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that the ŵutatioŶ ŵight ďe iŶteƌfeƌiŶg ǁith the ĐoƌƌeĐt ďiŶdiŶg of the ŵiRNA to the 

taƌget site ;Figuƌe ϰ.ϭϵͿ.  

 

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 

doǁŶƌegulatioŶ of EZHϮ iŶ ďoth Đell liŶes upoŶ ŵiR-ϭϰϰ upƌegulatioŶ. Hoǁeǀeƌ, the ǁild tǇpe 

EZHϮ is less eǆpƌessed thaŶ the ŵutated EZHϮ. SCR ƌefeƌs to tƌaŶsfeĐted ǁith a sĐƌaŵďle ŵiRNA 

seƋueŶĐe.  

 

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 tǇpe EZHϮ Mutated EZHϮ 
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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 iŶ the EZHϮ ǁild 

tǇpe Đell liŶe ;HT Đell liŶeͿ ĐoŵpaƌiŶg to the ĐoŶtƌol ĐoŶditioŶs ;ǁild tǇpe aŶd sĐƌaŵďleͿ. WSU-

DLCLϮ Đell liŶe ;ŵutated EZHϮ Đell liŶeͿ shoǁs the saŵe EZHϮ leǀels iŶ the tƌaŶsfeĐted 

ĐoŶditioŶs, ďoth ǁith the ŵiR-ϭϰϰ aŶd ǁith the sĐƌaŵďle ĐoŶtƌol ĐoŶditioŶ.  

;*Ϳ Note: HT sĐƌaŵďle saŵple ǁas iŶfeĐted ǁith a leŶtiǀiƌus eǆpƌessiŶg a sĐƌaŵďle seƋueŶĐe iŶstead of tƌaŶsfeĐted 

ǁith a sĐƌaŵďle ŵiŵiĐ 

4.3.8 In-silico analysis of miR-144 expression and EZH2 expression  

To see hoǁ ƌeleǀaŶt this ŵeĐhaŶisŵ ǁas iŶ FL patieŶts ǁe looked at leǀels of ŵiR-ϭϰϰ 

aŶd EZHϮ iŶ ŵiĐƌoaƌƌaǇ datasets ĐoŶtaiŶed ǁithiŶ the GEO dataďase [350]. Leǀels of 

ŵiR-ϭϰϰ ǁeƌe sigŶifiĐaŶtlǇ doǁŶƌegulated iŶ FL ;Ŷ=ϮϯͿ aŶd DLBCL ;Ŷ=ϮϵͿ patieŶts 

Đoŵpaƌed to Ŷoƌŵal B lǇŵphoĐǇtes ;Ŷ=ϳͿ although Ŷo a diffeƌeŶĐe iŶ ŵiRNA 

eǆpƌessioŶ ďetǁeeŶ FL aŶd DLBCL Đases ǁas deteĐtaďle ;Figuƌe ϰ.Ϯϭ-AͿ. 

  

;*Ϳ 
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Figuƌe ϰ.Ϯϭ: IŶ-siliĐo aŶalǇsis of ŵiR-ϭϰϰ ;AͿ aŶd EZHϮ ;BͿ eǆpƌessioŶ leǀels iŶ patieŶts usiŶg 

ŵiĐƌoaƌƌaǇ data aǀailaďle iŶ GEO dataďase. Figuƌe A shoǁs the ĐoŵpaƌisoŶ of ŵiR-ϭϰϰ 

eǆpƌessioŶ leǀels ďetǁeeŶ Ŷoƌŵal B-Đells, FL patieŶts aŶd DLBCL patieŶts. MiR-ϭϰϰ eǆpƌessioŶ is 

ǀaƌiaďle iŶ FL aŶd DLBCL patieŶts aŶd sigŶifiĐaŶtlǇ doǁŶƌegulated ĐoŵpaƌiŶg to Ŷoƌŵal B 

lǇŵphoĐǇtes. Figuƌe B shoǁs geŶe eǆpƌessioŶ diffeƌeŶĐes of EZHϮ ďetǁeeŶ EZHϮ ǁild tǇpe aŶd 

ŵutated FL Đases togetheƌ ǁith EZHϮ eǆpƌessioŶ iŶ FL Đases at diffeƌeŶt gƌades.  

Neǆt, ǁe aŶalǇsed the eǆpƌessioŶ leǀels of EZHϮ, iŶ ϭϮ FL saŵples ĐaƌƌǇiŶg the the Yϲϰϭ 

ŵutatioŶ ǀeƌsus saŵples ǁith a ǁild tǇpe EZHϮ ;Ŷ=ϱϭͿ, aŶd ďetǁeeŶ diffeƌeŶt ĐliŶiĐal 

stages of FL. Theƌe ǁas Ŷo sigŶifiĐaŶt diffeƌeŶĐe iŶ the leǀels of EZHϮ, although those 

Đases ǁith ŵutated Yϲϰϭ do appeaƌ to haǀe higheƌ eǆpƌessioŶ leǀels of EZHϮ ;Figuƌe 

ϰ.Ϯϭ-BͿ. 

UŶfoƌtuŶatelǇ, ǁe ĐouldŶ͛t peƌfoƌŵ aŶ iŶ-siliĐo aŶalǇsis foƌ ŵiR-ϱϬϬϴ aŶd BCLϮ as theƌe 

ǁas Ŷo aĐĐessiďle data foƌ ŵiR-ϱϬϬϴ eǆpƌessioŶ, oƌ eǆpƌessioŶ leǀels of BCLϮ liŶked to 

the BCLϮ geŶotǇpe iŶ the puďlished datasets. 
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Ͷ.Ͷ Discussion 

MutatioŶs iŶ ŵiRNA ďiŶdiŶg sites haǀe pƌeǀiouslǇ ďeeŶ pƌoposed as a pathogeŶiĐ 

ŵeĐhaŶisŵ iŶ ĐaŶĐeƌ. Foƌ eǆaŵple, ŵutatioŶs iŶ EϮFϭ aŶd CFTR geŶes shoǁed to alteƌ 

the affiŶitǇ foƌ ŵiR-ϭϯϲ-ϱp aŶd ŵiR-ϱϬϵ-ϯp ƌespeĐtiǀelǇ leadiŶg to a deƌegulatioŶ of 

the taƌgeted geŶe [ϯϯϮ, ϯϯϯ].  Hoǁeǀeƌ, theƌe haǀe Ŷot ďeeŶ siŵilaƌ studies Đaƌƌied out 

oŶ NHL. IŶ this ǁoƌk ǁe eǆploƌed WGS data fƌoŵ siǆ loŶgitudiŶallǇ oďtaiŶed saŵples 

fƌoŵ FL ďiopsies to ideŶtifǇ aŶd eǆploƌe the ƌole of ŵutatioŶs iŶ ŵiRNA ďiŶdiŶg sites iŶ 

FL. Ouƌ ƌesults iŶdiĐated that of the total ϳϴϴ ŵutatioŶs ideŶtified iŶ ϯ͛UTRs, ϲϴ% of 

theŵ ǁeƌe ǁithiŶ ďioiŶfoƌŵatiĐallǇ pƌediĐted ŵiRNA-ďiŶdiŶg sites. IŶteƌestiŶglǇ, 

ŵutatioŶs iŶ the ŵiRNA geŶe seƋueŶĐe theŵselǀes ǁeƌe Ŷot ideŶtified. The possiďle 

ƌeasoŶ Đould ďe that, ŵiRNA ĐodiŶg geŶes aƌe ŶoƌŵallǇ ǀeƌǇ ĐoŶseƌǀed seƋueŶĐes 

[ϮϲϮ]. GeŶes ǁith ŵutatioŶs iŶ ŵiRNA-ďiŶdiŶg sites ǁeƌe highlǇ eŶƌiĐhed foƌ geŶes 

iŶǀolǀed iŶ heŵatologiĐal ŵaligŶaŶĐies, suggestiŶg that ŵutatioŶs aƌe Ŷot ƌaŶdoŵ, aŶd 

giǀiŶg ǁeight to theiƌ fuŶĐtioŶal iŵpoƌtaŶĐe iŶ lǇŵphoŵageŶesis. Moƌeǀeƌ, ϱ of the ϲ 

Đases had ŵoƌe ŵiRNA ďiŶdiŶg site ŵutatioŶs iŶ the tƌaŶsfoƌŵed FL Đoŵpaƌed to the 

aŶteĐedeeŶt FL. This Đould suggest that these ŵutatioŶs aƌe aĐƋuiƌed duƌiŶg the 

tƌaŶsfoƌŵatioŶ pƌoĐess aŶd ŵaǇ plaǇ a ƌole iŶ this pƌoĐess.   

SaŶgeƌ seƋueŶĐiŶg of ϯϰ ŵutatioŶs ƌesulted iŶto ǀalidatioŶ of oŶlǇ appƌoǆiŵatelǇ oŶe 

thiƌd. This appaƌeŶtlǇ pooƌ ǀalidatioŶ is pƌoďaďlǇ ďeĐause of the loǁ seŶsitiǀitǇ of 

SaŶgeƌ seƋueŶĐiŶg Đoŵpaƌed to NGS. IŶ SaŶgeƌ SeƋueŶĐiŶg, ŵutatioŶs ǁith a VAF 

loǁeƌ thaŶ ϭϱ-ϮϬ% aƌe Ŷot deteĐtaďle as theǇ ďeĐoŵe iŶdistiŶguishaďle fƌoŵ the 

ďaĐkgƌouŶd Ŷoise [ϯϱϭ]. We fouŶd that fƌoŵ the positiǀelǇ ǀalidated ŵutatioŶs, those 

loĐated iŶ ĐodiŶg-ƌegioŶ of the EZHϮ aŶd MEFϮB geŶes ǁeƌe pƌeseŶt iŶ ŵultiple Đases 

;ϭϬ/ϰϵ aŶd ϯ/ϰϵ ƌespeĐtiǀelǇͿ. These ŵutatioŶs aƌe ŵisseŶse ŵutatioŶs that haǀe 

pƌeǀiouslǇ ďeeŶ desĐƌiďed as gaiŶ-of fuŶĐtioŶ-ŵutatioŶs [ϴϬ, ϯϱϮ].  

UsiŶg deep taƌgeted ƌe-seƋueŶĐiŶg iŶstead of SaŶgeƌ seƋueŶĐiŶg, ǁe ǀalidated ϴϬ% of 

the oƌigiŶal ŵutatioŶs ideŶtified ďǇ WGS, eǀeŶ though the platfoƌŵs use ǀeƌǇ diffeƌeŶt 

Đheŵistƌies ;Figuƌe ϰ.ϮϮͿ. As paƌt of ouƌ QC filteƌiŶg stƌategǇ ǁe iŶĐluded the ƌeŵoǀal 

of ǀaƌiaŶts Ŷeaƌ hoŵopolǇŵeƌ aŶd ƌepetitiǀe ƌegioŶs. The ƌeasoŶ foƌ this is that a 

suďstaŶtial fƌaĐtioŶ of iŶdel eƌƌoƌs aƌe Đaused ďǇ hoŵopolǇŵeƌs ǁith the ďase-ĐalliŶg 
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aĐĐuƌaĐǇ deĐƌeasiŶg ǁith hoŵopolǇŵeƌ leŶgth. This is espeĐiallǇ tƌue foƌ 

hoŵopolǇŵeƌs of ϳ-ϴ ŶuĐleotides oƌ ŵoƌe [ϯϱϯ, ϯϱϰ]. Afteƌ QC filteƌiŶg, ǁe fouŶd that 

the ideŶtified ŵutated geŶes ;Ŷ=ϮϴͿ ǁeƌe highlǇ eŶƌiĐhed foƌ GC-like B-Đell lǇŵphoŵa 

geŶes, stƌoŶglǇ suggestiŶg that these ǀaƌiaŶts ŵaǇ haǀe a ďiologiĐal sigŶifiĐaŶĐe iŶ the 

disease. 

 

Figuƌe ϰ.ϮϮ IoŶ Chip ǁell aƌĐhiteĐtuƌe. CloŶallǇ aŵplified liďƌaƌies attaĐhed to the ďeads aƌe 

loaded iŶto IoŶ Chips. EaĐh ďead ǁill ďe deposited iŶto a ǁell oŶ the Đhip. The Đhip is flooded 

ǁith oŶe of the fouƌ ŶuĐleotides seƋueŶtiallǇ. WheŶeǀeƌ a ŶuĐleotide is iŶĐoƌpoƌated iŶto the 

siŶgle stƌaŶded DNA ŵoleĐule a hǇdƌogeŶ ioŶ is ƌeleased. This ƌelease of ioŶs ǁill tƌiggeƌ a 

ĐhaŶge iŶ the pH of the solutioŶ that ĐaŶ ďe deteĐted ďǇ the seŶsiŶg laǇeƌ iŶ eaĐh ǁell. Voltage 

ĐhaŶges aƌe tƌaŶslated iŶto digital iŶfoƌŵatioŶ foƌ ďase ĐalliŶg ;JM Rothďeƌg et al. Natuƌe. 

ϮϬϭϭͿ [ϯϱϱ]. 

Foƌ the luĐifeƌase assaǇs, the geŶes ǁith ǀaƌiaŶts pƌeseŶt iŶ ŵultiple patieŶts that ǁeƌe 

Ŷot ƌepoƌted as ĐoŵŵoŶ SNPs ǁeƌe seleĐted ;ϳ/Ϯϴ geŶesͿ as ǁell as thƌee additioŶal 

geŶes ƌelated ǁith haeŵatologiĐal ŵaligŶaŶĐies ǁith ŵutatioŶs iŶ oŶlǇ oŶe Đase. The 

geŶes ǁith ǀaƌiaŶts that ǁeƌe Ŷot ǀalidated ǁith SaŶgeƌ seƋeuĐiŶg ǁeƌe eǆĐluded 

;Ŷ=ϯͿ. Theƌefoƌe, luĐifeƌase assaǇs ǁeƌe peƌfoƌŵed iŶ a total of ŶiŶe loĐi iŶ seǀeŶ 
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ĐaŶdidate geŶes. This teĐhŶiƋue alloǁs the iŶ-ǀitƌo testiŶg of the ďiŶdiŶg ĐapaĐitǇ of a 

ŵiRNA to a paƌtiĐulaƌ taƌget site. IŶteƌestiŶglǇ, ǁe fouŶd that the effeĐt of the ǀaƌiaŶt 

oŶ the ŵiRNA-ďiŶdiŶg ǁas Ŷot assoĐiated ǁith its positioŶ ǁithiŶ the ďiŶdiŶg site. Foƌ 

eǆaŵple, ǀaƌiaŶts loĐated iŶ the pƌediĐted seed ƌegioŶ of the ďiŶdiŶg site, suĐh as hgϭϵ 

Đhƌϰ:g.[ϭϲϳϲϱϱϮϭϳA>T] aŶd hgϭϵ Đhƌϰ:g.[ϭϲϳϲϱϱϮϭϴC>T]  iŶ SPOCKϯ aŶd hgϭϵ 

Đhƌϭϴ:g.[ϲϬϳϵϯϵϬϲG>A] iŶ BCLϮ,  had Ŷo affeĐt oŶ ŵiRNA ďiŶdiŶg, ǁheƌeas the ǀaƌiaŶt 

hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A]Ϳ pƌeseŶt iŶ BCLϮ, ďut outside of the pƌediĐted seed 

ƌegioŶ, did stƌoŶglǇ affeĐt ŵiRNA ďiŶdiŶg. These oďseƌǀatioŶs suggest that the 

ŵeĐhaŶisŵ of ŵiRNA ďiŶdiŶg ƌeŵaiŶs to ďe ĐoŵpletelǇ uŶdeƌstood aŶd uŶdeƌlies the 

diffiĐulties iŶ ŵiRNA-taƌget geŶe pƌediĐtioŶ ;the suďjeĐt of the Ŷeǆt ĐhapteƌͿ. IŶdeed, 

ǁidespƌead ŶoŶ-ĐaŶoŶiĐal ŵiĐƌoRNA taƌgetiŶg has ďeeŶ eǆpeƌiŵeŶtallǇ ideŶtified [Ϯϳϰ, 

ϯϱϲ, ϯϱϳ]. IŵpoƌtaŶtlǇ, luĐifeƌase assaǇs alloǁed us to fuŶĐtioŶallǇ ǀalidate this 

ŵeĐhaŶisŵ foƌ tǁo keǇ geŶes iŶ B Đell lǇŵphoŵageŶesis, EZHϮ aŶd BCLϮ. 

 

Figuƌe ϰ.Ϯϯ: LuĐifeƌase assaǇ. AͿ psiCHECK-Ϯ ǀeĐtoƌ ŵap shoǁiŶg the seƋueŶĐe of the ŵultiple 

ĐloŶiŶg ƌegioŶs afteƌ the stop ĐodoŶ of ReŶilla luĐifeƌase geŶe. FiƌeflǇ luĐifeƌase is used as a 

ĐoŶtƌol foƌ the tƌaŶsfeĐtioŶ.  BͿ SĐheŵatiĐ ƌepƌeseŶtatioŶ of luĐifeƌase assaǇ. UŶdeƌ the 

pƌeseŶĐe of a ŵiRNA taƌgetiŶg the ϯ’UTR ĐloŶed seƋueŶĐe a ƌeduĐtioŶ iŶ the eŵitted aŵouŶt of 

light is deteĐted.  

A B 

S

LIGHT LIGHT 
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EZHϮ is a ǁell ĐhaƌaĐteƌized histoŶe ŵethǇltƌaŶfeƌase ǁhiĐh is upƌegulated iŶ B Đells 

duƌiŶg the GC ƌeaĐtioŶ pƌoŵotiŶg Đell pƌolifeƌatioŶ [ϳϵ]. AĐtiǀatiŶg soŵatiĐ ŵutatioŶs 

iŶ the ĐatalǇtiĐ SET doŵaiŶ of EZHϮ haǀe ďeeŶ ideŶtified iŶ Ϯϱ% of folliĐulaƌ lǇŵphoŵa 

patieŶts [ϴϬ]. The ǀast ŵajoƌitǇ of theŵ affeĐt Yϲϰϭ ĐodoŶ [ϭϮϱ], ǁhiĐh is the saŵe 

ĐodoŶ as the ŵutatioŶs ǁe tested iŶ this Đhapteƌ. We theƌefoƌe hǇpothesised that 

these ŵutatioŶs, apaƌt fƌoŵ alteƌiŶg the pƌoteiŶ fuŶĐtioŶ as pƌeǀiouslǇ desĐƌiďed, 

ŵight also alteƌ theiƌ oǁŶ eǆpƌessioŶ ďǇ iŵpaiƌiŶg the ŵiRNA taƌgetiŶg aĐtiǀitǇ of ŵiR-

ϭϰϰ. IŶdeed, it has ďeeŶ ƌepoƌted that these EZHϮ gaiŶ-of-fuŶĐtioŶ ŵutatioŶs 

assoĐiated ǁith HϯKϮϳŵeϯ hǇpeƌaĐtiǀatioŶ also iŶĐƌease the staďilitǇ of the pƌoteiŶ 

[ϯϱϴ]. EZHϮ has ďeeŶ alƌeadǇ ƌepoƌted as a diƌeĐt taƌget of ŵiR-ϭϰϰ iŶ ďladdeƌ ĐaŶĐeƌ, 

osteosaƌĐoŵa aŶd astƌoĐǇtoŵa [ϯϱϵ-ϯϲϭ]. Soŵe of these studies shoǁ aŶ iŶǀeƌse 

ĐoƌƌelatioŶ ďetǁeeŶ ŵiR-ϭϰϰ aŶd EZHϮ eǆpƌessioŶ iŶ saŵples of patieŶts, ǁith ŵiR-

ϭϰϰ usuallǇ doǁŶ-ƌegulated aŶd EZHϮ up-ƌegulated [ϯϲϬ, ϯϲϭ], as ǁell as a stƌoŶg 

ĐoƌƌelatioŶ ǁith aggƌessiǀeŶess of the assoĐiated tuŵouƌ [ϯϲϬ].  

We Đaƌƌied out fuŶĐtioŶal assaǇs to iŶǀestigate the EZHϮ YϲϰϭF/ŵiR-ϭϰϰ aǆis iŶ 

lǇŵphoid Đell ŵodels. WheŶ ŵiR-ϭϰϰ ǁas oǀeƌ-eǆpƌessed iŶ DLBCL-deƌiǀed Đell liŶes, 

EZHϮ ǁas doǁŶ-ƌegulated of at ŵRNA aŶd pƌoteiŶ leǀels. This ǁas Ŷot the Đase foƌ Đell 

liŶes ĐaƌƌǇiŶg the YϲϰϭF ŵutatioŶ. We ǁould haǀe liked to folloǁ up these ƌesults iŶ FL 

patieŶts. Hoǁeǀeƌ, tuŵoƌ RNA saŵples ǁeƌe Ŷot aǀailaďle foƌ the ǀast ŵajoƌitǇ of the 

Đases. Theƌefoƌe, ǁe deĐided to peƌfoƌŵ aŶ iŶ-siliĐo aŶalǇsis to look at EZHϮ eǆpƌessioŶ 

aŶd geŶotǇpe as ǁell as ŵiR-ϭϰϰ eǆpƌessioŶ leǀels iŶ FL patieŶts. Results iŶdiĐated that 

ŵiR-ϭϰϰ is doǁŶƌegulated iŶ FL aŶd DLBCL patieŶts ďut this eǆpƌessioŶ is ǀeƌǇ ǀaƌiaďle 

suggestiŶg that this ŵeĐhaŶisŵ ŵight ďe effeĐtiǀe foƌ patieŶts ǁith higheƌ ŵiR-ϭϰϰ 

leǀels. Moƌeoǀeƌ, a sigŶifiĐaŶt ƌole foƌ ŵiR-ϭϰϰ iŶ B-Đell lǇŵphoŵa has alƌeadǇ ďeeŶ 

deŵoŶstƌated thƌough its taƌgetiŶg of BCLϲ [ϯϲϮ].  

Neǀeƌtheless, it has to ďe takeŶ iŶto ĐoŶsideƌatioŶ that ŵutatioŶs iŶ EZHϮ aƌe loĐated 

at the eŶd of the ĐodiŶg ƌegioŶ so the aĐĐessiďilitǇ to the ŵiRNA sileŶĐiŶg ŵaĐhiŶeƌǇ 

ŵight ďe loǁeƌ thaŶ if it ǁas loĐated iŶ the ϯ͛UTR. IŶ faĐt, the luĐifeƌase assaǇ pƌoǀed 

that this seƋueŶĐe ŵight ďe taƌgeted ďǇ ŵiR-ϭϰϰ iŶ phǇsiologiĐal ĐoŶditioŶs ďut iŶ a 

hǇpothetiĐal shoƌt ;~ϯϬϬpďͿ ϯ͛UTR so this should ďe ĐoŶsideƌed as ǁell. Also, the faĐt 

that the assaǇ ǁas peƌfoƌŵed iŶ HEKϮϵϯ Đell liŶe, ǁhiĐh is a Đell ŵodel ǁidelǇ aĐĐepted 
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to do this tǇpe of assaǇs, ďut it the ďiŶdiŶg itself ǁas Ŷot pƌoǀeŶ iŶ a lǇŵphoid Đellulaƌ 

ĐoŶteǆt.  

BCLϮ is aŶ aŶti-apoptotiĐ pƌoteiŶ that paƌtiĐipates iŶ the GC B-Đell seleĐtioŶ [ϯϮ]. The 

t;ϭϰ;ϭϴͿ tƌaŶsloĐatioŶ leads to ĐoŶstitutiǀe eǆpƌessioŶ of BCLϮ pƌoteiŶ as it Đoŵes 

uŶdeƌ ĐoŶtƌol of the IGH pƌoŵoteƌ ƌegioŶ. This eǀeŶt is ĐoŶsideƌed the hallŵaƌk of FL 

as it is pƌeseŶt iŶ ϴϱ% of FL patieŶts [ϲϯ]. Hoǁeǀeƌ, soŵe ϭϬ-ϭϱ% of FL Đases laĐk the 

t;ϭϰ;ϭϴͿ tƌaŶsloĐatioŶ, ďut ĐuƌiouslǇ also displaǇ high eǆpƌessioŶ of BCLϮ pƌoteiŶ ďǇ 

soŵe uŶkŶoǁŶ ŵeĐhaŶisŵ [ϯϲϯ]. We hǇpothesised that ĐhaŶges iŶ the ŵiRNA ďiŶdiŶg 

site Đould pƌoǀide aŶ eǆplaŶatioŶ. UŶfoƌtuŶatelǇ iŶ-siliĐo ŵiĐƌoaƌƌaǇ data ǁas Ŷot 

aǀailaďle foƌ this ŵiRNA ;ŵiR-ϱϬϬϴͿ, ǁas theƌe data aǀailaďle ƌegaƌdiŶg the geŶotǇpe 

of FL patieŶts foƌ this Đhƌoŵsoŵal positioŶ, oƌ iŶdeed ǁhetheƌ patieŶts aƌe t;ϭϰ;ϭϴͿ 

tƌaŶsloĐated. Hoǁeǀeƌ, the Đhƌoŵosoŵe gaiŶ of ϭƋ aƌŵ, ǁheƌe ŵiR-ϱϬϬϴ is eŶĐoded, 

has ďeeŶ desĐƌiďed foƌ ϮϬ% of FL [ϵϱ]. It Đould also ďe eŶǀisaged that suĐh as 

ŵeĐhaŶisŵ ŵight oŶlǇ ďe ƌeleǀaŶt foƌ FL patieŶts laĐkiŶg t;ϭϰ;ϭϴͿ. Hoǁeǀeƌ, as oŶlǇ ϭϬ-

ϭϱ% of Đases aƌe Ŷegatiǀe foƌ this tƌaŶsloĐatioŶ, it ŵakes it diffiĐult to fiŶd suffiĐieŶt 

ŵateƌial to pƌoǀe this hǇpothesis [ϲϯ]. AŵoŶg ouƌ Đohoƌt ϭϴϭ Đases, oŶlǇ tǁo Đases 

ĐoŶtaiŶed the ǀaƌiaŶt ďut ǁe had oŶlǇ DNA ŵateƌial aǀailaďle aŶd ǁeƌe Ŷot aďle to 

ŵeasuƌe the eǆpƌessioŶ leǀels of ŵiR-ϱϬϬϴ aŶd BCLϮ foƌ these patieŶts. We also tƌied 

to fiŶd ĐliŶiĐal data fƌoŵ these saŵples to fiŶd out if theǇ ǁeƌe Ŷegatiǀe foƌ t;ϭϰ;ϭϴͿ 

ďut uŶfoƌtuaŶatleǇ ǁeƌe Ŷot aďle to. Foƌ FL patieŶts ǁith t;ϭϰ;ϭϴͿ the ŵajoƌ ďƌeakpoiŶt 

ƌegioŶ ;MBRͿ, this pƌoposed ŵeĐhaŶisŵ is uŶlikelǇ to ďe ǀeƌǇ iŵpoƌtaŶt as this 

ďƌeakpoiŶt oĐĐuƌs iŶ the ϯ͛UTR upstƌeaŵ of the ǀaƌiaŶt loĐatioŶ so the paƌt of the 

ϯ͛UTR ǁheƌe the ǀaƌiaŶt is loĐated is Ŷot tƌaŶsloĐated togetheƌ ǁith BCLϮ geŶe [ϯϲϰ]. 

That said, the MBR oĐĐuƌs oŶlǇ iŶ ϱϬ% of the patieŶts ǁith the t;ϭϰ;ϭϴͿ tƌaŶsloĐatioŶ. 

The ƌeŵaiŶiŶg ϱϬ% of patieŶts eǆhiďit ŵiŶoƌ doǁŶstƌeaŵ ďƌeakpoiŶts [ϯϲϱ], ǁhiĐh 

ŵeaŶs that this ǀaƌiaŶt Đould ďe of ŵoƌe ƌeleǀaŶĐe foƌ those patieŶts. It ǁould ďe 

iŶteƌestiŶg to test this hǇpothesis fuƌtheƌ.  

SiŵilaƌlǇ, the aĐĐessiďilitǇ of the ďiŶdiŶg site ideŶtified iŶ BCLϮ geŶe should ďe also 

ĐoŶsideƌed. This ďiŶdiŶg site is loĐated ǀeƌǇ ĐeŶteƌed iŶ a loŶg ϯ͛UTR ƌegioŶ so 

seĐoŶdaƌǇ stƌuĐtuƌes of the ŵRNA ŵight oĐĐuƌ deĐƌeasiŶg its aĐĐessiďilitǇ to ŵiR-ϱϬϬϴ. 

Also, geƌŵliŶe ŵateƌial fƌoŵ the ǀalidatioŶ Đohoƌt ǁas laĐkiŶg so, ǁe ĐaŶŶot tƌulǇ 



4. Investigating mutations in the miRNA binding sites of follicular lymphoma 

 

 

ϭϮϴ 

 

ĐoŶfiƌŵ that this ǀaƌiaŶt is iŶdeed a soŵatiĐ ŵutatioŶ. Hoǁeǀeƌ, as the VAFs foƌ this 

ǀaƌiaŶt ǁeƌe ϯϮ% aŶd ϭϴ% iŶ FL aŶd tFL saŵples ƌespeĐtiǀelǇ, it is likelǇ to ďe a soŵatiĐ 

ŵutatioŶ as, if it ǁas a geƌŵliŶe polǇŵoƌphisŵ ǁe ǁould eǆpeĐt VAFs of ϱϬ% oƌ ϭϬϬ%. 

IŶ suŵŵaƌǇ, iŶ this Đhapteƌ of the thesis ǁe deŵoŶstƌated that aĐtiǀatiŶg ŵutatioŶs iŶ 

EZHϮ as ǁell as a ǀaƌiaŶt iŶ the ϯ͛UTR of BCLϮ ideŶtified iŶ FL patieŶts iŵpaiƌ the 

ďiŶdiŶg of ŵiR-ϭϰϰ aŶd ŵiR-ϱϬϬϴ ƌespeĐtiǀelǇ pƌoŵotiŶg a deƌegulatioŶ of these geŶes 

iŶ the peƌfoƌŵed iŶ-ǀitƌo assaǇs. This is a poteŶtiallǇ Ŷoǀel ŵeĐhaŶisŵ iŶ FL that 

ƌeƋuiƌes fuƌtheƌ iŶǀestigatioŶ to assess its ƌeleǀaŶĐe to FL patieŶts. 
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ͷ.ͳ Background  

AďeƌƌaŶt eǆpƌessioŶ of ŵiĐƌoRNAs ;ŵiRNAsͿ is a ǁidespƌead pheŶoŵeŶoŶ iŶ ĐaŶĐeƌ 

[ϭϴϲ, ϮϬϯ-ϮϬϱ]. Hoǁeǀeƌ, the fuŶĐtioŶal sigŶifiĐaŶĐe of suĐh deƌegulatioŶ is pooƌlǇ 

uŶdeƌstood as the taƌget geŶes ;the taƌgetoŵeͿ of ŵiRNAs aƌe ŶotoƌiouslǇ diffiĐult to 

pƌediĐt ĐoŵputatioŶallǇ, aŶd ŵoƌeoǀeƌ diffeƌ aĐĐoƌdiŶg to the Đellulaƌ ĐoŶteǆt [Ϯϴϯ, 

Ϯϴϲ]. AŶ alteƌŶatiǀe appƌoaĐh is to diƌeĐtlǇ saŵple the taƌgetoŵe iŶ situ usiŶg Đƌoss-

liŶkiŶg iŵŵuŶopƌeĐipitatioŶ ;CLIPͿ teĐhŶiƋues Đoupled ǁith high-thƌoughput 

seƋueŶĐiŶg. This teĐhŶologǇ has eǀolǀed thƌough the deǀelopŵeŶt of seǀeƌal 

ǀaƌiatioŶs ǁith aƌguaďlǇ the ŵost pƌoŵisiŶg ďeiŶg PhotoaĐtiǀataďle-RiďoŶuĐleoside-

EŶhaŶĐed CLIP ;PAR-CLIPͿ ǁhiĐh has faƌ ďetteƌ sigŶal-to-Ŷoise ƌatio thaŶ otheƌ CLIP-

ďased teĐhŶologies [ϮϵϮ]. PAR-CLIP iŵpƌoǀes the ĐƌossliŶkiŶg stƌategǇ ďǇ iŶĐoƌpoƌatiŶg 

photoaĐtiǀataďle ƌiďoŶuĐleosides iŶto RNA sǇŶthesis theƌeďǇ iŶtƌoduĐiŶg ĐhaƌaĐteƌistiĐ 

ŵutatioŶs ;T-to-CͿ iŶdiĐatiŶg the positioŶs ǁheƌe a ĐƌossliŶk ďetǁeeŶ the iŶĐoƌpoƌated 

ƌiďoŶuĐleoside aŶd a pƌoteiŶ oĐĐuƌƌed [296]. IŶ the oƌigiŶal PAR-CLIP pƌotoĐol HEKϮϵϯ 

eǆogeŶouslǇ eǆpƌessiŶg a tagged pƌoteiŶ ǁas used foƌ iŵŵuŶopƌeĐipitatioŶ [296, 366, 

367]. SuďseƋueŶtlǇ this teĐhŶiƋue has ďeeŶ used iŶ ǀaƌous 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 Kaposi͛s saƌĐoŵa-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 iŶ DLBCL. The oŶĐogeŶiĐ fuŶĐtioŶ of 

ŵiR-ϭϱϱ iŶ B-Đell lǇŵphoŵa is ǁell kŶoǁŶ [243-246]. This ŵiRNA plaǇs a keǇ ƌole iŶ 

Ŷoƌŵal heŵatopoiesis aŶd lǇŵphoŵageŶesis ;see seĐtioŶ ϭ foƌ ŵoƌe detailsͿ. 
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Fuƌtheƌŵoƌe, the eǆpƌessioŶ of ŵiR-ϭϱϱ diffeƌs ďetǁeeŶ the ŵoleĐulaƌ suďtǇpes of 

DLBCL ǁith higheƌ eǆpƌessioŶ iŶ ABC-tǇpe DLBCL thaŶ GCB-DLBCL [370, 371]. 

Theƌefoƌe, foƌ these eǆpeƌiŵeŶts ǁe used ďoth GCB-DLBCL Đell liŶe ;SU-DHL-ϭϬͿ aŶd 

ABC-DLBCL Đell liŶe ;RIVAͿ ŵodels.  

 

ͷ.ʹ Materials and methods 

5.2.1. Analysis of puromycin sensibility of DLBCL cell lines 

The iŶtƌiŶsiĐ puƌoŵǇĐiŶ seŶsitiǀitǇ of SU-DHL-ϭϬ ;GCB-DLBCL Đell liŶeͿ aŶd RIVA ;ABC-

DLBCL Đell liŶeͿ ǁas ŵeasuƌed iŶ oƌdeƌ to eŶsuƌe a ĐoƌƌeĐt puƌoŵǇĐiŶ seleĐtioŶ of the 

leŶtiǀiƌal-iŶfeĐted Đells to staďlǇ ŵodulate ŵiR-ϭϱϱ leǀels. To do that, Đell liŶes ǁeƌe 

seeded iŶ ϵϲ-ǁell plates at a ĐoŶĐeŶtƌatioŶ of ϴϬ,ϬϬϬ Đells/ŵL ;ϴϬϬϬ Đells/ǁellͿ aŶd 

ǁeƌe eǆposed to iŶĐƌeasiŶg ĐoŶĐeŶtƌatioŶs of puƌoŵǇĐiŶ iŶ the Đultuƌe ŵedia ;Ϭ-ϮϬ 

Ŷg/µLͿ. Cell ǀiaďilitǇ ǁas aŶalǇsed afteƌ ϯ aŶd ϲ daǇs usiŶg MTT ĐoloƌiŵetƌiĐ assaǇs 

;Sigŵa-AldƌiĐh, Missouƌi, USAͿ. AďsoƌďaŶĐe ǁas ŵeasuƌed iŶ a MultiskaŶ AsĐeŶt plate 

ƌeadeƌ ;Theƌŵo Fisheƌ SĐieŶtifiĐ, DE, USAͿ.  

5.2.2 Lentiviral infection: MOI optimization and monitorization of 

miR-155 expression 

DLBCL Đell liŶes ǁeƌe tƌaŶsfeĐted ǁith leŶtiǀiƌal ǀeĐtoƌs to get thƌee diffeƌeŶt 

ĐoŶditioŶs fƌoŵ eaĐh Đell liŶe. These ǀeĐtoƌs eŶĐode: the pƌe-ŵiR-ϭϱϱ seƋueŶĐe, a 

sĐƌaŵďle pƌe-ŵiRNA seƋueŶĐe ;ĐoŶtƌolͿ, aŶd a shoƌt haiƌpiŶ RNA that, afteƌ 

pƌoĐessiŶg, pƌoduĐes aŶ aŶti-seŶse ŵiR-ϭϱϱ seƋueŶĐe iŶ oƌdeƌ to iŶhiďit ŵiR-ϭϱϱ 

eǆpƌessioŶ. Plasŵid ǀeĐtoƌs eŶĐodiŶg foƌ the pƌe-ŵiRNA ĐoŶstƌuĐts ǁeƌe puƌĐhased 

fƌoŵ GeŶeCopoeia ;RoĐkǀille, MaƌǇlaŶd, USAͿ ;CŵiRϬϬϭ-MRϬϯ aŶd 

HŵiRϬϯϱϴMRϬϯϭϬͿ, aŶd the plasŵid ǀeĐtoƌ eŶĐodiŶg foƌ the aŶti-seŶse ŵiR-ϭϱϱ, a 

ŵiRZip kŶoĐkdoǁŶ ǀeĐtoƌ, ǁas puƌĐhased fƌoŵ SǇsteŵ BiosĐieŶĐes ;Palo Alto, 

CalifoƌŶia, USAͿ ;MZIP-ϭϱϱ-PA-ϭͿ. All the ǀeĐtoƌs also eŶĐode a geŶe foƌ puƌoŵǇĐiŶ 

ƌesistaŶĐe aŶd a gƌeeŶ fluoƌesĐeŶt pƌoteiŶ ;GFPͿ geŶe ƌepoƌteƌ ;Figuƌe ϱ.ϭͿ.  
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Figuƌe ϱ.ϭ: SĐheŵatiĐ ƌepƌeseŶtatioŶ of the plasŵid ǀeĐtoƌs foƌ leŶtiǀiƌal pƌoduĐtioŶ. AͿ 

BaĐkďoŶe foƌ the leŶtiǀeĐtoƌs eŶĐodiŶg the pƌe-ŵiR-ϭϱϱ seƋueŶĐe ;oǀeƌ-ŵiR-ϭϱϱ ĐoŶditioŶͿ aŶd 

a sĐƌaŵďle pƌe-ŵiRNA seƋueŶĐe ;sĐƌaŵďle oƌ ĐoŶtƌol ĐoŶditioŶͿ. BͿ BaĐkďoŶe foƌ the 

leŶtiǀeĐtoƌ eŶĐodiŶg aŶ aŶti-seŶse seƋueŶĐe foƌ ŵiR-ϭϱϱ ;aŶti-ŵiR-ϭϱϱ ĐoŶditioŶͿ.  

