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AGRAÏMENTS 
 
Fa temps algú em va dir que escriure un article científic és com escriure un conte. Fa 

encara més temps em van ensenyar que la ciència i les lletres no existeixen l’una sense 

l’altra. I des de fa encara més temps m’ensenyen que hem de conservar el nostre món 

màgic infantil a mesura que ens anem fent grans. No sé si hauré aconseguit fer un conte 

d’algun dels meus articles científics o de la meva tesi doctoral; tant de bo. 

Fa temps vaig llegir un llibre sobre la importància de que cada un de nosaltres creem el 

nostre propi món de color a mida que anem trobant els nostres colors. Els colors són 

aquelles persones que hem tingut la sort de conèixer i les quals han aportat quelcom a la 

nostra vida, tant siguin aportacions petites, puntuals o fugaces com contínues, dolces i 

duradores. Aquestes persones seran els nostres grocs, verds, blaus, liles, vermells... en 

funció del color que triem. Jo prefereixo pensar que aquest món és multicolor enlloc de 

monocromàtic. Són molts els colors que han anat omplint el meu món des de fa molt de 

temps, augmentant el seu cromatisme i diversitat. Per tant, només em queda donar-vos 

les gràcies i esperar poder mantenir aquest món multicolor que hem creat a mida que 

vaig descobrint nous colors...  

 

i havia una vegada una porteta per on s’accedia a una món màgic ple de 

personetes boniques i colorides. No era una porta fàcil de localitzar i 

únicament uns quants afortunats eren capaços de trobar-la i endinsar-se en 

aquest món màgic a través d’ella. Cada una de les personetes irradiava un color diferent, 

mostrant així les pròpies alegries, desitjos, tristeses.... Tot i que els colors podien anar 

variant, sempre n’hi havia un de concret que definia millor les diferents personalitats de 

cada un dels integrants del món màgic. 

Algunes de les personetes feia molt de temps que es coneixien i ja havien anat creant els 

seus móns propis. Un d’aquests móns era porpra ja que s’havia format de la barreja de 

diferents tonalitats de blaus i vermells, i els seus tres principals colors eren el malva, el 

taronja i el fúcsia. A mida que el temps anava passant, aquest món porpra havia anat 

captant nous colors, com ara el turquesa i el llima, que anaven augmentant la seva 

diversitat i riquesa. Els diferents colors compartirien experiències de tota mena, la 

majoria de les quals serien grans somriures, descobriments i aventures. 

H 



Una d’aquestes grans experiències, i la que comportaria la creació d’un nou món màgic 

multicolor, va ser possible gràcies a dos colors prioritaris, el cian i el blanc, que em van 

obrir les portes a una nova i enriquidora etapa. Aquests dos colors em van deixar créixer 

i anar adquirint diferents tonalitats a mida que m’oferien tots els recursos dels que 

disposaven. No era un món a començar de nou sinó que ja feia temps que estava sent 

creat per diferents tonalitats de granats que l’anaven enriquint a mida que s’hi 

incorporaven. Tot i així, altres colors van començar a formar-hi part, com els grocs, que 

primer no n’eren gaires, però a mida que passava el temps anaven augmentant les seves 

tonalitats, i augmentaven el món granat inicial. També els verds, que feia temps que 

enriquien el món granat inicial des d’una altra perspectiva, van començar a créixer i 

adquirir noves tonalitats. Més endavant, un món més extern que els altres de color 

orquídia, també va contribuir a fer més gran aquest món que s’estava construint. 

Tots aquests colors i les seves tonalitats anaven adquirint més importància en el meu 

món ja que sempre estaven disposats a ajudar en el que calgués. Vam compartir moltes 

anècdotes, diversions, sopars, viatges, però també moments de tristesa i desmotivació. 

Tot i així, sempre fent pinya, érem capaços d’animar-nos els uns als altres, i trobar 

solucions a les preocupacions. El corall, jade, cirera, blau de cobalt, plata, taronja, or i 

fúcsia són colors sense els quals aquest món, així com la seva creació, haguessin estat 

completament diferents. 

A més a més d’aquest món que se’m va obrir a través del cian i el blanc, sempre he estat 

acompanyada per altres colors que ja fa molt de temps anaven conformant el meu món 

multicolor. El grup de diferents tonalitats de rosa, el trio format d’atzur, canyella i verd 

oliva, el duet format per aiguamarina i carmí, i els súper compis morat i ambre. També 

el turquesa i el llima. Amb tots vosaltres ja fa temps que tinc la sort de compartir el meu 

món amb el vostre. Uns móns que no deixaran de créixer perquè ja tenim per aquí al 

primer mini carmí, mini rosa i un futur mini atzur. I finalment el verd, que va aparèixer 

en el mateix moment en què el cian i el blanc m’obrien les portetes del món que aniríem 

construint en els següents anys. Perquè sempre has estat donant diferents tonalitats i 

enfortint la construcció del meu món multicolor. 

A tots i cada un de vosaltres, moltes gràcies per tot el que heu aportat al meu món; ha 

estat una etapa màgica. Ara toca començar-ne una de nova! 
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ABSTRACT  

 

Mantle cell lymphoma (MCL) is an aggressive lymphoid neoplasm derived from mature 

B cells genetically characterized by the presence of the t(11;14)(q13;q32) translocation 

causing cyclin D1 overexpression and therefore cell cycle deregulation. However, other 

additional secondary genetic alterations also contribute to MCL pathogenesis. Recent 

studies identified a distinct subgroup of tumors with an indolent clinical behavior even 

without chemotherapy that tend to present with non-nodal, leukemic disease instead of 

extensive nodal infiltration. Moreover, recent molecular studies have identified SRY 

(Sex determining region-Y)-like HMG box-11 (SOX11) as one of the best characterized 

discriminatory genes between these two clinical subtypes of MCL, being almost 

exclusively overexpressed in the aggressive presentation of the disease. 

SOX11 is a high mobility group (HMG) transcription factor (TF) characterized by its 

critical involvement in embryonic development and neuronal cell differentiation. 

Although not apparently expressed in any normal cell subtype of the lymphoid system, 

it has been recently identified as playing a major role in several solid tumors and some 

subtypes of aggressive lymphomas. However, SOX11 oncogenic mechanisms 

contributing to the development and progression of these diseases are largely unknown. 

Although SOX11 function and potential target genes in lymphoid cells are poorly 

known, its high specific expression in aggressive MCL suggests that it may be an 

important element in the development and progression of this disease. 

Two publications resulted from our studies and compose this thesis. 

In paper I, we initiated the molecular characterization and elucidation of the SOX11-

regulated transcriptional program in MCL. We performed an integrative analysis 

coupling data from human genome-wide promoter analysis by SOX11 Chromatin 

Immunoprecipitation (ChIP)-chip experiments and gene expression profiling (GEP) 

upon SOX11 silencing in MCL cell lines, and identified target genes and transcriptional 

programs regulated by SOX11 including the block of mature B cell differentiation, 

modulation of cell cycle, apoptosis, and stem cell development. Paired box protein 5 

(PAX5) stood out as one of SOX11 major direct target genes. We found that SOX11 

silencing downregulated PAX5, induced B lymphocyte induced maturation protein 1 

(BLIMP1) expression, and promoted the shift from a mature B cell into the initial 
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plasmacytic differentiation phenotype in both MCL primary tumor cells and an in vitro 

model. We also demonstrated the oncogenic implication of SOX11 expression in the 

aggressive behavior of MCL as SOX11-knockdown derived tumors displayed a 

significant reduction on tumor growth compared to SOX11-positive tumors in 

subcutaneous MCL xenografts. Although our results suggested that SOX11 contributed 

to tumor development by altering the terminal B cell differentiation program of MCL 

cells, the specific SOX11-regulated mechanisms promoting the oncogenic and rapid 

tumor growth of aggressive MCL still remained to be elucidated. 

Therefore, in paper II, we further characterized the potential SOX11-regulated 

oncogenic mechanisms by integrating our ChIP-chip data with further analyses 

including GEP derived from the xenograft SOX11-positive and silenced tumors. Gene 

ontology analysis of SOX11 target genes and gene set enrichment analyses (GSEA) of 

the differentially expressed genes in xenografts, human primary tumors and MCL cell 

lines revealed that blood vessel development and angiogenic gene signatures were 

significantly enriched in SOX11-positive cells. Consequently, we performed in vitro 

angiogenic assays and observed that conditioned media derived from SOX11-positive 

cells induced higher tube formation, proliferation and migration of endothelial cells, 

corroborated by a prominent higher density of microvessels in human primary tumors 

and mouse xenografts. Strikingly, gene and protein expression profiling revealed that 

SOX11-modulation of angiogenesis in MCL was mediated by the upregulation of the 

pro-angiogencic factor Platelet-derived growth factor-A (PDGFA). Inhibition of the 

PDGFA pathway impaired angiogenesis development both in vitro and in vivo, and also 

MCL tumor growth in vivo, representing a promising novel therapeutic strategy for the 

treatment of aggressive MCL. 

Overall, we have unraveled and characterized, for the first time, the oncogenic role of 

SOX11 and the tumorigenic pathways it orchestrates in MCL. Importantly, the 

elucidation of molecular oncogenic mechanisms that are deregulated by SOX11 in MCL 

will aid the management and stratification of MCL patients and lead to the development 

of new therapeutic strategies for this aggressive disease. 
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RESUM 

 

Les neoplàsies limfoides són un grup heterogeni de tumors caracteritzats per un event 

genètic inicial i l’acumulació d’alteracions moleculars secundàries que condicionen la 

progressió tumoral. Els mecanismes genètics que condueixen a alteracions genètiques 

primàries són principalment les translocacions cromosòmiques que, generalment, 

resulten en l’activació d’un proto-oncogen que comporta l’alteració de la proliferació, 

l’apoptosi o la via de diferenciació de les cèl·lules B.  

El limfoma de cèl·lules del mantell (LCM) és una neoplàsia limfoide caracteritzada per 

una proliferació alta de limfòcits B madurs, i és considerada un dels limfomes no 

Hodgkin (LNH) més agressius amb una supervivència mitjana de 3-4 anys. L’evolució 

clínica acostuma a ser molt agressiva amb poca resposta al tractament i freqüent 

recidiva; són pocs els pacients que es curen amb les teràpies actuals. Tot i així, 

observacions clíniques recents han identificat alguns LCM amb un curs clínic indolent 

de la malaltia i una llarga supervivència dels pacients, inclòs sense la necessitat de 

tractament. Estudis d’expressió gènica diferencial han identificat que SOX11, un factor 

de transcripció neuronal, és un dels gens més ben caracteritzats per diferenciar els 

subtipus de LCM agressius i indolents ja que se sobre-expressa en els LCM agressius 

però no en els indolents.  

SOX11 pertany a la família dels gens SOX que codifiquen per possibles reguladors 

transcripcionals que desenvolupen funcions importants en diferents processos del 

desenvolupament. La funció de SOX11 i molts altres membres de la superfamília de 

proteïnes SOX actualment no es coneix, tot i que es creu que la funció de les proteïnes 

SOX és, almenys, en part estructural permetent que altres factors de transcripció 

s’uneixin al solc format a l’ADN i/o reunint elements reguladors, el que facilita la 

formació de complexes proteics. 

SOX11 se sobre-expressa constantment en gairebé tots els tumors de LCM agressius, a 

nivells inferiors en un subgrup de limfomes de Burkitt i limfoblàstics, però no en altres 

neoplàsies limfoides, en cèl·lules limfoides normals ni en pacients de LCM que 

segueixen una llarga evolució clínica indolent. Per tant, SOX11 ha estat identificat com 

a biomarcador en els tumors de LCM i possible factor pronòstic.  
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Tot i que la funció de SOX11 i els seus possibles gens diana en cèl·lules limfoides es 

desconeixen, la seva alta expressió en els LCM agressius suggereix que SOX11 pot ser 

un element important en el desenvolupament i progressió d’aquest tumor. Per tant, els 

objectius d’aquest projecte de tesi doctoral són identificar, caracteritzar i validar les 

possibles vies oncogèniques regulades per SOX11 per obtenir un millor i major 

coneixement de la patogènesi del LCM, i trobar possibles candidats per a teràpies 

específiques per aquest tumor.  

Per realitzar aquests objectius hem estudiat els gens directament regulats per SOX11 

mitjançant immunoprecipitació de cromatina,així com el fenotip associat a la pèrdua de 

l’expressió de SOX11 en línies cel·lulars de LCM establement transduïdes (model in 

vitro). A més a més, també hem estudiat l’habilitat tumorigènica de SOX11 mitjançant 

el xenotransplantament subcutani de les línies cel·lulars generades in vitro en ratolins 

immunodeficients (SCID) (model in vivo). Un cop hem identificat els possibles gens 

diana i les vies oncogèniques regulades per SOX11 mitjançant els models in vitro i in 

vivo, els hem validat en tumors humans primaris del LCM. 

S’han obtingut dos treballs d’investigació dels estudis que composen aquesta tesi 

doctoral, publicats a la prestigiosa revista d’hematologia Blood els anys 2013 i 2014. En 

ambdós treballs hem estudiat els mecanismes moleculars regulats per SOX11 

responsables de la patogènesi i el desenvolupament maligne del LCM. El primer treball 

es centra en la caracterització del bloqueig del desenvolupament dels limfòcits B 

madurs degut a la sobre-expressió de SOX11 en el LCM, suggerint un diferent 

desenvolupament en la formació dels subtipus de LCM agressius i indolents. A més, 

també demostrem que SOX11 és indispensable pel creixement del LCM ja que tumors 

SOX11-negatius inoculats en ratolins SCID presenten un creixement menor comparat 

amb els tumors SOX11-positius. En el segon treball hem identificat, per primera 

vegada, la funció oncogènica de SOX11 en el LCM ja que regula processos angiogènics 

responsables del major creixement de les cèl·lules SOX11-positives. D’altra banda 

també mostrem noves aproximacions terapèutiques per aquest tipus de tumor que 

ajudarien a una millor estratificació i classificació dels pacients de LCM. 

Al primer article ens hem centrat en identificar les possibles funcions biològiques de 

SOX11 en el LCM. Combinant anàlisis de microarray d’immunoprecipitació de 

cromatina i perfil d’expressió diferencial després de silenciar l’expressió de SOX11, 
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hem identificat gens diana i programes transcripcionals regulats per SOX11, incloent el 

bloqueig de la diferenciació de la cèl·lula B madura, la modulació del cicle cel·lular, 

l’apoptosi i el desenvolupament de cèl·lules mare. PAX5 apareix com un dels gens diana 

directes més significatius de SOX11. El silenciament de SOX11 disminueix l’expressió 

de PAX5, indueix la de BLIMP1 i promou el canvi de fenotip de cèl·lula B madura a la 

diferenciació plasmacítica inicial, tant en cèl·lules tumorals primàries del LCM com en 

un model in vitro. Els nostres resultats suggereixen que SOX11 contribueix al 

desenvolupament tumoral mitjançant la modulació del programa de la diferenciació 

terminal de la cèl·lula B en el LCM. A més, hem demostrat l’habilitat tumorigènica de 

SOX11 in vivo mitjançant un model de xenotransplantament de LCM en ratolins SCID. 