Viƌal paƌtiĐules ǁeƌe pƌoduĐed as iŶdiĐated iŶ seĐtioŶ ϯ.ϭϮ. Foƌ the ǀiƌal iŶfeĐtioŶs 

diffeƌeŶt MOIs ǁeƌe tested iŶ oƌdeƌ to optiŵize the iŶfeĐtioŶ pƌoĐess. A total of 

ϭϬϬ.ϬϬϬ Đells ǁeƌe iŶfeĐted foƌ eaĐh ĐoŶditioŶ. Cells ǁeƌe ƌesuspeŶded iŶ ŵedia 

ĐoŶtaiŶiŶg the ǀiƌal paƌtiĐles aŶd ǁeƌe seeded iŶ ϭϮ-ǁell plates. Ϯϰ houƌs afteƌ the 

iŶfeĐtioŶ, the ŵedia ǁas ƌeplaĐed foƌ fƌesh ŵedia. Afteƌ ϳϮ houƌs post-iŶfeĐtioŶ, 

puƌoŵǇĐiŶ ǁas added to the Đultuƌe at a ĐoŶĐeŶtƌatioŶ of ϭ Ŷg/µL to seleĐt the 

iŶfeĐted Đells. The puƌoŵǇĐiŶg ǁas kept iŶ the Đultuƌe ŵedia foƌ ϲ daǇs. Cells ǁeƌe 

iŶfeĐted at fouƌ diffeƌeŶt MOIs: ϭϱ, ϯϬ, ϰϱ, aŶd ϲϬ usiŶg ϭ.ϱ, ϯ, ϰ.ϱ aŶd ϲ ǆ ϭϬϲ ǀiƌal 

paƌtiĐles ƌespeĐtiǀelǇ foƌ the ϭϬϬ.ϬϬϬ iŶfeĐted Đells peƌ ĐoŶditioŶ.  

IŶ oƌdeƌ to eǀaluate the effiĐieŶĐǇ of the iŶfeĐtioŶ foƌ eaĐh MOI ĐoŶditioŶ the GFP 

eǆpƌessioŶ ǁas aŶalǇsed oŶe ǁeek afteƌ the iŶfeĐtioŶ usiŶg floǁ ĐǇtoŵetƌǇ ;FACSDiǀa 

ǀeƌsioŶ ϲ.ϭ.ϯͿ. The GFP-positiǀe Đells ǁeƌe Đlassified aĐĐoƌdiŶg to eǆpƌessioŶ as eitheƌ 

loǁ, ŵediuŵ oƌ high. Dead Đells ǁeƌe staiŶed usiŶg Topƌoϯ ;TheƌŵoFisheƌ SĐieŶtifiĐ, 

DE, USAͿ. TheŶ, SU-DHL-ϭϬ iŶfeĐted Đells at MOI ϭϱ aŶd MOI ϲϬ ǁeƌe staďlǇ seleĐted 

ǁith puƌoŵǇĐiŶ to aŶalǇse the eǆpƌessioŶ leǀels of ŵiR-ϭϱϱ ďǇ ƋRT-PCR as desĐƌiďed iŶ 

seĐtioŶs ϯ.ϱ.ϭ aŶd ϯ.ϲ.ϭ usiŶg the sŶoRNA RNUϲB as house-keepiŶg geŶe. Foƌ 

suďseƋueŶt eǆpeƌiŵeŶts, DLBCL Đell liŶes ǁeƌe iŶfeĐted at a MOI of ϭϱ. 
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5.2.3 Analysis of Ago2 expression  

Cell lǇsates fƌoŵ DLBCL Đell liŶes ;SU-DHL-ϭϬ aŶd RIVAͿ as ǁell as the HEKϮϵϯ FLAG-HA-

AgoϮ Đell liŶe ǁeƌe oďtaiŶed as desĐƌiďed iŶ seĐtioŶ ϯ.ϭϯ.ϭ. Foƌ the iŶduĐtioŶ of AgoϮ 

iŶ HEKϮϵϯ FLAG-HA-AgoϮ Đell liŶe, Đells ǁeƌe Đultuƌed ǁith ϭµg/ŵL DoǆǇĐǇĐliŶe as 

iŶdiĐated iŶ seĐtioŶ ϯ.ϭϭ.ϭ.  

To ŵeasuƌe AgoϮ eǆpƌessioŶ ǁe Đaƌƌied out WesteƌŶ-ďlot aŶalǇsis as desĐƌiďed iŶ 

seĐtioŶ ϯ.ϭϯ. Total pƌoteiŶ loadiŶg ǁas ǀisualised ďǇ PoŶĐeau S staiŶiŶg of the 

ŶitƌoĐellulose ŵeŵďƌaŶe ;Sigŵa-AldƌiĐh, Missouƌi, USAͿ. MeŵďƌaŶes ǁeƌe ďloĐked 

ǁith ϱ% skiŵŵed Milk iŶ TBS-TǁeeŶ Ϭ.ϭ% aŶd pƌoďed ǁith eitheƌ aŶ aŶti-AgoϮ 

ŵoŶoĐloŶal aŶtiďodǇ ;CloŶe ϭϭAϵ, MeƌĐk Millipoƌe, Daƌŵstadt, GeƌŵaŶǇͿ oƌ aŶti-FLAG 

ŵoŶoĐloŶal aŶtiďodǇ ;CloŶe MϮ, Sigŵa-AldƌiĐh, Missouƌi, USAͿ ďoth diluted ϭ:ϮϬϬϬ iŶ 

iŶ ϱ% skiŵŵed ŵilk TBS-TǁeeŶ Ϭ.ϭ%. As seĐoŶdaƌǇ aŶtiďodies goat aŶti-ƌat IgG-HRP 

aŶd goat aŶti-ŵouse IgG-HRP ;SaŶta Cƌuz BioteĐhŶologǇ, Teǆas, USAͿ diluted ϭ:ϮϬϬϬ iŶ 

iŶ ϱ% skiŵŵed ŵilk TBS-TǁeeŶ Ϭ.ϭ% ǁeƌe used ƌespeĐtiǀelǇ.  

Thƌee ǁashes of ϱ ŵiŶutes iŶ TBS-TǁeeŶ Ϭ.ϭ% ǁeƌe peƌfoƌŵed folloǁed ďǇ aŶ 

iŶĐuďatioŶ ǁith the seĐoŶdaƌǇ aŶtiďodǇ ;ĐoŶjugated ǁith HRPͿ diluted ϭ:ϮϬϬϬ iŶ ϱ% 

Skiŵ Milk TBS-TǁeeŶ Ϭ.ϭ% foƌ ϭ houƌ at ƌooŵ teŵpeƌatuƌe iŶ ƌotatioŶ iŶ ϱϬŵL FalĐoŶ 

tuďes. 

5.2.4 4-SU toxicity assays on DLBCL cell lines 

ϰ-ThioUƌidiŶe ;ϰ-SUͿ ǁas puƌĐhased fƌoŵ SaŶta Cƌuz BioteĐhŶologǇ ;Heidelďeƌg, 

GeƌŵaŶǇͿ ;ƌef. sĐ-ϮϬϰϲϮϴAͿ, aŶd dissolǀed iŶ DMSO.  

SU-DHL-ϭϬ aŶd RIVA Đells ǁeƌe seeded iŶ a ϵϲ-ǁell plate at a ĐoŶĐeŶtƌatioŶ of ϱϬϬ.ϬϬϬ 

Đells/ŵL ;ϱϬ.ϬϬϬ Đells/ǁellͿ aŶd ǁeƌe eǆposed to iŶĐƌeasiŶg ĐoŶĐeŶtƌatioŶs of ϰ-SU ;Ϭ, 

ϭϬϬ, ϮϬϬ, ϰϬϬ µMͿ iŶ the Đultuƌe ŵedia foƌ ϭϴ houƌs iŶ ďiologiĐal tƌipliĐates. ToǆiĐitǇ 

ǁas assessed ďǇ ĐouŶtiŶg liǀe Đells usiŶg TƌǇpaŶ Blue staiŶiŶg. 

5.2.5 Analysis of the incorporation of 4-SU into the nascent RNAs  

DLCBL Đell liŶes ǁeƌe Đultuƌed foƌ ϭϴ houƌs iŶ the pƌeseŶĐe of ϭϬϬµM ϰ-SU. Cells ǁeƌe 

pelleted aŶd RNA eǆtƌaĐted usiŶg TRIzol ƌeageŶt ;IŶǀitƌogeŶͿ. BiotiŶǇlatioŶ of ϱµg of 
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RNA ǁas peƌfoŵed usiŶg EZ-LiŶk™ IodoaĐetǇl-LC-BiotiŶ ;Cat Ŷuŵďeƌ: Ϯϭϯϯϯ, 

TheƌŵoFisheƌ SĐieŶtifiĐ, Walthaŵ, MassaĐhusetts, USAͿ aĐĐoƌdiŶg to the ŵaŶufaĐtuƌes 

iŶstƌuĐtioŶs. BiotiŶǇlated RNA ǁas theŶ puƌified usiŶg RNAeasǇ MiŶElute CleaŶup kit 

;QiageŶͿ. ϮϱϬŶg of the ďiotiŶǇlated RNA ;ϱuL ǀolͿ ǁeƌe spotted oŶto a Aŵeƌshaŵ 

HǇďoŶd-N+ ďlottiŶg ŵeŵďƌaŶe ;GE HealthĐaƌeͿ. A ϱ͛ ďiotiŶǇlated DNA oligo ;ϴϬ ŶtͿ ǁas 

used as a positiǀe ĐoŶtƌol. The ŵeŵďƌaŶe ǁas iŶĐuďated foƌ ϯϬ ŵiŶutes iŶ PBS ϭϬ% 

SDS aŶd ϭϱ ŵiŶutes ŵoƌe iŶ the saŵe solutioŶ ĐoŶtaiŶiŶg HRP-CoŶjugated StƌeptaǀidiŶ 

;dil ϭ:ϭϬ,ϬϬϬͿ ;Đat Ŷuŵďeƌ: NϭϬϬ, TheƌŵoFisheƌͿ. The ŵeŵďƌaŶe ǁas ǁashed iŶ PBS 

ǁith deĐƌeasiŶg aŵouŶts of SDS ;ϭϬ% - Ϭ.ϭ%Ϳ aŶd deǀeloped ǁith Noǀeǆ ECL ;HRP 

CheŵiluŵiŶesĐeŶt Suďstƌate ReageŶt kit, Cat Ŷo. WPϮϬϬϬϱ, IŶǀitƌogeŶͿ. 

5.2.6 Immunoprecipitation control and Western-blot analysis 

Cell pellets ;ϰϬ ŵillioŶ Đells peƌ ĐoŶditioŶͿ ǁeƌe ƌesuspeŶded iŶ ϯ ǀoluŵes of NPϰϬ lǇsis 

ďuffeƌ aŶd iŶĐuďated oŶ iĐe foƌ ϯϬ ŵiŶutes. Cell lǇsates ǁeƌe ĐeŶtƌifuged to ƌeŵoǀe 

uŶdissolǀed ŵateƌial, folloǁed ďǇ filtƌatioŶ ǁith a ϱ ʅŵ poƌe sǇƌiŶge filteƌ.  The lǇsate 

ǁas theŶ tƌeated ǁith RNAse Tϭ ;FeƌŵeŶtas, Walthaŵ, MassaĐhusetts, USA, ENϬϱϰϭͿ 

foƌ ϭϬ ŵiŶutes at ϮϮºC. Half of the lǇsate ǁas iŶĐuďated ǁith AŶti-AGOϮ-Đoated 

ŵagŶetiĐ ďeads ;CloŶe ϭϭAϵ, puƌĐhased fƌoŵ AsĐeŶioŶ, MuŶiĐh, GeƌŵaŶǇͿ, aŶd the 

otheƌ half ǁith ƌat IgGϮa ;TheƌŵoFisheƌ SĐieŶtifiĐ, DE, USA, ϬϮ-ϵϲϴϴͿ, aŶ isotǇpe 

ĐoŶtƌol foƌ the iŵŵuŶopƌeĐipitatioŶ ;IPͿ. Saŵples ǁeƌe iŶĐuďated oŶ a ƌotatiŶg ǁheel 

foƌ ϭϴh at ϰºC. The folloǁiŶg daǇ, the IP fƌaĐtioŶ Ŷot ďouŶd to the ďeads ǁas stoƌed at -

ϴϬºC. The ďeads ǁeƌe ǁashed usiŶg a DǇŶal MPC-S ŵagŶetiĐ paƌtiĐle ĐoŶĐeŶtƌatoƌ aŶd 

ƌesuspeŶded iŶ ϱϬuL saŵple ďuffeƌ foƌ the SDS-PAGE ǁhiĐh ĐoŶtaiŶs β-

ŵeƌĐaptoethaŶol foƌ pƌoteiŶ deŶatuƌalizatioŶ aŶd iŶĐuďated ϱ ŵiŶutes at ϵϱºC. Half of 

the ǀoluŵe ;ϮϱuLͿ ǁas loaded oŶto the gel. 

As ĐoŶtƌols ϯϬ µg of Đell lǇsates fƌoŵ the total lǇsate fƌaĐtioŶ aŶd the IP Ŷegatiǀe 

fƌaĐtioŶs ;oƌ uŶďouŶd fƌaĐtioŶsͿ ǁeƌe also deŶatuƌed aŶd loaded oŶto ϴ% 

polǇaĐƌǇlaŵide gels. WesteƌŶ-ďlot ǁas peƌfoƌŵed as iŶdiĐated iŶ seĐtioŶ ϯ.ϭϯ. Foƌ 

AgoϮ staiŶiŶg the ŵoŶoĐloŶal ;CloŶe ϭϭAϵ, MeƌĐk Millipoƌe, Daƌŵstadt, GeƌŵaŶǇͿ 

aŶti-AgoϮ aŶtiďodǇ ǁas used. 
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5.2.7 Gene expression profiling of DLBCL cell lines with the miR-

155 modulation using microarrays 

DLBCL Đell liŶes ;SU-DHL-ϭϬ aŶd RIVAͿ ǁeƌe iŶfeĐted iŶ ďiologiĐal tƌipliĐates ǁith the 

leŶtiǀiƌal ǀeĐtoƌs foƌ the ŵodulatioŶ of ŵiR-ϭϱϱ eǆpƌessioŶ [eŶĐodiŶg ŵiR-ϭϱϱ 

seƋueŶĐe ;oǀeƌ-ŵiR-ϭϱϱͿ, a sĐƌaŵďle seƋueŶĐe ;sĐƌaŵďleͿ aŶd aŶ iŶhiďitoƌ of ŵiR-ϭϱϱ 

;aŶti-ŵiR-ϭϱϱͿ] aŶd total RNA fƌoŵ these Đell liŶes ǁas eǆtƌaĐted ;see seĐtioŶ ϯ.ϭ.ϯͿ. A 

total of ϱϬϬ Ŷg of RNA tƌeated ǁith DNase I ;IŶǀitƌogeŶ Ref: ϭϴϬϲϴ-ϬϭϱͿ ǁeƌe used foƌ 

the saŵple pƌepaƌatioŶ usiŶg GeŶeChipTM WT PLUS ReageŶt Kit ;Applied BiosǇsteŵs™, 

CalifoƌŶia, USAͿ iŶ aĐĐoƌdaŶĐe ǁith the ŵaŶufaĐtuƌeƌ͛s iŶstƌuĐtioŶs. Saŵples ǁeƌe 

hǇďƌidised to Claƌioŵ™ D ŵiĐƌoaƌƌaǇs ;Applied BiosǇsteŵs™, CalifoƌŶia, USAͿ usiŶg a 

GeŶeChip® FluidiĐs StatioŶ ϰϱϬ ;AffǇŵetƌiǆ, CA, USAͿ. Data aŶalǇsis ǁas peƌfoƌŵed iŶ 

R. The geŶeƌated CEL files ǁeƌe pƌe-pƌoĐessed aŶd RMA-Ŷoƌŵalized usiŶg oligo 

paĐkage [372]. TƌaŶsĐƌipts aŶŶotated ďǇ AĐeǀieǁ ǁeƌe ƌeŵoǀed fƌoŵ the aŶalǇsis. 

Also, the ϰϬ% of pƌoďe sets ǁith the sŵallest iŶteƌƋuaƌtile ƌaŶge. The fold-ĐhaŶge of 

the ideŶtified geŶes ǁas ŵeasuƌed ďetǁeeŶ oǀeƌ-ŵiR-ϭϱϱ aŶd sĐƌaŵďle ĐoŶditioŶ. The 

top ϮϬ geŶes shoǁiŶg doǁŶƌegulatioŶ iŶ the oǀeƌ-ŵiR-ϭϱϱ ĐoŶditioŶ ĐoŵpaƌiŶg to the 

sĐƌaŵďle ĐoŶditioŶ ǁith the laƌgest fold-ĐhaŶge ǁeƌe pƌioƌitized. 

5.2.8 PAR-CLIP modified protocol 

StaďlǇ-tƌaŶsduĐed Đells ǁeƌe Đultuƌed foƌ ϭϴh iŶ the pƌeseŶĐe of ϭϬϬ µM ϰ-SU. The 

oƌigiŶal pƌotoĐol ďǇ Spitzeƌ et al. [ϯϲϲ] ǁas ŵodified to aǀoid ƌadioaĐtiǀe laďelliŶg aŶd 

iŵpƌoǀe the seŶsitiǀitǇ of the teĐhŶiƋue. IŶ ďƌief, lǇŵphoid Đells ǁeƌe haƌǀested, 

pelleted aŶd ƌesuspeŶded iŶ Đold PBS ďefoƌe ďeiŶg UV iƌƌadiated ;ϯϲϱ Ŷŵ light, ϭϱϬ 

ŵJoules/Đŵ²Ϳ oŶ iĐe. Cƌoss-liŶked Đells ǁeƌe ĐeŶtƌifuged, aŶd pellets sŶap-fƌozeŶ aŶd 

stoƌed at -ϴϬºC. FƌozeŶ Đell pellets ǁeƌe ƌesuspeŶded iŶ ϯ ǀoluŵes of NPϰϬ lǇsis ďuffeƌ, 

oŶ iĐe foƌ ϯϬ ŵiŶutes. Cell lǇsates ǁeƌe ĐeŶtƌifuged aŶd theŶ filteƌed thƌough a ϱ ʅŵ 

sǇƌiŶge filteƌ.  

LǇsates ǁeƌe tƌeated ǁith RNAse Tϭ ;FeƌŵeŶtas, Walthaŵ, MassaĐhusetts, USA, 

ENϬϱϰϭͿ foƌ ϭϬ ŵiŶutes at ϮϮºC. AŶti-AGOϮ-Đoated ŵagŶetiĐ ďeads ǁeƌe theŶ added 

to the digested Đell lǇsate ;CloŶe ϭϭAϵ, puƌĐhased fƌoŵ AsĐeŶioŶ, MuŶiĐh, GeƌŵaŶǇ, 
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MABEϮϱϯͿ, aŶd iŶĐuďated oŶ a ƌotatiŶg ǁheel foƌ ϭϴh at ϰºC. The folloǁiŶg daǇ, ďeads 

ǁeƌe ƌetaiŶed usiŶg a DǇŶal MPC-S ŵagŶetiĐ paƌtiĐle ĐoŶĐeŶtƌatoƌ, ƌesuspeŶded iŶ 

ǁashiŶg ďuffeƌ, aŶd theŶ suďjeĐted to aŶ additioŶal RNAse Tϭ digestioŶ ;ϭϬU/ʅl foƌ ϭϬ 

ŵiŶutes at ϮϮºCͿ, folloǁed ďǇ seǀeƌal ǁashes ;folloǁiŶg the oƌigiŶal pƌotoĐolͿ uŶtil 

fiŶallǇ ƌesuspeŶsed iŶ NEBϯ ďuffeƌ. The ƌesultaŶt RNA ǁas theŶ dephosphoƌǇlated 

usiŶg Calf IŶtestiŶal alkaliŶe Phosphatase ;CIPͿ ;Neǁ EŶglaŶd Biolaďs, IpsǁiĐh, 

MassaĐhusetts, USAͿ at a ĐoŶĐeŶtƌatioŶ of Ϭ.ϱ U/ʅl foƌ ϭ houƌ at ϯϳºC, folloǁed ďǇ eŶd-

ƌepaiƌiŶg ǁith Tϰ PolǇŶuĐleotide KiŶase ;NEB, MϬϮϬϭͿ aŶd ϭϬϬ µM ATP foƌ ϯϱ ŵiŶutes 

at ϯϳºC. 

AGOϮ-ďouŶd ďeads ǁeƌe deŶatuƌed ǁith β-ŵeƌĐaptoethaŶol foƌ ϱ ŵiŶutes at ϵϱºC aŶd 

pƌoteiŶs ǁeƌe ƌuŶ thƌough a ϰ-ϭϮ% Bis-Tƌis PAGE aloŶgside a pƌoteiŶ staŶdaƌd 

;Precision Plus Protein Kaleidoscope, Bio-Rad). Gel seĐtioŶs ĐoƌƌespoŶdiŶg to size ϳϱ-

ϭϬϬKDa ǁeƌe eǆĐised fƌoŵ eaĐh laŶe. These pieĐes ǁeƌetheŶ ŵiŶĐed to ~ϭ ŵŵϯ pieĐes, 

aŶd fiŶallǇ tƌaŶsfeƌƌed to ϯϬϬK Pall NaŶosep Oŵega ŵeŵďƌaŶe ĐoluŵŶs ;Sigŵa-

AldƌiĐh, St. Louis, Missouƌi, USA, ZϳϮϮϭϳϬͿ. The RNA-AGOϮ Đoŵpleǆes ǁeƌe theŶ 

eluted fƌoŵ the gel pieĐes thƌough ĐeŶtƌifugatioŶ usiŶg Ϭ,ϭ% SDS. EluaŶts ǁeƌe theŶ 

tƌaŶsfeƌƌed oŶto ϭϬK Pall NaŶosep Oŵega ŵeŵďƌaŶe ĐoluŵŶs ;Sigŵa-AldƌiĐh, 

ZϳϮϮϬϲϱͿ, aŶd ƌeĐoǀeƌed iŶ ϭϬϬ ʅl ŶuĐlease-fƌee ǁateƌ. RNA-pƌoteiŶ Đoŵpleǆes ǁeƌe 

dislodged usiŶg pƌoteiŶase K. RNA fƌagŵeŶts ǁeƌe theŶ ĐoŶĐeŶtƌated usiŶg the 

ŵeƌĐuƌǇ RNA IsolatioŶ Kit Biofluids ;EǆiƋoŶ, Vedďaek, DeŶŵaƌk, ϯϬϬϭϭϮͿ, aŶd eluted iŶ 

ϮǆϮϬ ʅl ŶuĐlease-fƌee ǁateƌ ;Figuƌe ϱ.ϮͿ. 
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Figuƌe ϱ.Ϯ: OutliŶe of PAR-CLIP pƌotoĐol. PAR-CLIP steps aƌe listed ϭ-ϭϭ folloǁiŶg the outliŶe of 

the oƌigiŶal pƌotoĐol [ϯϬϲ]. The ďlue floǁĐhaƌt oŶ the left highlights the ŵaiŶ diffeƌeŶĐes ǁith 

the pƌotoĐol used iŶ the pƌeseŶt ǁoƌk, ǁhiĐh is suŵŵaƌised oŶ the gƌeeŶ floǁĐhaƌt oŶ the ƌight. 

5.2.9 Library building and sequencing 

The ƋuaŶtitǇ aŶd ƋualitǇ of the RNAs ǁeƌe eǀaluated usiŶg a ϮϭϬϬ BioaŶalǇzeƌ ;AgileŶt, 

SaŶta Claƌa, CalifoƌŶia, USAͿ. Liďƌaƌies foƌ seƋueŶĐiŶg ǁeƌe pƌepaƌed usiŶg TƌuSeƋ 

Sŵall RNA Saŵple Pƌep Kit folloǁiŶg the TƌuSeƋ® Sŵall RNA Saŵple PƌepaƌatioŶ Guide 

;IlluŵiŶa, SaŶ Diego, CalifoƌŶia, USAͿ. BƌieflǇ, ligatioŶ of the ϯ´ adapteƌ ǁas ĐoŶduĐted 

ďǇ iŶĐuďatiŶg total RNA of eaĐh saŵple ǁith the adapteƌ foƌ Ϯ ŵiŶutes at ϳϬºC. TheŶ 

the ϱ´-adapteƌ ǁas ligated usiŶg a tƌuŶĐated Tϰ-RNA ligase Ϯ ;Neǁ EŶglaŶd Biolaďs, 

MϬϯϱϭSͿ aŶd iŶĐuďated at ϮϴºC foƌ ϭ houƌ. The total ǀoluŵe of the ligatioŶ pƌoduĐt 

ǁas used iŶ a douďle ƌeǀeƌse tƌaŶsĐƌiptioŶ ƌeaĐtioŶ ǁith SupeƌSĐƌipt II ƌeǀeƌse 

tƌaŶsĐƌiptase ;Life TeĐhŶologies, ϭϴϬϲϰ-ϬϭϰͿ iŶ a theƌŵoĐǇĐleƌ foƌ ϭ houƌ at ϱϬºC. Neǆt, 

eŶƌiĐhŵeŶt of the ĐDNA ǁas peƌfoƌŵed usiŶg PCR ĐǇĐliŶg: ϯϬ seĐ at ϵϴºC; ϭϳ ĐǇĐles of 

ϭϬ seĐ at ϵϴºC, ϯϬ seĐ at ϲϬºC aŶd ϭϱ seĐ at ϳϮºC; a fiŶal eloŶgatioŶ of ϭϬŵiŶ at ϳϮºC. 

PCR pƌoduĐts ǁeƌe ƌesolǀed oŶ ϴ% Noǀeǆ TBE PAGE gels ;Life TeĐhŶologies, 

ECϲϮϲϱBOXͿ, aŶd fƌagŵeŶts ďetǁeeŶ ϭϰϱ aŶd ϯϱϬ ďp Đut fƌoŵ the gel. Sŵall RNAs 

ǁeƌe eǆtƌaĐted fƌoŵ polǇaĐƌǇlaŵide gel usiŶg aŶ adapted pƌotoĐol foƌ MiŶElute gel 

eǆtƌaĐtioŶ kit ;QiageŶ, ϮϴϲϬϰͿ, iŶ ǁhiĐh gel sliĐes ǁeƌe dissolǀed iŶ diffusioŶ ďuffeƌ 
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;Ϭ.ϱM aŵŵoŶiuŵ aĐetate; ϭϬŵM ŵagŶesiuŵ aĐetate; ϭŵM EDTA, pHϴ.Ϭ; Ϭ.ϭ% SDSͿ 

oǀeƌŶight at ƌooŵ teŵpeƌatuƌe plus ϯ houƌs aŶd ϯϬ ŵiŶ at ϱϬºC. A seĐoŶd ƌouŶd of 

gel-puƌifiĐatioŶ ǁas peƌfoƌŵed iŶ oƌdeƌ to ĐoŵpletelǇ eliŵiŶate eŵptǇ-adapteƌs. The 

liďƌaƌies ǁeƌe theŶ ǀisualized oŶ aŶ AgileŶt ϮϭϬϬ BioaŶalǇzeƌ usiŶg the AgileŶt High 

SeŶsitiǀitǇ DNA kit ;AgileŶt, GϮϵϯϴ-ϵϬϯϮϬͿ aŶd ƋuaŶtified usiŶg Quďit® Ϯ.Ϭ Fluoƌoŵeteƌ 

;TheƌŵoFisheƌ SĐieŶtifiĐͿ. The liďƌaƌies ǁeƌe pooled, aŶd hǇďƌidised oŶto thƌee laŶes, 

at ϵ pM ;eaĐh liďƌaƌǇ ǁas eǆpeĐted to ďe seƋueŶĐed at ϭ.ϳϴϮ pM peƌ laŶeͿ. High-

thƌoughput seƋueŶĐiŶg ǁas Đaƌƌied out iŶ a HiSĐaŶSQ platfoƌŵ ;IlluŵiŶaͿ to geŶeƌate 

siŶgle-eŶded ϱϬ ďp ƌeads. 

5.2.10 Sequencing data analysis 

Raǁ data ǁeƌe Đlipped, aŶd ƌeads shoƌteƌ thaŶ ϮϬ Ŷt ǁeƌe ƌeŵoǀed. All fastƋ files fƌoŵ 

the saŵe saŵple ǁeƌe theŶ ŵeƌged, aŶd ƌeads ǁeƌe Đollapsed to ƌeŵoǀe dupliĐates. 

SeƋueŶĐe ƌeads ǁeƌe theŶ aligŶed to the huŵaŶ geŶoŵe ;hgϭϵ/GRChϯϳͿ usiŶg 

Boǁtieϭ ;-ǀ Ϯ –ŵ ϭϬ –ďest –stƌataͿ. Saŵ files ĐoŶtaiŶiŶg aligŶed ƌeads ǁeƌe ĐoŶǀeƌted 

to soƌted iŶdeǆed ďaŵ files usiŶg saŵtools. SuďseƋueŶtlǇ, Đlusteƌs ;oǀeƌlappiŶg ƌeads 

aligŶiŶg iŶ the saŵe loĐusͿ ǁeƌe ideŶtified usiŶg thƌee diffeƌeŶt softǁaƌe͛s speĐialized 

iŶ CLIP data aŶalǇsis: ǁaǀClusteR [ϯϳϯ], BMiǆ [374], dCLIP [375]. IŶ ǁaǀClusteƌ aŶd 

BMiǆ aŶalǇsis a ŵiŶiŵuŵ Đoǀeƌage of tǁo ǁas applied. IŶ the aŶalǇsis usiŶg dCLIP a 

ŵiŶiŵuŵ Ŷuŵďeƌ of tags ǁeƌe estaďlished as fiǀe ďoth foƌ the fiƌst aŶd seĐoŶd 

ĐoŶditioŶ. The ŵutatioŶal pƌofile of the aligŶed ƌeads ǁas oďtaiŶed usiŶg ǁaǀClusteR 

tool. CaŶdidate geŶes ǁeƌe ideŶtified usiŶg AŶŶoǀaƌ softǁaƌe tool [ϯϳϲ]. Foƌ the 

ǀisualizatioŶ of the Đlusteƌs the IŶtegƌatiǀe GeŶoŵiĐs Vieǁeƌ ;IGVͿ tool ǁas used [ϯϳϳ]. 

5.2.11 Pathway enrichment analysis 

A KEGG pathǁaǇ eŶƌiĐhŵeŶt aŶalǇsis ǁas ŵade oǀeƌ the ideŶtified PAR-CLIP ĐaŶdidate 

geŶes usiŶg Đlusteƌ Pƌofileƌ paĐkage [ϯϳϴ]. 
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ͷ.͵ Results 

5.3.1 DLBCL cell lines are highly sensitive to puromycin 

Tǁo DLBCL Đell liŶes, ABC-tǇpe, RIVA, aŶd GC-tǇpe, SU-DHL-ϭϬ, ǁeƌe used to eluĐidate 

the taƌgetoŵe of ŵiR-ϭϱϱ usiŶg the PAR-CLIP assaǇ. We used leŶtiǀiƌal ǀeĐtoƌs to 

sǇsteŵatiĐallǇ ŵodulate the leǀels of ŵiR-ϭϱϱ iŶ these Đells iŶ oƌdeƌ to iŵpƌoǀe the 

ƌeliaďilitǇ of the data oďtaiŶed. Pƌeǀious to the iŶfeĐtioŶ, the iŶtƌiŶsiĐ puƌoŵǇĐiŶ 

seŶsitiǀitǇ of these Đell liŶes ǁas ŵeasuƌed iŶ oƌdeƌ to eŶsuƌe a suďseƋueŶt ĐoƌƌeĐt 

puƌoŵǇĐiŶ seleĐtioŶ of the iŶfeĐted Đells.  

Results of MTT assaǇs shoǁed that these Đell liŶes aƌe highlǇ seŶsitiǀe to puƌoŵǇĐiŶ 

tƌeatŵeŶts. EǀeŶ ǁith ǀeƌǇ loǁ doses ;Ϭ.ϯ Ŷg/µLͿ, ŵoƌe thaŶ ϵϬ% of the Đells seeŵ Ŷot 

to ďe ŵetaďoliĐallǇ aĐtiǀe. Afteƌ ϲ daǇs of eǆposuƌe to the dƌug theƌe aƌe Ŷot aliǀe Đells 

eǀeŶ at the loǁest ĐoŶĐeŶtƌatioŶ ;Figuƌe ϱ.ϯͿ. Theƌefoƌe, ǁe estaďlished a staŶdaƌd 

tƌeatŵeŶt of ϭŶg/µL of puƌoŵǇĐiŶ foƌ ϲ daǇs.  

 

Figuƌe ϱ.ϯ: PuƌoŵǇĐiŶ seŶsitiǀitǇ ƌesults foƌ DLBCL Đell liŶes. Figuƌe shoǁs puƌoŵǇĐiŶ killiŶg 

Đuƌǀes foƌ SU-DHL-ϭϬ ǁith ϯ daǇs ;AͿ aŶd ϲ daǇs ;BͿ of eǆpositioŶ aŶd RIVA Đell liŶes ǁith ϯ daǇs 

;CͿ aŶd ϲ daǇs ;DͿ of eǆpositioŶ. 
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5.3.2 Lentiviral infection with a MOI 15 promotes an optimum 

infection of DLBCL cell lines 

We ĐalĐulated the optiŵuŵ ŵultipliĐitǇ of iŶfeĐtioŶ ;MOIͿ ďǇ titƌatioŶ foƌ the DLBCL 

Đell liŶes. Cells ǁeƌe iŶfeĐted uŶdeƌ ϰ diffeƌeŶt MOI ĐoŶditioŶs ;i.e. MOI ϭϱ, ϯϬ, ϰϱ aŶd 

ϲϬͿ ǁith thƌee leŶtiǀiƌal ǀeĐtoƌs iŶ oƌdeƌ to upƌegulate the eǆpƌessioŶ of ŵiR-ϭϱϱ 

;Oǀeƌ-ŵiRϭϱϱͿ, iŶhiďit ŵiR-ϭϱϱ eǆpƌessioŶ ;AŶti-ŵiR-ϭϱϱͿ, aŶd ǁith a Ŷegatiǀe ĐoŶtƌol 

foƌ the iŶfeĐtioŶ ;SĐƌaŵďle seƋueŶĐeͿ. The effiĐaĐǇ of the iŶfeĐtioŶ ǁas eǀaluated ďǇ 

aŶalǇsiŶg the ƌepoƌteƌ geŶe GFP ǁith floǁ ĐǇtoŵetƌǇ. The gƌeeŶ iŶteŶsitǇ ǁas diǀided 

iŶto loǁ, ŵediuŵ aŶd high iŶteŶsitǇ fluoƌesĐeŶĐe iŶ oƌdeƌ to see ǁhetheƌ a higheƌ 

gƌeeŶ iŶteŶsitǇ Đould ĐoƌƌespoŶd ǁith a higheƌ Ŷuŵďeƌ of the ǀeĐtoƌ Đopies peƌ Đell 

aŶd theƌefoƌe stƌoŶgeƌ ŵodulatioŶ of the ŵiR-ϭϱϱ. We oďseƌǀed that iŶĐƌeasiŶg the 

MOI didŶ͛t haǀe a sigŶifiĐaŶt iŵpaĐt oŶ the Ŷuŵďeƌ of GFP-positiǀe Đells ;Figuƌe ϱ.ϰͿ. 

This suggests that ǁith a MOI of ϭϱ the iŶfeĐtioŶ is alƌeadǇ optiŵal aŶd that iŶĐƌeasiŶg 

the MOI ǁould Ŷot ďe ďeŶefiĐial. To ĐoŶfiƌŵ this, ǁe aŶalǇsed the eǆpƌessioŶ leǀels of 

ŵiR-ϭϱϱ iŶ SU-DHL-ϭϬ Đells iŶfeĐted ǁith MOI ϭϱ oƌ MOI ϲϬ. As shoǁŶ iŶ Figuƌe ϱ.ϱ ǁe 

didŶ´t ŶotiĐe a sigŶifiĐaŶt diffeƌeŶĐe iŶ the leǀel of ŵiR-ϭϱϱ ŵodulatioŶ ďetǁeeŶ these 

tǁo ĐoŶditioŶs. 

 

Figuƌe ϱ.ϰ: Results of GFP eǆpƌessioŶ as aŶ iŶdiĐatoƌ of the leŶtiǀiƌal iŶfeĐtioŶ Ǉield. ;AͿ 

Eǆaŵple of the stƌatifiĐatioŶ of GFP+ Đells iŶto thƌee Đategoƌies: loǁ eǆpƌessioŶ, ŵediuŵ 

eǆpƌessioŶ, high eǆpƌessioŶ. ;BͿ Floǁ ĐǇtoŵetƌǇ data of the aŵouŶt of Đells iŶ eaĐh ĐategoƌǇ peƌ 

ĐoŶditioŶ togetheƌ ǁith the aŵouŶt of total gƌeeŶ Đells aŶd dead Đells.  

GFP+ Đells A B 
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Figuƌe ϱ.ϱ: RT-ƋPCR data. MiR-ϭϱϱ eǆpƌessioŶ iŶ SU-DHL-ϭϬ Đell liŶe iŶfeĐted ǁith the leŶtiǀiƌal 

ǀeĐtoƌs ǁith tǁo diffeƌeŶt MOIs.  

5.3.3 MiR-155 expression monitoring showed a stable 

upregulation of miR-155 in the infected DLBCL cell models 

DLBCL Đell liŶes ǁeƌe staďlǇ tƌaŶsfeĐted iŶ ďiologiĐal tƌipliĐate ǁith leŶtiǀiƌal ǀeĐtoƌs 

;MOI ϭϱͿ to ŵodulate ŵiR-ϭϱϱ eǆpƌessioŶ. These ǀeĐtoƌs eŶĐode ŵiR-ϭϱϱ seƋueŶĐe 

;Oǀeƌ-ŵiR-ϭϱϱͿ, a sĐƌaŵďled ĐoŶtƌol seƋueŶĐe ;SĐƌaŵďleͿ, oƌ aŶ iŶhiďitoƌ of ŵiR-ϭϱϱ 

;AŶti-ŵiR-ϭϱϱͿ. Cell ǁeƌe staďlǇ seleĐted ǁith puƌoŵǇĐiŶ aŶd ŵaiŶtaiŶed iŶ Đultuƌe. 

ŵiR-ϭϱϱ eǆpƌessioŶ ǁas ŵeasuƌed iŶ these Đells aŶd ǁe oďseƌǀed that up-ƌegulatioŶ of 

ŵiR-ϭϱϱ ǁas ŵaiŶtaiŶed iŶ Đultuƌe up to ϰ ǁeeks post-iŶfeĐtioŶ. IŶ ĐoŶtƌast, hoǁeǀeƌ, 

iŶhiďitioŶ of ŵiR-ϭϱϱ usiŶg the ŵiRZip kŶoĐkdoǁŶ ǀeĐtoƌ ǁas Ŷot ŵaiŶtaiŶed foƌ ŵoƌe 

thaŶ Ϯ ǁeeks ;Figuƌe ϱ.ϲͿ. Theƌefoƌe, foƌ suďseƋueŶt PAR-CLIP eǆpeƌiŵeŶts the aŶti-

ŵiR-ϭϱϱ ĐoŶditioŶ ǁas disĐaƌded aŶd oŶlǇ the sĐƌaŵďle ĐoŶditioŶ ǁas used as a 

ĐoŶtƌol. 
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Figuƌe ϱ.ϲ: RT-ƋPCR ƌesults foƌ ŵiR-ϭϱϱ eǆpƌessioŶ. Figuƌe shoǁs ŵiR-ϭϱϱ eǆpƌessioŶ at 

diffeƌeŶt tiŵe poiŶts afteƌ iŶfeĐtioŶ, fƌoŵ tǁo ǁeeks ;ϮǁͿ uŶtil ϰ ǁeeks ;ϰǁͿ iŶ RIVA ;AͿ aŶd SU-

DHL-ϭϬ ;BͿ Đell liŶes. Results shoǁed a staďle upƌegulatioŶ of ŵiR-ϭϱϱ up to ϯ-ϰ ǁeeks post-

iŶfeĐtioŶ ďut a ǀaƌiaďle effeĐt of the ŵiR-ϭϱϱ doǁŶƌegulatioŶ. 

6.3.4 DLBCL cell lines express high levels of endogenous Ago2 

A ǁesteƌŶ-ďlot aŶalǇsis ǁas ŵade iŶ oƌdeƌ to Đoŵpaƌe the eǆpƌessioŶ leǀels of 

eŶdogeŶous AgoϮ pƌoteiŶ iŶ the DLBCL Đell liŶes ǁe ǁeƌe usiŶg. Results shoǁed that 

AgoϮ is highlǇ eǆpƌessed iŶ DLBCL Đell liŶes. IŶ HeKϮϵϯ FLAG-HA-AgoϮ iŶduĐed ǁith 

doǆǇĐǇĐliŶe aŶ additioŶal slightlǇ higheƌ ďaŶd ĐaŶ ďe oďseƌǀed ĐoƌƌespoŶdiŶg to the 

eǆogeŶous FLAG-HA-tagged AgoϮ pƌoteiŶ. RIVA Đell liŶe seeŵs to stƌoŶglǇ eǆpƌess 

AgoϮ. This eǆpƌessioŶ is siŵilaƌ to the total AgoϮ eǆpƌessioŶ iŶ the iŶduĐed HeKϮϵϯ 

FLAG-HA-AgoϮ Đells. Hoǁeǀeƌ, AgoϮ eǆpƌessioŶ iŶ SU-DHL-ϭϬ is loǁeƌ, appƌoǆiŵatelǇ 

half the eǆpƌessioŶ iŶ RIVA ;Figuƌe ϱ.ϳͿ.  

A B 
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Figuƌe ϱ.ϳ: AgoϮ eǆpƌessioŶ iŶ DLBCL Đell liŶes aŶd HeKϮϵϯ FLAG-HA-AgoϮ: AgoϮ eǆpƌessioŶ 

ǁas aŶalǇsed ǁith WesteƌŶ-ďlot iŶ DLBCL Đell liŶes Đoŵpaƌed to HeKϮϵϯ FLAG-HA-AgoϮ Đell liŶe 

ǁith aŶd ǁithout iŶduĐiŶg FLAG-HA-tagged AgoϮ pƌoteiŶ eǆpƌessioŶ. Figuƌe shoǁs ƌesults of a 

ǁesteƌŶ-ďlot foƌ AgoϮ ;AͿ, a ǁesteƌŶ-ďlot foƌ FLAG tag ;BͿ, a PoŶĐeau staiŶiŶg of the ŵeŵďƌaŶe 

ǀeƌifǇiŶg the saŵe aŵouŶt of pƌoteiŶ loaded iŶ eaĐh laŶe ;CͿ aŶd the ƋuaŶtifiĐatioŶ of the 

ƌelatiǀe AgoϮ eǆpƌessioŶ aŶalǇsed ďǇ ǁesteƌŶ-ďlot iŶ these Đell liŶes fƌoŵ thƌee diffeƌeŶt 

eǆpeƌiŵeŶts ;DͿ.  

6.3.5 4-thiouridine (4-SU) is not toxic to DLBCL cell lines 

IŶ oƌdeƌ to eŶsuƌe that the ϰ-SU ǁas Ŷot toǆiĐ to the DLBCL Đell ŵodels ǁe tested 

iŶĐƌeasiŶg doses of ϰ-SU aŶd eǀaluated theiƌ ǀiaďilitǇ aŶd pƌolifeƌatioŶ. We oďseƌǀed a 

deĐƌease iŶ Đellulaƌ pƌolifeƌatioŶ ǁheŶ applǇiŶg higheƌ doses of ϰ-SU. ToǆiĐitǇ ǁas Ŷot 

deteĐted at ĐoŶĐeŶtƌatioŶs ďeloǁ ϮϬϬµM. At ϮϬϬµM Đells do Ŷot seeŵ to ďe ƌepliĐatiǀe 

aŶd, at ĐoŶĐeŶtƌatioŶs aďoǀe ϮϬϬµM, ǁe Đould deteĐt a ĐeƌtaiŶ gƌade of toǆiĐitǇ, siŶĐe 

the Ŷuŵďeƌ of aliǀe Đells ǁas loǁeƌ thaŶ the aŵouŶt of Đells seeded ;Figuƌe ϱ.ϴͿ.  

Based oŶ these data ǁe peƌfoƌŵed all fuƌtheƌ eǆpeƌiŵeŶts oŶ B-Đells at ϭϬϬ µM ϰ-SU. 

We oďseƌǀed that the Đells ƌeŵaiŶed ƌepliĐatiǀe at that ĐoŶĐeŶtƌatioŶ. Of Ŷote, ϭϬϬµM 

ϰ-SU ǁas the ĐoŶĐeŶtƌatioŶ used foƌ pƌeǀious PAR-CLIP-ďased studies [ϯϲϲ]. 
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Figuƌe ϱ.ϴ: ϰ-SU toǆiĐitǇ assaǇs oŶ DLBCL Đell liŶes. SU-DHL-ϭϬ aŶd RIVA Đells ǁeƌe eǆposed to 

iŶĐƌeasiŶg ĐoŶĐeŶtƌatioŶs of ϰ-SU foƌ ϭϴ houƌs. The ƌed liŶe shoǁs the aŵouŶt of the iŶitiallǇ 

seeded Đells ;ϱϬ.ϬϬϬ Đells/ǁellͿ. Data shoǁs that, at ϮϬϬµM Đells seeŵ to stop ďeiŶg ƌepliĐatiǀe 

aŶd foƌ higheƌ ĐoŶĐeŶtƌatioŶs theǇ seeŵ to eǆpeƌiŵeŶt soŵe toǆiĐitǇ as the Ŷuŵďeƌ of aliǀe 

Đells falls ďeloǁ ϱϬ.ϬϬϬ Đells/ǁell.  

5.3.6 DLBCL-derived cells effectively incorporate 4-SU into the 

nascent RNAs at a similar rate as HEK293 cell line 

We ǁaŶted to deteƌŵiŶe the Ŷuŵďeƌ of DLBCL Đells ƌeƋuiƌed to suĐĐessfullǇ peƌfoƌŵ a 

PAR-CLIP assaǇ, ďeaƌiŶg iŶ ŵiŶd that the ƌefeƌeŶĐe Đell liŶe HEKϮϵϯ, ŵaǇ Ŷot haǀe the 

saŵe ƋuaŶtities of RNA oƌ aďilitǇ to iŶĐoƌpoƌate ϰ-SU as the DLBCL Đell liŶes. 

Ouƌ data shoǁ that ǁe ǁeƌe aďle to isolate ϭϱ µg of total RNA peƌ ŵillioŶ of HEKϮϵϯ 

Đells ǁheƌeas iŶ DLBCL Đell liŶes the aŵouŶt of isolated RNA ǁas ϱ µg of total RNA peƌ 

ŵillioŶ Đells ;Figuƌe ϱ.ϵͿ. Hoǁeǀeƌ, as foƌ the PAR-CLIP assaǇ, the AgoϮ-ďouŶd RNA is 

that sǇŶthetized duƌiŶg the ϰ-SU iŶĐoƌpoƌatioŶ ǁe also looked at the RNA sǇŶthesis 

ƌate foƌ these Đells. Results shoǁ that all the Đells aƌe ŵetaďoliĐallǇ aĐtiǀe duƌiŶg the ϰ-

SU eǆposuƌe aŶd that, it ǁas iŶĐoƌpoƌated to the ŶasĐeŶt RNA ŵoleĐules. The RNA 

sǇŶthesis ƌate foƌ DLBCL Đells is ϭ,Ϯ-ϭ,ϱ less thaŶ foƌ HEKϮϵϯ Đell liŶe ;Figuƌe ϱ.ϭϬͿ. So, 

foƌ the saŵe aŵouŶt of AgoϮ pƌoteiŶ, the aŵouŶt of RNA Đapaďle of ďeiŶg Đƌoss-liŶked 

to AgoϮ iŶ HEKϮϵϯ is appƌoǆiŵatelǇ ϰ tiŵes higheƌ thaŶ that of DLBCL Đells.  
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Figuƌe ϱ.ϵ: AŵouŶt of RNA iŶ HEKϮϵϯ aŶd DLBCL Đell liŶes. 

 

 

Figuƌe ϱ.ϭϬ: Dot-ďlot ƌesults. Figuƌe A shoǁs the Dot-ďlot assaǇ foƌ ϰ-SU iŶĐoƌpoƌatioŶ iŶto 

ŶasĐeŶt RNA iŶ HEKϮϵϯ aŶd DLBCL Đell liŶes aŶd figuƌe B the ƋuaŶtifiĐatioŶ of the sigŶal.  

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.  

AŶ iŵŵuŶopƌeĐipitatioŶ ;IPͿ of AgoϮ pƌoteiŶ fƌoŵ SU-DHL-ϭϬ Đells oǀeƌ-eǆpƌessiŶg 

ŵiR-ϭϱϱ ǁas ŵade folloǁiŶg the PAR-CLIP pƌotoĐol iŶ oƌdeƌ to ǀeƌifǇ the eŶƌiĐhŵeŶt of 

AgoϮ pƌoteiŶ iŶ the iŵŵuŶopƌeĐipitated fƌaĐtioŶ. The pƌeseŶĐe of AgoϮ ǁas aŶalǇsed 

usiŶg WesteƌŶ-ďlot iŶ the total lǇsate aloŶg ǁith the iŵŵuŶopƌeĐipitated fƌaĐtioŶ aŶd 

the uŶďouŶd fƌaĐtioŶ. Results shoǁed a Đleaƌ eŶƌiĐhŵeŶt of the ďaŶd ĐoƌƌespoŶdiŶg to 

AgoϮ iŶ the IP fƌaĐtioŶ. Also, the ďaŶd ĐoƌƌespoŶdiŶg to AgoϮ iŶ the Ŷegatiǀe IP fƌaĐtioŶ 

ǁas ĐleaƌlǇ less iŶteŶse thaŶ the ďaŶd fƌoŵ the total lǇsate aŶd the ďaŶd fƌoŵ the 

uŶďouŶd fƌaĐtioŶ of the IP ǁith the isotǇpe ĐoŶtƌol ;Figuƌe ϱ.ϭϭͿ. The isotǇpe ĐoŶtƌol is 

useful to diffeƌeŶtiate ŶoŶ-speĐifiĐ ďaĐkgƌouŶd sigŶal fƌoŵ speĐifiĐ aŶtiďodǇ sigŶal as 

A B 



5. Elucidating the miRNA-targetome of DLBCL 

 

ϭϰϳ 

   

theǇ haǀe Ŷo ƌeleǀaŶt speĐifiĐitǇ to a taƌget aŶtigeŶ. The positiǀe fƌaĐtioŶ of the IP ǁith 

the isotǇpe ĐoŶtƌol gaǀe a ǀeƌǇ iŶteŶse ďaĐkgƌouŶd sigŶal due to ŶoŶ-speĐifiĐ 

iŶteƌaĐtioŶs. It should ďe Ŷoted that although the aŶti-AgoϮ aŶtiďodǇ also appeaƌs to 

ƌeĐogŶize a pƌoteiŶ of ϭϱϬkDa ;Figuƌe ϱ.ϭϭ, laŶe ϰͿ, foƌ the PAR-CLIP assaǇ ǁe isolate 

oŶlǇ pƌoteiŶs ďetǁeeŶ ϳϱ aŶd ϭϬϬ kDa iŶ size ;see iŶ PAR-CLIP ŵodified pƌotoĐol, 

seĐtioŶ ϱ.Ϯ.ϳͿ.  

 

 

 

 

 

Figuƌe ϱ.ϭϭ: WesteƌŶ-ďlot aŶalǇsis of the IP eǆpeƌiŵeŶt agaiŶst AgoϮ pƌoteiŶ. Results shoǁed 

a ĐoƌƌeĐt IP of AgoϮ pƌoteiŶ as it ĐaŶ ďe ŶotiĐe ǁheŶ ĐoŵpaƌiŶg AgoϮ iŶ the total lǇsate ǁith 

the Ŷegatiǀe aŶd the positiǀe fƌaĐtioŶs of the IP ;ĐoŶditioŶs Ϯ, ϯ aŶd ϰ ƌespeĐtiǀelǇͿ. CoŶditioŶs 

ϱ aŶd ϲ ĐoƌƌespoŶd to the Ŷegatiǀe ĐoŶtƌol of the IP ;Ŷegatiǀe aŶd positiǀe fƌaĐtioŶͿ. CoŶditioŶ 

Ŷuŵďeƌ ϭ is the total lǇsate of HEKϮϵϯ FLAG-HA-AgoϮ Đell liŶe tƌeated ǁith doǆǇĐǇĐliŶe, so a 

higheƌ ďaŶd ĐoƌƌespoŶdiŶg to the FLAG-HA-tagged AgoϮ pƌoteiŶ ĐaŶ ďe also oďseƌǀed. 

5.3.8 Gene expression profiling of DLBCL cell lines with the miR-

155 modulation using microarrays 

A tƌaŶsĐƌiptoŵe aŶalǇsis of the DLBCL Đell ŵodels eŵploǇed foƌ the PAR-CLIP assaǇ ǁas 

peƌfoƌŵed iŶ oƌdeƌ to ĐoŵďiŶe these data ǁith the taƌgetoŵe aŶalǇsis data. Foƌ eaĐh 

Đell liŶe, the ϮϬ ŵost doǁŶ-ƌegulated geŶes ;oǀeƌ-ŵiR-ϭϱϱ ǀs. SĐƌaŵďleͿ. The geŶe 

eǆpƌessioŶ ŵiĐƌoaƌƌaǇ data shoǁed a total of thƌee aŶd siǆ geŶes sigŶifiĐaŶtlǇ 

diffeƌeŶtiallǇ eǆpƌessed iŶ RIVA aŶd SU-DHL-ϭϬ Đell liŶes ƌespeĐtiǀelǇ ;Taďle ϱ.ϭͿ. 

 

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 

Taďle ϱ.ϭ: DiffeƌeŶtiallǇ eǆpƌessed geŶes aĐĐoƌdiŶg to ŵiĐƌoaƌƌaǇ data uŶdeƌ ŵiR-ϭϱϱ 

ŵodulatioŶ iŶ DLBCL Đell liŶes. The taďle shoǁs the ϮϬ geŶes doǁŶƌegulated upoŶ 
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upƌegulatioŶ of ŵiR-ϭϱϱ shoǁiŶg the laƌgest fold-ĐhaŶge ǀalues togetheƌ ǁith the p ǀalue aŶd 

the adjusted p ǀalue foƌ eaĐh geŶe. The sigŶifiĐaŶtlǇ diffeƌeŶtiallǇ eǆpƌessed geŶes aƌe 

highlighted iŶ ďold letteƌs.  

5.3.9 PAR-CLIP sequencing results 

ͷ.͵.ͺ.ͳ Sequencing results 

IŶ geŶeƌal teƌŵs, ǁe oďtaiŶed ŵoƌe ƌeads ;>ϮϬ ŶtͿ iŶ the RIVA Đell saŵples thaŶ SU-

DHL-ϭϬ Đells. CollapsiŶg the data to ƌeŵoǀe ƌepliĐated ƌeads deŵoŶstƌated that less 

thaŶ ϭϬ% of the ƌeads ǁeƌe uŶiƋue. AŶ aǀeƌage of Ϯϭ % ;ƌaŶge ϭϴ-Ϯϯ%Ϳ of these ƌeads 

ǁeƌe aligŶed to the huŵaŶ geŶoŵe ;hgϭϵ/GRChϯϳͿ. The pƌoĐessed PAR-CLIP ƌeads 

shoǁed to Đoǀeƌ aŶ aǀeƌage of Ϭ.ϮϮ% of the geŶoŵe ;ƌaŶge Ϭ.ϮϮ-Ϭ.Ϯϳ%Ϳ ;Taďle ϱ.ϮͿ.  

 

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 ϭϴϭϮϳϴϮ ;ϯ.ϭϴ%Ϳ 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%) 

Taďle ϱ.Ϯ: Nuŵďeƌ of PAR-CLIP seƋueŶĐiŶg ƌeads peƌ ĐoŶditioŶ. The taďle shoǁs the Ŷuŵďeƌ 

of ƌeads as a ƌesult of the PAR-CLIP seƋueŶĐiŶg foƌ eaĐh of the ĐoŶditioŶs. The fiƌst ĐoluŵŶ 

shoǁs the Ŷuŵďeƌ of geŶeƌated ƌeads afteƌ ƌeŵoǀiŶg those shoƌteƌ thaŶ ϮϬ ŶuĐleotides. The 

seĐoŶd ĐoluŵŶ shoǁs the Ŷuŵďeƌ of ƌeads afteƌ ƌeŵoǀiŶg the PCR dupliĐates iŶ eaĐh ĐoŶditioŶ 

aŶd the thiƌd ĐoluŵŶ the Ŷuŵďeƌ of these uŶiƋue ƌeads suĐĐessfullǇ aligŶiŶg agaiŶst the huŵaŶ 

geŶoŵe ;hgϭϵ/GRChϯϳͿ. The peƌĐeŶtages aƌe iŶ ƌelatioŶship to the data iŶ the pƌeǀious 

ĐoluŵŶ. IŶ the last ĐoluŵŶ the total leŶgth Đoǀeƌed ;ďpͿ ǁith the pƌoĐessed data as ǁell as the 

peƌĐeŶtage of the geŶoŵe Đoǀeƌed is shoǁŶ foƌ eaĐh saŵple.  
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ͷ.͵.ͺ.ʹ Cluster calling  

As oŶlǇ ƌeads ǁith T-to-C ĐhaŶges ;ƌesultiŶg fƌoŵ ϰ-SU iŶĐoƌpoƌatioŶͿ aƌe iŶdiĐatiǀe of 

pƌopeƌlǇ ďeiŶg assoĐiated ǁith the Đƌoss-liŶked AgoϮ, ǁe used speĐialised algoƌithŵs, 

ǁaǀClusteR [ϯϳϯ] aŶd BMiǆ [374] that oŶlǇ ĐoŶsideƌ ƌeads ǁith that speĐifiĐ ĐhaŶge. IŶ 

paƌallel, dCLIP tool ǁas eŵploǇed ǁhiĐh is Ŷot speĐifiĐ foƌ PAR-CLIP data [375]. EaĐh 

softǁaƌe foƌ CLIP data aŶalǇsis ideŶtified Đlusteƌs, ǁhiĐh aƌe oǀeƌlappiŶg ƌeads aligŶiŶg 

iŶ the saŵe loĐus, fƌoŵ the aligŶed ƌeads usiŶg its oǁŶ paƌaŵeteƌs. ǁaǀClusteƌ aŶd 

BMiǆ aƌe pipeliŶes speĐifiĐ foƌ PAR-CLIP data aŶalǇsis aŶd it ĐoŶsideƌs PAR-CLIP 

ŵutatioŶs ;eaĐh pƌogƌaŵŵe uses its oǁŶ paƌaŵeteƌ foƌ filteƌiŶg out T-to-C ŵutatioŶs 

Ŷot speĐifiĐ fƌoŵ PAR-CLIPͿ foƌ the Đlusteƌ ĐalliŶg [ϯϳϯ, ϯϳϰ]. IŶ ĐoŶtƌast, dCLIP tool can 

be applied for the analysis of different CLIP data and alloǁs diffeƌeŶtial aŶalǇsis 

ďetǁeeŶ tǁo ĐoŶditioŶs. This tool is uŶiƋue iŶ fiŶdiŶg diffeƌeŶĐes 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 

geŶoŵiĐ loĐatioŶ of the ideŶtified Đlusteƌs is ƌepƌeseŶted iŶ Figuƌe ϱ.ϭϯ.  

As ĐaŶ ďe seeŶ fƌoŵ figuƌe ϱ.ϭϮ, all of the saŵples ǁeƌe eŶƌiĐhed foƌ the T-to-C ĐhaŶge 

ǁheŶ Đoŵpaƌed to all the otheƌ possiďle ǀaƌiaŶts fouŶd iŶ the seƋueŶĐiŶg data.  

Figuƌe ϱ.ϭϮ: Nuŵďeƌ of geŶoŵiĐ positioŶs shoǁiŶg aŶǇ of the possiďle ĐoŶǀeƌsioŶs.  
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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: GeŶoŵiĐ loĐatioŶ of the ideŶtified Đlusteƌs. The figuƌe shoǁs the geŶoŵiĐ loĐatioŶ 

ǁheƌe the ideŶtified Đlusteƌs aligŶ foƌ eaĐh ĐoŶditioŶ aŶd eaĐh Đell liŶe usiŶg all the thƌee 

softǁaƌes foƌ the aŶalǇsis. OŶlǇ oŶe gƌaph appeaƌs foƌ dCLIP aŶalǇsis peƌ Đell liŶe as it shoǁs 

the diffeƌeŶtiallǇ ideŶtified Đlusteƌs ďetǁeeŶ the oǀeƌ-ŵiR-ϭϱϱ aŶd the sĐƌaŵďle ĐoŶditioŶ.  
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We fouŶd that ǁaǀClusteR ideŶtifies ŵaŶǇ ŵoƌe Đlusteƌs thaŶ eitheƌ BMiǆ oƌ dCLIP. BǇ 

aŶǇ of these algoƌithŵs, the SU-DHLϭϬ Đell liŶe saŵples gaǀe a higheƌ Ŷuŵďeƌ of 

Đlusteƌs thaŶ the RIVA Đell liŶe saŵples.  

Neǆt, ǁe aŶalǇsed the geŶoŵiĐ loĐatioŶ of Đlusteƌs aŶd oďseƌǀed that the ŵajoƌitǇ of 

theŵ ;aǀeƌage of ϰϲ.ϴϱ%, ƌaŶge ϯϬ.ϵϯ-ϱϴ.ϯϯ%Ϳ ǁeƌe loĐated iŶ eǆoŶiĐ ƌegioŶs of 

pƌoteiŶ ĐodiŶg geŶes, folloǁed ďǇ ϯ͛UTR ƌegioŶs ;aǀeƌage of ϭϴ.ϳ%, ƌaŶge ϭϭ-Ϯϰ.ϱϰ%Ϳ, 

iŶteƌgeŶiĐ ƌegioŶs ;aǀeƌage of ϭϲ%, ƌaŶge ϭϬ.ϯϮ-ϯϭ.ϲϮ%Ϳ, iŶtƌoŶiĐ ƌegioŶs ;aǀeƌage of 

ϭϬ.ϰϮ%, ƌaŶge ϳ.ϭϲ-ϭϳ.ϱϯ%Ϳ, aŶd ϱ͛UTR ƌegioŶs ;aǀeƌage of ϯ.ϰϳ%, ƌaŶge ϭ.ϳϮ-ϰ.ϲϴ%Ϳ. 

A siŵilaƌ distƌiďutioŶ ;ϱϬ% of the Đlusteƌs ideŶtified iŶ eǆoŶiĐ ƌegioŶsͿ ǁas oďseƌǀed iŶ 

the oƌigiŶal PAR-CLIP eǆpeƌiŵeŶts [Ϯϵϲ, ϯϮϲ].  

TheŶ, ǁe Đoŵpaƌed the ideŶtitǇ of the ideŶtified geŶes usiŶg the thƌee diffeƌeŶt 

pipeliŶes. As ĐaŶ ďe seeŶ iŶ Figuƌe ϱ.ϭϰ theƌe ǁas a high degƌee of oǀeƌlap iŶ the 

Đlusteƌ ĐalliŶg. It ĐaŶ also ďe oďseƌǀed hoǁ ǁaǀClusteR is a ŵoƌe seŶsitiǀe tool ǁheƌeas 

BMiǆ uses ŵoƌe stƌiŶgeŶt paƌaŵeteƌs foƌ the Đlusteƌ ideŶtifiĐatioŶ.  

 

Figuƌe ϱ.ϭϰ: Nuŵďeƌ of ideŶtified geŶes ǁith PAR-CLIP usiŶg thƌee diffeƌeŶt softǁaƌes foƌ 

Đlusteƌ aŶalǇsis. Thƌee diffeƌeŶt softǁaƌes ;ǁaǀeClusteR, dCLIP aŶd BMiǆͿ ǁeƌe eŵploǇed iŶ 

oƌdeƌ to ideŶtifǇ ŵiRNA taƌgeted geŶes iŶ RIVA ;AͿ aŶd SU-DHL-ϭϬ ;BͿ Đell liŶes afteƌ PAR-CLIP 

AͿ   RIVA BͿ  SU-DHL-ϭϬ 
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peƌfoƌŵaŶĐe. The figuƌe shoǁs the total Ŷuŵďeƌ of geŶes ideŶtified iŶ oǀeƌ-ŵiR-ϭϱϱ ĐoŶditioŶ 

usiŶg ǁaǀClusteR aŶd BMiǆ aŶd the diffeƌeŶtial Đlusteƌ ideŶtifiĐatioŶ ďetǁeeŶ oǀeƌ-ŵiR-ϭϱϱ 

aŶd sĐƌaŵďle usiŶg dCLIP tool. OŶlǇ Đlusteƌs loĐated iŶ pƌoteiŶ ĐodiŶg geŶes aƌe ĐoŶsideƌed. 

The figuƌe also shoǁs the oǀeƌlappiŶg ďetǁeeŶ this geŶe ideŶtifiĐatioŶ.  

The full data set foƌ the PAR-CLIP eǆpeƌiŵeŶts ĐaŶ ďe aĐĐessed fƌoŵ the folloǁiŶg liŶks:  

A) Data foƌ RIVA: https://ŵaiteŶat.shiŶǇapps.io/DLBCL_PARCLIP_RIVA_ϯϬϬM/  

B) Data foƌ SU-DHL-ϭϬ: https://ŵaiteŶat.shiŶǇapps.io/DLBCL_PARCLIP_SUϭϬ_ϯϬϬϱϬM/  

ͷ.͵.ͺ.͵ Candidate gene selection 

CoŶsideƌiŶg the data of all the thƌee tools ĐoŵďiŶed ;see liŶks iŶ pƌeǀious seĐtioŶͿ, ǁe 

eŶd up ǁith a total of ϰ,ϯϳϲ geŶes ideŶtified iŶ the RIVA Đell liŶe aŶd ϰ,ϳϮϱ iŶ the SU-

DHL-ϭϬ Đell liŶe. We ƌeŵoǀed Đlusteƌs that ǁeƌe loĐated outside of pƌoteiŶ-eŶĐodiŶg 

geŶes ;i.e. ϱ͛UTR, eǆoŶiĐ ƌegioŶ aŶd ϯ͛UTRͿ, ƌesultiŶg iŶ ϯ,ϳϳϴ geŶes foƌ RIVA Đell liŶe 

aŶd ϯ,ϵϰϲ foƌ SU-DHL-ϭϬ Đell liŶe.  

We fouŶd that ϴϮ% of these geŶes ǁeƌe diffeƌeŶtiallǇ ideŶtified ďetǁeeŶ the 

eǆpeƌiŵeŶtal ĐoŶditioŶ ;oǀeƌ-ŵiR-ϭϱϱͿ aŶd the ĐoŶtƌol ĐoŶditioŶ ;sĐƌaŵďleͿ foƌ RIVA 

Đells, aŶd ϳϴ% foƌ SU-DHL-ϭϬ Đells. AŵoŶgst these geŶes ϲϯ% iŶ RIVA aŶd ϱϬ% iŶ SU-

DHL-ϭϬ Đells, ǁeƌe ideŶtified eǆĐlusiǀelǇ iŶ Đells that oǀeƌ-eǆpƌessed ŵiR-ϭϱϱ ďut Ŷot 

the sĐƌaŵďle-seƋueŶĐe ĐoŶtƌols. IŶ Đase of disĐƌepaŶĐǇ ďetǁeeŶ BMIX aŶd ǁaǀClusteR 

tools, data fƌoŵ BMiǆ ǁas pƌioƌitized as this tool is ŵoƌe speĐifiĐ thaŶ ǁaǀClusteR 

;Figuƌe ϱ.ϭϰͿ. The ƌest of the diffeƌeŶtiallǇ ideŶtified geŶes ǁeƌe gƌouped as geŶes 

shoǁiŶg ͞ŵiŶoƌ eǀideŶĐe of diffeƌeŶtial ideŶtifiĐatioŶ͟ ŵeaŶiŶg that theǇ ǁeƌe 

ideŶtified ďǇ dCLIP as diffeƌeŶtial eǀeŶ if theǇ ǁeƌe also ideŶtified iŶ the ĐoŶtƌol 

dataset. ϭϴ% of the geŶes iŶ RIVA aŶd Ϯϭ% iŶ SU-DHL-ϭϬ ǁeƌe Ŷot diffeƌeŶtiallǇ 

ideŶtified ďetǁeeŶ the eǆpeƌiŵeŶtal ;oǀeƌ-ŵiR-ϭϱϱͿ aŶd the ĐoŶtƌol ĐoŶditioŶ 

;sĐƌaŵďleͿ ;Figuƌe ϱ.ϭϱͿ aŶd ǁeƌe eǆĐluded fƌoŵ fuƌtheƌ aŶalǇsis.  

OŶtologǇ aŶalǇsis of the diffeƌeŶtiallǇ ideŶtified geŶes ;Ŷ=ϯϭϭϰ aŶd Ŷ=ϯϬϵϴ iŶ RIVA aŶd 

SU-DHL-ϭϬ ƌespeĐtiǀelǇͿ ǁeƌe fouŶd to ďe sigŶifiĐaŶtlǇ eŶƌiĐhed foƌ B-Đell ƌeĐeptoƌ 

sigŶalliŶg aŶd Đell ĐǇĐle iŶ ďoth DLBCL suďtǇpes. But, iŶteƌestiŶglǇ, oŶlǇ the geŶes 

ideŶtified iŶ the ABC-DLBCL suďtǇpe ;RIVA Đell liŶeͿ shoǁed aŶ eŶƌiĐhŵeŶt foƌ geŶes 

iŶǀolǀed iŶ FOXO ;adjusted p ǀalue = ϵ.ϱϭ ǆ ϭϬ-ϰͿ aŶd AMPK ;adjusted p ǀalue = ϯ.ϯϮ ǆ 
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ϭϬ-ϮͿ sigŶalliŶg pathǁaǇs suggestiŶg that geŶes iŶǀolǀed iŶ these pathǁaǇs ŵight ďe 

diƌeĐtlǇ taƌget ďǇ ŵiR-ϭϱϱ speĐifiĐallǇ iŶ ABC-DLBCL suďtǇpe.  

EǀeŶ though oŶlǇ ϮϬ ;Ϭ.ϲϱ%Ϳ aŶd ϭϰ ;Ϭ.ϰϱ%Ϳ of the diffeƌeŶtiallǇ ideŶtified geŶes iŶ 

RIVA ;Ŷ=ϯϬϴϱͿ aŶd SU-DHL-ϭϬ ;Ŷ=ϯϬϵϴͿ ƌespeĐtiǀelǇ, had a Đoŵplete seed ŵatĐh foƌ 

ŵiR-ϭϱϱ ďiŶdiŶg, ŵuĐh higheƌ Ŷuŵďeƌs of these taƌget geŶes had ďeeŶ eǆpeƌiŵeŶtallǇ 

ǀalidated as ďoŶa fide ŵiR-ϭϱϱ taƌget geŶes ;Ϯϲϴ ;ϴ.ϳ%Ϳ iŶ RIVA, aŶd ϮϰϬ ;ϳ.ϳϱ%Ϳ iŶ SU-

DHL-ϭϬͿ aĐĐoƌdiŶg to ŵiRTaƌBase [379] ;Figuƌe ϱ.ϭϲͿ. Fiǀe aŶd tǁo geŶes ƌespeĐtiǀelǇ 

pƌeseŶted a seed ŵatĐh aŶd also aƌe ǀalidated as ŵiR-ϭϱϱ taƌgets.  The diffeƌeŶtiallǇ 

ideŶtified geŶes ǁith a seed ŵatĐh foƌ ŵiR-ϭϱϱ aƌe listed iŶ Taďle ϱ.ϰ. SFϭ aŶd MICB 

geŶes ǁeƌe ideŶtified iŶ ďoth Đell liŶes. Also, eǆaŵples of Đlusteƌ ideŶtifiĐatioŶ ĐaŶ ďe 

oďseƌǀed iŶ Figuƌe ϱ.ϭϴ. 

 

Figuƌe ϱ.ϭϱ: DiffeƌeŶtiallǇ ideŶtified geŶes foƌ RIVA aŶd SU-DHL-ϭϬ. The figuƌe shoǁs the 

diffeƌeŶtiallǇ ideŶtified geŶes ďetǁeeŶ the eǆpeƌiŵeŶtal ;oǀeƌeǆpƌessioŶ of ŵiR-ϭϱϱͿ aŶd the 

ĐoŶtƌol ĐoŶditioŶ ;a sĐƌaŵďle oǀeƌeǆpƌessioŶͿ afteƌ peƌfoƌŵiŶg PAR-CLIP iŶ RIVA ;AͿ aŶd SU-

DHL-ϭϬ ;BͿ Đell liŶes. 

 

Figuƌe ϱ.ϭϲ: DiffeƌeŶtiallǇ ideŶtified geŶes ǁith Đlues foƌ ďeiŶg a ŵiR-ϭϱϱ taƌget geŶe. The 

figuƌe shoǁs, aŵoŶg the diffeƌeŶtiallǇ ideŶtified geŶes ďetǁeeŶ the eǆpeƌiŵeŶtal aŶd the 

ĐoŶtƌol ĐoŶditioŶ, the peƌĐeŶtage of the ideŶtified geŶes that aƌe pƌediĐted to ďe ŵiR-ϭϱϱ 

taƌgets, that haǀe ďeeŶ eǆpeƌiŵeŶtallǇ ǀalidated as ŵiR-ϭϱϱ taƌget geŶes aŶd the peƌĐeŶtage 

of the geŶes that shoǁed a seed seƋueŶĐe foƌ the ďiŶdiŶg of ŵiR-ϭϱϱ iŶ the ideŶtified Đlusteƌ.  