La reducció significativa del creixement tumoral de les cèl·lules amb expressió de 

SOX11 silenciada comparada amb el creixement de les cèl·lules de LCM amb alts 

nivells d’expressió de SOX11 dels xenotransplantaments, demostra la implicació de 

l’expressió de SOX11 en el comportament agressiu d’aquest limfoma.  

SOX11 se sobre-expressa en diferents tumors sòlids i en la majoria de LCM agressius. 

En el primer article constituent d’aquesta tesi doctoral hem demostrat que el 

silenciament de l’expressió de SOX11 redueix el creixement tumoral en un model de 

xenotransplantament, consistent amb el curs clínic indolent dels pacients del LCM 

SOX11-negatius. Tot i així, els mecanismes oncogènics directament regulats per 

SOX11 encara no s’han descrit. Per tant, en el segon treball ens hem centrat en la 

identificació i caracterització molecular de dits mecanismes. Hem observat que els 

tumors dels xenotransplantaments murins així com de pacients de LCM SOX11-positius 

estan enriquits en vies gèniques relacionades amb l’angiogènesi, i presenten una major 

densitat de microvasos comparada amb els tumors derivats dels xenotransplantaments i 

els tumors humans primaris SOX11-negatius. A més, el medi cel·lular condicionat 

derivat de cèl·lules SOX11-positives indueix una major proliferació, migració, formació 

de tubs, i activació de vies de senyalització angiogèniques en cèl·lules endotelials in 

vitro. Hem identificat el factor pro-angiogènic PDGFA com un gen diana directe de 

SOX11 en cèl·lules de LCM, la inhibició del qual elimina els efectes angiogènics 

accentuats en cèl·lules endotelials in vitro. Per altra banda, PDGFA està sobre-expressat 

en cèl·lules SOX11-positives tant en cultius cel·lulars de LCM, xenotransplantaments 

com en pacients de LCM. In vivo, el tractament dels xenotransplantaments SOX11-

positius amb el fàrmac imatinib, un inhibidor del receptor de PDGFA, disminueix la 
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neo-vascularització i el creixement tumoral de dites cèl·lules, equilibrant-lo al 

creixement tumoral de les cèl·lules SOX11-negatives. El nostre estudi identifica, per 

primera vegada, que SOX11 regula senyals de supervivència angiogèniques en el LCM, 

demostrant la seva implicació oncogènica en el comportament i progressió agressius 

d’aquest tumor maligne. A més a més, recalca la via SOX11-PDGFA com una possible 

diana terapèutica pel subtipus agressiu del LCM, una malaltia en la que encara 

actualment hi ha poques opcions terapèutiques duradores i complertes. 

En general, les conclusions d’aquest treball de tesi doctoral han estat les següents: 

1. Identificació dels gens diana i les vies transcripcionals regulades per SOX11 en 

el LCM mitjançant experiments in vitro i in vivo. 

2. Caracterització del bloqueig de la diferenciació dels limfòcits B madurs com a 

mecanisme del desenvolupament dels diferents subtipus de LCM agressius i 

indolents. Dit bloqueig està mediat per la sobre-expressió de PAX5 mitjançant 

SOX11.  

3. Demostració de la implicació oncogènica de SOX11 en la patogènesi del LCM. 

4. Caracterització de la regulació de processos angiogènics per part de SOX11 com 

a mecanisme oncogènic responsable del creixement tumoral del LCM agressiu. 

Dita regulació està mediada per la sobre-expressió de PDGFA mitjançant 

SOX11. 

5. Identificació de possibles noves dianes terapèutiques en el LCM. 
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1. B cell biology 

The lymphoid system is composed of central (or primary) and peripheral (or secondary) 

lymphoid organs. The thymus and bone marrow (BM) comprise the primary lymphoid 

organs and are involved in the production and early selection of lymphocytes. Both B 

and T lymphocytes (or B and T cells) primarily arise in the BM, but their differentiation 

takes place differently. Immature B cells differentiate into mature B cells in the BM, 

whereas premature T cells differentiate into mature T cells in the thymus. After this 

initial differentiation step, mature B and T lymphocytes migrate from the BM and 

thymus, respectively, into the blood, and then into the peripheral lymphoid tissue. 

Peripheral lymphoid organs include lymph nodes and the lymphoid follicles in tonsils, 

Peyer’s patches, spleen, adenoids and skin, among others, which are associated with the 

mucosa-associated lymphoid tissue (MALT). They maintain mature naïve lymphocytes 

and initiate an adaptive immune response as they are the sites of lymphocyte activation 

by antigen (Ag) (Coupland, 2011). 

B cells belong to the adaptive branch of the immune system and are essential for the 

humoral immune response as they produce Ag-specific antibodies (Abs). Ab-complexes 

are recognized by other immune cell populations, which subsequently trigger an 

inflammatory response. The B lymphocyte population functions to provide long lasting 

immunity to a wide range of pathogens but B cells also act as Ag-presenting cells 

(APCs) (De and Barnes, 2014). 

B lymphocytes represent a population of cells that express clonally diverse cell surface 

immunoglobulin (Ig) receptors recognizing specific antigenic epitopes. They develop in 

the BM from a common lymphoid progenitor (CLP) in distinct steps via progenitor 

(pro) and precursor (pre) B cells to immature B cells. Whereas this first differentiation 

phase is Ag-independent, the subsequent differentiation phase is completely Ag-

dependent as B cells start to proliferate and differentiate into mature B cells, memory B 

cells or Ab-secreting plasma cells (PCs) upon Ag encounter and recognition by their 

specific receptor (LeBien and Tedder, 2008; Nescakova and Bystricky, 2011). 

During their differentiation process, B cells are subjected to a selection process to avoid 

the development of auto or polyreactive mature B cells that may be harmful. The main 

selection occurs by elimination of developing B cells with high affinity for self-Ags, 

through mechanisms of clonal deletion, receptor editing, or induction of anergy. This 
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process results in a pool of B cells with limited auto or polyreactivity. Upon antigenic 

stimulation, Ag-specific B cells undergo affinity maturation, somatic hypermutation 

(SHM), class-switch recombination (CSR), and differentiation into memory B cells or 

Ab-secreting PCs (Giltiay et al., 2012; Nescakova and Bystricky, 2011). 

In contrast to these classical B cells (B2 cells), a subset of B cells termed B1 cells is 

characterized by a higher degree of auto or polyreactivity and almost complete absence 

of memory formation. These cells produce Abs with low affinity for different Ags, and 

although CSR occurs in these cells, SHM is absent. 