AͿ BͿ 

ϳ.ϳϱ% ϴ.ϳ% 

Ϭ.ϰϱ% Ϭ.ϲϱ% 
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GeŶe Cell liŶe 
Clusteƌ 

ĐalliŶg tool LoĐatioŶ 

Clusteƌ 
leŶght 

;ďpͿ 

Seed 
ŵatĐh 

EǀideŶĐe as 
ŵiR-ϭϱϱ 

taƌget 
CDϮϮ SU-DHL-ϭϬ dCLIP eǆoŶiĐ, UTRϯ ϮϴϮ Ǉes No eǀideŶĐe 

EEFϭG SU-DHL-ϭϬ dCLIP eǆoŶiĐ ϳϯ Ǉes No eǀideŶĐe 

HISTϭHϮBK SU-DHL-ϭϬ dCLIP eǆoŶiĐ ϭϲϯ Ǉes No eǀideŶĐe 

HMGXBϯ SU-DHL-ϭϬ dCLIP eǆoŶiĐ ϵϵ Ǉes No eǀideŶĐe 

PIEZOϭ SU-DHL-ϭϬ dCLIP eǆoŶiĐ, iŶtƌoŶiĐ ϴϵϮ Ǉes No eǀideŶĐe 

PXK SU-DHL-ϭϬ dCLIP UTRϯ ϰϵ Ǉes No eǀideŶĐe 

SFϭ SU-DHL-ϭϬ dCLIP UTRϯ, eǆoŶiĐ ϯϯϰ Ǉes No eǀideŶĐe 

EϮFϮ SU-DHL-ϭϬ BMiǆ UTRϯ, eǆoŶiĐ ϭϯϬ Ǉes Validated 

NFYC SU-DHL-ϭϬ ǁaǀClusteR iŶtƌoŶiĐ, UTRϯ ϵϮ Ǉes Validated 

MICB SU-DHL-ϭϬ BMiǆ UTRϯ ϯϲ Ǉes No eǀideŶĐe 

DAPϯ SU-DHL-ϭϬ ǁaǀClusteR eǆoŶiĐ ϯϵ Ǉes No eǀideŶĐe 

FAMϯϮA SU-DHL-ϭϬ BMiǆ eǆoŶiĐ ϱϯ Ǉes No eǀideŶĐe 

STIPϭ SU-DHL-ϭϬ BMiǆ eǆoŶiĐ ϭϲϴ Ǉes No eǀideŶĐe 

UBB SU-DHL-ϭϬ BMiǆ eǆoŶiĐ, UTRϯ ϭϮϬ Ǉes No eǀideŶĐe 

CNDPϮ RIVA ǁaǀClusteR eǆoŶiĐ ϲϳ Ǉes Validated 

KANSLϭ RIVA ǁaǀClusteR UTRϯ, eǆoŶiĐ ϱϱ Ǉes Validated 

ZFPϯϲ RIVA ǁaǀClusteR UTRϯ ϯϳ Ǉes Validated 

ZNFϰϯϭ RIVA ǁaǀClusteR UTRϯ ϯϳ Ǉes Validated 

MEXϯC RIVA dCLIP UTRϯ, eǆoŶiĐ ϭϯϮ Ǉes Validated 

BTAFϭ RIVA ǁaǀClusteR eǆoŶiĐ Ϯϲ Ǉes No eǀideŶĐe 

CTNNDϭ RIVA ǁaǀClusteR UTRϯ ϰϵ Ǉes No eǀideŶĐe 

EIFϮAKϭ RIVA ǁaǀClusteR UTRϯ ϳϲ Ǉes No eǀideŶĐe 

KIAAϬϵϬϳ RIVA ǁaǀClusteR eǆoŶiĐ ϱϵ Ǉes No eǀideŶĐe 

MCOLNϮ RIVA BMiǆ UTRϯ ϯϬ Ǉes No eǀideŶĐe 

MICB RIVA BMiǆ UTRϯ ϵϭ Ǉes No eǀideŶĐe 

PANKϯ RIVA ǁaǀClusteR eǆoŶiĐ ϯϰϮϰ Ǉes No eǀideŶĐe 

RPLϲ RIVA BMiǆ eǆoŶiĐ ϯϱ Ǉes No eǀideŶĐe 

TNRCϲA RIVA BMiǆ eǆoŶiĐ, UTRϯ ϭϮϳ Ǉes No eǀideŶĐe 

CXCRϰ RIVA dCLIP eǆoŶiĐ ϳϰ Ǉes No eǀideŶĐe 

HISTϭHϮBJ RIVA dCLIP eǆoŶiĐ ϵϯ Ǉes No eǀideŶĐe 

NREP RIVA dCLIP UTRϯ ϯϵ Ǉes No eǀideŶĐe 

OGT RIVA dCLIP eǆoŶiĐ ϭϭϵ Ǉes No eǀideŶĐe 

RPLϮϳA RIVA dCLIP eǆoŶiĐ ϲϰ Ǉes No eǀideŶĐe 

SFϭ RIVA dCLIP eǆoŶiĐ ϮϴϬ Ǉes No eǀideŶĐe 

Taďle ϱ.ϰ: CaŶdidate PAR-CLIP geŶes ǁith a seed ŵatĐh foƌ ŵiR-ϭϱϱ iŶ the ideŶtified Đlusteƌ 

foƌ RIVA aŶd SU-DHL-ϭϬ Đell liŶes.  The taďle shoǁs the diffeƌeŶtiallǇ ideŶtified geŶes ǁith 

PAR-CLIP ǁith a seed ŵatĐh foƌ ŵiR-ϭϱϱ iŶ the ideŶtified Đlusteƌ iŶ the DLBCL Đell liŶes. 

SFϭ aŶd MICB geŶes ǁeƌe ideŶtified iŶ ďoth Đell liŶes. 
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IŶ additioŶ, the list of the ĐaŶdidate PAR-CLIP geŶes ;diffeƌeŶtiallǇ ideŶtified geŶesͿ as 

ŵiR-ϭϱϱ taƌgets ǁas Đƌossed ǁith the diffeƌeŶtiallǇ eǆpƌessed geŶes iŶ these Đell liŶes 

aŶalǇsed ďǇ ŵiĐƌoaƌƌaǇs upoŶ ŵiR-ϭϱϱ ŵodulatioŶ. Results led us to ideŶtifǇ tǁo 

ĐaŶdidate geŶes foƌ RIVA aŶd aŶotheƌ tǁo foƌ SU-DHL-ϭϬ ;Taďle ϱ.ϱͿ. 

Gene Cell line 
Cluster calling 

tool 
Location 

Cluster 

length 

(bp) 

Seed 

match 

Evidence as 

miR-155 

target 

GϮEϯ SU-DHL-10 wavClusteR 3' UTR 21 no Predicted  

OSTN SU-DHL-10 
wavClusteR 

BMix 
3' UTR 47 no No evidence 

SNORAϱϭ RIVA dCLIP exonic 19 no No evidence 

HISTϭHϮBO RIVA dCLIP exonic 78 no No evidence 

Taďle ϱ.ϱ: CaŶdidate geŶes as ŵiR-ϭϱϱ taƌget geŶes aĐĐoƌdiŶg to ŵiĐƌoaƌƌaǇ aŶd PAR-CLIP 

data. CoƌƌelatioŶ of PAR-CLIP ƌesults aŶd tƌaŶsĐƌiptoŵe aŶalǇsis foƌ RIVA aŶd SU-DHL-ϭϬ Đell 

liŶes ǁith ŵiR-ϭϱϱ ŵodulatioŶ led us to pƌioƌitize tǁo ĐaŶdidate geŶes as ŵiR-ϭϱϱ taƌgets iŶ 

eaĐh Đell liŶe.  

A ĐoŵpaƌisoŶ of the degƌee of ĐoŶgƌueŶĐǇ ďetǁeeŶ PAR-CLIP aŶd ďioiŶfoƌŵatiĐ 

pƌediĐtioŶ foƌ ŵiRNA taƌget ideŶtifiĐatioŶ ǁas Đaƌƌied out ďǇ ĐoŵpaƌiŶg PAR-CLIP data, 

agaiŶst pƌediĐted ŵiR-ϭϱϱ taƌget geŶes usiŶg the TaƌgetSĐaŶ tool aloŶg ǁith 

eǆpeƌiŵeŶtallǇ ǀalidated taƌgets fƌoŵ ŵiRTaƌBase. Results shoǁed that PAR-CLIP ǁas 

aďle to ideŶtifǇ oŶe thiƌd of the ǀalidated taƌget geŶes ;ϯϮϭ/ϵϵϯͿ ǁheƌeas TaƌgetSĐaŶ 

oŶlǇ oŶe fifth ;ϮϬϭ/ϵϵϯͿ. Also, the Ŷuŵďeƌ of ǀalidated geŶes ;Ŷ=ϵϵϯͿ is ŶeaƌlǇ tǁiĐe as 

ŵuĐh ;ǆ ϭ.ϴͿ as the Ŷuŵďeƌ of pƌediĐted geŶes ǁith TaƌgetSĐaŶ ;Ŷ=ϱϱϲͿ shoǁiŶg that a 

high Ŷuŵďeƌ of ǀalidated ŵiR-ϭϱϱ taƌget geŶes aƌe Ŷot pƌediĐted ǁith this tool ;Figuƌe 

ϱ.ϭϳͿ.  
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Figuƌe ϱ.ϭϳ: OǀeƌlappiŶg ďetǁeeŶ the ŵiR-ϭϱϱ pƌediĐted taƌget geŶes aŶd the ideŶtified 

geŶes ǁith PAR-CLIP as ǁell as the oǀeƌlappiŶg of ďoth appƌoaĐhes ǁith the eǆpeƌiŵeŶtallǇ 

ǀalidated ŵiR-ϭϱϱ taƌgets. The PAR-CLIP data ĐoƌƌespoŶds to the total aŵouŶt of geŶes 

ideŶtified ĐoŶtaiŶiŶg Đlusteƌs eǆĐlusiǀelǇ iŶ pƌoteiŶ ĐodiŶg geŶes ;ϱ’UTR, eǆoŶs oƌ ϯ’UTR 

ƌegioŶsͿ fƌoŵ SU-DHL-ϭϬ oǀeƌ-ŵiR-ϭϱϱ ĐoŶditioŶ. PƌediĐted ŵiR-ϭϱϱ taƌget geŶes ǁeƌe 

ideŶtified 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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AͿ UBB: Đhƌϭϳ:ϭϲϮϴϱϵϮϲ-ϭϲϮϴϱϵϴϮ, ϯ͛UTR, + stƌaŶd 

 
BͿ EϮFϮ: Đhƌϭ:ϮϯϴϯϮϵϯϮ-ϮϯϴϯϮϵϱϱ, ϯ͛UTR, - stƌaŶd 

 
CͿ MICB: Đhƌϲ:ϯϭϰϳϴϴϭϭ-ϯϭϰϳϴϴϰϳ, ϯ͛UTR, + stƌaŶd 

 

Figuƌe ϱ.ϭϴ: DiffeƌeŶtiallǇ ideŶtified Đlusteƌs iŶ SU-DHL-ϭϬ Đell liŶe. The figuƌe shoǁs soŵe 

eǆaŵples of the ideŶtified Đlusteƌs foƌ UBB ;AͿ, EϮFϮ ;BͿ aŶd MICB ;CͿ geŶes eǆĐlusiǀelǇ iŶ the 

oǀeƌ-ŵiR-ϭϱϱ ĐoŶditioŶ iŶ SU-DHL-ϭϬ Đell liŶe. All the thƌee Đlusteƌs ĐoŶtaiŶ a seed ŵatĐh foƌ 

ŵiR-ϭϱϱ ǁhiĐh is highlighted ǁith a ƌed sƋuaƌe iŶ the figuƌe. The PAR-CLIP speĐifiĐ T-to-C 

ŵutatioŶ ĐaŶ ďe oďseƌǀed iŶ all the thƌee eǆaŵples ;A-to-G foƌ EϮFϮ ;BͿ as the geŶe is loĐated 

iŶ the Ŷegatiǀe stƌaŶdͿ.  

SU-DHL-ϭϬ 

Oǀeƌ-ŵiR-ϭϱϱ 

SU-DHL-ϭϬ 

SĐƌaŵďle 

SU-DHL-ϭϬ 

Oǀeƌ-ŵiR-ϭϱϱ 

SU-DHL-ϭϬ 

SĐƌaŵďle 

SU-DHL-ϭϬ 

Oǀeƌ-ŵiR-ϭϱϱ 

SU-DHL-ϭϬ 

SĐƌaŵďle 
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ͷ.Ͷ 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].  

FiƌstlǇ, ǁe had to adapt the pƌotoĐol fƌoŵ the HEKϮϵϯ to DLBCL Đell liŶes.  The ŵajoƌ 

diffeƌeŶĐe ďetǁeeŶ theŵ is that lǇŵphoid Đell liŶes aƌe ŶoŶ-adheƌeŶt aŶd 

ĐoŶseƋueŶtlǇ ŵoƌe diffiĐult to iŶfeĐt. Theƌefoƌe, ǁe did the iŶfeĐtioŶ staƌtiŶg ǁith faiƌlǇ 

high MOIs aŶd ǁe fiŶallǇ set a MOI of ϭϱ as ǁe deŵoŶstƌated that it ǁas alƌeadǇ 

optiŵal aŶd iŶĐƌeasiŶg the MOI ǁould Ŷot ďe ďeŶefiĐial. Also, ǁheŶ ǁe ŵoŶitoƌ ŵiR-

ϭϱϱ eǆpƌessioŶ iŶ the iŶfeĐted Đells, ǁith the kŶoĐkdoǁŶ sǇsteŵ used, ǁe ĐouldŶ͛t 

eŶsuƌe a staďle doǁŶƌegulatioŶ of the ŵiR-ϭϱϱ so this ĐoŶditioŶ ǁas disĐaƌded foƌ the 

suďseƋueŶt eǆpeƌiŵeŶts. CoŶseƋueŶtlǇ, ǁe used the eŶdogeŶous leǀels of ŵiR-ϭϱϱ 

eǆpƌessioŶ of these Đell liŶes as a ĐoŶtƌol foƌ the PAR-CLIP eǆpeƌiŵeŶts ;Đells iŶfeĐted 

ǁith a ǀeĐtoƌ eǆpƌessiŶg a sĐƌaŵďle ŵiRNA seƋueŶĐeͿ.  

To adapt the pƌotoĐol to DLBCL Đells ǁe fiƌst eŶsuƌed that the eŶdogeŶous eǆpƌessioŶ 

leǀels of AgoϮ pƌoteiŶ ǁeƌe suffiĐieŶt aŶd also that the Đells staǇ ŵetaďoliĐallǇ aĐtiǀe 

duƌiŶg the ϰ-SU iŶĐoƌpoƌatioŶ aŶd that ǁe ĐaŶ suĐĐessfullǇ iŶĐoƌpoƌate this ŶuĐleoside 

iŶto the RNA ŶasĐeŶt ŵoleĐules. We deteƌŵiŶed that the eǆpƌessioŶ of eŶdogeŶous 

AgoϮ is high iŶ DLBCL. Although, SU-DHL-ϭϬ eǆpƌesses appƌoǆiŵatleǇ ϯϬ% less AgoϮ 

thaŶ HEKϮϵϯ, RIVA tǁiĐe as ŵuĐh AgoϮ eǆpƌessioŶ as SU-DHL-ϭϬ, higheƌ thaŶ eǀeŶ the 

FLAG-iŶduĐed HEKϮϵϯ-AgoϮ Đells. This higheƌ eǆpƌessioŶ of AgoϮ iŶ the ABC-DLBCL 
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;RIVAͿ Đell liŶe Đoŵpaƌed to the GCB-DLBCL ;SU-DHL-ϭϬͿ Đell liŶe is ĐoŶsisteŶt ǁith 

pƌeǀious oďseƌǀatioŶs [ϯϴϰ].  

We also looked at the effeĐt of ϰ-SU oŶ the DLBCL Đell liŶes, as it has ďeeŶ ƌepoƌted 

that high leǀels of ϰ-SU ĐaŶ iŶhiďit Đell pƌolifeƌatioŶ aŶd pƌoduĐtioŶ aŶd pƌoĐessiŶg of 

soŵe RNAs [ϯϴϱ]. We did iŶdeed oďseƌǀe ƌeduĐed Đell ǀiaďilitǇ at ϮϬϬ µM, aŶ effeĐt 

that ǁas eǀeŶ ŵoƌe pƌoŶouŶĐed at ϰϬϬ µM. UsiŶg a ĐoŶĐeŶtƌatioŶ of ϭϬϬ µM ϰ-SU did 

Ŷot appeaƌ to affeĐt ǀiaďilitǇ aŶd ǁe oďseƌǀed at that ĐoŶĐeŶtƌatioŶ that DLBCL Đells 

suĐĐessfullǇ iŶĐoƌpoƌated ϰ-SU iŶ theiƌ ŶasĐeŶt RNA ŵoleĐules. AĐtuallǇ, the 

iŶĐoƌpoƌatioŶ of ϰ-SU oƌ RNA sǇŶthesis ƌatio ǁas oŶlǇ ϭ.Ϯ ;RIVAͿ aŶd ϭ.ϱ ;SU-DHL-ϭϬͿ 

tiŵes less thaŶ that of HEKϮϵϯ. These data suggest that the ƋualitǇ of the ƌeĐoǀeƌed 

RNA ŵight ďe ďetteƌ fƌoŵ the RIVA Đells Đoŵpaƌed to SU-DHL-ϭϬ Đells. We also 

ĐheĐked if the IP ĐoŶditioŶs ǁe ǁeƌe usiŶg ǁeƌe optiŵuŵ as, iŶ this ŵodified PAR-CLIP 

assaǇ, ǁe used aŶ aŶtiďodǇ agaiŶst AgoϮ pƌoteiŶ iŶstead of aŶ aŶtiďodǇ foƌ the tagged 

eǆogeŶous AgoϮ ;aŶtiďodǇ agaiŶst FLAG tagͿ used iŶ the oƌigiŶal pƌotoĐol [ϯϬϲ]. Results 

iŶdiĐated that the eŵploǇed IP ĐoŶditioŶs ǁeƌe appƌopƌiate foƌ AgoϮ Đaptuƌe.  

A liŵitatioŶ of this teĐhŶiƋue ŵight ďe the liďƌaƌǇ pƌepaƌatioŶ ŵethod used foƌ NGS. 

We used TƌuSeƋ Sŵall RNA Saŵple Pƌep Kit applǇiŶg soŵe ŵodifiĐatioŶs to the 

pƌotoĐol to adapt it foƌ loǁ iŶput RNA ĐhaƌaĐteƌistiĐ of CLIP pƌotoĐols [ϯϴϲ]. 

SpeĐifiĐallǇ, ǁe used a ϭ:ϭϬ dilutioŶ of the adapteƌs to aǀoid self-ligatioŶ aŶd ǁe 

iŶĐƌeased the Ŷuŵďeƌ of PCR ĐǇĐles fƌoŵ ϭϭ to ϭϳ. Also, foƌ the liďƌaƌǇ puƌifiĐatioŶ the 

polǇaĐƌǇlaŵide peƌĐeŶtage ǁas iŶĐƌeased fƌoŵ ϲ% to ϴ% iŶ the gel to eliŵiŶate ŵoƌe 

effiĐieŶtlǇ the ligated eŵptǇ adaptoƌs. The seƋueŶĐiŶg ƌesults ƌefleĐted the loǁ 

aŵouŶt of iŶput RNA as ŵoƌe thaŶ ϵϬ% of the ƌeads ǁeƌe ĐloŶal, pƌoďaďlǇ due to PCR 

oǀeƌ- aŵplifiĐatioŶ. This ŵight haǀe pƌoŵoted a ďiased iŶ the seƋueŶĐiŶg ƌesults as it 

ŵight ďe aŶ oǀeƌ-ƌepƌeseŶtatioŶ of the sŵall ƌeads oǀeƌ the laƌgeƌ ƌeads. IŶ additioŶ, 

the ĐheŵiĐal ƌeaĐtioŶs of the liďƌaƌǇ pƌepaƌatioŶ itself, suĐh as the ƌeƋuiƌeŵeŶt of tǁo 

iŶdepeŶdeŶt iŶteƌŵoleĐulaƌ ƌeaĐtioŶs foƌ the ligatioŶ of the adaptoƌs also affeĐt the 

liďƌaƌǇ pƌepaƌatioŶ Ǉield ;Figuƌe ϱ.ϭϵͿ. The liďƌaƌǇ should ďe a ƌepƌeseŶtatiǀe saŵple of 

the ĐoŵpleǆitǇ of the iŶput RNA ďut it ŵight oĐĐuƌ that Ŷot all of the RNA ďeĐoŵes 

paƌt of the liďƌaƌǇ.  The high ĐloŶalitǇ of the liďƌaƌies is a ĐoŵŵoŶ faĐt iŶ CLIP 

eǆpeƌiŵeŶts. Afteƌ ƌeŵoǀiŶg the PCR dupliĐates the aŵouŶt of data usuallǇ dƌops 
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dƌaŵatiĐallǇ aŶd ĐaŶ ďe ƌeduĐed up to <ϭ/ϭϬ of its oƌigiŶal size. Also, aĐĐoƌdiŶg to 

otheƌ PAR-CLIP data the peƌĐeŶtage of uŶiƋue ŵapped ƌeads is siŵilaƌ to ouƌ ƌesults 

[ϯϴϲ, ϯϴϳ]. IŵpoƌtaŶtlǇ, these ƌeads Đoǀeƌ the Ϭ.ϮϮ% of the geŶoŵe iŶdiĐatiŶg a 

speĐifiĐ RNA Đaptuƌe iŶstead of ǁidespƌead.  

 

 

Figuƌe ϱ.ϭϵ: TƌuSeƋ Sŵall RNA LiďƌaƌǇ PƌepaƌatioŶ Kit ĐheŵistƌǇ. Figuƌe shoǁs a diagƌaŵ of 

the steps folloǁed foƌ the liďƌaƌǇ pƌepaƌatioŶ iŶ the PAR-CLIP saŵples.  

PAR-CLIP teĐhŶiƋue iŵpƌoǀes sigŶal-to-Ŷoise ƌatio oǀeƌ otheƌ CLIP teĐhŶiƋues ďeĐause 

alloǁs, due to the ĐhaƌaĐteƌistiĐ T-to-C ŵutatioŶ, the speĐifiĐ ideŶtifiĐatioŶ of RNA 

Đƌoss-liŶked to AgoϮ [ϮϵϮ]. IŶ additioŶ, the RNA Ǉield afteƌ ĐƌossliŶkiŶg is iŶĐƌeased 

Đoŵpaƌed to tƌaditioŶal UV-ĐƌossliŶkiŶg [Ϯϵϲ]. Hoǁeǀeƌ, this teĐhŶiƋue ŵight ďe less 

seŶsitiǀe thaŶ otheƌ CLIP teĐhŶologies as RNA ŵoleĐules ǁithout a ϰ-SU iŶĐoƌpoƌatioŶ 

aƌe Ŷot ĐoŶsideƌed. A ƌeĐeŶt papeƌ deŵoŶstƌated that ŶoŶ-T-to-C Đlusteƌs, fƌeƋueŶtlǇ 

oďseƌǀed iŶ PAR-CLIP eǆpeƌiŵeŶts, eǆhiďit fuŶĐtioŶal ŵiRNA-ďiŶdiŶg eǀeŶts aŶd stƌoŶg 

RNA aĐĐessiďilitǇ [ϯϴϴ]. 

The seƋueŶĐiŶg ƌesults iŶdiĐated aŶ eŶƌiĐhŵeŶt iŶ T-to-C ĐhaŶges oǀeƌ all the ƌest of 

possiďle ŶuĐleotide ĐhaŶges iŶ the uŶiƋue aŶd ĐoƌƌeĐtlǇ aligŶed ƌeads suggestiŶg that 

the ƌeĐoǀeƌed RNA ǁas eŶƌiĐhed foƌ RNA ĐƌossliŶked to AgoϮ pƌoteiŶ. This peƌĐeŶtage 

of T-to-C ĐhaŶges ǁas higheƌ iŶ the RIVA Đell liŶe thaŶ iŶ the SU-DHL-ϭϬ Đell liŶe 

ĐoŶsisteŶt ǁith the higheƌ eǆpƌessioŶ of AgoϮ aŶd the higheƌ aŵouŶt of ϰ-SU 

iŶĐoƌpoƌated iŶ the RNA of these Đells. This PAR-CLIP speĐifiĐ ŵutatioŶ oĐĐuƌs duƌiŶg 
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the ĐDNA sǇŶthesis due to the ĐƌossliŶk ďetǁeeŶ the ϰ-SU ƌesidues iŶĐoƌpoƌated iŶ the 

RNA aŶd the iŶteƌaĐtiŶg pƌoteiŶ aŵiŶoaĐids [Ϯϵϲ] ;Figuƌe ϱ.ϮϬͿ. All the eǆpeƌiŵeŶtal 

ĐoŶditioŶs shoǁed aŶ eŶƌiĐhŵeŶt iŶ this T-to-C ŵutatioŶ. This is also a good iŶdiĐatoƌ 

that the ŵethodologǇ ǁas suĐĐessful. 

 

 

Figuƌe ϱ.ϮϬ: Modified PAR-CLIP pƌotoĐol outliŶe. ϰSU-laďelled tƌaŶsĐƌipts ǁeƌe ĐƌossliŶked to 

RBPs. AgoϮ-RNA Đoŵpleǆes ǁeƌe iŵŵuŶopuƌified aŶd RNA ŵoleĐules ǁeƌe ƌeĐoǀeƌed aŶd 

seƋueŶĐed.  

Foƌ the Đlusteƌ ĐalliŶg thƌee diffeƌeŶt tools ǁeƌe used as theƌe is Ŷot agƌeeŵeŶt aďout 

the ŵost appƌopƌiate tool foƌ the aŶalǇsis of PAR-CLIP data. WaǀClusteR tool ideŶtified 

ŵoƌe Đlusteƌs thaŶ aŶǇ otheƌ tool. IŶ ĐoŶtƌast, ŵuĐh feǁeƌ Đlusteƌs ǁeƌe ideŶtified ďǇ 

BMiǆ, aŶd ŶeaƌlǇ all the Đlusteƌs ideŶtified ǁeƌe also pƌeseŶt iŶ the ǁaǀClusteR 

aŶalǇsis, deŵoŶstƌatiŶg a high degƌee of ĐoŶĐoƌdaŶĐe ďetǁeeŶ ďoth tools. WaǀClusteR 

is a pipeliŶe speĐifiĐ foƌ PAR-CLIP data aŶalǇsis ǁƌitteŶ iŶ R, that ĐoŶsideƌs PAR-CLIP 

ŵutatioŶs oŶlǇ those that ĐoŶtaiŶ T-to-C ĐhaŶges, aŶd ŶoƌŵallǇ eǆĐludes those ǁith aŶ 

eǆtƌeŵe VAF peƌĐeŶtage ;too loǁ oƌ too highͿ [ϯϳϯ]. IŶ ĐoŶtƌast, BMiǆ, ǁhiĐh is ǁƌitteŶ 

iŶ MATLAB aŶd R ĐoŶsideƌs ŵultiple souƌĐes of ďaĐkgƌouŶd Ŷoise ďefoƌe the Đlusteƌ 

ĐalliŶg ƌesultiŶg iŶ a higheƌ stƌiŶgeŶĐǇ oƌ speĐifiĐitǇ [ϯϳϰ]. DCLIP, the otheƌ algoƌithŵ 
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ǁe used is ǁƌitteŶ iŶ Peƌl, is Ŷot speĐifiĐ foƌ PAR-CLIP data aŶd ĐaŶ ďe applied foƌ the 

aŶalǇsis of otheƌ CLIP teĐhŶiƋuies aŶd so it does Ŷot disŵiss Đlusteƌs ǁithout T-to-C 

ĐhaŶges. dCLIP peƌfoƌŵs diffeƌeŶtial aŶalǇsis ďetǁeeŶ tǁo ĐoŶditioŶs aŶd fiŶds 

diffeƌeŶĐes iŶ ďiŶdiŶg stƌeŶgths ƌatheƌ thaŶ just the ďiŶaƌǇ eǀeŶt of ǁhetheƌ a ďiŶdiŶg 

site is shaƌed oƌ Ŷot [ϯϳϱ]. IŶteƌestiŶglǇ, ǁheŶ ǁe Đoŵpaƌe the ideŶtitǇ of the 

ideŶtified geŶes usiŶg these tools agaiŶst pƌediĐted ŵiR-ϭϱϱ taƌget geŶes aloŶg ǁith 

eǆpeƌiŵeŶtallǇ ǀalidated geŶes, ǁe deteƌŵiŶed that PAR-CLIP ǁas aďle to ideŶtifǇ 

ŵoƌe ǀalidated ŵiR-ϭϱϱ taƌget geŶes thaŶ the iŶ-siliĐo pƌediĐtioŶ.  

Foƌ the ĐaŶdidate seleĐtioŶ, geŶes ǁith Đlusteƌs iŶ ϱ͛UTRs, eǆoŶiĐ ƌegioŶs oƌ ϯ͛UTRs 

that ǁeƌe diffeƌeŶtiallǇ ideŶtified ďetǁeeŶ the eǆpeƌiŵeŶtal ;oǀeƌ-ŵiR-ϭϱϱͿ aŶd the 

ĐoŶtƌol ĐoŶditioŶ ;sĐƌaŵďleͿ ǁeƌe ĐoŶsideƌed. The geŶes ideŶtified iŶ RIVA Đell liŶe, 

ABC-DLBCL suďtǇpe ŵodel, ǁeƌe eŶƌiĐhed foƌ geŶes iŶǀolǀed iŶ FOXO aŶd AMPK 

sigŶalliŶg pathǁaǇs suggestiŶg that geŶes iŶǀolǀed iŶ these pathǁaǇs ŵight ďe diƌeĐtlǇ 

ƌegulated ďǇ ŵiR-ϭϱϱ iŶ ABC-DLBCL suďtǇpe. AMPK sigŶalliŶg pathǁaǇ ĐooƌdiŶates Đell 

gƌoǁth aŶd ŵetaďolisŵ [ϯϴϵ]. AĐtiǀated AMPK iŶhiďits ŵTOR pathǁaǇ aŶd 

ĐoŶseƋueŶtlǇ pƌolifeƌatioŶ aŶd suƌǀiǀal of lǇŵphoŵa Đells [ϯϵϬ, ϯϵϭ]. IŶ additioŶ, 

higheƌ eǆpƌessioŶ of AMPK is assoĐiated ǁith ďetteƌ pƌogŶosis iŶ NHL suggestiŶg that 

doǁŶƌegulatioŶ of this pathǁaǇ pƌoŵotes the pƌogƌessioŶ of NHL [ϯϵϮ]. OŶ the otheƌ 

haŶd, FOXO tƌaŶsĐƌiptioŶ faĐtoƌs aƌe ĐoŶsideƌed as tuŵoƌ suppƌessoƌs that liŵit Đell 

pƌolifeƌatioŶ aŶd iŶduĐe apoptosis [ϯϵϯ] aŶd FOXO sigŶalliŶg pathǁaǇs aƌe iŶaĐtiǀated 

ďǇ oŶĐogeŶiĐ sigŶals iŶĐludiŶg ŵiRNA ƌegulatioŶ iŶ ŵultiple ĐaŶĐeƌ tǇpes [ϯϵϰ]. Ouƌ 

ƌesults suggest that ŵiR-ϭϱϱ ŵight ďe taƌgetiŶg these pathǁaǇs iŶ ABC-DLBCL aŶd 

theƌefoƌe pƌoŵotiŶg lǇŵphoŵa pƌogƌessioŶ.  

Foƌ the ĐaŶdidate seleĐtioŶ as poteŶtial ŵiR-ϭϱϱ ƌeleǀaŶt taƌget geŶes, those geŶes 

ǁith a ŵiR-ϭϱϱ seed ŵatĐh iŶ the ideŶtified Đlusteƌ ǁeƌe pƌioƌitized. Hoǁeǀeƌ, 

eǆpeƌiŵeŶtal eǀideŶĐe iŶdiĐates that the ŵajoƌitǇ ;aďout ϲϬ %Ϳ of the ŵiRNA-ďiŶdiŶg 

aĐtiǀitǇ is ŶoŶ-ĐaŶoŶiĐal [ϯϱϲ, ϯϱϳ] aŶd these has ďeeŶ also oďseƌǀed speĐifiĐallǇ foƌ 

Ago-ŵiR-ϭϱϱ ďiŶdiŶg sites [274]. Theƌefoƌe, folloǁiŶg these Đƌiteƌia ǁe ŵight ďe losiŶg 

pƌoŵisiŶg ĐaŶdidate geŶes folloǁiŶg ŶoŶ-ĐaŶoŶiĐal ďiŶdiŶg ƌules. SiŵilaƌlǇ, the geŶes 

that ǁeƌe ideŶtified ďǇ PAR-CLIP ǁhiĐh ǁeƌe doǁŶƌegulated ĐoŵpaƌiŶg to the 

sĐƌaŵďle ĐoŶtƌol ĐoŶditioŶ iŶ a tƌaŶsĐƌiptoŵe aŶalǇsis usiŶg ŵiĐƌoaƌƌaǇs ǁeƌe also 
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pƌioƌitized. Hoǁeǀeƌ, ǁe fouŶd oŶlǇ tǁo geŶes iŶ eaĐh Đell liŶe ŵeetiŶg these Đƌiteƌia. 

DiffeƌeŶt eǆplaŶatioŶs foƌ this aƌe that ŵiRNA ƌegulatioŶ ŵight just affeĐt pƌoteiŶ 

eǆpƌessioŶ aŶd Ŷot ŶeĐessaƌilǇ ŵRNA eǆpƌessioŶ aŶd also that the ĐoŶtƌol Đells eǆpƌess 

ďasal leǀel of ŵiR-ϭϱϱ. IŶ DLBCL Đells, espeĐiallǇ iŶ RIVA ;ABC suďtǇpeͿ, these leǀels aƌe 

alƌeadǇ high. Theƌefoƌe, it is uŶdeƌstaŶdaďle that ǁe didŶ͛t fiŶd ŵaŶǇ diffeƌeŶĐes iŶ the 

ŵiĐƌoaƌƌaǇ data.  

AŵoŶg the pƌioƌitized geŶes, soŵe iŶteƌestiŶg ĐaŶdidates ĐaŶ ďe highlighted suĐh as 

EϮFϮ, MICB aŶd MCOLNϮ. EǀeŶ if soŵe studies assoĐiate the upƌegulatioŶ of EϮFϮ 

tƌaŶsĐƌiptioŶ faĐtoƌ ǁith ĐaŶĐeƌ pƌogƌessioŶ aŶd pooƌ pƌogŶosis [ϯϵϱ, ϯϵϲ], iŶ T Đell 

lǇŵphoŵa it has ďeeŶ desĐƌiďed as a tuŵouƌ suppƌessoƌ. The iŶaĐtiǀatioŶ of this 

tƌaŶsĐƌiptioŶ faĐtoƌ pƌoŵotes lǇŵphoŵageŶesis aŶd its ƌeaĐtiǀatioŶ ƌesultes iŶ 

iŶĐƌeased apoptosis [ϯϵϳ]. IŶ additioŶ, EϮFϮ ǁas ƌepoƌted as a diƌeĐt taƌget of ŵiR-ϭϱϱ 

iŶ Đleaƌ Đell ƌeŶal Đell ĐaƌĐiŶoŵa aŶd this ŵiRNA ǁas deŵoŶstƌated to fuŶĐtioŶs as a 

tuŵouƌ pƌoŵotiŶg ŵiRNA iŶ this pathologǇ [ϯϵϴ]. SiŵilaƌlǇ, the upƌegulatioŶ of MICB, 

ligaŶd of NKGϮD ƌeĐeptoƌ, eŶhaŶĐes Ŷatuƌal killeƌ Đell ĐǇtotoǆiĐitǇ iŶ aĐute 

lǇŵphoďlastiĐ leukeŵia ;ALLͿ aŶd NHL. Theƌefoƌe, a taƌgeted doǁŶƌegulatioŶ of this 

ŵoleĐule ŵight pƌoŵote lǇŵphoŵa pƌogƌessioŶ [ϯϵϵ]. IŶ additioŶ, MCOLNϮ ƌegulatoƌǇ 

ƌegioŶ ǁas fouŶd hǇpeƌŵethǇlated aŶd doǁŶƌegulated iŶ ALL iŶdiĐatiŶg the poteŶtial 

tuŵoƌ suppƌessoƌ aĐtiǀitǇ of this geŶe. DoǁŶƌegulatioŶ of this geŶe ǀia ŵiR-ϭϱϱ 

taƌgetiŶg ŵight ďe aŶ alteƌŶatiǀe ŵeĐhaŶisŵ foƌ ĐoŶtƌolliŶg the eǆpƌessioŶ of this geŶe 

iŶ DLBCL [ϰϬϬ].  