 

1.1.  Early B cell development 

The pluripotent hematopoietic stem cell (HSC) gives rise to all mature cell types in the 

blood (lymphoid, myeloid, and erythroid) by differentiating through intermediate stage 

progenitor cells. B cells, like all hematopoietic cells, are produced in a stepwise process 

from self-renewing HSCs in the fetal liver and postnatal BM. The earliest differentiated 

progeny of HSCs are multipotent progenitors (MPPs), which have lost the capacity for 

extensive self-renewal but retain multilineage differentiation potential. A subset of 

MPPs has little erythro-megakaryocytic potential but retain lymphoid and other myeloid 

potential leading to their designation as lymphoid-primed MPPs (LMPPs) (Adolfsson et 

al., 2005). The LMPP population contains early lymphoid progenitors (ELPs), which 

are lymphoid restricted cells and represent the precursors of BM CLPs, which give rise 

to B lymphocytes, natural killer (NK) cells, dendritic cells (DCs), and T lymphocytes 

(Balciunaite et al., 2005; Rumfelt et al., 2006) (Figure 1). 

B cells

T cells

NK cells

DCs

LT-HSCs
Long-term

ST-HSCs
Short-term

MPPs

LMPPs ELPs CLPs

CMPs

Erythroid
lineage

Myeloid
lineage

 
Figure 1. Model of lineage determination in the adult human hematopoietic hierarchies. 
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The first clearly identifiable B cell-specified progenitors arise from CLPs in the BM and 

are variously termed pre-pro B cells, which can be identified by expression of the B 

cell-associated marker B220 and activation of many B cell-lineage-associated genes 

(Gounari et al., 2002; Rumfelt et al., 2006). Generally, B cell differentiation comprises 

of six stages: early lymphoid stem stage, early pro-B cell, late pro-B cell, pre-B cell, 

immature B cell and mature B cell stage. B cell maturation starts when the lymphoid 

stem cell differentiates to the first B cell stage, pro-B cells, which proliferate and 

differentiate to pre-B cells (Figure 2) (Nescakova and Bystricky, 2011). Early B cell 

development is characterized by the ordered rearrangement of the Ig heavy (H) and light 

(L) chain loci, and Ig proteins themselves play an active role in regulating B cell 

development. 

The most characteristic feature of B cell maturation is Ig gene segment rearrangement 

and expression of cell surface proteins. The functional rearrangement of the Ig loci 

occurs via an error-prone process involving the combinatorial rearrangement of the 

variable (V), diversity (D), and joining (J) gene segments in the H chain locus and the V 

and J gene segments in the L chain loci (LeBien, 2000; LeBien and Tedder, 2008). In 

mice and humans, this occurs primarily in fetal liver and adult BM, culminating in the 

development of a diverse repertoire of functional VDJH and VJL rearrangements 

encoding the B cell receptor (BCR) (LeBien and Tedder, 2008). Pro-B cells do not 

express any receptor or Ig on their surface but first carry out DH–JH rearrangements. In 

the next stage (pre B-I), a VH segment is rearranged to the DH-JH element. The 

physiological Ig kappa (IGK) and lambda (IGL) chain gene rearrangements start later in 

pre B-II cells (Figure 2). 

 
Figure 2. Different steps in the B cell differentiation process from a pro-B cell to memory B cells or 

PCs. Ig gene rearrangements are also specified (Jares et al., 2007). 
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Pre-B cells are the first cells to express the pre-BCR which is made up of the μ H chain, 

a surrogate L chain (SLC) and an Igα/Igβ signaling heterodimer. Successful expression 

of the pre-BCR marks the transition of the pro-B to the pre-B cell. The SLC is a 

heterodimer consisting of two distinct proteins, λ5 and VpreB, that pair with the H chain 

to constitute part of the signaling complex in murine and human pre-B cells (Figure 3). 

Expression of the pre-BCR by association of the newly formed IgH chains with SLC 

induces increased cell proliferation, resulting in clonal expansion of pre-B cells. 

Signaling through the pre-BCR stimulates L chain rearrangement, and initiates pro-

survival signaling pathways (De and Barnes, 2014). Subsequently, BCR expression is a 

requisite for B cell development and survival in the periphery.  

IgHµ
VpreB

λ5
SLC

Igα Igβ

Pre-BCR

IgHµ

IgL

Igα Igβ

BCR (IgM)

 
Figure 3. Composition of the pre-BCR and BCR complexes. The pre-BCR and BCR contain a 

transmembrane form of the IgH that is non-covalently associated with an Igα/Igβ heterodimer and the 

SLC or the IgL, respectively. 

 

1.2.  B cell activation 

Newly formed B cells emigrate from the BM and home initially to the spleen where 

they mature via transitional stages primarily into long-lived follicular B cells, and where 

they also differentiate into marginal zone (MZ) B cells. Naïve follicular B cells express 

high levels of surface IgD and CD23 and have the ability to re-circulate, entering and 

exiting follicular niches in secondary lymphoid organs in search of Ag. The newly 

formed IgMlow cells that have recently left the BM and entered the circulation or spleen 

are also referred to as transitional B cells, which are capable of responding to Ag, and 

can mature into Ab-secreting PCs and undergo CSR (Giltiay et al., 2012). 

1.2.1.  T cell dependent or independent response 

After the interaction of naïve B lymphocytes with an Ag, B cells can mature further via 

two pathways, the T cell dependent or independent pathways. Ag is recognized by B 



 

21 

 

 

cells through the BCR, which leads to structural cross-linking of the receptor. This in 

turn leads to activation of signaling cascades through the BCR-associated signaling 

molecules Igα and Igβ. BCR conjugated to Ag can be internalized and processed in 

endosomes, where the degraded antigenic peptides are loaded into major 

histocompatibility complex (MHC) class II molecules and presented on the cell surface 

to T cells (Harwood and Batista, 2010). 

If T cell recognition of Ag occurs, a specialized T cell-dependent activation pathway 

leads to B cell activation. Interactions between activated B cells and helper T cells occur 

in lymph nodes where recognition of Ag by both cell types leads to the formation of a 

germinal center (GC), giving rise to either memory B cells or long-lived PCs upon 

successful CSR and SHM. Memory B cells are long-lived B cells which are capable of 

quickly proliferating and differentiating to PCs upon encounter with cognate Ag. PCs, 

in contrast, are responsible for secreting large amounts of Abs, and will remain in the 

BM and secondary lymph nodes (Yoshida et al., 2010). 

An alternative pathway for B cell activation is the T cell-independent pathway. B cells 

which have bound Ag through the BCR can receive additional activation signals 

through specialized pattern recognition proteins. These pattern recognition molecules 

include the Toll-like receptor (TLR) family of proteins, which are capable of 

recognizing viral and bacterial DNA and lipids. The T cell-independent pathway leads 

to rapid B cell proliferation and maturation, however, the formation of a GC does not 

occur. Therefore, both CSR and SHM do not occur at the same levels as in the T cell-

dependent pathway (Cerutti et al., 2013). Contrary to migrating into follicles to form 

GCs, these activated B cells migrate to extra-follicular areas where they differentiate 

into short-lived PCs (O'Connor et al., 2003). The predominant secreted Ab is IgM, and 

few memory and plasma B cells are generated from this pathway. 

1.2.2.  The germinal center reaction 

Ag-induced B cell activation and differentiation in secondary lymphoid tissues are 

mediated by dynamic changes in gene expression, giving rise to the GC reaction. GCs 

are sites within secondary lymphoid organs where robust proliferation and 

differentiation of B lymphocytes occur. They are specialized microenvironments where 

follicular dendritic cells (FDCs), CD4 T follicular helper (TFH) cells, and B cells 
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interact in a coordinated fashion to exchange cognate Ag and co-stimulatory signals 

(Linterman et al., 2009; Nurieva et al., 2008). 

The GC reaction is characterized by B cell clonal expansion, SHM of VH genes, CSR at 

the IgH locus and selection for increased affinity of a BCR for its unique antigenic 

epitope through affinity maturation (LeBien and Tedder, 2008). CSR and SHM are 

mediated by activation-induced (DNA-cytosine) deaminase (AID), an enzyme which is 

capable of introducing cytosine to uracil mutations and whose expression is induced in 

GCs. In conjunction with DNA damage repair machinery, these mutations are necessary 

for both CSR and SHM. 

The process of SHM in the VH region of the Ig genes is characterized by the 

introduction of point mutations, deletions or duplications in the DNA sequence. The 

SHM reaction results in increased affinity to Ag through the introduced mutations in the 

V region of the BCR (Yoshida et al., 2010), changing the H chain constant (C) region of 

its Ab while keeping the same H chain V region and L chain intact. In this way, the 

specificity of Ab is identical, but the effector function is different. 

The Ig gene CSR from the C region of IgM and IgD to IgG, IgA or IgE occurs later as a 

mechanism to obtain an Ab with different effector functions but the same Ag-binding 

domain. The CSR reaction is regulated by B and T lymphocytes contacts, type of 

differentiation, cytokines and site microenvironment. CSR leads to switching of the Cμ 

to Cγ, Cα, or Cε exons, thereby generating IgG, IgA or IgE BCRs, respectively 

(Shlomchik and Weisel, 2012). 

B cell selection in GCs is normally mediated by Ag acquisition from FDCs followed by 

Ag presentation to CD4 TFH cells. This allows that GC-B cells with high-affinity BCRs 

receive help and survive since they outcompete lower Ag-affinity B cells. Lack of 

sufficient survival signals both from FDCs and CD4 TFH cells can result in apoptosis, 

thereby deleting cells that have too low affinity for Ag to be competitive, or for which 

there is no cognate CD4 TFH cell help (Giltiay et al., 2012). 

Affinity maturation reflects the process of SHM of Ig genes and the subsequent 

selection of resulting high-affinity B cells that occur in the GC. The V, D and J genes 

for Ig chains rearrange and consequently, the main mutation occurs in the hypervariable 

regions. The point mutations, deletions, and insertions continue with much higher 
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mutation speed than in regular cells. However, this random process generates not only 

high affinity cells and thus, all cells undergo positive high-affinity cloned selection in 

the light zone of the GC. 

Overall, the GC reaction orchestrates in the following way. Centroblasts, which are 

highly proliferating B lymphocytes that lack surface Ig, migrate to the dark zone of the 

GC, where activated B cells undergo rapid proliferation and SHM. Large centroblasts 

exit the cell cycle, re-express Ig surface and change to small centrocytes that do not 

proliferate and migrate to the light zone of the GC. The rearrangement of VDJ-gene 

segment occurs in the process of the Ab-CSR during the centroblast/centrocyte 

differentiation stage (Figure 4). 

In the light zone of the GC, which is rich of FDCs and Ag-specific CD4 THF cells, low-

affinity centrocytes that do not recognize the specific Ag die by apoptosis. However, 

surviving centrocytes expressing high-affinity receptors for Ag present on FDCs enter 

the apical light zone, where they are selected and become memory B cells or long-lived 

IgG-producing PCs. During this selection process AID is expressed, both CSR and 

SHM are activated and B cells with increased affinity for foreign Ags are generated 

(Tangye and Tarlinton, 2009; Victora and Nussenzweig, 2012) (Figure 4). 
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Figure 4. The B cell differentiation process. The generation of memory B cells and long-lived PCs from 

a naïve B lymphocyte via the GC reaction. Dark and light grey represent the dark and light zone of the 

GC, respectively. 
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2. Transcription factors in B cell development 

The generation of B lymphocytes from hematopoietic progenitors requires lineage-

specific TFs which progressively direct cell fate choices. These TFs regulate different B 

cell subpopulation transitions as well as subsequent effector functions, and their 

deregulation can lead to altered B cell biology. 

The earliest stage of B cell development is the differentiation of the HSC into the ELP 

that can give rise to both thymic precursors of the T cell lineage, early T lineage 

progenitors (ETPs), or the BM CLP, from which B cells arise. The TFs E-box binding 

protein 2A (E2A) and early B cell factor-1 (EBF1) direct CLPs into the B cell 

developmental pathway. Together with PAX5 and IKAROS, these factors initiate the 

progressive steps of V(D)J recombination and expression of accessory proteins required 

for the display of pre- and mature BCRs. Upon commitment to the CLP stage, cells 

begin to express recombination-activating gene 1 (RAG1) and 2 (RAG2), which are 

necessary to initiate VDJ recombination at the IgH chain locus (De and Barnes, 2014; 

Matthias and Rolink, 2005; Ramirez et al., 2010) (Figure 5). 

 
Figure 5. Important TF expression during different stages of B lymphopoiesis from HSCs. Shaded bars 

represent the levels of expression of each TF during the course of differentiation; darker shading 

indicates increased gene expression (Ramirez et al., 2010). 

 

2.1.  Early B cell development 

The TFs IKAROS, Purine box factor 1 (PU.1) and E2A are essential for priming 

lineage-associated genes and restricting fates to the early B cell. 
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2.1.1.  ETS transcription factors 

At the earliest stage of lymphopoiesis, the ETS TFs characterized by a unique EYS 

DNA binding domain, PU.1 and SPI-B, are necessary for viability of the CLP 

(Busslinger, 2004; Mandel and Grosschedl, 2010). PU.1, encoded by SPI1, regulates the 

bifurcation between myeloid and B lymphoid development. Low concentrations of PU.1 

favor the B cell fate, while higher concentrations promote myeloid differentiation. Mice 

lacking Pu.1 die at embryonic age, and lack monocytes, granulocytes, B and T cells 

(McKercher et al., 1996). Furthermore, conditional deletion of Pu.1 in adult mice results 

in the loss of the CLP population. Therefore, PU.1 is necessary for early lymphoid 

progenitor development. PU.1 has also been shown to function in enhancer complexes 

during various stages of B cell development and differentiation. Interactions between 

PU.1 and other B cell-associated TFs have been shown to be important for the 

development of PCs and Ab secretion (De and Barnes, 2014). 

The other ETS family member, SPI-B, is highly related to PU.1 and it is expressed at all 

stages of B cell development (Busslinger, 2004; Matthias and Rolink, 2005). It has also 

been shown that SPI-B can compensate for the loss of PU.1, suggesting redundancy 

between the two TFs. 

2.1.2.  E-box transcription factors 

The E-box family of TFs is characterized by their selective recognition of promoter 

elements containing the E-box sequence. Members of this family contain a helix-loop-

helix structure, and form hetero- or homodimers to constitute active enhancer 

complexes. In B cell development, the two most prominent E-box TFs are EBF1 (or 

EBF) and E2A, which both have been shown to be involved in the maturation of the 

CLP to a pro-B cell. 

E2A is a basic helix-loop-helix TF required for B cell development beyond the pre-pro-

B cell stage, and it contributes to the maintenance of the HSC pool (Dias et al., 2008). 