IŶ suŵŵaƌǇ, iŶ this Đhapteƌ ǁe suĐĐessfullǇ peƌfoƌŵed a PAR-CLIP eǆpeƌiŵeŶt ǁith a 

self-ŵodified pƌotoĐol aǀoidiŶg the use of ƌadioaĐtiǀitǇ aŶd usiŶg the eŶdogeŶouslǇ 

pƌoduĐed AgoϮ pƌoteiŶ foƌ IP. We also used diffeƌeŶt eǆpeƌiŵeŶtal ĐoŶditioŶs, ǁith 

oǀeƌeǆpƌessioŶ aŶd ďasal leǀels of ŵiR-ϭϱϱ, to faĐilitate the deteĐtioŶ of Ŷoise. We 

ideŶtified a set of diffeƌeŶtiallǇ eǆpƌessed geŶes ƌelated ǁith AMPK aŶd FOXO sigŶalliŶg 

pathǁaǇs eǆĐlusiǀelǇ iŶ the ABC-DLBCL ŵodel suggestiŶg that ŵiR-ϭϱϱ ŵight ďe 

taƌgetiŶg these pathǁaǇs iŶ this DLBCL suďtǇpe aŶd theƌefoƌe pƌoŵotiŶg lǇŵphoŵa 

pƌogƌessioŶ. Also, aŵoŶg the geŶes pƌeseŶtiŶg seed ŵatĐh seƋueŶĐe foƌ ŵiR-ϭϱϱ soŵe 

iŶteƌestiŶg ĐaŶdidates ĐaŶ ďe highlighted suĐh as EϮFϮ, MICB aŶd MCOLNϮ. Hoǁeǀeƌ, 
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these ĐaŶdidate geŶes should ďe ǀalidated ǁith additioŶal fuŶĐtioŶal eǆpeƌiŵeŶts. This 

ŵight alloǁ fiŶdiŶg Ŷoǀel ŵiR-ϭϱϱ taƌgets diffeƌeŶtiallǇ eǆpƌessed ďetǁeeŶ the 

diffeƌeŶt DLBCL ŵoleĐulaƌ suďtǇpes aŶd theƌefoƌe ideŶtifǇ poteŶtial ďioŵaƌkeƌs foƌ 

theiƌ ĐlassifiĐatioŶ. 
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AďeƌƌaŶt ŵiRNA eǆpƌessioŶ has ďeeŶ ǁidelǇ deŵoŶstƌated iŶ ŵaŶǇ ĐaŶĐeƌ ƌeseaƌĐh 

studies [ϭϴϲ, ϮϬϯ-ϮϬϱ]. Hoǁeǀeƌ, the sigŶifiĐaŶĐe of suĐh deƌegulatioŶ ƌeŵaiŶs pooƌlǇ 

uŶdeƌstood. The hǇpothesis of this thesis ǁas that ŵiRNA ďiŶdiŶg sites plaǇ iŵpoƌtaŶt 

ƌoles iŶ the pathogeŶesis of ŶoŶ-HodgkiŶ B-Đell lǇŵphoŵas so, the studǇ of the speĐifiĐ 

taƌget geŶes of these ŵiRNAs ĐaŶ led us to ďetteƌ uŶdeƌstaŶd the fuŶĐtioŶal 

ĐoŶseƋueŶĐe of ŵiRNA deƌegulatioŶ iŶ these lǇŵphoŵas. To do that, ǁe eŵploǇed 

tǁo diffeƌeŶt stƌategies: 

OŶ oŶe haŶd, ǁe assessed ǁhetheƌ ŵutatioŶs loĐated iŶ ŵiRNA ďiŶdiŶg sites Đould 

fuŶĐtioŶ as pathologiĐal ŵeĐhaŶisŵs ďǇ iŶteƌfeƌiŶg the ĐoƌƌeĐt ŵiRNA ƌegulatioŶ iŶ FL, 

aŶd ǁhetheƌ these ŵutatioŶs ǁeƌe assoĐiated ǁith FL tƌaŶsfoƌŵatioŶ aŶd theƌefoƌe 

seƌǀe as useful ďioŵaƌkeƌs foƌ pƌogŶosis. Foƌ the ideŶtifiĐatioŶ of these ŵutatioŶs WGS 

data fƌoŵ FL patieŶts ǁas aŶalǇzed aŶd a ďespoke ďioiŶfoƌŵatiĐs pipeliŶe used foƌ 

ŵiRNA taƌget site pƌediĐtioŶ. IŶ ĐoŶtƌast, ǁe eŵploǇed aŶ eǆpeƌiŵeŶtal appƌoaĐh to 

aŶalǇse the taƌgetoŵe of ŵiR-ϭϱϱ, a ǁell-kŶoǁŶ oŶĐoŵiR iŶ lǇŵphoŵageŶesis, iŶ GCB 

aŶd ABC DLBCL. This ŵiRNA is diffeƌeŶtiallǇ eǆpƌessed ďetǁeeŶ these tǁo ŵoleĐulaƌ 

suďtǇpes [370, 371]. The aiŵ of this studǇ ǁas to ďetteƌ uŶdeƌstaŶd the ďiologiĐal 

ŵeaŶiŶg of the ŵiR-ϭϱϱ oǀeƌeǆpƌessioŶ iŶ DLBCL aŶd the diffeƌeŶtial eǆpƌessioŶ 

ďetǁeeŶ these suďtǇpes ďǇ eǆpeƌiŵeŶtallǇ fiŶdiŶg the speĐifiĐ taƌget geŶes of these 

ŵiRNA iŶ situ.  

The iŵpoƌtaŶĐe of ŵiRNA fuŶĐtioŶ is Đleaƌ as these ƌegulatoƌǇ ŵoleĐules haǀe ďeeŶ 

ideŶtified iŶ ŵultiple oƌgaŶisŵs: fƌoŵ uŶiĐellulaƌ aŶd siŵple oƌgaŶisŵs to ŵuĐh ŵoƌe 

deǀeloped aŶd Đoŵpleǆ sǇsteŵs [ϭϱϴ, ϰϬϭ]. RefleĐtiŶg the iŵpoƌtaŶĐe of these 

ŵoleĐules to ďiologǇ, ŵiRNA seƋueŶĐes aƌe highlǇ ĐoŶseƌǀed iŶ eǀolutioŶ [ϮϲϮ]. 

MutatioŶs iŶ ŵiRNA ĐodiŶg seƋueŶĐes aƌe ƌaƌe [ϰϬϮ], aŶd the fiƌst eǀideŶĐe Đaŵe fƌoŵ 

lǇŵphoŵa ǁheƌe a ƌegioŶ fƌeƋueŶtlǇ deleted iŶ CLL ;ϭϯƋϭϰ loĐusͿ ǁas shoǁŶ to 

eŶĐode foƌ the ŵiRNAs ŵiR-ϭϱa aŶd ŵiR-ϭϲ-ϭ [Ϯϯϳ]. SiŵilaƌlǇ, the fiƌst desĐƌiptioŶ of a 

ŵiRNA SNP ǁas iŶ pƌi-ŵiR-ϭϲ-ϭ iŶ a patieŶt ǁith faŵilial CLL [ϰϬϯ]. IŶ ĐoŶtƌast, ŵiRNA 

taƌget sites do Ŷot shoǁ this high ĐoŶseƌǀatioŶ so, the eŵeƌgeŶĐe of polǇŵoƌphisŵs iŶ 

these sites ĐoŶstitutes a souƌĐe of ǀaƌiaďilitǇ pƌoŵotiŶg the foƌŵatioŶ of Ŷeǁ taƌget 

site foƌ speĐifiĐ ŵiRNAs as ǁell as the disƌuptioŶ of eǆitiŶg ŵiRNA ƌegulatioŶs. This 

ŵeĐhaŶisŵ ŵight ďe aĐƋuiƌed ďǇ ĐaŶĐeƌ Đells: thƌough the iŶseƌtioŶ of alteƌatioŶs ;i.e 
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poiŶt ŵutatioŶsͿ iŶ speĐifiĐ ŵiRNA ďiŶdiŶg sites ĐaŶĐeƌ Đells ŵight ďe aďle to 

deƌegulate the eǆpƌessioŶ of ĐeƌtaiŶ geŶes oƌ sigŶalliŶg pathǁaǇs iŶ oƌdeƌ to pƌoŵote 

Đell pƌolifeƌatioŶ aŶd suƌǀiǀal.  

EǀeŶ if less ĐoŶseƌǀed thaŶ ŵiRNA eŶĐodiŶg seƋueŶĐes, ŵiRNA ďiŶdiŶg seƋueŶĐes aƌe 

also ŵoƌe ĐoŶseƌǀed thaŶ ǁould ďe eǆpeĐted ďǇ ĐhaŶĐe. IŶdeed, ŵaŶǇ ďioiŶfoƌŵatiĐs 

tools ƌelǇ oŶ the taƌget site ĐoŶseƌǀatioŶ foƌ theiƌ ŵiRNA taƌget pƌediĐtioŶs aŶd foĐus 

oŶ those sites loĐated iŶ ϯ͛UTRs aŶd folloǁiŶg ĐaŶoŶiĐal ďiŶdiŶg ƌules ;see seĐtioŶ 

ϭ.ϰ.ϲͿ. Hoǁeǀeƌ, aĐĐoƌdiŶg to ouƌ eǆpeƌiŵeŶtal ƌesults iŶ the ŵiR-ϭϱϱ taƌgetoŵe 

ideŶtifiĐatioŶ iŶ DLBCL as ǁell as iŶ additioŶal eǆpeƌiŵeŶtal studies [Ϯϳϰ, ϯϱϲ, ϯϱϳ], the 

ŵajoƌitǇ of the ideŶtified ŵiRNA ďiŶdiŶg folloǁs ŶoŶ-ĐaŶoŶiĐal ƌules. This ŶoŶ-

ĐaŶoŶiĐal oƌ seedless ďiŶdiŶg has ďeeŶ deŵoŶstƌated to ďe fuŶĐtioŶal [ϭϴϵ-ϭϵϭ] eǀeŶ 

though soŵe studies haǀe ƌepoƌted that the ŵajoƌitǇ of ŶoŶ-ĐaŶoŶiĐal ďiŶdiŶg 

ŵediates ŵodest geŶe ƌepƌessioŶ [ϭϵϭ, Ϯϳϯ-Ϯϳϱ] pƌoďaďlǇ due to a loǁeƌ ďiŶdiŶg 

affiŶitǇ. Also, these seƋueŶĐes shoǁ ŵodest seƋueŶĐe ĐoŶseƌǀatioŶ aĐƌoss speĐies 

[ϭϵϭ, Ϯϳϯ-Ϯϳϱ] suggestiŶg that theǇ ŵaǇ ďe eǀolutioŶaƌǇ iŶteƌŵediates uŶdeƌ seleĐtiǀe 

pƌessuƌe foƌ a shift toǁaƌds high affiŶitǇ seed sites. Theƌefoƌe, the ďiologiĐal ŵeaŶiŶg 

of ŶoŶ-ĐaŶoŶiĐal iŶteƌaĐtioŶs Đould ďe iŶteƌpƌeted as eǀolutioŶal iŶteƌŵediates ǁith 

slightlǇ distiŶĐt fuŶĐtioŶs aŶd, the ĐoŵďiŶatioŶ of ĐaŶoŶiĐal aŶd ŶoŶ-ĐaŶoŶiĐal sites 

ŵaǇ pƌoǀide a ǀaƌietǇ of speĐtƌa iŶ the ƌegulatioŶ of geŶe eǆpƌessioŶ, eŶaďliŶg a fiŶe-

tuŶiŶg of ƌepƌessioŶ aĐtiǀitǇ. 

IŶ the Đhapteƌ fouƌ of this thesis ǁe used ďioiŶfoƌŵatiĐs pƌediĐtioŶ Ŷot to studǇ the 

taƌgetoŵe itself, ďut to do a sĐƌeeŶiŶg of possiďle ĐaŶdidate ŵutatioŶs iŶ tuŵoƌ 

saŵples. We shoǁed that soŵe of the pƌediĐtioŶs fail iŶ the eǆpeƌiŵeŶtal ǀalidatioŶ 

aŶd also that ŵiRNA taƌgetiŶg is Ŷot alǁaǇs ďased oŶ seed ŵatĐhiŶg. We deŵoŶstƌated 

that ŵutatioŶs iŶ ŵiRNA ďiŶdiŶg sites aƌe Ŷot ƌaŶdoŵlǇ distƌiďuted ďut loĐated iŶ 

geŶes assoĐiated ǁith GC-like B-Đell lǇŵphoŵas. IŵpoƌtaŶtlǇ, ǁe did deŵoŶstƌate that 

ŵutatioŶs iŶ ŵiRNA ďiŶdiŶg sites iŶ tǁo keǇ geŶes iŶ FL suĐh as BCLϮ aŶd EZHϮ iŵpaiƌ 

the ŵiRNA ďiŶdiŶg pƌoŵotiŶg theiƌ oǁŶ deƌegulatioŶ.  

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, 



6. Discussion 

 

ϭϳϰ 

 

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. MutatioŶs iŶ putatiǀe ŵiRNA-ďiŶdiŶg sites aƌe fƌeƋueŶt iŶ FL aŶd oĐĐuƌ 

pƌefeƌeŶtiallǇ iŶ ϯ͛UTRs of geŶes assoĐiated ǁith haeŵatologiĐal ŵaligŶaŶĐies.  

2. Saŵples fƌoŵ FL patieŶts at the tƌaŶsfoƌŵed state haǀe a higheƌ Ŷuŵďeƌ of 

ŵutatioŶs iŶ putatiǀe ŵiRNA-ďiŶdiŶg sites Đoŵpaƌed to the saŵple ďefoƌe 

tƌaŶsfoƌŵatioŶ. 

3. Taƌgeted ƌe-seƋueŶĐiŶg of the ŵutatioŶs iŶ putatiǀe ŵiRNA-ďiŶdiŶg sites usiŶg 

AŵpliseƋ teĐhŶologǇ shoǁed aŶ ϴϬ% of oǀeƌlappiŶg ǁith the ŵutatioŶs 

ideŶtified usiŶg WGS ;IlluŵiŶa teĐhŶologǇͿ iŶ FL patieŶts. 

4. AŵpliseƋ seƋueŶĐiŶg deteĐted a high aŵouŶt of false positiǀe ƌeĐuƌƌeŶt 

ŵutatioŶs, appƌoǆiŵatelǇ half of theŵ, Ŷeaƌ ƌepetitiǀe aŶd hoŵopolǇŵeƌ 

ƌegioŶs. 

5. The Ϯϳ ƌeĐuƌƌeŶtlǇ ŵutated ĐaŶdidate geŶes iŶ FL patieŶts aƌe highlǇ eŶƌiĐhed 

foƌ GC-like B-Đell lǇŵphoŵa suggestiŶg a ďiologiĐal ŵeaŶiŶg of these ŵutatioŶs 

iŶ FL disease. 

6. AŶ assoĐiatioŶ ďetǁeeŶ the pƌeseŶĐe of these ǀaƌiaŶts aŶd the tƌaŶsfoƌŵatioŶ 

eǀeŶt iŶ FL ĐouldŶ͛t ďe deŵoŶstƌated due to the loǁ aŵouŶt of ŵutated Đases 

foƌ speĐifiĐ ŵutatioŶs. 

7. EǆpeƌiŵeŶtal ǀalidatioŶ of the pƌediĐted ŵiRNA ďiŶdiŶg sites deŵoŶstƌated 

that the ŵajoƌitǇ ;ϳ/ϵͿ ǁeƌe fuŶĐtioŶal as the luĐifeƌase aĐtiǀitǇ ǁas 

sigŶifiĐaŶtlǇ ƌeduĐed Đoŵpaƌed ǁith the ĐoŶtƌol ĐoŶditioŶ ǁheŶ aŶalǇsiŶg the 

ŶoŶ-ŵutated oƌ ǁild tǇpe taƌget sites.  

8. The positioŶ of the ŵutatioŶ oƌ ǀaƌiaŶt ǁithiŶ the ďiŶdiŶg site is Ŷot assoĐiated 

ǁith the effeĐt of the ǀaƌiaŶt oŶ the ŵiRNA-ďiŶdiŶg highlightiŶg the iŵpoƌtaŶĐe 

of ŶoŶ-ĐaŶoŶiĐal ŵiRNA ďiŶdiŶg. 

9. The ŵutatioŶs iŶ EZHϮ ;Yϲϰϭ ĐodoŶͿ aŶd BCLϮ ;hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A]Ϳ 

ideŶtified iŶ FL patieŶts iŵpaiƌ the ŵiR-ϭϰϰ aŶd ŵiR-ϱϬϬϴ ďiŶdiŶg ƌespeĐtiǀelǇ 
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deŵoŶstƌatiŶg the fuŶĐtioŶalitǇ of this ŵeĐhaŶisŵ iŶ tǁo keǇ geŶes iŶ B Đell 

lǇŵphoŵageŶesis. 

10. MiR-ϭϰϰ oǀeƌeǆpƌessioŶ iŶ DLBCL-deƌiǀed Đell liŶes iŶduĐes the doǁŶƌegulatioŶ 

of EZHϮ at ŵRNA aŶd pƌoteiŶ leǀels iŶ aŶ EZHϮ ǁild tǇpe ŵodel ďut Ŷot iŶ a Đell 

liŶe ĐaƌƌǇiŶg the YϲϰϭF ŵutatioŶ suggestiŶg the ƌeleǀaŶĐe of this ŵeĐhaŶisŵ iŶ 

lǇŵphoid Đell liŶage.  

11. This poteŶtial Ŷoǀel ŵeĐhaŶisŵ iŶ FL ƌeƋuiƌes fuƌtheƌ iŶǀestigatioŶ to assess its 

ƌeleǀaŶĐe to FL patieŶts. 

12. DLBCL Đell liŶes eǆpƌess high leǀels of eŶdogeŶous AgoϮ, espeĐiallǇ RIVA Đell 

liŶe ;ABC-DLBCLͿ that eǆpƌesses higheƌ leǀels thaŶ eǀeŶ the FLAG-iŶduĐed 

HEKϮϵϯ-AgoϮ Đells. 

13. ϰ-SU at a ĐoŶĐeŶtƌatioŶ of ϭϬϬ µM iŶ the Đell Đultuƌe ŵedia does Ŷot affeĐt the 

ǀiaďilitǇ of DLBCL Đell liŶes. At this ĐoŶĐeŶtƌatioŶ Đells ƌeŵaiŶ ŵetaďoliĐallǇ 

aĐtiǀe aŶd suĐĐessfullǇ iŶĐoƌpoƌated ϰ-SU iŶ theiƌ ŶasĐeŶt RNA ŵoleĐules. 

14. The RNA sǇŶthesis ƌatio oƌ ϰ-SU iŶĐoƌpoƌatioŶ ƌatio is siŵilaƌ iŶ DLBCL Đell liŶes 

aŶd HEKϮϵϯ Đell liŶe.  

15. SeƋueŶĐiŶg ƌesults foƌ the ideŶtifiĐatioŶ of the ŵiR-ϭϱϱ taƌgetoŵe iŶdiĐated 

that the liďƌaƌies fƌoŵ the PAR-CLIP saŵples ǁeƌe highlǇ ĐloŶal ;less thaŶ ϭϬ% 

of the ƌeads ǁeƌe uŶiƋue afteƌ ƌeŵoǀiŶg PCR dupliĐatesͿ ĐoŶsisteŶt ǁith otheƌ 

CLIP ƌesults.  

16. The pƌoĐessed PAR-CLIP ƌeads shoǁed to Đoǀeƌ Ϭ.ϮϮ% of the geŶoŵe iŶdiĐatiŶg 

that this RNA Đaptuƌe is speĐifiĐ iŶstead of ǁidespƌead.  

17. The PAR-CLIP ƌeads ǁeƌe eŶƌiĐhed iŶ T-to-C ĐhaŶges oǀeƌ all the ƌest of possiďle 

ŶuĐleotide ĐhaŶges iŶ the uŶiƋue aŶd ĐoƌƌeĐtlǇ aligŶed ƌeads iŶdiĐatiŶg that the 

ƌeĐoǀeƌed RNA ǁas eŶƌiĐhed foƌ RNA ĐƌossliŶked to AgoϮ pƌoteiŶ. This 

peƌĐeŶtage of T-to-C ĐhaŶges ǁas higheƌ iŶ the RIVA Đell liŶe thaŶ iŶ the SU-
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DHL-ϭϬ Đell liŶe ĐoŶsisteŶt ǁith the higheƌ eǆpƌessioŶ of AgoϮ aŶd the higheƌ 

aŵouŶt of ϰ-SU iŶĐoƌpoƌated iŶ the RNA of these Đells. 

18. The ŵajoƌitǇ of the ideŶtified Đlusteƌs ǁeƌe loĐated iŶ eǆoŶiĐ ƌegioŶs folloǁed 

ďǇ ϯ͛UTR ƌegioŶs, iŶteƌgeŶiĐ ƌegioŶs, iŶtƌoŶiĐ ƌegioŶs aŶd ϱ͛UTR ƌegioŶs 

ĐoŶsisteŶt ǁith otheƌ PAR-CLIP data.  

19. OŶtologǇ aŶalǇsis of the diffeƌeŶtiallǇ ideŶtified geŶes ďetǁeeŶ the 

eǆpeƌiŵeŶtal ĐoŶditioŶ ;oǀeƌ-ŵiR-ϭϱϱͿ aŶd the ĐoŶtƌol ĐoŶditioŶ ;sĐƌaŵďleͿ 

ǁeƌe fouŶd to ďe sigŶifiĐaŶtlǇ eŶƌiĐhed foƌ B-Đell ƌeĐeptoƌ sigŶalliŶg aŶd Đell 

ĐǇĐle iŶ ďoth DLBCL suďtǇpes. But, iŶteƌestiŶglǇ, oŶlǇ the geŶes ideŶtified iŶ the 

aggƌessiǀe ABC-DLBCL suďtǇpe ;RIVA Đell liŶeͿ shoǁed aŶ eŶƌiĐhŵeŶt foƌ geŶes 

iŶǀolǀed iŶ FOXO ;adjusted p ǀalue = ϵ.ϱϭ ǆ ϭϬ-ϰͿ aŶd AMPK ;adjusted p ǀalue = 

ϯ.ϯϮ ǆ ϭϬ-ϮͿ sigŶalliŶg pathǁaǇs suggestiŶg that geŶes iŶǀolǀed iŶ these 

pathǁaǇs ŵight ďe diƌeĐtlǇ taƌget ďǇ ŵiR-ϭϱϱ speĐifiĐallǇ iŶ ABC-DLBCL suďtǇpe.  

20. EǆpeƌiŵeŶtal taƌget ideŶtifiĐatioŶ ;PAR-CLIPͿ ideŶtifies ŵoƌe effeĐtiǀelǇ thaŶ 

ĐoŵputatioŶal taƌget pƌediĐtioŶ ;TaƌgetSĐaŶ algoƌithŵͿ the alƌeadǇ ǀalidated 

ŵiR-ϭϱϱ taƌget geŶes aĐĐoƌdiŶg to ŵiRTaƌBase. 

21. Foƌ the ideŶtifiĐatioŶ of poteŶtial ďioŵaƌkeƌs foƌ DLBCL ĐlassifiĐatioŶ additioŶal 

fuŶĐtioŶal eǆpeƌiŵeŶts oǀeƌ these ĐaŶdidate geŶes ǁould ďe ƌeƋuiƌed. 
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ͺ.ͳ Introducción 

Los liŶfoŵas B Ŷo HodgkiŶ soŶ uŶ gƌupo heteƌogéŶeo de eŶfeƌŵedades Đausadas poƌ 

uŶa pƌolifeƌaĐióŶ ŶeoplásiĐa de liŶfoĐitos B. Su ĐlasifiĐaĐióŶ ǀieŶe deteƌŵiŶada poƌ 

ĐaƌaĐteƌístiĐas ĐlíŶiĐas, ŵoƌfológiĐas, iŶŵuŶofeŶotípiĐas, geŶétiĐas, ĐitogeŶétiĐas Ǉ 

taŵďiéŶ poƌ su Đélula de oƌigeŶ u hoŵólogo Ŷo ŵaligŶo [ϰ]. El liŶfoŵa foliĐulaƌ ;FLͿ Ǉ el 

liŶfoŵa B difuso de Đélula gƌaŶde ;DLBCLͿ soŶ los tipos ŵás ĐoŵuŶes [ϰ]. EŶ la 

patogéŶesis de estos liŶfoŵas, apaƌte de alteƌaĐioŶes eŶ oŶĐogeŶes Ǉ geŶes supƌesoƌes 

tuŵoƌales taŵďiéŶ se haŶ desĐƌito alteƌaĐioŶes ƌelaĐioŶadas ĐoŶ ŵiĐƌoRNAs.  

Los ŵiĐƌoRNAs ;ŵiRNAsͿ soŶ RNAs Ŷo ĐodifiĐaŶtes de peƋueño taŵaño ;ϭϵ-Ϯϰ 

ŶuĐleótidosͿ Ƌue ƌegulaŶ la eǆpƌesióŶ géŶiĐa a Ŷiǀel post-tƌaŶsĐƌipĐioŶal [ϭϱϴ]. La 

fuŶĐióŶ de estas ŵoléĐulas ha sido deŵostƌada eŶ diǀeƌsos pƌoĐesos fisiológiĐos, 

iŶĐluida la ƌegulaĐióŶ de la heŵatopoǇesis [ϮϮϮ], peƌo taŵďiéŶ eŶ difeƌeŶtes tipos de 

ĐáŶĐeƌ, iŶĐluido los liŶfoŵas B [ϮϬϲ-Ϯϭϵ].  La eǆpƌesióŶ aďeƌƌaŶte de ŵiRNAs eŶ uŶ 

feŶóŵeŶo ĐoŵúŶ eŶ ĐáŶĐeƌ. Las Đausas paƌa esta desƌegulaĐióŶ puedeŶ seƌ diǀeƌsas 

iŶĐluǇeŶdo alteƌaĐioŶes ĐƌoŵosóŵiĐas o desƌegulaĐióŶ epigeŶétiĐa. SiŶ eŵďaƌgo, otƌos 

faĐtoƌes taŵďiéŶ puedeŶ teŶeƌ efeĐto eŶ la fuŶĐióŶ de estas ŵoléĐulas  Đoŵo la 

pƌeseŶĐia de ŵutaĐioŶes eŶ zoŶas Ƌue ĐodifiĐaŶ ŵiRNAs, eŶ sitios de uŶióŶ de ŵiRNAs 

o eŶ geŶes iŵpliĐados eŶ su ďiogéŶesis [Ϯϱϯ] [Ϯϱϲ]. 

De ĐualƋuieƌ ŵodo, paƌa eŶteŶdeƌ el sigŶifiĐado de la eǆpƌesióŶ aďeƌƌaŶte de ŵiRNAs 

es ŶeĐesaƌio ideŶtifiĐaƌ los geŶes diaŶa espeĐífiĐos eŶ uŶ ĐoŶteǆto Đelulaƌ ĐoŶĐƌeto. Las 

heƌƌaŵieŶtas ĐoŵputaĐioŶales paƌa la pƌediĐĐióŶ de diaŶas de ŵiRNAs soŶ uŶ ƌeĐuƌso 

ƌápido Ǉ útil. SiŶ eŵďaƌgo, la ǀalidaĐióŶ eǆpeƌiŵeŶtal de estas diaŶas es ŶeĐesaƌia Ǉa 

Ƌue estas pƌediĐĐioŶes a ŵeŶudo fallaŶ. Poƌ este ŵotiǀo, eŶ los últiŵos años se haŶ 

desaƌƌollado ŵétodos eǆpeƌiŵeŶtales paƌa la ideŶtifiĐaĐióŶ de diaŶas de ŵiRNAs. Estos 

ŵétodos, deŶoŵiŶados CLIP ;ĐƌossliŶkiŶg aŶd iŵŵuŶopƌeĐipitatioŶͿ ideŶtifiĐaŶ 

iŶteƌaĐĐioŶes diƌeĐtas eŶtƌe RNA Ǉ pƌoteíŶa. CoŶsisteŶ eŶ la iŵŵuŶopƌeĐipitaĐióŶ ;IPͿ 

de la pƌoteíŶa AgoϮ ;pƌoteíŶa ŵieŵďƌo del Đoŵplejo RISCͿ Ǉ el aislaŵieŶto e 

ideŶtifiĐaĐióŶ de los fƌagŵeŶtos de RNA ĐoǀaleŶteŵeŶte uŶidos a la pƌoteíŶa ŵediaŶte 

iƌƌadiaĐióŶ ĐoŶ luz ultƌaǀioleta [Ϯϵϰ]. La ǀaƌiaŶte PAR-CLIP ;PhotoaĐtiǀataďle 

ƌiďoŶuĐleoside-eŶhaŶĐed CLIPͿ ha deŵostƌado dos ǀeŶtajas sustaŶĐiales ƌespeĐto a 
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otƌas téĐŶiĐas CLIP. EŶ el pƌotoĐolo PAR-CLIP se ha ŵejoƌado la efiĐieŶĐia del 

eŶtƌeĐƌuzaŵieŶto RNA-pƌoteíŶa. Las Đélulas se iŶĐuďaŶ ĐoŶ uŶ ƌiďoŶuĐleósido 

fotoaĐtiǀaďle Ƌue se iŶĐoƌpoƌa eŶ los áĐidos ŶuĐleiĐos ƌeĐiéŶ siŶtetizados Ǉ  peƌŵite uŶ 

eŶtƌeĐƌuzaŵieŶto espeĐífiĐo de este ƌesiduo ĐoŶ las pƌoteíŶas  a uŶa loŶgitud de oŶda 

de ŵeŶoƌ peŶetƌaŶĐia  [Ϯϵϲ]. Adeŵás, la pƌeseŶĐia de este aŶálogo eŶ el RNA 

Đaptuƌado pƌoduĐe uŶa ŵutaĐióŶ ĐaƌaĐteƌístiĐa duƌaŶte el pƌoĐeso de síŶtesis de ĐDNA, 

lo Ƌue faĐilita su ideŶtifiĐaĐióŶ  [Ϯϵϲ, ϯϬϲ]. 

 

ͺ.ʹ Hipótesis y objetivos 

La hipótesis de esta tesis es Ƌue los sitios de uŶióŶ de ŵiRNAs tieŶeŶ uŶa fuŶĐióŶ 

ƌeleǀaŶte eŶ la fisiopatología de los liŶfoŵas B Ŷo HodgkiŶ. Paƌa testaƌ esta hipótesis 

utilizaŵos dos apƌoǆiŵaĐioŶes. EŶ pƌiŵeƌ lugaƌ ideŶtifiĐaŵos ŵutaĐioŶes eŶ sitios de 

uŶióŶ de ŵiRNAs eŶ tuŵoƌes de paĐieŶtes Ǉ el estudiaŵos su ƌeleǀaŶĐia fuŶĐioŶal. EŶ 

seguŶdo lugaƌ utilizaŵos la téĐŶiĐa PAR-CLIP ĐoŶ el fiŶ de diluĐidaƌ el taƌgetoŵa de 

ŵiRNAs ĐoŵúŶŵeŶte deƌegulados eŶ estos liŶfoŵas Đoŵo es el Đaso del ŵiR-ϭϱϱ. 

Los oďjetiǀos Ƌue se plaŶteƌaƌoŶ paƌa esta tesis fueƌoŶ los siguieŶtes: 

•IdeŶtifiĐaƌ Ǉ aŶalizaƌ la fuŶĐioŶalidad de ŵutaĐioŶes eŶ sitios de uŶióŶ de ŵiRNAs 

Đoŵo posiďle ŵeĐaŶisŵo patogéŶiĐo del liŶfoŵa foliĐulaƌ ;FLͿ 

•DeteƌŵiŶaƌ la ƌeleǀaŶĐia ďiológiĐa de ŵutaĐioŶes eŶ sitios de uŶióŶ de ŵiRNAs Ǉ su 

asoĐiaĐióŶ ĐoŶ la tƌaŶsfoƌŵaĐióŶ a liŶfoŵa de alto gƌado.   

•Eǀaluaƌ si las ŵutaĐioŶes eŶ sitios de uŶióŶ de ŵiRNAs puedeŶ seƌǀiƌ Đoŵo 

ďioŵaƌĐadoƌes pƌoŶóstiĐo paƌa la ideŶtifiĐaĐióŶ de paĐieŶtes ĐoŶ FL ĐoŶ ƌiesgo de 

tƌaŶsfoƌŵaĐióŶ a liŶfoŵa de alto gƌado. 

•IdeŶtifiĐaƌ el taƌgetoŵa del ŵiR-ϭϱϱ eŶ los suďtipos de ĐeŶtƌo geƌŵiŶal ;GCBͿ Ǉ de 

Đélula B aĐtiǀadas ;ABCͿ del liŶfoŵa B difuso de Đélula gƌaŶde ;DLBCLͿ ĐoŶ el fiŶ de 

deteƌŵiŶaƌ el sigŶifiĐado de su eǆpƌesióŶ difeƌeŶĐial eŶtƌe los dos suďtipos.  

•IdeŶtifiĐaƌ ďioŵaƌĐadoƌes de ĐlasifiĐaĐióŶ paƌa paĐieŶtes ĐoŶ DLBCL eŶtƌe los dos 

suďtipos ŵoleĐulaƌes GCB Ǉ ABC ŵediaŶte el aŶálisis del taƌgetoŵa del ŵiR-ϭϱϱ. 
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ͺ.͵ Identificación y análisis de mutaciones en sitios de 
unión de miRNAs en linfoma folicular 

El liŶfoŵa foliĐulaƌ ;FLͿ es el liŶfoŵa B de ďajo gƌado ŵás ĐoŵúŶ Ǉ ƌepƌeseŶta el ϮϬ% 

de todos los liŶfoŵas diagŶostiĐados [ϰϴ].  A pesaƌ de tƌataƌse de uŶ liŶfoŵa de 

pƌogƌesióŶ leŶta, el ϰϱ% de los paĐieŶtes sufƌeŶ uŶa tƌaŶsfoƌŵaĐióŶ a uŶ liŶfoŵa 

ŵuĐho ŵás agƌesiǀo Ǉ de peoƌ pƌoŶóstiĐo ƌeduĐieŶdo dƌástiĐaŵeŶte su espeƌaŶza de 

ǀida [ϰϵ, ϴϵ]. A pesaƌ de la gƌaǀedad de esta ĐoŵpliĐaĐióŶ, Ŷo eǆisteŶ a día de hoǇ 

ďioŵaƌĐadoƌes paƌa pƌedeĐiƌ el ƌiesgo de sufƌiƌla. Poƌ taŶto, el oďjetiǀo de este 

pƌoǇeĐto es ideŶtifiĐaƌ ŵutaĐioŶes eŶ sitios de uŶióŶ de ŵiĐƌoRNAs asoĐiadas a la 

tƌaŶsfoƌŵaĐióŶ Ƌue puedaŶ ƌesultaƌ útiles Đoŵo ďioŵaƌĐadoƌes pƌoŶóstiĐo al ŵisŵo 

tieŵpo Ƌue aŶalizaƌ el iŵpaĐto ďiológiĐo de esta péƌdida de ƌegulaĐióŶ eŶ la 

fisiopatología es este liŶfoŵa. Paƌa pƌoďaƌ Ŷuestƌa hipótesis, iŶteƌƌogaŵos datos de 

seĐueŶĐiaĐióŶ del geŶoŵa Đoŵpleto ;WGSͿ de ŵuestƌas Ƌue pƌoǀeŶíaŶ de ϲ paĐieŶtes 

ĐoŶ liŶfoŵa foliĐulaƌ Ƌue haďíaŶ sufƌido uŶ pƌoĐeso de tƌaŶsfoƌŵaĐióŶ Ǉ su ŵateƌial 

ĐoŶstitutiǀo ĐoƌƌespoŶdieŶte. UtilizaŶdo el algoƌitŵo de pƌediĐĐióŶ de TaƌgetSĐaŶ  

ideŶtifiĐaŵos uŶ total de ϱϰϰ ŵutaĐioŶes pƌeseŶtes eŶ sitios de uŶióŶ de ŵiRNAs. Los 

ƌesultados ŵostƌaƌoŶ uŶ eŶƌiƋueĐiŵieŶto de estas diaŶas eŶ zoŶas ϯ͛UTR Ǉ eŶ geŶes 

ƌelaĐioŶados ĐoŶ eŶfeƌŵedades heŵatológiĐas ;P = Ϯ,ϭϴǆϭϬ-ϰͿ sugiƌieŶdo Ƌue estas 

ŵutaĐioŶes Ŷo soŶ al azaƌ siŶo Ƌue es posiďle Ƌue teŶgaŶ uŶa fuŶĐióŶ ďiológiĐa. 

La seĐueŶĐiaĐióŶ SaŶgeƌ de las ŵutaĐioŶes eŶ ϯϰ geŶes ĐaŶdidatos peƌŵitió ǀalidaƌ uŶ 

teƌĐio de las ŵisŵas. Esto pudo deďeƌse a la ďaja seŶsiďilidad de esta téĐŶiĐa eŶ 

ĐoŵpaƌaĐióŶ ĐoŶ las téĐŶiĐas de seĐueŶĐiaĐióŶ de pƌóǆiŵa geŶeƌaĐióŶ ;NGSͿ Ǉa Ƌue las 

fƌeĐueŶĐias del alelo ŵutado ŵeŶoƌes al ϭϱ-ϮϬ% Ŷo soŶ deteĐtaďles ŵediaŶte esta 

téĐŶiĐa [ϯϱϭ]. EŶ Đaŵďio, eŵpleaŶdo seĐueŶĐiaĐióŶ diƌigida se ǀalidaƌoŶ el ϴϬ% de las 

ŵutaĐioŶes iŶiĐialŵeŶte ideŶtifiĐadas. Al eǆploƌaƌ su pƌeseŶĐia eŶ uŶa Đohoƌte de 

ǀalidaĐióŶ ǀiŵos Ƌue las ǀaƌiaŶtes ƌeĐuƌƌeŶtes ;ϯϬ ǀaƌiaŶtes eŶ Ϯϳ geŶesͿ se 

eŶĐoŶtƌaďaŶ eŶ geŶes ƌelaĐioŶados ĐoŶ liŶfoŵas B de ĐeŶtƌo geƌŵiŶal ;P = ϰ,ϯϵ ǆ ϭϬ-ϱͿ 

lo Ƌue ŶueǀaŵeŶte sugieƌe Ƌue estas ǀaƌiaŶtes pƌoďaďleŵeŶte teŶgaŶ uŶ sigŶifiĐado 

ďiológiĐo ƌelaĐioŶado ĐoŶ la patología. SiŶ eŵďaƌgo, ŶiŶguŶa de ellas se pudo asoĐiaƌ al 

pƌoĐeso de tƌaŶsfoƌŵaĐióŶ.  
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Adeŵás, pudiŵos ǀalidaƌ este ŵeĐaŶisŵo patogéŶiĐo ŵediaŶte eŶsaǇos de luĐifeƌasa. 

Los ƌesultados ŵostƌaƌoŶ Đoŵo las ŵutaĐioŶes eŶ BCLϮ ;hgϭϵ Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A]Ϳ 

Ǉ EZHϮ ;hgϭϵ Đhƌϳ:g.[ϭϰϴϱϬϴϳϮϳT>A/G, ϭϰϴϱϬϴϳϮϴA>T]Ϳ, dos geŶes Đlaǀe eŶ liŶfoŵas 

B de ĐeŶtƌo geƌŵiŶal, iŶteƌfeƌíaŶ ĐoŶ la uŶióŶ del ŵiRNA iŵpidieŶdo su ĐoƌƌeĐta 

ƌegulaĐióŶ. SeguidaŵeŶte Ŷos dispusiŵos a aŶalizaƌ iŶ-siliĐo la ƌeleǀaŶĐia fuŶĐioŶal de 

este ŵeĐaŶisŵo eŶ paĐieŶtes ĐoŶ FL eǆploƌaŶdo datos de ŵiĐƌoaƌƌaǇs puďliĐados eŶ la 

ďase de datos GEO. AŶalizaŵos los Ŷiǀeles de eǆpƌesióŶ de ŵiR-ϭϰϰ, ŵiĐƌoRNA Ƌue 

deŵostƌaŵos Ƌue ƌegulaďa EZHϮ, Ǉ oďseƌǀaŵos Ƌue la eǆpƌesióŶ de aŵďos es ǀaƌiaďle 

eŶ paĐieŶtes. SiŶ eŵďaƌgo, los datos Ŷo peƌŵitieƌoŶ haĐeƌ uŶa asoĐiaĐióŶ eŶtƌe los 

Ŷiǀeles de eǆpƌesióŶ del ŵiR-ϭϰϰ, EZHϮ Ǉ su geŶotipo ǁild tǇpe o ŵutado. El aŶalisis iŶ-

siliĐo de BCLϮ Ǉ ŵiR-ϱϬϬϴ Ŷo se pudo ƌealizaƌ deďido a la falta de datos dispoŶiďles. 

EZHϮ Ǉa haďía sido desĐƌito Đoŵo diaŶa de ŵiR-ϭϰϰ pƌeǀiaŵeŶte eŶ ĐáŶĐeƌ [ϯϱϵ-ϯϲϭ] Ǉ 

alguŶos estudios haŶ deŵostƌado uŶa ĐoƌƌelaĐióŶ iŶǀeƌsa eŶtƌe la eǆpƌesióŶ de ŵiR-

ϭϰϰ Ǉ EZHϮ [ϯϲϬ, ϯϲϭ]. La eǆpƌesióŶ de ŵiR-ϭϰϰ se ŵuestƌa ǀaƌiaďle eŶ paĐieŶtes segúŶ 

el aŶálisis iŶ-siliĐo ƌealizado Ǉ adeŵás, su ƌeleǀaŶĐia eŶ paĐieŶtes ĐoŶ liŶfoŵas B ha 

sido deŵostƌada [ϯϲϮ]. Poƌ otƌo lado, el ŵeĐaŶisŵo paƌa BCLϮ seƌía paƌtiĐulaƌŵeŶte 

iŶteƌesaŶte eŶ paĐieŶtes ĐoŶ auseŶĐia de la tƌaŶsloĐaĐióŶ t;ϭϰ;ϭϴͿ Ǉa Ƌue podƌía 

tƌataƌse de uŶ ŵeĐaŶisŵo de soďƌeǆpƌesióŶ de BCLϮ alteƌŶatiǀo [ϯϲϯ] eŶ aƋuellos 

paĐieŶtes ĐoŶ uŶa alta eǆpƌesióŶ del ŵiR-ϱϬϬϴ. Deďido a la auseŶĐia de datos Ŷo 

pudiŵos eǀaluaƌ su eǆpƌesióŶ eŶ paĐieŶtes peƌo gaŶaŶĐias ĐƌoŵosóŵiĐas del ďƌazo ϭƋ, 

doŶde se ĐodifiĐa el ŵiR-ϱϬϬϴ, haŶ sido desĐƌitas eŶ uŶ ϮϬ% de tuŵoƌes de FL [ϵϱ]. 

Poƌ taŶto, deŵostƌaŵos Đoŵo estas ŵutaĐioŶes eŶ EZHϮ Ǉ BCLϮ ideŶtifiĐadas eŶ 

paĐieŶtes ĐoŶ FL afeĐtaŶ ŶegatiǀaŵeŶte a la uŶióŶ del ŵiRNA Ƌue los ƌegula 

pƌoŵoǀieŶdo la desƌegulaĐióŶ de los geŶes diaŶa eŶ los eŶsaǇos iŶ-ǀitƌo ƌealizados. 

Este poteŶĐial Ŷueǀo ŵeĐaŶisŵo eŶ FL ƌeƋuieƌe iŶǀestigaĐióŶ adiĐioŶal paƌa eǀaluaƌ su 

ƌeleǀaŶĐia eŶ paĐieŶtes.  

 

ͺ.Ͷ. 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 ϭϵ% a ϯ͛UTRs Ǉ solo el ϰ% a ϱ͛UTRs. El ƌesto 

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 

loĐalizados eŶ ƌegioŶes ĐodifiĐaŶtes de pƌoteíŶas ;ϱ͛UTR, eǆoŶes Ǉ ϯ͛UTRsͿ paƌa 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.  

 

ͺ.ͷ. 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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ͺ.ͷ Conclusiones 

1. Las ŵutaĐioŶes eŶ sitios de uŶioŶ de ŵiRNAs soŶ fƌeĐueŶtes eŶ FL Ǉ oĐuƌƌeŶ 

pƌefeƌeŶĐialŵeŶte eŶ zoŶas ϯ͛UTR de geŶes asoĐiados ĐoŶ eŶfeƌŵedades 

heŵatológiĐas. 

2. Los Ϯϳ geŶes seleĐĐioŶados poƌ pƌeseŶtaƌ ŵutaĐioŶes ƌeĐuƌƌeŶtes eŶ sitios de 

uŶioŶ de ŵiRNAs se eŶĐueŶtƌaŶ altaŵeŶte asoĐiados ĐoŶ liŶfoŵas B de ĐeŶtƌo 

geƌŵiŶal. 

3. No se pudo asoĐiaƌ ŶiŶguŶa de estas ŵutaĐioŶes ĐoŶ la tƌaŶsfoƌŵaĐióŶ del FL 

deďido al liŵitado Ŷúŵeƌo de paĐieŶtes ĐoŶ ŵutaĐioŶes ĐoŶĐƌetas  

4. Las ŵutaĐioŶes eŶ EZHϮ ;ĐodoŶ YϲϰϭͿ Ǉ la ǀaƌiaŶte eŶ BCLϮ ;hgϭϵ 

Đhƌϭϴ:g.[ϲϬϳϵϯϰϰϳG>A]Ϳ iŵpideŶ la ĐoƌƌeĐta uŶioŶ del ŵiR-ϭϰϰ Ǉ ŵiR-ϱϬϬϴ 

ƌespeĐtiǀaŵeŶte deŵostƌaŶdo la fuŶĐioŶalidad de este  ŵeĐaŶisŵo eŶ dos 

geŶes altaŵeŶte ƌeleǀaŶtes eŶ la liŶfoŵageŶesis de Đélula B.  

5. La soďƌeǆpƌesióŶ del ŵiR-ϭϰϰ eŶ liŶeas Đelulaƌes deƌiǀadas de DLBCL iŶduĐe la 

ƌegulaĐióŶ a la ďaja de EZHϮ a Ŷiǀel de ŵRNA Ǉ pƌoteíŶa eŶ Đélulas ĐoŶ EZHϮ 

ǁild tǇpe peƌo Ŷo eŶ Đélulas ĐoŶ la ŵutaĐióŶ YϲϰϭF. Esto sugieƌe la ƌeleǀaŶĐia 

de este ŵeĐaŶisŵo eŶ el liŶaje Đellulaƌ liŶfoide. 

6. EŶ aŶalisis del taƌgetoŵa del ŵiR-ϭϱϱ ŵediaŶte la téĐŶiĐa PAR-CLIP, las leĐtuƌas 

tƌas el pƌoĐesaŵieŶto ĐuďƌíaŶ el Ϭ.ϮϮ% del geŶoŵa, iŶdiĐaŶdo la espeĐifiĐidad 

eŶ la Đaptuƌa del RNA. 

7. La ideŶtifiĐaĐióŶ eǆpeƌiŵeŶtal de diaŶas del ŵiR-ϭϱϱ ;PAR-CLIPͿ ideŶtifiĐa ŵás 

geŶes diaŶa ǀalidados Ƌue los sisteŵas de pƌediĐĐióŶ ĐoŵputaĐioŶales 

;algoƌitŵo TaƌgetSĐaŶͿ. 

8. Los geŶes difeƌeŶĐialŵeŶte ideŶtifiĐados eŶtƌe la ĐoŶdiĐióŶ eǆpeƌiŵeŶtal Ǉ 

ĐoŶtƌol eŶ el eǆpeƌiŵeŶt PAR-CLIP deŵostƌaƌoŶ estaƌ sigŶifiĐatiǀaŵeŶte 

eŶƌiƋueĐidos paƌa geŶes ƌelaĐioŶados ĐoŶ la ǀía de señalizaĐióŶ del ƌeĐeptoƌ B Ǉ 

el ĐiĐlo Đellulaƌ eŶ aŵďos suďtipos de DLBCL. SiŶ eŵďaƌgo, solo los geŶes 
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ideŶtifiĐados eŶ el suďtipo agƌesiǀo ABC-DLBCL se eŶĐoŶtƌaďaŶ 

sigŶifiĐatiǀaŵeŶte iŶǀoluĐƌados eŶ las ǀías de señalizaĐióŶ AMPK Ǉ FOXO lo Ƌue 

sugieƌe Ƌue estas ǀías podƌíaŶ estaƌ diƌeĐtaŵeŶte ƌeguladas poƌ el ŵiR-ϭϱϱ eŶ 

este suďtipo.  
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ϰϬϰ. Wu, W.W., et al., Roďust Suď-ŶaŶoŵolaƌ LiďƌaƌǇ PƌepaƌatioŶ foƌ High Thƌoughput Neǆt 
GeŶeƌatioŶ SeƋueŶĐiŶg. BMC GeŶoŵiĐs, ϮϬϭϴ. ϭϵ;ϭͿ: p. ϯϮϲ. 

ϰϬϱ. ReǇes-Heƌƌeƌa, P.H., et al., BaĐkCLIP: a tool to ideŶtifǇ ĐoŵŵoŶ ďaĐkgƌouŶd pƌeseŶĐe iŶ 
PAR-CLIP datasets. BioiŶfoƌŵatiĐs, ϮϬϭϱ. ϯϭ;ϮϮͿ: p. ϯϳϬϯ-ϱ. 

 

 



 

 

 



 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10. ANNEX 
 

 

 

 

 



 

 

 

  



 

 

   

Ϯϭϳ
 

 

ϭϬ. AŶŶeǆ 

 

Saŵple ID DiagŶosis BiopsǇ PƌeseƌǀatioŶ SouƌĐe 

WGS 
;DisĐoǀeƌǇ 
ĐohoƌtͿ 

SaŶgeƌ 
SeƋueŶĐiŶg 
;PƌeliŵiŶaƌǇ 
eǆteŶded 
ĐohoƌtͿ 

Deep Taƌgeted 
ReseƋueŶĐiŶg 
;eǆteŶded 
ĐohoƌtͿ 

TaƋŵaŶ 
GeŶotǇp
iŶg 
Đohoƌt 

pa
iƌe

d 
FL

-tF
L 

SϭFL FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϮFLϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϮFLϮ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϮFLϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϯFL FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϰFL FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϱFL FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϲFL FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϭtFL tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϮtFL tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

 SϯtFL  tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϰtFL tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϱtFL tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

SϲtFL tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute Y Y Y N 

 Ϭϵ-ϱϭϮϵ FL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y Y N 

Ϭϵ-ϲϰϰϵ-ϭX tFL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y Y N 

Ϭϵ-ϵϵϯϴA FL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y Y N 

Ϭϵ-Ϯϯϳϵϵ tFL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y Y N 

Ϭϱ-.ϮϮϮϲ FL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y Y N 

ϭϭ-ϭϱϭϳϯ tFL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y N N 

ϭϬ-.Ϯϯϰϳ FL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y N N 

ϭϬ-ϭϳϭϴϵ-ϭ tFL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y N N 



 

 

 

Ϯϭϴ
 

ϭϬ. AŶŶeǆ 

Ϭϰ-ϭϱϱϱϳ FL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y Y N 

ϭϯ-ϰϴϭϭ tFL lǇŵph Ŷode FFPE CƌuĐes UŶiǀeƌsitǇ Hospital N Y N N 

FLϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϮ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϰ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϳ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϵ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϭϬ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϭϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϭϮ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϭϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϭϰ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϭϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϭϲ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϮϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϮϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϮϲ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϯϰ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

FLϯϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϭ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϮ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϯ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϰ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϱ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϳ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 



 

 

   

Ϯϭϵ
 

 

ϭϬ. AŶŶeǆ 

DBϵ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϭϬ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϭϭ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϭϮ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϭϯ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϭϰ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϭϱ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϭϲ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϮϯ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϮϱ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϮϲ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϯϰ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

DBϯϱ tFL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N Y N 

THDϭϱTϬϬϮϰPFϭ FL OǀaƌǇ FFPE DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϮϱCMϭ tFL 
SuďŵaǆillaƌǇ 
glaŶd 

FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

Ŷt
FL

 

ϭϯϱϳ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

Ϯϲϭϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϭϮϴϵ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϭϮϴϳ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϮϭϬϱ FL ? lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϭϮϴϲ FL ? lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϱϴϲ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϵϵϰ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

Ϯϲϱϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϵϵϬ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϭϳϱϰ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 



 

 

 

ϮϮϬ
 

ϭϬ. AŶŶeǆ 

ϴϭϳ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϭϳϭϬ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N N 

ϲϮϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϭϲϱϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϱϮϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϭϲϰϬ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϭϳϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϭϲϯϳ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N Y N Y 

ϲϮϲ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϲϴϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϴϬϰ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϱϮ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϱϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϲϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

FLϭϴ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϳϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϴϬ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϮϰϲ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϱϱϴ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

FLϭϵ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

FLϮϬ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϰϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϰϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϰϲ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϰϳ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϳϮϲϬ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϲϲ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 



 

 

   

ϮϮϭ
 

 

ϭϬ. AŶŶeǆ 

ϭϲϲϴ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϲϵ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

Ϯϲϲϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϲϲϰϬ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϵϵ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϳϬϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϳϬϮ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϳϵϮ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϴϬϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϵϴϳ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

Ϯϯϳϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϮϱϰϮ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

DϬϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϳϴϮϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϰϲϰ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϰϲϱ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϱϭϵ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϱϴϱ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϲϲϱ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϲϵ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϴϮ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϴϯ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϮϬϮ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϮϬϰ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϮϯϭ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϮϴϭ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϮϴϮ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 



 

 

 

ϮϮϮ
 

ϭϬ. AŶŶeǆ 

ϭϮϴϯ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϰϰ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϰϵ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϱϮ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϳϭ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϰϮ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϳϰ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϳϬϬ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϴϬϯ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϰϯ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

Ϯϭϭϱ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

Ϯϭϭϵ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϮϭϮϬ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϮϭϮϭ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϮϮϮϵ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϮϮϵϲ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϮϮϵϵ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϱϬϴ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

Ϯϱϵϰ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϮϲϬϭ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

Ϯϲϭϴ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϳϭϳ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϴϬϱ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϴϱϬ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϬϭϮ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϮϰ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϱϲ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 
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ϭϭϲϮ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϲϰ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϮϳ FL Relapse  lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϯϴ FL Relapse  lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

Ϯϯϵϵ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

Ϯϲϱϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

Ϯϲϱϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϱϰ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϲϲ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϲϯ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϴϭ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϱϭ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϯϵ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϲϲϲ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϰϴ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϳϬ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϳϱ FL lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϮϬϵϰ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϮϮ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϭϳϳ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϯϲ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϲϱ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϲϲϳ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϮϮϬϬ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϭϴϬϬ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

ϴϰϵ FL Relapse lǇŵph Ŷode FƌozeŶ Baƌts CaŶĐeƌ IŶstitute N N N Y 

TϭϮϬϬϭϮ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 
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TϭϮϬϬϭϰ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

TϭϯϬϬϮϭ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

TϭϯϬϬϮϯ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

TϭϯϬϬϮϰ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

TϭϯϬϬϮϳ FL Ileuŵ FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

TϭϯϬϬϯϮ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

THDϭϯTϬϬϯϰ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

THDϭϯTϬϬϯϴ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

THDϭϱTϬϬϭϬ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϮϮCMϭ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϮϯCMϭ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

TϭϯϬϬϳϬ.ϭ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϬϰ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϬϵ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϭϭ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϭϮ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϭϰ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϭϲ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϭϳ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 

THDϭϱTϬϬϭϴ FL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 
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TϭϯϬϬϭϵ 
FL                  
;pƌe-tƌaŶsfͿ lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

THDϭϯTϬϬϯϯ 
FL                   
;pƌe-tƌaŶsfͿ lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

THDϭϯTϬϬϯϱ tFL ;DLBCLͿ lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y Y N 

THDϭϱTϬϬϮϲPFϭ 
tFL ;DLBCL + 
BuƌkittͿ SkiŶ FFPE DoŶostia UŶiǀeƌsitǇ Hospital N N Y N 
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ϭϬ. AŶŶeǆ 

 

Taďle ϭ-AŶŶeǆ: Detailed iŶfoƌŵatioŶ aďout eaĐh saŵple. This iŶfoƌŵatioŶ iŶĐludes the diagŶosis, ďiopsied tissue, pƌeseƌǀatioŶ of the saŵple, hospital aŶd 
iŶ ǁhat Đohoƌt the saŵple ǁas iŶĐluded.  
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TϭϮϬϬϭϵ DLBCL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y N N 

TϭϯϬϬϮϱ DLBCL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y N N 

TϭϯϬϬϮϲ DLBCL SkiŶ FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y N N 

TϭϯϬϬϮϴ DLBCL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y N N 

TϭϯϬϬϯϬ DLBCL SpleeŶ FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y N N 

THDϭϯTϬϬϯϲ DLBCL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y N N 

THDϭϯTϬϬϯϳ DLBCL lǇŵph Ŷode FƌozeŶ DoŶostia UŶiǀeƌsitǇ Hospital N Y N N 

LǇ
ŵ

ph
oŵ

a 
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ll 
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FL-ϭϴ FL Đell liŶe  -  -  -  -  - Y N 

RIVA DLBCL Đell liŶe  -  -  -  -  - Y N 

OCI-LǇϭϬ DLBCL Đell liŶe  -  -  -  -  - Y N 

suDHLϰ DLBCL Đell liŶe  -  -  -  -  - Y N 

suDHLϭϬ DLBCL Đell liŶe  -  -  -  -  - Y N 

OCI-LǇϭ DLBCL Đell liŶe  -  -  -  -  - Y N 

OCI-LǇϴ DLBCL Đell liŶe  -  -  -  -  - Y N 

suDHLϭ DLBCL Đell liŶe  -  -  -  -  - Y N 
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ϭϬ. AŶŶeǆ 

Chƌ PositioŶ StƌaŶd ŵiRNA WT Mutated GeŶe LoĐatioŶ PatieŶt 

ϭϴ ϲϬϳϵϯϰϰϳ - hsa-ŵiƌ-ϱϬϬϴ G GTCCAAA… BCLϮ ϯutƌ Sϯ_FL 

ϭϴ ϲϬϳϵϯϰϰϴ - hsa-ŵiƌ-ϱϬϬϴ G AGGAGAG… BCLϮ ϯutƌ Sϯ_FL 

ϭϴ ϲϬϳϵϯϲϰϭ - hsa-ŵiƌ-ϲϬϳϭ A C BCLϮ ϯutƌ Sϯ_tFL 

ϭϴ ϲϬϳϵϯϲϱϯ - hsa-ŵiƌ-ϭϯϴ T C BCLϮ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϴ ϲϬϳϵϯϵϬϲ - hsa-ŵiƌ-Ϯϳa G A BCLϮ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϮϬ ϱϱϳϰϱϱϭϭ - hsa-ŵiƌ-ϭϱϯϳ A T BMPϳ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϮϬ ϱϱϳϰϱϱϭϮ - hsa-ŵiƌ-ϭϱϯϳ T A BMPϳ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϯ ϱϴϳϬϯϯϭϭ - hsa-ŵiƌ-ϭϯϬϯ G A Cϯoƌfϲϳ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϯ ϱϴϳϮϳϴϲϯ - hsa-ŵiƌ-ϭϰϭ TTGAA T Cϯoƌfϲϳ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϯ ϱϴϴϰϳϱϳϬ - hsa-ŵiƌ-ϭϮϵ C G Cϯoƌfϲϳ ϯutƌ Sϭ_tFL 

ϳ ϭϬϲϮϵϵϴϲϲ - hsa-ŵiƌ-ϯϲϴϱ A G RPϱ-ϴϵϮGϭϵ.ϭ ϯutƌ Sϱ_tFL 

ϳ ϭϬϲϮϵϵϵϬϴ - hsa-ŵiƌ-Ϯϴ T A RPϱ-ϴϵϮGϭϵ.ϭ ϯutƌ Sϱ_tFL 

X ϭϬϬϱϭϴϲϱϵ + hsa-ŵiƌ-ϯϲϭϰ A G DRPϮ ϯutƌ Sϯ_tFL 

X ϭϬϬϱϭϴϲϲϴ + hsa-ŵiƌ-ϯϲϲϮ A G DRPϮ ϯutƌ Sϯ_tFL 

ϮϬ ϮϲϬϲϰϮϵϲ + hsa-ŵiƌ-ϭϳ T G FAMϭϴϮA ϯutƌ Sϭ_FL 

ϮϬ ϮϲϬϲϳϬϬϴ + hsa-ŵiƌ-ϭϬa C A FAMϭϴϮA ϯutƌ Sϱ_tFL 

ϴ ϴϳϰϴϬϱϳϯ - hsa-ŵiƌ-ϯϳϲa G A FAMϴϮB ϯutƌ Sϱ_tFL 

ϴ ϴϳϰϴϲϰϯϭ - hsa-ŵiƌ-ϮϮϰ C T FAMϴϮB ϯutƌ SϮ_FLϮ,SϮ_FLϯ 

ϰ ϰϲϵϮϯϰϮϭ - hsa-ŵiƌ-ϱϲϴϭa A C GABRAϰ ϯutƌ SϮ_FLϮ,SϮ_FLϯ 

ϰ ϰϲϵϮϳϱϮϬ - hsa-ŵiƌ-ϯϭϱϳ G A GABRAϰ ϯutƌ Sϭ_tFL 

ϭϳ ϵϴϭϴϬϭϴ - hsa-ŵiƌ-ϯϭϯϯ T A GASϳ ϯutƌ Sϯ_tFL 

ϭϳ ϵϴϮϬϮϴϵ - hsa-ŵiƌ-ϯϵϰϮ C A GASϳ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϬ ϱϴϬϳϲϱϳ - hsa-ŵiƌ-ϭϱa A C GDIϮ ϯutƌ Sϱ_tFL 

ϭϬ ϱϴϬϳϳϬϱ - hsa-ŵiƌ-ϭϮϯϭ A G GDIϮ ϯutƌ Sϱ_tFL 

ϭϬ ϱϴϬϳϳϮϮ - hsa-ŵiƌ-ϯϯa A C GDIϮ ϯutƌ Sϱ_tFL 

ϭϮ ϰϮϰϴϬϳϲϬ - hsa-ŵiƌ-ϭϮϮϵ A C GXYLTϭ ϯutƌ SϮ_tFL 
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ϭϮ ϰϮϰϴϬϳϲϳ - hsa-ŵiƌ-ϭϴϭĐ A G GXYLTϭ ϯutƌ SϮ_tFL 

ϭϮ ϰϮϰϴϬϳϵϴ - hsa-ŵiƌ-ϯϮϬa C A GXYLTϭ ϯutƌ SϮ_tFL 

ϭϮ ϰϮϰϴϬϳϵϵ - hsa-ŵiƌ-ϯϮϬa G A GXYLTϭ ϯutƌ SϮ_tFL 

ϭϮ ϭϭϬϲϬϲϴϴϰ + hsa-ŵiƌ-ϭϮϱϮ T C IFTϴϭ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϮ ϭϭϬϲϬϲϴϴϱ + hsa-ŵiƌ-ϭϮϱϮ C T IFTϴϭ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϮ ϭϭϬϲϬϲϴϴϴ + hsa-ŵiƌ-ϯϭϮϱ C T IFTϴϭ ϯutƌ SϮ_FLϯ 

ϭϮ ϭϭϬϲϬϲϴϴϵ + hsa-ŵiƌ-ϯϭϮϱ T C IFTϴϭ ϯutƌ SϮ_FLϯ 

Ϯ ϵϱϰϲϯϬϭ - hsa-ŵiƌ-ϭϰϲa A C ITGBϭBPϭ ϯutƌ Sϱ_tFL 

Ϯ ϵϱϰϲϯϮϰ - hsa-ŵiƌ-ϭϮϰϱď GTGTT G ITGBϭBPϭ ϯutƌ Sϱ_tFL 

ϭϴ ϰϳϯϰϵϳϱϰ - hsa-ŵiƌ-ϭϬϭ C T MYOϱB ϯutƌ Sϰ_tFL 

ϭϴ ϰϳϯϱϬϮϵϭ - hsa-ŵiƌ-ϭϯϮϯ C A MYOϱB ϯutƌ SϮ_tFL 

ϭϴ ϰϳϯϱϬϯϬϰ - hsa-ŵiƌ-ϭϰϰ C T MYOϱB ϯutƌ Sϰ_tFL 

ϭϴ ϰϳϯϱϬϯϬϳ - hsa-ŵiƌ-ϭϰϰ G A MYOϱB ϯutƌ Sϰ_tFL 

ϭϴ ϰϳϯϱϬϰϰϰ - hsa-ŵiƌ-ϰϯϭϭ A G MYOϱB ϯutƌ Sϰ_tFL 

ϭϴ ϰϳϯϱϬϰϵϰ - hsa-ŵiƌ-ϰϯϯ A G MYOϱB ϯutƌ Sϰ_tFL 

ϰ ϯϬϳϯϮϴϴϰ + hsa-ŵiƌ-ϰϵϱ A G PCDHϳ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϰ ϯϬϳϯϮϵϴϯ + hsa-ŵiƌ-ϯϮϵ GTA G PCDHϳ ϯutƌ Sϯ_tFL 

ϵ ϳϴϴϬϴϰϭϮ + hsa-ŵiƌ-ϰϮϴϳ A C PCSKϱ ϯutƌ SϮ_tFL 

ϵ ϳϴϵϳϱϮϳϴ + hsa-ŵiƌ-ϱϬϬϵ A T PCSKϱ ϯutƌ Sϰ_tFL 

ϭ ϭϲϬϮϰϳϲϭϬ - hsa-ŵiƌ-ϯϭϴϵ T C PEXϭϵ ϯutƌ Sϭ_FL 

ϭ ϭϲϬϮϰϳϲϮϳ - hsa-ŵiƌ-ϭϮϱď T A PEXϭϵ ϯutƌ Sϭ_FL 

Ϯ ϭϵϳϳϬϱϱϴϭ - hsa-ŵiƌ-ϳϱϴ T C PGAPϭ ϯutƌ Sϰ_FL,Sϰ_tFL 

Ϯ ϭϵϳϳϭϮϮϯϴ - hsa-ŵiƌ-ϯϭϯϰ T A PGAPϭ ϯutƌ Sϱ_tFL 

Ϯ ϴϲϯϲϱϭϭϬ + hsa-ŵiƌ-ϯϭϱϮ C T PTCDϯ ϯutƌ SϮ_FLϯ 

Ϯ ϴϲϯϲϱϳϴϭ + hsa-ŵiƌ-Ϯϯϱϱ AG A PTCDϯ ϯutƌ Sϭ_tFL 

ϰ ϱϳϴϬϭϲϱϳ + hsa-ŵiƌ-ϯϭϮϵ A T REST ϯutƌ Sϱ_FL 

ϰ ϱϳϴϬϭϵϱϮ + hsa-ŵiƌ-ϭϮϳϵ A G REST ϯutƌ SϮ_FLϮ 
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Ϯ ϴϱϱϲϵϲϲϲ - hsa-ŵiƌ-ϭϰϲa C T RETSAT ϯutƌ Sϱ_FL 

Ϯ ϴϱϱϳϬϭϴϲ - hsa-ŵiƌ-ϭϮϬϳ G A RETSAT ϯutƌ Sϯ_FL 

ϭϴ ϰϳϯϱϬϰϱϵ - hsa-ŵiƌ-ϯϭϰϬ C CTTTATGT MYOϱB ϯutƌ Sϰ_tFL 

ϭϴ ϰϳϯϱϮϳϰϮ - hsa-ŵiƌ-Ϯϭϲď T G MYOϱB ϯutƌ Sϭ_tFL 

ϭϴ ϰϳϯϱϮϳϱϰ - hsa-ŵiƌ-Ϯϲϴϭ A G MYOϱB ϯutƌ Sϭ_tFL 

ϭϵ ϱϱϴϵϵϴϯϯ + hsa-ŵiƌ-ϰϳϲϭ G A RPLϮϴ ϯutƌ Sϯ_tFL 

ϭϵ ϱϱϵϬϯϬϵϳ + hsa-ŵiƌ-ϰϮϲϱ A G RPLϮϴ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

X ϭϰϮϳϭϭϰϬϱ - hsa-ŵiƌ-ϯϭϲϯ A C SLITRKϰ ϯutƌ Sϰ_FL 

X ϭϰϮϳϭϮϮϱϮ - hsa-ŵiƌ-ϯϭ A C SLITRKϰ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϭϴ ϰϬϴϰϴϯϭϬ - hsa-ŵiƌ-ϯϲϬϲ A T SYTϰ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϴ ϰϬϴϰϴϲϮϲ - hsa-ŵiƌ-ϭϮϵϰ G T SYTϰ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϴ ϰϬϴϰϴϴϲϭ - hsa-ŵiƌ-ϯϳϭa A C SYTϰ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϳ ϳϲϴϰϵϳϰϵ - hsa-ŵiƌ-ϭϬϱ A C TIMPϮ ϯutƌ Sϯ_FL 

ϯ ϭϳϭϱϳϰϱϴϵ + hsa-ŵiƌ-ϭϰϮ C CTT TMEMϮϭϮ ϯutƌ Sϲ_FL 

ϯ ϭϳϭϱϳϰϲϴϯ + hsa-ŵiƌ-ϰϲϲϲa G A TMEMϮϭϮ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϳ ϭϵϳϯϱϭϭϳ - hsa-ŵiƌ-ϯϭϰϬ T C TWISTNB ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϳ ϭϵϳϯϱϭϰϭ - hsa-ŵiƌ-ϭϮϲϳ A G TWISTNB ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϵ ϰϰϴϴϲϵϴϲ - hsa-ŵiƌ-ϭϰϵ A ATCAAATGAC… ZNFϮϴϱ ϯutƌ Sϯ_FL 

ϭϵ ϰϰϴϵϬϭϵϯ - hsa-ŵiƌ-ϭϮϮϱ T C ZNFϮϴϱ ϯutƌ Sϲ_FL 

ϭϳ ϲϲϴϲϰϬϴϵ - hsa-ŵiƌ-ϭϮϵϱď G A ABCAϴ ϯutƌ Sϯ_tFL 

ϭϬ ϭϬϭϲϭϭϳϯϮ + hsa-ŵiƌ-ϭϵϭϬ A G ABCCϮ ϯutƌ Sϲ_FL 

X ϭϱϯϬϬϵϰϴϮ + hsa-ŵiƌ-ϭϰϳa C G ABCDϭ ϯutƌ Sϰ_FL 

Ϯ ϮϬϰϮϱϵϮϳϵ + hsa-ŵiƌ-ϮϬϱ A T RAPHϭ ϯutƌ SϮ_FLϮ,SϮ_FLϯ 

ϭ ϭϳϵϬϳϮϲϰϵ - hsa-ŵiƌ-ϰϳϱϵ T G ABLϮ ϯutƌ Sϯ_tFL 

ϳ ϭϱϬϱϱϴϰϱϴ + hsa-ŵiƌ-ϲϱϰ G A ABPϭ ϯutƌ Sϰ_FL,Sϰ_tFL 

Ϯ ϯϳϰϯϬϲϴϵ + hsa-ŵiƌ-ϭϯϱa C A ACϬϬϳϯϵϬ.ϱ ϯutƌ SϮ_FLϮ,SϮ_FLϯ 

ϭϱ ϭϬϬϮϱϱϵϱϱ - hsa-ŵiƌ-ϯϲϭϯ A C ACϬϮϮϲϵϮ.ϭ ϯutƌ SϮ_FLϮ,SϮ_FLϯ 



 

 

   

ϮϮϵ
 

 

ϭϬ. AŶŶeǆ 

Ϯ ϭϯϮϬϮϭϰϳϲ + hsa-ŵiƌ-ϵϰϮ C T ACϭϯϭϭϴϬ.Ϯ ϯutƌ Sϰ_tFL 

ϭϱ ϳϴϰϲϯϰϮϴ - hsa-ŵiƌ-ϭϱϱ G A ACSBGϭ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϰ ϭϬϱϮϭϯϯϵϵ + hsa-ŵiƌ-ϭϯϰ G C ADSSLϭ ϯutƌ Sϭ_tFL 

ϱ ϭϯϮϮϭϱϯϵϱ - hsa-ŵiƌ-ϲϱϬϱ T C AFFϰ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭ ϮϯϬϴϯϴϰϰϵ - hsa-ŵiƌ-ϭϴϭa C T AGT ϯutƌ Sϰ_FL,Sϰ_tFL 

ϭ Ϯϰϯϲϲϱϳϰϭ - hsa-ŵiƌ-ϭϮϯϴ C G AKTϯ ϯutƌ SϮ_tFL 

ϭ ϭϲϴϲϯϴϬϵ + hsa-ŵiƌ-ϭϮϱa C T ALϯϱϱϭϰϵ.ϭ ϯutƌ Sϰ_tFL 

ϲ ϯϱϬϱϲϲϲϭ + hsa-ŵiƌ-ϯϭϲϯ A G ANKSϭA ϯutƌ SϮ_FLϯ 

ϰ ϴϬϴϮϯϰϯϭ - hsa-ŵiƌ-ϮϬϴa A C ANTXRϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϬ ϳϱϴϴϭϵϰϵ - hsa-ŵiƌ-ϰϮϰ T C APϯMϭ ϯutƌ Sϱ_FL,Sϱ_tFL 

ϮϮ ϯϲϲϮϯϭϴϴ - hsa-ŵiƌ-ϭϮϴ C T APOLϮ ϯutƌ Sϱ_tFL 

ϵ ϯϯϰϰϭϳϬϮ - hsa-ŵiƌ-ϭϰϲď A AC AQPϯ ϯutƌ Sϲ_FL 

ϱ ϭϰϮϲϬϰϱϵϳ + hsa-ŵiƌ-ϰϮϴϳ G A ARHGAPϮϲ ϯutƌ Sϲ_FL 

ϯ ϭϭϵϭϯϵϯϭϮ + hsa-ŵiƌ-ϯϭϰϲ C T ARHGAPϯϭ ϯutƌ Sϱ_FL 

ϭϯ ϱϬϮϬϱϯϴϱ + hsa-ŵiƌ-ϭϮϲ C A ARLϭϭ ϯutƌ Sϱ_FL 

ϳ ϭϬϮϳϯϵϭϳϵ + hsa-ŵiƌ-ϮϮϮ A G ARMCϭϬ ϯutƌ Sϱ_FL 

ϭϮ ϮϳϱϳϱϲϬϲ + hsa-ŵiƌ-ϭϰϭ GT G ARNTLϮ ϯutƌ Sϯ_FL,Sϯ_tFL 

X ϲϵϱϬϭϬϮϯ + hsa-ŵiƌ-ϭϯϬa C T ARRϯ ϯutƌ Sϲ_tFL 

ϱ ϭϱϭϭϮϱϯϭϳ - hsa-ŵiƌ-ϮϮϯ G C ATOXϭ ϯutƌ SϮ_FLϯ 

ϭ ϮϬϯϳϬϵϭϮϮ + hsa-ŵiƌ-ϮϲϴϮ A C ATPϮBϰ ϯutƌ Sϭ_tFL 

ϮϬ ϱϬϮϭϳϯϱϮ - hsa-ŵiƌ-ϯϬϮď C A ATPϵA ϯutƌ Sϭ_tFL 

ϭ ϴϱϳϯϮϳϬϮ - hsa-ŵiƌ-ϰϵϱ A C BCLϭϬ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϭϰ ϵϵϲϯϵϰϮϵ - hsa-ŵiƌ-Ϯϵϵ A T BCLϭϭB ϯutƌ SϮ_FLϮ,SϮ_FLϯ 

ϭϱ ϴϬϮϱϯϰϬϰ - hsa-ŵiƌ-ϭϮϮ T C BCLϮAϭ ϯutƌ SϮ_tFL 

ϲ ϭϯϲϱϴϮϮϱϮ - hsa-ŵiƌ-ϭϮϲ TCCTAA T BCLAFϭ ϯutƌ Sϰ_FL 

ϭϮ ϳϬϬϰϴϮϲϬ - hsa-ŵiƌ-ϭϯϱa A G BESTϯ ϯutƌ Sϭ_FL,Sϭ_tFL 

Ϯ ϭϮϳϴϬϱϳϲϵ - hsa-ŵiƌ-ϭϵϭϱ G A BINϭ ϯutƌ Sϱ_FL 



 

 

 

ϮϯϬ
 

ϭϬ. AŶŶeǆ 

ϭϰ ϱϰϰϭϲϰϱϲ - hsa-ŵiƌ-ϰϳϮϰ T G BMPϰ ϯutƌ Sϭ_FL,Sϭ_tFL 

Ϯ ϮϬϯϰϮϵϳϲϲ + hsa-ŵiƌ-ϭϮϳϯf C T BMPRϮ ϯutƌ Sϭ_tFL 

ϭϵ ϭϱϯϲϬϬϲϯ - hsa-ŵiƌ-ϭϮϵϵ C T BRDϰ ϯutƌ Sϯ_tFL 

ϰ ϳϱϲϳϬϲϯϬ - hsa-ŵiƌ-ϭϮϱď A C BTC ϯutƌ SϮ_tFL 

ϭ ϱϮϱϱϯϬϳϰ + hsa-ŵiƌ-ϭϰϴa C T BTFϯLϰ ϯutƌ Sϲ_FL 

ϭϬ ϭϬϰϲϮϯϵϵϯ + hsa-ŵiƌ-ϯϲϴϮ C T CϭϬoƌfϯϮ ϯutƌ SϮ_FLϮ 

ϭϭ Ϯϯϭϳϱϱϲ - hsa-ŵiƌ-ϯϬϲϰ A T CϭϭoƌfϮϭ ϯutƌ Sϯ_FL 

ϭϭ ϭϯϭϱϮϵϵϴϮ - hsa-ŵiƌ-ϰϰϱϳ C T Cϭϭoƌfϯϵ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϭ ϭϬϵϮϵϲϴϲϲ + hsa-ŵiƌ-Ϯϭϳ T C Cϭϭoƌfϴϳ ϯutƌ Sϭ_tFL 