Levels of E2A increase in pro-B cells and are subsequently maintained throughout B 

cell development (Herblot et al., 2002). Therefore, its deficiency strikingly affects B cell 

development. E2A forms homodimers to initiate a pro-B cell specific transcriptional 

program and targets a wide variety of genes required for pro-B cell development (Bain 

et al., 1994). It binds to enhancer regions of IGH, VpreB, and RAG2 (Lin et al., 2010) 
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and it is required for initiating and maintaining expression of EBF1, PAX5 and the B 

cell-specific program in pro-B cells. Moreover, it is also needed for directing B cell 

maturation in GCs (Kwon et al., 2008). 

EBF1 comprises novel DNA-binding and helix-loop-helix domains and is essential for 

the development of functional B cells. It has a similar role in pro-B cell development as 

E2A, because Ebf1 knock-out mice have a block in B cell development at the pro-B cell 

stage (O'Riordan and Grosschedl, 1999). EBF1 is expressed first in CLPs and regulates 

many genes involved in B cell development by activating transcription of PAX5, 

VpreB, and Igα and Igβ, all of which are necessary for successful maturation of the pro-

B cell (Gyory et al., 2012). Mice lacking Ebf1 fail to express most B cell genes 

including Cd79a (Igα), Cd79b (Igβ), Igll1 (λ5), and VpreB1, and do not undergo any 

IgH recombination in the BM. 

Therefore, sustained expression of E2A and EBF1 is critical for full development of the 

pro-B cell to the mature naïve B cell stage. 

2.1.3.  Ikaros zinc finger transcription factors 

The Ikaros zinc finger family of TFs comprises IKAROS, HELIOS and AIOLOS 

(encoded by IKZF1, 2 and 3, respectively), which contain two conserved zinc finger 

domains. Each member can either dimerize with itself or another member of the family 

to bind DNA (Busslinger, 2004; Matthias and Rolink, 2005), and are important for early 

pro-B cell to mature naïve B cell development. HELIOS is exclusively expressed in T 

cells, and therefore, does not play a significant role in B cell development. Both 

IKAROS and AIOLOS are expressed in the early pro-B cell with levels of both TFs 

increasing through naïve B cell development (Mandel and Grosschedl, 2010). These 

TFs are also important for regulating cell cycle and proliferation genes in pro- and pre-B 

cells (Ferreiros-Vidal et al., 2013). 

IKAROS contains variable numbers of Krüppel-like zinc fingers in two domains that 

mediate DNA binding and formation of dimers and multimeric complexes. In Ikaros-

deficient mice, lymphoid cell development is arrested at the LMPP stage and myeloid 

development is perturbed (Georgopoulos et al., 1994; Wang et al., 1996). Following the 

expression of E2A and EBF1, IKAROS mediates chromatin accessibility necessary for 

V(D)J recombination, and it also modulates the expression of early B cell-specific 
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genes, including Igll1 (λ5), by competing with EBF1 for DNA binding (Thompson et 

al., 2007). Other data suggest that IKAROS promotes B cell identity because Ikaros-

deficient pro-B cells expressing EBF1 and PAX5 are uncommitted (Reynaud et al., 

2008). Thus, IKAROS restricts the self-renewal program in early hematopoiesis, while 

it advances the B lineage program at later stages of development. 

 

2.2.  Maintenance of B cell identity 

At present, two TFs, PAX5 and B cell lymphoma (BCL)6, have been shown to play a 

role in inhibiting terminal B cell differentiation in the GC reaction. Both genes are 

considered to be master regulators during the B cell differentiation process, PAX5 of 

maintaining B cell identity while BCL6 of the GC reaction. 

2.2.1.  PAX5 transcription factor 

PAX5 is a member of the PAX family of TFs and is the only one to be expressed in the 

hematopoietic system. All nine members of the family share their conserved paired 

DNA binding domain, which characterizes the PAX TFs. PAX5 was originally 

characterized by its capacity to bind to promoter sequences in Ig loci and it may be the 

most multifunctional TF for B cells (Cobaleda et al., 2007b). It is a transcriptional 

regulator stably expressed throughout the B cell lineage, from the pro-B cell stage until 

its downregulation in PCs (Fuxa and Busslinger, 2007). PAX5 binds to DNA through an 

N-terminal paired-domain motif and can both positively and negatively regulate 

transcription. It is important in promoting B-lineage commitment and differentiation 

(Nutt and Kee, 2007), and it can activate genes necessary for B cell development and 

repress genes that play critical roles in development of non-B-lineage cells. 

Pax5-deficient mice have an arrest in B cell development at the transition from DJ to 

VDJ rearrangement (LeBien and Tedder, 2008). Conditional Pax5 deletion in mature 

murine B cells can result in dedifferentiation to an uncommitted hematopoietic 

progenitor and subsequent differentiation into T-lineage cells (Cobaleda et al., 2007a). 

During pro-B cell development PAX5 is needed to initiate recombination of the IgH 

chain and to induce CD19 expression (Medvedovic et al., 2011). Its expression from the 

pro-B cell through the mature naïve B cell stage ensures to maintain B cell identity as 

Pax5-deficient pro-B cells harbor the capacity to adapt non-B-lineage fates and develop 

into other hematopoietic lineages (Nutt et al., 1999). 
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PAX5 promotes B cell differentiation by activating the transcription of Igα (CD79a), 

BLNK and CD19 (Nutt et al., 1998; Schebesta et al., 2002) that function in the pre-

BCR-signaling pathway. Moreover, PAX5 binds to the VpreB and λ5 promoters (Tian et 

al., 1997) and participates in the assembly of the pre-BCR complex itself, as it also 

activates expression of the µ chain by controlling the second VH-DJH recombination 

step of the IGH gene (Hesslein et al., 2003). 

PAX5 is necessary for early pro-B cell development, but also for early GC-B cells. In 

the GC reaction, PAX5 is necessary for the induction of AID to initiate the CSR, as well 

as the repression of genes associated with PC fate (Revilla et al., 2012). PAX5 

expression becomes downregulated during the maturation of GC-B cells to PCs (Nera et 

al., 2006). Among PAX5 target genes are AID, CD19, and EBF1 but it can also regulate 

expression of a significant number of genes involved in B cell signaling, adhesion, and 

migration of mature B cells (Cobaleda et al., 2007b). Activated genes by PAX5 include 

those that encode a number of TFs important for various aspects of B cell 

differentiation, including SPI-B, AIOLOS, interferon regulator family (IRF)4, and IRF8, 

suggesting that PAX5 activity initiates a cascade that acts to reinforce B cell 

commitment and subsequent B cell differentiation. Interestingly, E2A and EBF1, crucial 

for B cell specification and thought to act upstream of PAX5, are also upregulated by 

this TF (Roessler et al., 2007). 

An early study of the role of PAX5 in late-stage B cell development suggested that 

PAX5 has a role in positively regulating mature B cell proliferation as its blockade 

inhibited proliferation and differentiation (Wakatsuki et al., 1994). Subsequent studies 

showed that enforced PAX5 expression appears to prevent B cell activation-induced 

plasmacytic differentiation (Lin et al., 2002; Morrison et al., 1998; Usui et al., 1997), 

corroborated by the PAX5 repression of BLIMP1, which is required for PC 

development (Lin et al., 2002). In a later study Mora-López and colleagues identified 

that PAX5 binds to the promoter of PRDM1 (encoding for BLIMP1), directly regulating 

its transcription (Mora-Lopez et al., 2007). Conditional inactivation of Pax5 leads to the 

total loss of identity and function of mature murine B cells (Horcher et al., 2001), 

indicating that PAX5 is required to maintain B cell identity in late B cell development. 