ϭϭ ϭϭϭϰϬϱϮϯϯ + hsa-ŵiƌ-Ϯϭϭϱ A G Cϭϭoƌfϴϴ ϯutƌ Sϭ_tFL 

ϭϮ Ϯϱϭϰϲϰϵϳ - hsa-ŵiƌ-ϭϮϲϭ A G CϭϮoƌfϳϳ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭ ϮϮϲϳϵϬϮϬϮ + hsa-ŵiƌ-ϯϬa T C Cϭoƌfϵϱ ϯutƌ Sϯ_tFL 

ϮϬ ϱϱϬϵϯϵϮϴ + hsa-ŵiƌ-ϭϮϱϯ T G CϮϬoƌfϰϯ ϯutƌ SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

Ϯϭ ϯϰϭϲϵϰϳϱ + hsa-ŵiƌ-ϯϭϴϵ G C CϮϭoƌfϰϵ ϯutƌ Sϰ_tFL 

Ϯ ϮϰϮϱϯϰϰϬ - hsa-ŵiƌ-ϯϬϮa T G CϮoƌfϰϰ ϯutƌ Sϯ_tFL 

ϰ ϭϮϴϵϱϵϰϮϲ + hsa-ŵiƌ-ϰϭϭ A G CϰoƌfϮϵ ϯutƌ Sϰ_tFL 

ϲ ϭϳϬϭϬϯϳϴϴ + hsa-ŵiƌ-ϭϭϴϬ G A CϲoƌfϭϮϬ ϯutƌ Sϭ_FL,Sϭ_tFL 

Ϯ ϭϴϴϮϭϬϬϬϳ - hsa-ŵiƌ-Ϯϲϴϭ T C CALCRL ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϭ ϯϰϭϮϮϭϮϬ + hsa-ŵiƌ-ϳϱϴ T G CAPRINϭ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭ ϭϵϲϲϱϴϲϭ - hsa-ŵiƌ-ϰϳϳϵ A G CAPZB ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϮ ϱϰϲϮϲϴϬϲ - hsa-ŵiƌ-Ϯϵa T A CBXϱ ϯutƌ Sϯ_tFL 

Ϯ ϮϭϵϴϴϯϯϳϮ - hsa-ŵiƌ-ϲϯϵ T A CCDCϭϬϴ ϯutƌ Sϰ_tFL 

Ϯ ϭϱϵϬϮϳϲϴϳ - hsa-ŵiƌ-ϭϱϴϳ T A CCDCϭϰϴ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϵ ϭϱϵϳϮϱϴϭ + hsa-ŵiƌ-ϭϮϵϮ C A Cϵoƌfϵϯ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϯ ϭϮϴϳϱϴϵϯϴ + hsa-ŵiƌ-ϭϮϬϱ T G CCDCϰϴ ϯutƌ SϮ_FLϮ,SϮ_FLϯ 

ϭϳ ϯϰϭϵϴϳϲϵ - hsa-ŵiƌ-ϳϱϴ G A CCLϱ ϯutƌ Sϭ_tFL 

ϭϳ ϳϮϲϬϴϯϴϲ - hsa-ŵiƌ-ϯϭϮϬ G C CDϯϬϬE ϯutƌ SϮ_FLϭ 



 

 

   

Ϯϯϭ
 

 

ϭϬ. AŶŶeǆ 

ϭϭ ϲϬϴϵϰϴϵϰ + hsa-ŵiƌ-ϭϵϭϰ C A CDϱ ϯutƌ Sϲ_FL 

ϭϳ ϳϰϴϱϯϳϮ + hsa-ŵiƌ-ϭϱϯ A T CDϲϴ ϯutƌ Sϲ_FL 

ϭϵ ϱϰϭϴϴϭ + hsa-ŵiƌ-ϭϯϮ G A CDCϯϰ ϯutƌ Sϱ_FL 

ϭϴ ϲϯϱϯϭϬϲϴ + hsa-ŵiƌ-ϭϱϬ T A CDHϳ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϲ ϮϵϴϳϬϬϲϯ - hsa-ŵiƌ-ϭϮϴϲ C T CDIPT ϯutƌ Sϲ_tFL 

ϭϵ ϰϮϯϭϭϰϮϳ + hsa-ŵiƌ-ϰϳϵϳ T C CEACAMϯ ϯutƌ Sϱ_FL 

ϭϬ ϭϭϯϳϲϴϯϰ + hsa-ŵiƌ-ϰϮϱϰ G A CELFϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϵ ϴϬϴϴϳϯϯϲ + hsa-ŵiƌ-ϰϮϵϵ A G CEPϳϴ ϯutƌ SϮ_tFL 

ϭϱ ϳϴϵϭϲϳϰϲ - hsa-ŵiƌ-ϭϰϲď G A CHRNBϰ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϬ ϳϯϳϲϴϮϯϲ + hsa-ŵiƌ-ϯϭϴϰ C T CHSTϯ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϰ ϭϬϯϴϭϬϭϯϬ + hsa-ŵiƌ-ϮϲϴϮ GCAGA G CISDϮ ϯutƌ Sϰ_tFL 

ϴ ϭϮϭϮϰϰϬϮϳ + hsa-ŵiƌ-ϭϮϵϬ C A COLϭϰAϭ ϯutƌ Sϯ_tFL 

ϰ ϳϯϵϮϯϲϱϵ - hsa-ŵiƌ-ϭϬϲa G A COXϭϴ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϮϬ ϲϬϭϴϲϯϴ + hsa-ŵiƌ-ϱϬϬϳ G C CRLSϭ ϯutƌ Sϰ_tFL 

ϱ ϭϰϴϴϳϱϲϲϲ - hsa-ŵiƌ-ϰϳϮϵ T C CSNKϭAϭ ϯutƌ Sϲ_FL 

X ϳϬϴϯϲϬϮϵ - hsa-ŵiƌ-ϭϴϱ A C CXCRϯ ϯutƌ Sϯ_tFL 

ϮϮ ϰϮϱϮϯϴϵϳ - hsa-ŵiƌ-ϭϵϳϮ G A CYPϮDϲ ϯutƌ Sϰ_tFL 

ϭϬ ϳϬϳϰϰϭϰϰ + hsa-ŵiƌ-ϰϲϳϬ C T DDXϮϭ ϯutƌ Sϯ_tFL 

ϭ ϭϭϱϭϮϲϰϱϲ - hsa-ŵiƌ-ϱϰϴat AAC A DENNDϮC ϯutƌ Sϯ_tFL 

ϭ ϮϰϰϴϲϵϮϴϭ + hsa-ŵiƌ-ϭϬϯa T A PPPDEϭ ϯutƌ Sϯ_FL 

ϭ ϯϴϬϭϭϰϭ + hsa-ŵiƌ-ϭϬa T G DFFB ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϰ ϴϬϲϲϱϯϳϬ - hsa-ŵiƌ-ϱϭϵϲ A C DIOϮ ϯutƌ Sϭ_tFL 

ϵ ϭϬϱϲϱϲϰ + hsa-ŵiƌ-ϯϴϮ T G DMRTϮ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϴ ϲϳϱϬϵϴϴϭ + hsa-ŵiƌ-ϭϮϳϮ A T DOKϲ ϯutƌ Sϭ_FL 

ϭϮ ϲϯϵϱϯϳϲϴ - hsa-ŵiƌ-ϭϯϬϯ T C DPYϭϵLϮ ϯutƌ Sϯ_tFL 

ϲ ϳϱϴϲϴϱϱ + hsa-ŵiƌ-ϯϭϰϲ A G DSP ϯutƌ SϮ_tFL 

ϭ ϭϮϳϭϬϯϵ - hsa-ŵiƌ-ϭϴϱ C A DVLϭ ϯutƌ Sϯ_tFL 



 

 

 

ϮϯϮ
 

ϭϬ. AŶŶeǆ 

ϯ ϭϴϯϴϴϵϬϭϬ + hsa-ŵiƌ-ϮϮϮ C G DVLϯ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭ ϭϴϰϲϲϬϴϵϵ - hsa-ŵiƌ-ϰϮϳϵ T G EDEMϯ ϯutƌ Sϲ_FL 

ϱ ϭϬϲϳϭϲϵϮϬ - hsa-ŵiƌ-ϯϲϲϳ G T EFNAϱ ϯutƌ SϮ_tFL 

X ϲϴϬϲϭϮϱϲ + hsa-ŵiƌ-ϰϳϬϴ T G EFNBϭ ϯutƌ Sϲ_FL 

ϳ ϱϱϮϳϴϱϴϯ + hsa-ŵiƌ-ϭϮϵϱď C T EGFR ϯutƌ Sϱ_tFL 

ϴ ϭϭϳϲϱϳϬϵϳ - hsa-ŵiƌ-ϭϯϱa G A EIFϯH ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭ ϮϬϭϵϴϱϴϱϮ + hsa-ŵiƌ-ϭϮϲϮ C T ELFϯ ϯutƌ SϮ_tFL 

ϭ ϭϵϱϰϱϭϭϯ - hsa-ŵiƌ-ϰϵϱ A G KIAAϬϬϵϬ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϲ ϭϬϲϮϯϴϲϴ - hsa-ŵiƌ-ϰϰϳϭ G T EMPϮ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϵ ϭϰϴϰϱϲϳϮ - hsa-ŵiƌ-ϰϰϯϴ C T EMRϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϭ ϵϰϴϲϯϰϵϴ + hsa-ŵiƌ-ϯϭϯϲ TG T ENDODϭ ϯutƌ SϮ_tFL 

ϭϳ ϳϳϬϳϴϴϬϯ + hsa-ŵiƌ-ϭϮϮϴ A C ENGASE ϯutƌ SϮ_tFL 

ϭϬ ϮϱϮϳϯϲϭϱ - hsa-ŵiƌ-ϰϯϬϳ GT G ENKUR ϯutƌ Sϭ_tFL 

ϲ ϭϯϮϮϭϱϳϴϲ + hsa-ŵiƌ-ϭϮϬϮ C A ENPPϭ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϵ ϭϭϭϵϯϲϭϲϴ - hsa-ŵiƌ-ϭϮϵϬ A G EPBϰϭLϰB ϯutƌ Sϲ_FL 

X ϳϭϰϮϰϴϬϱ - hsa-ŵiƌ-ϭϮϵϮ G A ERCCϲL ϯutƌ Sϲ_FL 

ϵ ϵϴϳϯϬϳϴϳ + hsa-ŵiƌ-ϭϴϱ A C CϵoƌfϭϬϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϱ ϭϯϳϴϰϯϯϱϯ - hsa-ŵiƌ-ϭϬϲa T C ETFϭ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϰ ϭϬϬϲϬϰϲϰϱ + hsa-ŵiƌ-Ϯϰϲϳ G A EVL ϯutƌ Sϱ_FL 

ϭϮ ϱϬϮϲϭϬϮϲ - hsa-ŵiƌ-Ϯϵϲ G A FAIMϮ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϳ ϮϮϵϴϮϲϴϵ - hsa-ŵiƌ-ϱϵϯ C G FAMϭϮϲA ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϴ ϭϯϵϭϰϮϲϰϯ - hsa-ŵiƌ-ϯϭϲϯ T TA FAMϭϯϱB ϯutƌ SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

Ϯ ϳϬϱϮϯϭϬϵ - hsa-ŵiƌ-ϯϭϱϬa G TATCAATTTC… FAMϭϯϲA ϯutƌ Sϲ_FL 

ϴ ϭϭϮϴϬϵϵϳ - hsa-ŵiƌ-ϰϰϯϲď C G FAMϭϲϳA ϯutƌ Sϭ_tFL 

ϭϰ ϰϱϱϰϯϯϭϴ + hsa-ŵiƌ-ϯϲϲϴ A G FAMϭϳϵB ϯutƌ Sϱ_FL 

ϳ ϭϬϮϰϰϵϮϳϱ + hsa-ŵiƌ-ϭϮϵϯ A C FAMϭϴϱA ϯutƌ Sϰ_tFL 

ϲ ϮϰϴϬϲϯϮϲ - hsa-ŵiƌ-ϱϱϮ T C FAMϲϱB ϯutƌ Sϭ_FL,Sϭ_tFL 



 

 

   

Ϯϯϯ
 

 

ϭϬ. AŶŶeǆ 

ϭϬ ϵϬϳϳϯϴϴϵ + hsa-ŵiƌ-ϭϰϬ T TA FAS ϯutƌ SϮ_FLϯ 

ϭ ϮϮϰϯϰϲϬϬϵ + hsa-ŵiƌ-ϭϮϳϳ A C FBXOϮϴ ϯutƌ Sϰ_tFL 

ϭϭ ϯϯϳϲϮϳϵϲ - hsa-ŵiƌ-ϰϮϱϱ T C FBXOϯ ϯutƌ Sϯ_tFL 

ϭϭ ϳϮϱϰϴϵϴϲ - hsa-ŵiƌ-ϰϮϲϯ A C FCHSDϮ ϯutƌ Sϯ_tFL 

ϱ ϭϬϴϱϯϮϰϭϰ + hsa-ŵiƌ-ϭϮϳϮ TTCA T FER ϯutƌ Sϱ_tFL 

ϳ ϳϲϴϮϰϰϵϮ - hsa-ŵiƌ-ϯϭϲϮ A C FGLϮ ϯutƌ Sϲ_FL 

ϭϭ ϮϳϬϭϴϬϮϲ + hsa-ŵiƌ-ϯϲϲϭ T A FIBIN ϯutƌ Sϯ_FL 

Ϯ ϮϰϮϴϲϯϱϲ + hsa-ŵiƌ-ϭϮϰ A G FKBPϭB ϯutƌ Sϯ_tFL 

ϭϰ ϴϲϬϵϰϴϳϴ + hsa-ŵiƌ-ϭϮϯϴ G A FLRTϮ ϯutƌ Sϯ_FL,Sϯ_tFL 

X ϭϰϳϬϯϬϲϰϬ + hsa-ŵiƌ-ϰϵϱ G C FMRϭ ϯutƌ Sϰ_FL,Sϰ_tFL 

Ϯ ϭϭϰϮϱϴϮϴϲ + hsa-ŵiƌ-ϰϮϲϯ TAGAA T FOXDϰLϭ ϯutƌ Sϰ_FL 

ϭϳ ϴϬϱϱϯϴϱϱ + hsa-ŵiƌ-ϯϰϱ G A FOXKϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϯ ϰϭϭϯϮϭϲϮ - hsa-ŵiƌ-Ϯϴϲϭ C T FOXOϭ ϯutƌ Sϭ_tFL 

ϰ ϰϴϱϬϬϳϲϵ - hsa-ŵiƌ-ϰϰϮϯ C G FRYL ϯutƌ Sϲ_FL 

ϱ ϭϲϬϳϭϲϮϴϳ - hsa-ŵiƌ-ϭϭϳϵ T C GABRBϮ ϯutƌ Sϭ_tFL 

ϭϮ ϱϭϳϰϳϴϳϳ - hsa-ŵiƌ-ϭϰϲď G T GALNTϲ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϯ ϭϮϴϭϵϵϬϬϴ - hsa-ŵiƌ-ϱϴϲ T A GATAϮ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϳ ϵϮϬϴϲϴϴϵ + hsa-ŵiƌ-ϯϭϵϭ G C GATADϭ ϯutƌ Sϭ_tFL 

ϭ ϴϵϰϳϯϮϱϲ - hsa-ŵiƌ-ϯϭϰϴ A C GBPϯ ϯutƌ Sϲ_FL 

ϮϬ ϯϰϬϮϮϵϱϯ + hsa-ŵiƌ-ϭϱϱ A T GDFϱOS ϯutƌ Sϯ_tFL 

ϱ ϯϳϴϭϯϭϬϰ - hsa-ŵiƌ-ϭϮϯϰ T TG GDNF ϯutƌ Sϭ_FL,Sϭ_tFL 

ϳ ϵϯϱϭϴϯ + hsa-ŵiƌ-ϯϭϵϱ G A GETϰ ϯutƌ Sϱ_FL 

ϱ ϭϳϵϳϮϳϲϵϯ - hsa-ŵiƌ-ϯϲϭϯ A C GFPTϮ ϯutƌ Sϯ_tFL 

ϭϲ ϮϯϰϳϲϮϳϭ - hsa-ŵiƌ-ϭϮϲϵa CACACTTA… C GGAϮ ϯutƌ Sϱ_tFL 

ϲ ϭϮϭϳϲϵϴϬϲ + hsa-ŵiƌ-ϯϭϰϱ ATATCAT A GJAϭ ϯutƌ Sϭ_tFL 

ϭϱ ϯϱϬϰϰϭϮϴ - hsa-ŵiƌ-ϱϭϴa A T GJDϮ ϯutƌ Sϭ_tFL 

ϵ ϯϴϮϳϯϱϴ - hsa-ŵiƌ-ϯϲϭϮ A T GLISϯ ϯutƌ Sϰ_FL,Sϰ_tFL 



 

 

 

Ϯϯϰ
 

ϭϬ. AŶŶeǆ 

ϭϳ ϵϳϵϯϲϮϳ + hsa-ŵiƌ-ϮϮϳϴ G A GLPϮR ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϰ ϭϳϱϱϲϬϳϴϰ - hsa-ŵiƌ-ϳ G C GLRAϯ ϯutƌ Sϯ_tFL 

Ϯ ϳϬϭϬϳϰϵϴ + hsa-ŵiƌ-ϭϮϲ T C GMCLϭ ϯutƌ Sϭ_tFL 

ϭϴ ϭϭϴϴϭϱϲϵ + hsa-ŵiƌ-ϯϮϬϮ C G GNAL ϯutƌ Sϭ_tFL 

ϳ ϵϯϱϯϵϰϬϳ + hsa-ŵiƌ-ϭϯϱa G C GNGTϭ ϯutƌ Sϲ_FL 

ϰ ϰϰϳϬϵϬϱϳ - hsa-ŵiƌ-ϮϬϱϰ G T GNPDAϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϬ ϭϭϯϵϭϲϮϰϮ - hsa-ŵiƌ-ϭϬϯa T A GPAM ϯutƌ Sϰ_FL,Sϰ_tFL 

ϭ ϮϬϮϬϵϴϯϱϴ + hsa-ŵiƌ-ϯϲϭϰ A G GPRϯϳLϭ ϯutƌ SϮ_tFL 

ϭϮ ϭϯϬϲϴϵϵϮ + hsa-ŵiƌ-ϭϮϲϯ C T GPRCϱA ϯutƌ Sϲ_FL 

ϳ ϱϬϲϱϵϬϯϮ - hsa-ŵiƌ-ϭϮϳ CTAGGCTACG C GRBϭϬ ϯutƌ Sϭ_FL 

ϵ ϭϬϰϯϯϭϵϱϯ - hsa-ŵiƌ-ϭϴϲ A G GRINϯA ϯutƌ SϮ_FLϯ 

ϰ ϳϬϲϭϵϯϰ - hsa-ŵiƌ-ϰϱϭϳ A G GRPELϭ ϯutƌ Sϱ_tFL 

ϭϬ ϭϬϲϯϰϵϯ + hsa-ŵiƌ-ϯϲϳϲ G C GTPBPϰ ϯutƌ Sϱ_FL,Sϱ_tFL 

ϰ ϭϱϲϲϱϭϰϱϳ + hsa-ŵiƌ-ϭϬϲa A C GUCYϭAϯ ϯutƌ Sϯ_tFL 

ϭϮ ϭϰϵϯϬϱϴϬ + hsa-ŵiƌ-ϯϭϮϵ T C HϮAFJ ϯutƌ SϮ_tFL 

ϰ ϮϮϯϭϮϯϵ - hsa-ŵiƌ-ϭϮϬϬ G T HAUSϯ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϭ ϮϯϲϳϭϯϰϲϬ - hsa-ŵiƌ-ϭϮϰϰ T C HEATRϭ ϯutƌ Sϰ_tFL 

ϭϬ ϲϵϲϴϮϰϵϬ - hsa-ŵiƌ-Ϯϭϴ C A HERCϰ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϴ ϴϬϲϳϲϳϮϴ - hsa-ŵiƌ-ϯϭϮϵ T A HEYϭ ϯutƌ Sϯ_tFL 

ϲ Ϯϲϭϱϳϯϭϳ + hsa-ŵiƌ-ϭϮϳϲ C G HISTϭHϭE ϯutƌ Sϭ_FL,Sϭ_tFL 

ϲ ϮϲϭϮϯϲϴϬ - hsa-ŵiƌ-ϯϭϳϲ C G HISTϭHϮBC ϯutƌ Sϱ_tFL 

ϭ ϭϰϵϴϱϵϬϰϰ - hsa-ŵiƌ-ϭϮϱϳ G GGTGA HISTϮHϮAB ϯutƌ Sϲ_tFL 

ϭϮ ϭϰϵϮϯϲϵϰ - hsa-ŵiƌ-ϭϮϴϵ C G HISTϰHϰ ϯutƌ Sϱ_tFL 

ϳ ϮϳϮϬϮϮϯϱ - hsa-ŵiƌ-ϯϳϲa T A HOXAϵ ϯutƌ SϮ_tFL 

ϭϮ ϱϰϰϬϱϭϵϬ + hsa-ŵiƌ-ϭϮϯϰ C T HOXCϴ ϯutƌ Sϯ_tFL 

ϰ ϭϭϯϵϴϭϯϵ - hsa-ŵiƌ-ϲϱϭϱ C T HSϯSTϭ ϯutƌ Sϰ_tFL 

ϵ ϭϭϱϮϯϮϵϭϵ + hsa-ŵiƌ-ϭϮϳϳ A G HSDLϮ ϯutƌ Sϱ_FL 



 

 

   

Ϯϯϱ
 

 

ϭϬ. AŶŶeǆ 

ϱ ϭϯϮϰϰϭϬϱϯ + hsa-ŵiƌ-ϭϰϭ G T HSPAϰ ϯutƌ Sϯ_tFL 

ϭ ϮϮϴϯϲϵϮϰϳ + hsa-ŵiƌ-ϯϭϰϬ C A IBAϱϳ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϭ ϭϳϱϲϰϵϲ - hsa-ŵiƌ-ϭϮϳϭ G A IFITMϭϬ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϵ ϰϲϲϮϯϱϴϰ - hsa-ŵiƌ-ϯϰϲ T G IGFLϯ ϯutƌ Sϲ_tFL 

ϭ ϮϬϲϵϰϭϬϭϱ - hsa-ŵiƌ-ϭϵϰ C T ILϭϬ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϳ ϭϱϭϬϭϵϲ - hsa-ŵiƌ-ϰϰϰϯ G A INTSϭ ϯutƌ Sϰ_FL 

ϭϭ ϳϳϲϯϱϲϴϴ - hsa-ŵiƌ-ϰϰϴϰ A G INTSϰ ϯutƌ Sϭ_tFL 

ϯ ϰϵϳϲϯϯϯϲ - hsa-ŵiƌ-ϯϲϳϱ C G IPϲKϭ ϯutƌ Sϯ_tFL 

ϱ ϭϯϭϴϭϴϳϬϲ - hsa-ŵiƌ-ϭϵϮ T C IRFϭ ϯutƌ Sϱ_tFL 

ϭ ϮϬϵϵϱϵϮϰϰ - hsa-ŵiƌ-ϭϮϵϮ G A IRFϲ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϱ ϱϬϲϵϬϮϭϳ + hsa-ŵiƌ-ϭϮϳϱ C A ISLϭ ϯutƌ Sϱ_FL 

ϭϰ ϵϯϰϬϰϲϰϬ - hsa-ŵiƌ-ϭϵϭϱ C A ITPKϭ ϯutƌ Sϯ_tFL 

ϭ ϲϱϮϵϵϱϭϯ - hsa-ŵiƌ-ϭϰϴď A C JAKϭ ϯutƌ Sϲ_FL 

ϱ ϭϰϲϵϳϬϳϴϮ - hsa-ŵiƌ-ϰϮϴϲ G GT JAKMIPϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϳ ϳϰϳϭϬϬϬϭ - hsa-ŵiƌ-ϭϮϵϭ G A JMJDϲ ϯutƌ Sϲ_tFL 

ϴ ϳϱϭϰϳϭϱϭ - hsa-ŵiƌ-ϭϬϭ A G JPHϭ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϯ ϯϬϳϳϳϲϮϮ - hsa-ŵiƌ-ϭϬϲa A G KATNALϭ ϯutƌ Sϰ_tFL 

ϭ ϭϲϬϬϬϵϬϯϰ - hsa-ŵiƌ-ϭϯϬϰ C A KCNJϭϬ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭ ϮϯϯϴϬϳϴϬϱ + hsa-ŵiƌ-ϯϳϲĐ T C KCNKϭ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϴ ϵϵϰϰϯϬϲϲ + hsa-ŵiƌ-ϰϲϯϱ C G KCNSϮ ϯutƌ Sϯ_tFL 

ϭϲ ϮϵϵϭϳϰϮϮ - hsa-ŵiƌ-ϭϮϬϳ A C ASPHDϭ ϯutƌ SϮ_FLϮ 

ϳ ϲϲϭϬϲϴϵϭ + hsa-ŵiƌ-ϯϲϭϰ G C KCTDϳ ϯutƌ Sϭ_tFL 

ϭϮ ϯϵϯϲϯϵ - hsa-ŵiƌ-ϯϭϲϲ T C KDMϱA ϯutƌ Sϯ_FL,Sϯ_tFL 

ϲ ϭϯϴϲϲϯϭϯϴ + hsa-ŵiƌ-ϭϮϮϲ A G KIAAϭϮϰϰ ϯutƌ Sϱ_tFL 

ϯ ϭϮϴϲϴϵϰϯϰ - hsa-ŵiƌ-ϭϮϳϳ C A KIAAϭϮϱϳ ϯutƌ SϮ_tFL 

ϲ ϯϵϯϬϮϱϰϱ - hsa-ŵiƌ-ϯϭϮϳ AGT A KIFϲ ϯutƌ Sϯ_FL 

ϰ ϱϱϲϬϰϵϲϰ + hsa-ŵiƌ-Ϯϭϭϱ C A KIT ϯutƌ Sϭ_FL,Sϭ_tFL 



 

 

 

Ϯϯϲ
 

ϭϬ. AŶŶeǆ 

ϭϮ ϴϴϴϴϵϲϬϳ - hsa-ŵiƌ-ϯϭϯϯ A G KITLG ϯutƌ Sϭ_FL,Sϭ_tFL 

ϰ ϴϴϬϴϯϭϲϳ - hsa-ŵiƌ-ϯϭϭϵ T A KLHLϴ ϯutƌ Sϰ_tFL 

ϯ ϭϮϮϭϰϱϱϴϳ - hsa-ŵiƌ-ϭϮϵϬ G T KPNAϭ ϯutƌ Sϱ_tFL 

ϭϮ ϱϮϴϲϮϰϭϲ - hsa-ŵiƌ-Ϯϭϭϱ C T KRTϲC ϯutƌ Sϭ_FL,Sϭ_tFL 

Ϯϭ ϰϲϬϮϭϵϯϲ + hsa-ŵiƌ-ϭϮϲϯ A G KRTAPϭϬ-ϳ ϯutƌ Sϯ_FL 

ϱ ϭϱϰϭϵϳϬϬϮ + hsa-ŵiƌ-ϯϬϬ G A LARPϭ ϯutƌ Sϯ_tFL 

ϭϱ ϱϵϱϬϬϱϭϵ + hsa-ŵiƌ-ϰϭϬ TTA T LDHALϲB ϯutƌ Sϰ_tFL 

ϳ ϭϮϳϴϵϳϯϭϲ + hsa-ŵiƌ-ϱϮϬd T C LEP ϯutƌ Sϲ_FL 

X ϭϭϭϴϳϯϵϵϴ - hsa-ŵiƌ-ϱϬϭϭ A C LHFPLϭ ϯutƌ Sϲ_FL 

ϭϵ ϱϰϳϰϰϰϯϲ - hsa-ŵiƌ-ϭϯϵ G A LILRAϲ ϯutƌ Sϱ_FL 

ϳ ϭϱϲϰϳϯϳϵϱ - hsa-ŵiƌ-ϱϰϴae T A LMBRϭ ϯutƌ Sϲ_FL 

ϯ ϴϲϬϵϰϬϮ + hsa-ŵiƌ-ϭϮϮϵ G A LMCDϭ ϯutƌ Sϱ_FL 

ϰ ϱϰϯϮϲϯϭϱ - hsa-ŵiƌ-ϭϰϲa C A FIPϭLϭ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϲ ϱϱϲϭϳϰϯϮ + hsa-ŵiƌ-ϭϬď T C LPCATϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϯ ϭϵϳϲϭϮϴϲϰ + hsa-ŵiƌ-ϮϮϳϲ G T LRCHϯ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϯ ϭϮϬϬϰϵϳϭϱ - hsa-ŵiƌ-ϭϯϲ C G LRRCϱϴ ϯutƌ Sϯ_tFL 

Ϯ ϴϬϱϮϱϰϰϱ - hsa-ŵiƌ-ϯϭϮϱ T G LRRTMϭ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϳ ϭϱϴϬϯϲϮ + hsa-ŵiƌ-ϭϮϮϳ G T MAFK ϯutƌ Sϯ_FL 

ϭϳ ϲϭϳϳϭϯϬϱ + hsa-ŵiƌ-ϭϭϴϰ G T MAPϯKϯ ϯutƌ Sϯ_FL,Sϯ_tFL 

Ϯ ϮϬϭϵϮϴϰϳ - hsa-ŵiƌ-ϯϬa T A MATNϯ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϭϯ ϭϭϯϳϱϭϰϱϰ + hsa-ŵiƌ-ϭϴϮϳ G A MCFϮL ϯutƌ Sϱ_tFL 

ϭϭ Ϯϴϯϱϯϰϯϰ + hsa-ŵiƌ-ϰϯϭϯ G A METTLϭϱ ϯutƌ Sϰ_tFL 

ϭϮ ϯϭϴϮϭϴϴϳ + hsa-ŵiƌ-ϭϴϯ G A METTLϮϬ ϯutƌ Sϭ_tFL 

ϯ ϭϮϳϰϬϵϬϭϴ - hsa-ŵiƌ-ϭϮϴϱ T G MGLL ϯutƌ Sϯ_FL 

ϭ ϲϳϰϭϯϴϭϬ + hsa-ŵiƌ-ϭϯϮ TG T MIERϭ ϯutƌ Sϭ_tFL 

ϭϬ ϮϳϵϲϯϬϱϵ - hsa-ŵiƌ-ϱϳϬϬ C T MKX ϯutƌ Sϭ_tFL 

ϭ ϮϱϮϮϴϴϲ - hsa-ŵiƌ-ϭϮϲϲ T G Cϭoƌfϵϯ ϯutƌ Sϰ_FL 



 

 

   

Ϯϯϳ
 

 

ϭϬ. AŶŶeǆ 

ϭϬ ϴϴϲϵϲϯϮϵ - hsa-ŵiƌ-ϭϮϰϴ G C MMRNϮ ϯutƌ Sϭ_tFL 

ϭ ϭϱϴϴϭϵϬϯϭ + hsa-ŵiƌ-ϰϲϴϰ A G MNDA ϯutƌ Sϱ_FL,Sϱ_tFL 

ϮϮ ϱϬϱϮϵϱϭϱ + hsa-ŵiƌ-ϭϬϯa A G MOVϭϬLϭ ϯutƌ SϮ_FLϭ 

ϭ ϭϭϴϰϲϬϮϲ - hsa-ŵiƌ-ϭϮϰϱa G T MTHFR ϯutƌ Sϭ_tFL 

ϲ ϳϰϮϭϲϴϳϬ + hsa-ŵiƌ-ϭϬϯa G C MTOϭ ϯutƌ Sϭ_FL 

ϭϮ ϴϭϭϬϮϳϲϳ + hsa-ŵiƌ-ϭϰϭ C T MYFϲ ϯutƌ Sϰ_FL 

ϳ ϰϱϬϬϮϲϭϬ - hsa-ŵiƌ-ϭϮϮϲ G A MYOϭG ϯutƌ Sϱ_tFL 

ϭϵ ϭϳϯϮϯϱϵϰ + hsa-ŵiƌ-ϭϰϬ T C MYOϵB ϯutƌ Sϱ_FL 

Ϯϭ ϯϬϮϰϰϵϭϭ - hsa-ŵiƌ-ϭϮϳϳ C T NϲAMTϭ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϰ ϱϳϴϳϳϰϱϵ + hsa-ŵiƌ-ϯϲϱϴ A T NAAϯϬ ϯutƌ Sϱ_FL 

ϭϭ Ϯϵϲϲϯϱϵ - hsa-ŵiƌ-ϭϮϳϯf A T NAPϭLϰ ϯutƌ Sϱ_tFL 

ϭ Ϯϰϵϯϯϳϴϵ + hsa-ŵiƌ-ϰϳϴϭ G A CϭoƌfϭϯϬ ϯutƌ SϮ_FLϮ 

ϲ ϰϭϯϭϴϰϱϳ + hsa-ŵiƌ-ϭϮϮϱ T G NCRϮ ϯutƌ Sϲ_FL 

ϵ ϭϯϮϵϵϲϬϳϵ + hsa-ŵiƌ-ϯϮϬϬ T G NCSϭ ϯutƌ Sϭ_tFL 

ϱ ϭϰϭϱϯϯϰϬϳ + hsa-let-ϳa G A NDFIPϭ ϯutƌ SϮ_tFL 

ϴ ϭϮϱϱϴϬϰϭϰ + hsa-ŵiƌ-ϭϮϱϱď C T NDUFBϵ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϭϴ ϳϬϰϭϭϮϯϲ - hsa-ŵiƌ-ϭϱϰ A G NETOϭ ϯutƌ SϮ_FLϭ,SϮ_FLϯ,SϮ_tFL 

ϭϲ ϲϵϳϯϲϴϯϵ + hsa-ŵiƌ-ϯϬa C G NFATϱ ϯutƌ Sϯ_tFL 

ϭϰ ϳϳϳϯϮϮϱϲ - hsa-ŵiƌ-ϰϲϯϮ C T NGB ϯutƌ SϮ_tFL 

ϰ ϭϲϰϮϰϱϴϵϬ - hsa-ŵiƌ-ϭϴa GT G NPYϭR ϯutƌ Sϲ_FL 

ϲ Ϯϰϭϰϲϵϱϲ + hsa-ŵiƌ-ϭϴϮ T A NRSNϭ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϱ ϴϴϰϬϯϯϯϰ - hsa-ŵiƌ-ϯϴϬ G T NTRKϯ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϮ ϴϲϮϳϲϰϮϴ + hsa-ŵiƌ-ϵϰϯ T G NTS ϯutƌ Sϲ_FL,Sϲ_tFL 

ϳ ϰϰϰϮϱϯϵϳ - hsa-ŵiƌ-ϰϲϵϭ C T NUDCDϯ ϯutƌ Sϭ_tFL 

ϲ ϭϭϴϬϯϭϱϵϲ + hsa-ŵiƌ-ϭϮϵ A G NUSϭ ϯutƌ SϮ_tFL 

X ϭϮϯϱϭϭϬϭϴ - hsa-ŵiƌ-ϭ T C ODZϭ ϯutƌ SϮ_FLϯ 

X ϳϬϳϵϱϯϮϰ + hsa-ŵiƌ-ϰϳϬϱ A G OGT ϯutƌ Sϲ_FL 



 

 

 

Ϯϯϴ
 

ϭϬ. AŶŶeǆ 

ϭϭ ϭϯϮϮϴϴϳϴϴ - hsa-ŵiƌ-ϭϮϴ C G OPCML ϯutƌ Sϱ_tFL 

ϭϭ ϰϳϬϮϱϯϴ - hsa-ŵiƌ-ϭϮϵϮ C T ORϱϭEϮ ϯutƌ Sϱ_FL,Sϱ_tFL 

ϭϮ ϱϬϱϭϳϱϬϯ + hsa-ŵiƌ-ϭϮϳϯg A T ACϬϳϰϬϯϮ.ϭ ϯutƌ Sϭ_FL 

ϭϴ ϮϭϳϰϯϬϱϬ - hsa-ŵiƌ-ϯϯϱ T A OSBPLϭA ϯutƌ Sϭ_FL,Sϭ_tFL 

ϴ ϵϬϵϯϴϴϱϲ + hsa-ŵiƌ-ϰϭϬ T G OSGINϮ ϯutƌ Sϱ_tFL 

ϭϯ ϵϳϲϯϳϵϴϵ - hsa-ŵiƌ-ϯϰϬ A G OXGRϭ ϯutƌ Sϲ_FL 

ϭϲ ϱϬϮϲϯϰϱϱ + hsa-ŵiƌ-ϰϰϰϲ A G PAPDϱ ϯutƌ Sϲ_tFL 

ϭϲ ϯϬϮϮϭϮϵ + hsa-ŵiƌ-ϭϮϬϳ C T PAQRϰ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭ ϮϮϲϱϰϴϱϲϰ - hsa-ŵiƌ-ϭϮϱϮ A C PARPϭ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϯ ϭϮϮϯϱϲϲϰϴ + hsa-ŵiƌ-ϯϳϰa A C PARPϭϱ ϯutƌ Sϰ_tFL 

ϭϭ ϭϮϱϱϬϴϱϯ + hsa-ŵiƌ-ϰϳϬϬ C T PARVA ϯutƌ SϮ_tFL 

ϵ ϯϲϴϰϬϭϯϴ - hsa-ŵiƌ-ϰϮϲϰ C G PAXϱ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϱ ϭϰϭϯϮϯϮϳϴ - hsa-ŵiƌ-ϭϮϳϯe G C PCDHϭϮ ϯutƌ Sϱ_tFL 