Pax5-deficient B cells exhibited a decrease of BCL6 transcription, substantial elevated 

secretion of IgM and significant upregulation of the plasmacytic TFs BLIMP1 and X-

box binding protein 1 (XBP1), a transcriptional activator that is strictly required for PC 
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development and Ab secretion (Nera et al., 2006; Reimold et al., 2001). Thus, PAX5 

not only maintains the identity of B cells but also inhibits PC differentiation. 

2.2.2.  BCL6 transcription factor 

The transcriptional repressor BCL6 is required in a B cell autonomous manner for the 

GC reaction and it is highly expressed in GC-B cells. BCL6 appears to modulate a very 

broad program in GC-B cells aiming to prevent premature activation and differentiation, 

and to fine tune the DNA damage response. 

Microarray analyses have shown that BCL6 represses a set of genes involved in B cell 

activation as well as cyclin-dependent kinase (CDK) inhibitors p27 and p21, whose 

repression allows rapid cell proliferation (Shaffer et al., 2000). Another key BCL6 

target identified in microarrays was PRDM1, critical for PC differentiation. Several 

studies confirmed that BCL6 represses plasmacytic differentiation and BLIMP1 

expression in GC-B cells, thereby inhibiting terminal PC differentiation so that the GC 

reaction could proceed (Reljic et al., 2000). Several studies identified that BCL6 

directly targets PRDM1 via two BCL6 binding and response elements within intronic 

sequences of the gene, and indirectly by interfering with activator protein 1 (AP1) 

activation, promoting its repression (Vasanwala et al., 2002). 

The regulation of BCL6 expression is complex, involving negative autoregulation and 

occurring at both transcriptional and post-transcriptional levels. BCL6 mRNA is 

expressed ubiquitously in all tissues including resting B cells and GC-B cells (Allman et 

al., 1996). At the transcriptional level, BCL6 represses its own transcription via 

regulatory elements within exon 1 and intron 1 (Kikuchi et al., 2000). At the post-

translational level, BCL6 activity is regulated by the p300 co-activator via acetylation, 

preventing BCL6 from associating with histone deacetylase (HDAC) (Bereshchenko et 

al., 2002), thus inhibiting its repressive effect. 

BCL6 protein stability is regulated by BCR signaling (Niu et al., 1998). Upon BCR 

stimulation, BCL6 is phosphorylated by mitogen-activated protein kinase (MAPK), 

ubiquitinated and degraded via the proteasome pathway. As GC-B cells receive multiple 

signals from Ag during the GC reaction when they continue to express BCL6, it may be 

that BCR-mediated degradation of BCL6 occurs only with high affinity BCR signaling 

or in combination with other signals that change as the GC reaction proceeds. 
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2.3.  Mature B cells 

2.3.1.  NF-κB transcription factor family 

The Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) TF family 

is composed of five subunits, p50 (NF-κB1), p52 (NF-κB2), p65 (RelA), cRel, and 

RelB that share a conserved Rel Homology DNA binding domain. The subunits can 

either homo or heterodimerize to affect gene transcription. When inactive, NF-κB is 

excluded from the nucleus by inhibitor proteins (IκBα, IκBβ, and IκBε) but signaling 

cascades initiated upon pathogen detection, cytokine signaling, or mitogen binding, lead 

to the activation of the IκB kinases (IKKα, IKKβ, and IKKγ), which phosphorylate the 

inhibitory proteins, thereby releasing NF-κB to translocate to the nucleus (Goetz and 

Baldwin, 2008). 

NF-κB is important in the development of mature B cells as both Nf-kb-/- and Relb-/- 

knock-out mice have reduced levels of mature MZ B cells, and follicular B cells are 

decreased in Nf-kb1-/- Relb-/- double knock-out mice (Cariappa et al., 2000). NF-κB is 

also needed for mature B cell development to modulate expression of proliferation and 

survival-associated genes. NF-κB targets TFs such as c-MYC, IRF4, BCL2, and 

BCLXL to drive proliferation and survival in mature B cells (Sasaki et al., 2006), where 

CD40-CD40L interactions, BCR cross-linking, and B cell activating factor (BAFF) 

receptor lead to the activation of NF-κB-dependent cell survival. In addition to the 

maintenance of mature B cell populations, NF-κB is also involved in the maturation of 

GC-B cells as Relb and p52 knock-out mice displayed impaired GC formation, most 

likely due to the rapid proliferation needed during the early stages of GC formation 

(Goetz and Baldwin, 2008). 

 

2.4.  Terminal B cell differentiation 

Ag activation of MZ B cells causes immediate proliferation of plasmablasts and 

differentiation to non-dividing, Ig-secreting PCs. However, during a GC reaction, 

plasmacytic differentiation is inhibited to allow time for iterative rounds of mutation 

and selection and for CSR before terminal differentiation. BCL6-dependent repression 

of BLIMP1 and PAX5-dependent repression of XBP1 are probably critical for 

inhibiting plasmacytic differentiation in the GC (Reljic et al., 2000; Shaffer et al., 

2002). 
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PCs are terminally differentiated end-stage B cells that do not divide and are responsible 

for mediating the humoral immune response by synthesizing and secreting Abs. PCs 

develop at three different times during an immune response: 1) following Ag activation 

of naïve MZ B cells located in the spleen or B1 cells located primarily in pleural and 

peritoneal cavities, 2) from follicular B cells that have undergone affinity maturation 

and isotype switching in GCs of spleen or lymph nodes, or 3) following secondary Ag 

stimulation of memory B cells (Calame, 2001). 

2.4.1.  IRF transcription factors 

The IRF family of TFs consists of nine members, all of which contain a conserved N-

terminal helix-turn-helix DNA binding domain composed of five tryptophan repeats. 

The IRFs play a role in both B cell development and activation. The roles of IRF4 and 

IRF8 are the best characterized in B cell development, and Irf4-/-Irf8-/- double knockout 

mice show a block in development of pre-B cells (Lu, 2008). Among the targets of IRF4 

and IRF8 in pre-B cells are AIOLOS, IKAROS, and RAG1/2 during IgL recombination 

(De and Barnes, 2014). 

During B cell activation and maturation, IRF8 is critical for the development of GC-B 

cells as it directly induces expression of BCL6, which is critical for the formation of the 

GC, and AID, involved in the CSR in the GC (Lu, 2008). IRF4 is necessary for the 

development of PCs and memory B cells as evidenced by Irf4-/- knock-out mice that 

lack plasma B cells and have lower levels of memory B cells (Klein et al., 2006). 

Higher levels of IRF4 dictate development of plasma B cells, whereas lower levels lead 

to memory B cell development (Ochiai et al., 2013). During the late GC program, IRF4 

suppresses BCL6 expression thereby allowing for differentiation of memory and plasma 

B cells (Klein et al., 2006). 

2.4.2.  BLIMP1 transcription factor 

BLIMP1, encoded by PRDM1, is present in all PCs, in a small subset of GC-B cells 

with partial PC phenotype but not in memory B cells. PRDM1 is a zinc finger 

transcriptional repressor containing five zinc finger motifs that confer DNA binding 

ability. It is required for the maturation of plasma B cells and it is a master regulator of 

the terminal differentiation into Ab-secreting PCs (Kallies and Nutt, 2007). Initial 

expression analysis of various B cell lines found that BLIMP1 expression was exclusive 
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to PCs. Prdm1-/- knock-out mice completely lack PC development, confirming that 

BLIMP1 is necessary for the differentiation of plasma B cells (Angelin-Duclos et al., 

1999). Furthermore, conditional deletions of PRDM1 further showed that expression of 

BLIMP1 is necessary for the viability of plasma B cells (Shapiro-Shelef et al., 2005). 