ϭϯ ϱϴϯϬϮϰϰϯ + hsa-ŵiƌ-ϭϯϬa T C PCDHϭϳ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϱ ϭϰϬϮϯϮϭϲϳ + hsa-ŵiƌ-ϯϲϭϯ A T PCDHAϵ ϯutƌ Sϲ_FL 

ϴ ϱϮϳϯϭϳϬϳ - hsa-ŵiƌ-ϯϲϴϵa A G PCMTDϭ ϯutƌ Sϯ_FL 

ϴ ϲϲϲϯϰϱϳϰ - hsa-ŵiƌ-ϰϳϲϮ C T PDEϳA ϯutƌ Sϭ_FL 

ϮϮ ϯϵϲϮϬϰϮϵ - hsa-ŵiƌ-ϯϭϳϯ T A PDGFB ϯutƌ Sϯ_tFL 

X ϭϱϯϬϲϴϲϰϳ - hsa-ŵiƌ-ϭϮϲϲ G A PDZDϰ ϯutƌ Sϲ_FL 

ϭϲ ϮϭϵϵϱϮϮϴ - hsa-ŵiƌ-ϭϮϳϴ C CA PDZDϵ ϯutƌ Sϱ_tFL 

ϭϱ ϳϳϰϬϭϵϭϱ - hsa-ŵiƌ-ϭϯϯa G C ACϬϴϳϰϲϱ.ϭ ϯutƌ Sϯ_tFL 

ϳ ϵϰϮϵϲϰϵϰ + hsa-ŵiƌ-ϱϲϭ C T PEGϭϬ ϯutƌ Sϱ_FL 

X ϳϳϮϮϰϬϰϲ - hsa-ŵiƌ-ϭϮϬϰ T TG PGAMϰ ϯutƌ SϮ_tFL 

ϭϵ ϯϲϯϳϭϬϮ - hsa-ŵiƌ-ϭϭϴϰ C G PIPϱKϭC ϯutƌ Sϲ_tFL 

ϭϬ ϭϭϱϱϰϭϯϰϲ + hsa-ŵiƌ-ϯϭϮϮ A C CϭϬoƌfϴϭ ϯutƌ Sϲ_FL 

ϳ ϭϯϭϴϭϮϲϱϬ - hsa-ŵiƌ-ϴϬϮ C T PLXNAϰ ϯutƌ Sϯ_tFL 

ϭϬ ϭϭϴϮϯϲϳϬϴ + hsa-ŵiƌ-ϯϭϵϬ A G PNLIPRPϯ ϯutƌ Sϲ_FL 



 

 

   

Ϯϯϵ
 

 

ϭϬ. AŶŶeǆ 

ϮϬ ϯϬϴϬϱϭϮϬ + hsa-ŵiƌ-ϯϵϮϬ A G POFUTϭ ϯutƌ Sϱ_FL,Sϱ_tFL 

ϯ ϭϮϭϭϱϬϲϲϴ - hsa-ŵiƌ-ϭϯϴ C G POLQ ϯutƌ Sϲ_FL,Sϲ_tFL 

Ϯ ϭϮϴϲϬϱϭϵϬ - hsa-ŵiƌ-ϭϮϱϰ A T POLRϮD ϯutƌ Sϭ_FL,Sϭ_tFL 

ϳ ϳϮϰϭϵϬϲϲ + hsa-ŵiƌ-ϰϯϭϭ C CTG POMϭϮϭ ϯutƌ Sϯ_FL,Sϰ_tFL 

ϯ ϴϳϯϬϴϱϳϲ - hsa-ŵiƌ-ϭϯϬϲ A C POUϭFϭ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϱ ϭϰϵϮϮϲϭϵϳ + hsa-ŵiƌ-ϯϭϮϰ A G PPARGCϭB ϯutƌ Sϲ_FL 

ϭϬ ϭϯϯϳϳϮϳϴϬ + hsa-ŵiƌ-ϯϭϵϭ G C PPPϮRϮD ϯutƌ SϮ_tFL 

ϭ ϯϯϱϭϲϭϲ + hsa-ŵiƌ-ϭϮϰϵ G A PRDMϭϲ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϬ ϱϰϬϱϳϭϰϬ + hsa-ŵiƌ-ϲϯϯ T TA PRKGϭ ϯutƌ SϮ_tFL 

ϮϬ ϯϯϳϲϰϴϮϲ + hsa-ŵiƌ-Ϯϭϭϲ G T PROCR ϯutƌ Sϭ_FL,Sϭ_tFL 

X ϯϳϯϭϱϲϭϵ + hsa-ŵiƌ-ϭϬϯa T G PRRGϭ ϯutƌ Sϰ_FL 

ϳ ϭϰϭϱϯϳϵϮϲ - hsa-ŵiƌ-ϭϮϵϵ G A PRSSϯϳ ϯutƌ Sϭ_tFL 

ϭϲ ϯϭϭϰϮϵϲϲ - hsa-ŵiƌ-ϰϰϯϲď T C PRSSϴ ϯutƌ Sϱ_FL,Sϱ_tFL 

ϭϵ ϰϯϰϭϯϯϲϱ - hsa-ŵiƌ-ϯϭϱϳ T C PSGϲ ϯutƌ Sϭ_tFL 

ϭ ϳϵϬϬϰϬϴϴ + hsa-ŵiƌ-ϰϴϯ G A PTGFR ϯutƌ SϮ_tFL 

ϵ ϭϭϮϭϯϵϵϬϴ - hsa-ŵiƌ-ϭϵϵa G C PTPNϯ ϯutƌ Sϯ_tFL 

ϭϭ ϭϴϳϰϵϵϲϱ - hsa-ŵiƌ-ϭϮϯϳ A G PTPNϱ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϲ ϭϮϴϮϵϬϰϳϮ - hsa-ŵiƌ-ϭϮϴϰ A T PTPRK ϯutƌ Sϯ_tFL 

ϳ ϰϰϵϮϬϴϴϱ - hsa-ŵiƌ-ϯϮϯď T C PURB ϯutƌ Sϰ_tFL 

ϭϵ ϰϱϭϲϱϲϭϴ + hsa-ŵiƌ-ϭϮϯϯ C T PVR ϯutƌ Sϰ_FL,Sϰ_tFL 

ϭϮ ϮϭϲϮϮϬϲϭ + hsa-ŵiƌ-ϭϬϯď A G PYROXDϭ ϯutƌ Sϰ_tFL 

ϲ ϭϲϯϵϴϵϮϴϰ + hsa-ŵiƌ-ϭϮϳϱ T C QKI ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϵ ϭϭϰϯϯϬϭϵ - hsa-ŵiƌ-ϭϮϴϵ A C RABϯD ϯutƌ SϮ_tFL 

ϯ ϭϯϯϱϰϰϲϳϵ - hsa-ŵiƌ-ϯϭϮϲ A G RABϲB ϯutƌ SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϱ ϲϯϱϱϱϴϳϲ + hsa-ŵiƌ-ϭϮϲϮ A C RABϴB ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϮ ϲϱϬϴϵϯϱϳ + hsa-ŵiƌ-ϯϭϰϬ G A RASSFϯ ϯutƌ Sϲ_tFL 

ϭ ϴϵϰϰϲϭϯϬ - hsa-ŵiƌ-ϭϮϵ A T RBMXLϭ ϯutƌ Sϲ_FL 



 

 

 

ϮϰϬ
 

ϭϬ. AŶŶeǆ 

ϭ ϭϳϯϵϬϭϵϰϬ - hsa-ŵiƌ-ϱϰϴaŶ AAAT A RCϯHϭ ϯutƌ Sϰ_FL 

ϴ ϴϲϱϳϯϰϭϲ - hsa-ŵiƌ-ϭϬϱ A G REXOϭLϭ ϯutƌ Sϰ_tFL 

ϲ ϭϱϯϯϯϮϯϬϴ - hsa-ŵiƌ-ϭϮϳϭ G C RGSϭϳ ϯutƌ SϮ_FLϮ,SϮ_FLϯ 

ϱ ϵϲϰϵϲϳϰϰ - hsa-ŵiƌ-ϯϲϱϯ A T RIOKϮ ϯutƌ Sϯ_tFL 

ϭϯ ϱϭϱϯϬϴϱϰ + hsa-ŵiƌ-ϮϬϱϯ A T RNASEHϮB ϯutƌ Sϲ_FL 

ϭϭ ϲϱϰϴϱϵϯϵ - hsa-ŵiƌ-ϯϲϭϲ A C RNASEHϮC ϯutƌ Sϭ_FL,Sϭ_tFL 

ϯ ϭϰϵϲϳϵϭϴϴ + hsa-ŵiƌ-ϮϬϬď C T RNFϭϯ ϯutƌ SϮ_FLϮ 

ϭϯ ϳϵϭϴϵϲϯϱ - hsa-ŵiƌ-ϯϭϰϵ T G RNFϮϭϵ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϱ ϲϬϳϴϳϬϭϲ - hsa-ŵiƌ-ϰϯϭϴ C T RORA ϯutƌ Sϭ_FL,Sϭ_tFL 

ϴ ϭϬϱϵϬϳϲϴϲ + hsa-ŵiƌ-ϯϲϵϮ G T RPϭϭ-ϭϮϳHϱ.ϭ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϳ ϭϲϲϳϵϱϵϳ + hsa-ŵiƌ-ϯϲϴϲ A T CCDCϭϰϰA ϯutƌ Sϱ_tFL 

Ϯ ϮϭϬϴϴϱϯϰϲ + hsa-ŵiƌ-ϯϭϱϮ T G RPE ϯutƌ Sϰ_tFL 

ϭϳ ϲϮϯϭϲ - hsa-ŵiƌ-ϰϮϴϵ C T RPHϯAL ϯutƌ Sϲ_FL 

ϭϵ ϰϵϵϵϱϮϭϵ + hsa-ŵiƌ-ϯϰa G T RPLϭϯA ϯutƌ Sϭ_tFL 

ϲ ϭϲϲϴϮϱϭϲϮ - hsa-ŵiƌ-ϭϬϲa C T RPSϲKAϮ ϯutƌ Sϲ_FL 

Ϯ ϭϬϮϳϬϯϳϱ + hsa-ŵiƌ-ϭϴϴ A G RRMϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϲ ϰϯϲϯϵϴϰϯ + hsa-ŵiƌ-ϯϭϵϬ C T RSPHϵ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭ ϯϴϬϳϴϮϭϯ - hsa-ŵiƌ-ϭϰϳa G A RSPOϭ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϯ ϭϮϳϴϬϬϬϬϳ - hsa-ŵiƌ-ϭϮϯϴ C A RUVBLϭ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϲ ϭϰϳϴϴϵϲϯϵ + hsa-ŵiƌ-ϭϬϲa G T SAMDϱ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϳ ϴϬϯϳϯϯϱϬ - hsa-ŵiƌ-ϮϬϬď T A SEMAϯC ϯutƌ Sϲ_tFL 

ϳ ϴϰϲϮϱϱϲϱ - hsa-ŵiƌ-ϱϳϬϭ T G SEMAϯD ϯutƌ Sϱ_FL 

ϭϮ ϰϴϰϯϴϯϭϴ - hsa-ŵiƌ-ϭϵϲa A G SENPϭ ϯutƌ Sϱ_tFL 

ϭϱ ϳϮϰϯϯϮϯϲ + hsa-ŵiƌ-ϭϭϳϵ T C SENPϴ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭ ϲϳϴϳϰϬϱϱ - hsa-ŵiƌ-ϭϱϬ C G SERBPϭ ϯutƌ Sϭ_tFL 

ϮϬ ϰϯϭϮϳϳϳϱ - hsa-ŵiƌ-ϲϱϬϳ G A SERINCϯ ϯutƌ Sϱ_FL 

ϵ ϭϯϱϭϯϴϭϳϵ - hsa-ŵiƌ-ϭϮϰϱď A C SETX ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 



 

 

   

Ϯϰϭ
 

 

ϭϬ. AŶŶeǆ 

ϭϳ ϮϳϮϴϮϭϵϱ - hsa-ŵiƌ-ϯϭϱϬď A C SEZϲ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

Ϯ ϮϮϯϰϮϯϲϱϲ + hsa-ŵiƌ-ϮϬϮ G T SGPPϮ ϯutƌ Sϭ_tFL 

X ϴϬϱϱϯϲϲϳ + hsa-ŵiƌ-ϰϲϲϮa T A SHϯBGRL ϯutƌ Sϯ_tFL 

ϭϴ ϰϯϰϮϮϰϬϳ + hsa-ŵiƌ-ϯϰϮ T A SIGLECϭϱ ϯutƌ Sϯ_FL 

ϮϬ ϰϱϭϴϴϱϯϱ - hsa-ŵiƌ-ϭϮϯϴ C T SLCϭϯAϯ ϯutƌ Sϭ_tFL 

ϲ ϮϱϳϴϯϮϯϰ - hsa-ŵiƌ-ϭϵϳ A C SLCϭϳAϭ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϰ ϯϳϭϰϵϱϱϯ - hsa-ŵiƌ-ϰϳϬϵ A G SLCϮϱAϮϭ ϯutƌ SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϮ ϭϬϱϭϵϴϬϯϴ - hsa-ŵiƌ-ϯϲϱϯ A G SLCϰϭAϮ ϯutƌ Sϲ_FL 

ϭϮ Ϯϵϵϴϱϯ - hsa-ŵiƌ-ϯϰa A G SLCϲAϭϮ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϯ ϭϳϬϭϴϰϳϱϴ - hsa-ŵiƌ-ϭϮϴϳ A G SLCϳAϭϰ ϯutƌ SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϮ ϮϭϰϮϭϱϵϲ - hsa-ŵiƌ-ϯϭϱϯ G A SLCOϭAϮ ϯutƌ Sϭ_FL 

ϭϳ ϯϯϱϵϰϳϮϴ + hsa-ŵiƌ-ϭϯϵ G T SLFNϱ ϯutƌ Sϭ_tFL 

ϭϬ ϵϴϳϲϬϬϴϭ - hsa-ŵiƌ-ϭϮϰϱď T C ARHGAPϭϵ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϳ ϯϴϳϴϯϭϭϵ - hsa-ŵiƌ-ϰϲϰϵ G T SMARCEϭ ϯutƌ Sϱ_FL 

ϭϳ ϭϴϭϲϳϳϲϬ + hsa-ŵiƌ-ϰϮϴϱ C T SMCRϳ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭϲ ϭϴϴϭϵϯϯϬ - hsa-ŵiƌ-ϯϭϱϬa GC G SMGϭ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_tFL 

ϵ ϯϯϬϰϯϳϮϮ - hsa-ŵiƌ-ϰϯϭϲ G GA SMUϭ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϳ ϭϳϵϮϮϯϴϱ - hsa-ŵiƌ-ϮϬϬa G A SNXϭϯ ϯutƌ Sϯ_tFL 

ϭϱ ϳϱϵϰϵϱϴϰ + hsa-ŵiƌ-ϭϳ C T SNXϯϯ ϯutƌ Sϭ_tFL 

ϭϬ ϭϬϳϬϮϯϳϵϬ + hsa-ŵiƌ-ϯϯa C T SORCSϯ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϳ ϭϲϱϬϭϮϵϮ - hsa-ŵiƌ-ϯϯϬ AT A SOSTDCϭ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϲ ϮϭϱϵϴϳϮϰ + hsa-ŵiƌ-ϯϲϭ GA G SOXϰ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϮ ϮϯϲϴϮϴϮϬ - hsa-ŵiƌ-ϭϯϴ C T SOXϱ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϭϭ ϭϱϵϵϯϰϳϬ - hsa-ŵiƌ-ϰϰϴϰ T C SOXϲ ϯutƌ Sϱ_FL 

ϭϭ ϭϮϰϱϲϳϰϬϰ + hsa-ŵiƌ-ϮϬϯa A C SPAϭϳ ϯutƌ Sϲ_FL,Sϲ_tFL 

X ϱϳϭϲϭϱϴϰ - hsa-ŵiƌ-ϭϮϵϭ A C SPINϮA ϯutƌ SϮ_FLϭ 

ϰ ϭϲϳϲϱϱϮϭϳ - hsa-ŵiƌ-ϭϵϮ A T SPOCKϯ ϯutƌ SϮ_FLϭ,SϮ_tFL 



 

 

 

ϮϰϮ
 

ϭϬ. AŶŶeǆ 

Ϯ ϭϯϵϯϮϴϯϭϲ + hsa-ŵiƌ-ϯϵϳϰ A G SPOPL ϯutƌ SϮ_FLϯ 

ϭϳ ϯϲϲϴϳϮϯϳ - hsa-ŵiƌ-ϭϮϴϲ A G SRCINϭ ϯutƌ Sϭ_FL 

ϯ ϭϱϲϮϱϴϯϬϲ - hsa-ŵiƌ-ϭϴϮϳ A G SSRϯ ϯutƌ Sϱ_FL 

ϮϬ ϰϯϳϬϴϭϯϰ + hsa-ŵiƌ-ϭϮϳϬ A C STKϰ ϯutƌ Sϯ_tFL 

ϵ ϵϯϲϱϵϲϴϰ + hsa-ŵiƌ-ϯϬϲϰ A G SYK ϯutƌ SϮ_FLϮ,SϮ_FLϯ 

ϲ ϴϲϮϲϳϳϳϰ - hsa-ŵiƌ-ϯϲϵ T C SNXϭϰ ϯutƌ Sϲ_FL 

ϲ ϭϱϴϱϭϵϱϲϴ + hsa-ŵiƌ-Ϯϯϱϱ T G SYNJϮ ϯutƌ Sϯ_FL 

ϭϰ ϳϬϴϯϵϭϰϮ - hsa-ŵiƌ-ϭϮϮϵ C T SYNJϮBP ϯutƌ Sϱ_tFL 

ϮϬ ϰϰϬϬϰϱϯϰ + hsa-ŵiƌ-ϭϯϬϲ C T SYSϭ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϮ ϭϭϮϴϱϴϯϵ - hsa-ŵiƌ-ϯϭϯϬ A T TASϮRϯϬ ϯutƌ Sϯ_tFL 

ϭϰ ϵϮϮϰϲϮϵϬ - hsa-ŵiƌ-ϭϮϳϳ T A TCϮN ϯutƌ Sϰ_tFL 

ϲ ϯϱϰϰϮϬϯϭ - hsa-ŵiƌ-ϮϮ A G TEADϯ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϳ ϵϳϴϰϱϴϱϱ - hsa-ŵiƌ-ϭϵϵa T C TECPRϭ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϲ ϱϬϴϭϭϭϭϱ + hsa-ŵiƌ-ϭϮϯϳ A T TFAPϮB ϯutƌ Sϯ_tFL 

ϴ ϰϮϲϵϮϴϯϰ - hsa-ŵiƌ-ϱϰϴas C A THAPϭ ϯutƌ Sϱ_tFL 

ϰ ϴϯϴϮϱϵϮϵ + hsa-ŵiƌ-ϲϭϱ G A THAPϵ ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϬ ϮϱϯϭϰϱϮϱ + hsa-ŵiƌ-ϰϲϱϯ G T THNSLϭ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϱ ϭϳϱϯϴϲϱϴϲ - hsa-ŵiƌ-ϯϳϭa A G THOCϯ ϯutƌ Sϭ_tFL 

ϭϱ ϳϬϯϰϬϵϰϭ - hsa-ŵiƌ-ϰϳϭϱ C T TLEϯ ϯutƌ Sϱ_tFL 

ϰ ϭϲϰϰϰϭϭϭϳ + hsa-ŵiƌ-ϯϲϬϳ A G Cϰoƌfϰϯ ϯutƌ Sϲ_FL,Sϲ_tFL 

ϭ ϵϯϲϭϱϲϳϰ - hsa-ŵiƌ-ϮϬϰ A G TMEDϱ ϯutƌ Sϱ_tFL 

ϱ ϴϳϰϵϳϯϱϵ - hsa-ŵiƌ-ϰϳϳϰ A G TMEMϭϲϭB ϯutƌ Sϭ_tFL 

ϭ ϵϲϲϰϵϯϳ + hsa-ŵiƌ-ϭϱa A G TMEMϮϬϭ ϯutƌ Sϱ_tFL 

ϭϰ ϲϳϵϯϴϭϯϳ - hsa-ŵiƌ-ϰϮϲϭ A C TMEMϮϮϵB ϯutƌ Sϭ_FL,Sϭ_tFL 

ϵ ϭϬϰϮϯϳϬϱϭ - hsa-ŵiƌ-ϭϴϱ C G CϵoƌfϭϮϱ ϯutƌ Sϭ_tFL 

ϭϮ ϮϵϲϱϵϮϯϴ - hsa-ŵiƌ-ϭϮϵ CT C TMTCϭ ϯutƌ SϮ_tFL 

ϭϭ ϱϳϱϬϱϮϴϭ + hsa-ŵiƌ-ϭϯϮϭ A C TMXϮ ϯutƌ Sϲ_tFL 



 

 

   

Ϯϰϯ
 

 

ϭϬ. AŶŶeǆ 

ϭϵ ϭϮϴϭϬϳϴϵ - hsa-ŵiƌ-ϯϭϳϲ C G TNPOϮ ϯutƌ Sϭ_tFL 

ϳ ϭϮϴϱϵϱϯϭϳ - hsa-ŵiƌ-ϭϮϴϵ T C TNPOϯ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϲ ϯϬϭϱϯϬϮϭ - hsa-ŵiƌ-ϭϮϮϰ T C TRIMϮϲ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϲ Ϯϱϵϴϯϵϳϯ + hsa-ŵiƌ-ϭϴa T G TRIMϯϴ ϯutƌ SϮ_FLϯ 

ϭ ϭϱϱϭϱϱϬϯϬ + hsa-ŵiƌ-ϰϰϳϱ C T TRIMϰϲ ϯutƌ Sϲ_FL 

ϭϭ ϰϲϮϬϰϮϰ - hsa-ŵiƌ-Ϯϭϰ T A TRIMϲϴ ϯutƌ SϮ_FLϮ,SϮ_FLϯ 

ϵ ϭϯϱϳϲϳϱϵϴ - hsa-ŵiƌ-ϭϭϳϴ C A TSCϭ ϯutƌ Sϯ_tFL 

Ϯ ϱϰϰϴϬϵϵϱ - hsa-ŵiƌ-ϯϰa A T TSPYLϲ ϯutƌ Sϲ_tFL 

ϭϰ ϴϵϯϰϯϴϬϯ + hsa-ŵiƌ-ϱϭϮ GA G TTCϴ ϯutƌ SϮ_tFL 

ϲ ϭϲϳϳϳϭϰϭϵ + hsa-ŵiƌ-ϰϰϵϲ T G TCPϭϬ ϯutƌ Sϲ_FL 

ϮϬ ϰϯϭϮϬϰϵϴ + hsa-ŵiƌ-ϯϭϮϳ G C TTPAL ϯutƌ Sϭ_tFL 

ϲ ϯϬϲϵϮϳϱϰ + hsa-ŵiƌ-ϭϯϬϮ C CTT TUBB ϯutƌ Sϯ_FL 

ϵ ϭϯϵϵϳϴϳϰϰ + hsa-ŵiƌ-ϭϯϮϭ A G UAPϭLϭ ϯutƌ Sϲ_tFL 

ϭϮ ϭϬϵϵϳϮϳϰϴ + hsa-ŵiƌ-ϱϭϮ G A UBEϯB ϯutƌ Sϭ_tFL 

ϴ ϱϵϯϲϭϲϮϲ + hsa-ŵiƌ-ϭϭϳϴ A G UBXNϮB ϯutƌ Sϱ_tFL 

ϭϯ ϮϳϲϰϭϬϲϬ - hsa-ŵiƌ-ϰϳϲϮ T C USPϭϮ ϯutƌ Sϱ_tFL 

ϳ ϲϮϬϬϮϰϱ + hsa-ŵiƌ-ϰϳϵϳ A T USPϰϮ ϯutƌ Sϭ_tFL 

ϭϮ ϲϱϳϮϮϭϲ - hsa-ŵiƌ-ϰϮϵϬ C T VAMPϭ ϯutƌ Sϱ_tFL 

ϭϮ ϰϴϮϯϳϬϰϳ - hsa-ŵiƌ-Ϯϭϭ C T VDR ϯutƌ Sϯ_FL,Sϯ_tFL 

ϭϱ ϵϭϱϰϭϴϰϮ - hsa-ŵiƌ-ϯϭϯϳ G A VPSϯϯB ϯutƌ Sϰ_FL,Sϰ_tFL 

ϯ ϭϴϰϳϳϬϭϬϵ + hsa-ŵiƌ-ϮϮϰ C T VPSϴ ϯutƌ Sϰ_FL,Sϰ_tFL 

ϲ ϭϭϬϰϮϭϱϮϯ - hsa-ŵiƌ-ϯϬa A G WASFϭ ϯutƌ Sϰ_FL,Sϰ_tFL 

X ϱϰϮϮϬϮϲϲ - hsa-ŵiƌ-ϭϮϰϱď A G WNKϯ ϯutƌ Sϲ_tFL 

ϳ ϭϮϬϵϴϬϱϵϭ + hsa-ŵiƌ-ϰϳϭϵ A T WNTϭϲ ϯutƌ Sϭ_FL,Sϭ_tFL 

X ϮϭϴϳϲϮϮϭ + hsa-ŵiƌ-ϰϰϴ A G YYϮ ϯutƌ Sϰ_FL 

ϭϴ ϳϮϵϬϳϱϯϰ - hsa-ŵiƌ-ϭϮϮϵ T C ZADHϮ ϯutƌ Sϲ_FL 

ϭϮ ϱϳϯϵϱϮϬϱ - hsa-let-ϳa G A ZBTBϯϵ ϯutƌ SϮ_FLϮ,SϮ_FLϯ 



 

 

 

Ϯϰϰ
 

ϭϬ. AŶŶeǆ 

ϮϮ ϰϭϳϱϱϯϯϳ + hsa-ŵiƌ-ϭϮϲϭ T A ZCϯHϳB ϯutƌ Sϱ_tFL 

ϭϱ ϰϮϳϬϴϳϲϰ - hsa-ŵiƌ-ϯϱϮϵ G A ZFPϭϬϲ ϯutƌ Sϱ_tFL 

ϴ ϭϰϰϯϱϳϲϬϬ + hsa-ŵiƌ-ϰϲϯϮ C G GLIϰ ϯutƌ SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϭ ϯϯϴϬϬϬϬ - hsa-ŵiƌ-ϭϵϭϱ T TCTATTCCTT… ZNFϭϵϱ ϯutƌ SϮ_tFL 

ϭϵ ϮϮϭϱϮϳϭϯ - hsa-ŵiƌ-ϭϵϯa A T ZNFϮϬϴ ϯutƌ SϮ_tFL 

ϭϵ ϱϴϲϯϴϮϳϬ - hsa-ŵiƌ-ϭϮϯϰ T G ZNFϯϮϵ ϯutƌ Sϯ_tFL 

ϱ ϭϳϴϱϭϬϱϮϵ + hsa-ŵiƌ-ϯϰď G C ZNFϯϱϰC ϯutƌ Sϲ_FL 

X ϭϯϰϰϴϭϳϳϯ + hsa-ŵiƌ-ϭϯϬϱ G C ZNFϰϰϵ ϯutƌ SϮ_tFL 

ϭϵ ϱϳϬϵϯϮϮϳ + hsa-ŵiƌ-ϭϮϱϱa A G ZNFϰϳϬ ϯutƌ Sϯ_FL 

ϭϵ ϵϳϮϬϲϰϬ - hsa-ŵiƌ-ϯϭ T A ZNFϱϲϭ ϯutƌ Sϲ_FL 

ϭϵ ϱϴϮϵϭϱϵϱ + hsa-ŵiƌ-ϮϬϯa A C ZNFϱϴϲ ϯutƌ Sϯ_tFL 

ϭϵ ϭϮϮϱϲϭϲϮ - hsa-ŵiƌ-ϰϲϯϯ T C ACϬϮϮϰϭϱ.ϱ ϯutƌ Sϱ_FL 

ϭ ϮϰϳϭϯϮϵϬϴ - hsa-ŵiƌ-ϯϵϬϴ A ATTCCACAGT… ZNFϲϳϬ ϯutƌ Sϰ_FL 

ϭ ϳϭϱϯϬϯϴϳ - hsa-ŵiƌ-ϭϰϱ T G ZRANBϮ ϯutƌ Sϭ_FL,Sϭ_tFL 

ϲ ϮϴϰϬϮϱϱϲ - hsa-ŵiƌ-ϭϮϰϱď A C ZSCANϮϯ ϯutƌ Sϯ_tFL 

ϭϭ ϭϵϭϮϬϮϬ + hsa-ŵiƌ-ϰϳϬϰ C G Cϭϭoƌfϴϵ ϱutƌ Sϰ_tFL 

ϭϳ ϳϮϮϭϰϭϯ - hsa-ŵiƌ-ϰϯϮ G A GPSϮ ϱutƌ Sϯ_tFL 

ϯ ϭϭϲϲϳϴϴϯ - hsa-ŵiƌ-ϭϮϵϳ T G VGLLϰ ϱutƌ Sϯ_FL,Sϯ_tFL 

ϭϱ ϮϱϵϰϬϬϯϳ - hsa-ŵiƌ-ϭϯϬϳ G A ATPϭϬA ĐodiŶg Sϱ_tFL 

ϭϱ ϮϱϵϱϴϵϮϵ - hsa-ŵiƌ-ϭϴϰ G A ATPϭϬA ĐodiŶg Sϯ_FL,Sϯ_tFL 

ϭϱ Ϯϱϵϱϴϵϯϯ - hsa-ŵiƌ-ϭϴϰ G A ATPϭϬA ĐodiŶg Sϭ_FL,Sϭ_tFL 

ϳ ϭϰϴϱϬϴϳϮϳ - hsa-ŵiƌ-ϭϰϰ T A EZHϮ ĐodiŶg 

Sϭ_FL,Sϭ_tFL,SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,S
Ϯ_tFL 

ϳ ϭϰϴϱϬϴϳϲϰ - hsa-ŵiƌ-ϰϳϵϯ T C EZHϮ ĐodiŶg SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϳ ϯϳϵϯϯϵϯϮ - hsa-ŵiƌ-ϭϮϱϲ TC T IKZFϯ ĐodiŶg Sϭ_FL 

ϭϳ ϯϳϵϯϯϵϯϱ - hsa-ŵiƌ-ϭϮϱϲ T G IKZFϯ ĐodiŶg Sϭ_FL 

ϭϳ ϯϳϵϯϯϵϰϬ - hsa-ŵiƌ-ϭϵa C G IKZFϯ ĐodiŶg Sϭ_FL 



 

 

   

Ϯϰϱ
 

 

ϭϬ. AŶŶeǆ 

ϭϵ ϭϵϮϱϳϲϬϬ - hsa-ŵiƌ-ϭϵϭϭ G C MEFϮB ĐodiŶg Sϭ_FL,Sϭ_tFL 

ϭϵ ϭϵϮϲϬϬϰϱ - hsa-ŵiƌ-ϭϮϲϱ T A MEFϮB ĐodiŶg Sϭ_FL,Sϭ_tFL,Sϱ_tFL 

ϭϲ Ϯϱϲϵϲϳϲ + hsa-ŵiƌ-ϭϯϬϳ T C ATPϲVϬC ĐodiŶg Sϰ_FL,Sϰ_tFL 

ϭϲ ϮϱϲϵϳϬϴ + hsa-ŵiƌ-ϭϮϮϲ T C ATPϲVϬC ĐodiŶg Sϰ_FL,Sϰ_tFL 

ϭϭ ϲϲϭϯϬϳϵϲ - hsa-ŵiƌ-ϭϵϭϱ G C RPϭϭ-ϴϲϳGϮϯ.ϴ ĐodiŶg Sϲ_FL 

ϭϭ ϲϲϭϯϬϵϬϭ - hsa-ŵiƌ-ϭϮϱϰ G A RPϭϭ-ϴϲϳGϮϯ.ϴ ĐodiŶg SϮ_FLϭ,SϮ_FLϮ,SϮ_tFL 

ϭϳ ϳϲϴϱϭϵϬϮ - hsa-ŵiƌ-ϱϮϬa G A TIMPϮ ĐodiŶg Sϱ_FL,Sϱ_tFL 

ϭϲ Ϯϱϲϵϲϯϭ + hsa-ŵiƌ-ϭϮϮϴ T A ATPϲVϬC ĐodiŶg Sϰ_FL,Sϰ_tFL 

ϭϱ ϰϱϮϰϵϭϬϵ + hsa-ŵiƌ-ϭϴϭď C T Cϭϱoƌfϰϯ ĐodiŶg Sϭ_FL,Sϭ_tFL 

ϭϳ ϰϬϵϰϴϯϮϬ - hsa-ŵiƌ-ϯϵϮϭ GCT G WNKϰ ĐodiŶg Sϰ_tFL 

ϯ ϵϴϮϱϬϴϴϭ - hsa-ŵiƌ-ϭϮϵϱď G A GPRϭϱ ĐodiŶg SϮ_FLϮ,SϮ_tFL 

Ϯ ϮϰϮϴϭϰϬϵϰ + hsa-ŵiƌ-ϰϱϮϵ C A CϮoƌfϴϱ ĐodiŶg Sϭ_FL,Sϭ_tFL 

ϭ ϭϭϬϬϯϴϰϰϳ + hsa-ŵiƌ-ϭϮϳ C T CYBϱϲϭDϭ ĐodiŶg Sϭ_tFL 

ϯ ϭϮϭϱϳϱϵϲϯ + hsa-ŵiƌ-ϭϮϳϬ T C EAFϮ ĐodiŶg SϮ_tFL 

ϳ ϭϯϵϯϱϲϬϬ - hsa-ŵiƌ-ϯϲϱϳ A T ETVϭ ĐodiŶg Sϭ_FL,Sϭ_tFL 

ϭ ϭϳϭϭϮϯϯϰϬ + hsa-ŵiƌ-Ϯϯϱϱ A G FMOϲP ĐodiŶg SϮ_FLϮ,SϮ_FLϯ 

ϭϱ ϮϯϲϴϲϮϯϵ - hsa-ŵiƌ-ϭϮϯϲ T C GOLGAϲLϮ ĐodiŶg Sϰ_FL 

ϱ ϭϰϵϰϮϭϯϲϰ + hsa-ŵiƌ-ϭϭϴϰ G A HMGXBϯ ĐodiŶg Sϭ_FL,Sϭ_tFL 

ϵ ϯϰϲϱϴϲϰϬ + hsa-ŵiƌ-Ϯϭϳ G A ILϭϭRA ĐodiŶg SϮ_FLϭ,SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϭϵ ϭϴϱϰϲϭϬϲ - hsa-ŵiƌ-ϭϯϬϭ C T ISYNAϭ ĐodiŶg Sϰ_FL,Sϰ_tFL 

ϳ ϭϱϭϵϮϳϯϱϴ - hsa-ŵiƌ-ϭϱϯ T TA MLLϯ ĐodiŶg Sϯ_tFL 

ϮϮ ϯϳϰϮϱϯϱϬ + hsa-ŵiƌ-ϭϵϳϲ G A MPST ĐodiŶg SϮ_FLϮ,SϮ_FLϯ,SϮ_tFL 

ϵ ϭϬϬϰϭϬϰϲϮ + hsa-ŵiƌ-ϭϮϱϲ C G NCBPϭ ĐodiŶg Sϭ_tFL 

ϭϮ ϭϴϲϰϰϰϭϯ + hsa-ŵiƌ-ϯϰϲ T A PIKϯCϮG ĐodiŶg SϮ_FLϮ,SϮ_FLϯ 

ϭϳ ϴϳϴϵϴϵϯ - hsa-ŵiƌ-ϵϯϵ C T PIKϯRϱ ĐodiŶg Sϰ_FL,Sϰ_tFL 

ϴ ϭϴϰϯϬϬϲϵ - hsa-ŵiƌ-ϭϮϬϳ A T PSDϯ ĐodiŶg SϮ_tFL 

ϭϴ ϵϴϭϱϭϮϲ + hsa-ŵiƌ-ϰϲϱϵa C T RABϯϭ ĐodiŶg Sϭ_tFL 



 

 

 

Ϯϰϲ
 

ϭϬ. AŶŶeǆ 

ϭϮ ϴϱϮϱϱϱϮϰ - hsa-ŵiƌ-ϯϲϲϰ T G SLCϲAϭϱ ĐodiŶg Sϭ_FL,Sϭ_tFL 

ϵ ϭϬϮϳϮϮϰϭϬ + hsa-ŵiƌ-ϭϴϱ G T STXϭϳ ĐodiŶg Sϭ_FL,Sϭ_tFL 

ϯ ϲϵϬϳϱϮϬϰ - hsa-ŵiƌ-ϭϮϱϱď G A TMFϭ ĐodiŶg Sϭ_tFL 

ϭϴ ϵϴϴϳϰϵϯ + hsa-ŵiƌ-ϮϭϭϬ T C TXNDCϮ ĐodiŶg Sϲ_FL 

ϭϵ ϰϰϳϯϴϵϴϳ - hsa-ŵiƌ-ϯϭϮϳ G A ZNFϮϮϳ ĐodiŶg Sϭ_tFL 

ϭϵ ϱϲϵϱϯϳϰϴ - hsa-ŵiƌ-ϭϮϳ C A ZNFϲϲϳ ĐodiŶg Sϭ_FL,Sϭ_tFL 

Taďle Ϯ-AŶŶeǆ:  List of the total ϱϰϰ ŵutatioŶs ideŶtified iŶ pƌediĐted ŵiRNA-ďiŶdiŶg sites iŶ the WGS data.  
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Ϯϰϵ

Figuƌe ϭ-AŶŶeǆ: Results of the SaŶgeƌ seƋueŶĐiŶg ǀalidatioŶ iŶ the pƌeliŵiŶaƌǇ eǆteŶded 
Đohoƌt.

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