BLIMP1 represses a gene expression program associated with cell proliferation and 

growth (Shaffer et al., 2002), including c-MYC, RCL1, ODC, LDH-A, DHFR, E2F1. 

Other genes in the proliferation program repressed by BLIMP1 are the anti-apoptotic 

gene A1 (Knodel et al., 1999), and genes required for replication and mitosis such as 

PCNA and MCM2. In addition, BLIMP1 induces expression of CDK inhibitor p18, 

required for plasmacytic differentiation (Tourigny et al., 2002), and pro-apoptotic genes 

GADD45 and GADD153. 

A second set of genes indirectly regulated by BLIMP1 comprises those involved in Ig 

secretion, which include Ig genes themselves, J chain and XBP1. BLIMP1 represses 

PAX5 directly by binding to its promoter, and indirectly via the repression of EBF1, 

which directly activates PAX5 transcription. Moreover, BLIMP1-dependent repression 

of Pax5 is required for PC differentiation (Lin et al., 2002). BLIMP1 also 

downregulates multiple genes required for isotype switch recombination including AID 

(Muramatsu et al., 2000), STAT6, required for activation of some Ig region promoters, 

and KU70, KU86 and DNA PKCs, required for the DNA recombination process. 

Another set of genes repressed by BLIMP1 is that required for B cell identity and GC 

function such as BCL6 (Shaffer et al., 2001). Genes encoding BCR signaling 

components, including CD79a, BLNK, BTK, LYN, SYK, CD45, CD19, CD21 and CD22, 

are downregulated by BLIMP1 (Shaffer et al., 2002). Once the plasmacytic 

differentiation starts, BLIMP1 directly represses PAX5 expression and contributes to 

the downregulation of BCL6. This repression network acts in combination with IRF4 

and XBP1 to initiate a PC development program. Also, BLIMP1 expression is 

upregulated by IRF4 in late GC-B cells. 

2.4.3.  XBP1 transcription factor 

XBP1 is a TF within the CREB family and is critical in positively regulating genes 

associated with protein folding and secretion. As PCs secrete large amounts of Abs, 

XBP1 is necessary for the development of PCs (De and Barnes, 2014). Xbp1-/- murine 
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lymphocytes have normal B cell numbers, and B cell development is normal until the 

terminal PC differentiation. However, these mice are severely defective in Ig secretion 

and have few PCs, thus establishing a critical role for XBP1 in PC differentiation 

(Reimold et al., 2001). 

XBP1 is ubiquitously expressed, and embryos lacking the gene have hypoplastic livers 

and die from anemia (Reimold et al., 2000). However, XBP1 mRNA is strongly induced 

in PCs (Reimold et al., 2001). One component of this induction is BLIMP1-dependent 

repression of PAX5, as PAX5 directly represses XBP1 transcription (Reimold et al., 

1996). However, additional signals to transcriptional regulation are also important for 

XBP1 mRNA induction as XBP1 mRNA is also processed in response to endoplasmic 

reticulum (ER) stress (Yoshida et al., 2001). The unfolded protein response causes 

IRE1-dependent splicing of a short sequence from XBP1 mRNA, resulting in alternate 

reading frame usage and producing an active and stable form of the protein. In 

particular, the processed form of XBP1 can transactivate the promoter for BiP (GRP78) 

(Yoshida et al., 2001), suggesting that BiP and other genes induced by ER stress may be 

in vivo targets of XBP1. 
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3. Lymphoid neoplasms. Non-Hodgkin’s lymphomas 

Non-Hodgkin’s lymphomas (NHLs) comprise a large, heterogeneous group of 

malignant lymphoproliferative disorders that represent distinct disease entities, 

according to their clinical, morphological, immunophenotypic and genetic features 

(Swerdlow, 2008). They are derived from B, T or NK cells at various stages of their 

differentiation, and can be divided into aggressive and indolent types, according to their 

clinical course. They are treated using combinations of chemotherapy, monoclonal 

antibodies, immunotherapy, radiation and hematopoietic stem cell transplantation. 

NHLs represent the fifth most common type of cancer, and although the world health 

organization (WHO) recognizes a variety of well-characterized disease entities, some 

level of superposition criteria still prevent the adequate assignation of some tumors. 

GEP analyses of different types of NHLs have improved the diagnostic precision 

generating differential expression of several genes that could represent potential 

therapeutic targets (Ek et al., 2006; Leich et al., 2007). 

B cell neoplasms, which comprise the majority of all lymphoid neoplasms, are a diverse 

group of tumors that recapitulate normal stages of B cell differentiation (LeBien and 

Tedder, 2008). They have typical distinctive immunophenotypes that permit 

classification according to their postulated cell of origin. In addition, cytogenetic 

profiles, genotype, and immunophenotype of the malignant cell have had considerable 

impact on prognostic and therapeutic stratifications of patients with B cell neoplasms. 

The normal B cell developmental stage counterparts have been attributed for many of 

the B cell lymphomas by similarity of immunophenotype, histological appearance and 

GEPs. Detecting the presence of SHM allows determination that the lymphoma cell has 

experienced the GC. For example, the majority of MCLs are mostly reminiscent of 

naïve B cells; however, 15-40% of cases show SHM, indicating that they have 

experienced the GC reaction (Jares et al., 2012). Burkitt’s lymphomas (BLs), follicular 

lymphomas (FLs) and GC-B cell-like diffuse large B cell lymphomas (GCB-DLBCLs) 

show features that are consistent with GC-B cell derivation (Figure 6). The majority of 

these lymphomas have GEP that are most similar to B cells within the GC light zone, 

although a proportion of BLs have profiles that more closely resemble cells from the 

dark zone. Activated B cell-like DLBCLs (ABC-DLBCLs) have experienced the GC 

and have a putative cell of origin that is reminiscent of the plasmablast stage of B cell 
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development (Shaffer et al., 2012). Marginal zone lymphomas (MZLs) cells have a 

microscopic appearance and immunophenotype that is reminiscent of B cells from the 

MZ, the area that forms the outer layer of B cell follicles (Figure 6). The idea of the cell 

of origin does not determine that the key oncogenic events were necessarily acquired 

solely at that stage of B cell development but rather that genetic events accumulated 

prior to or at that stage of B cell development contribute to block further maturation. 

 
Figure 6. Cell of origin and normal cellular counterpart of the different NHLs (Scott and Gascoyne, 

2014). 

Chromosomal translocations are the main genetic mechanisms driving primary genetic 

alterations in NHLs, and some of them have been identified and associated to specific 

types of lymphoma and/or histological subgroups. However, the detection of these 

translocations in healthy individuals supports the idea that such alterations are required 

for tumor development but additional secondary alterations are necessary for neoplastic 

transformation. The spectrum of such secondary events linked to tumor progression is 

complex and includes genetic and epigenetic alterations that have an important impact 

in the clinical evolution of the patients, and comprises specific genes critical for disease 

(Swerdlow, 2008). 

In general, these translocations result in the activation of a proto-oncogene promoting 

the pathogenic mechanisms by deregulating key cellular processes such as alteration of 

cellular proliferation, apoptosis or cellular differentiation blockade, or disruption of 

DNA damage responses, among others. For instance, in FL the anti-apoptotic BCL2 

gene was discovered as the translocation partner with the IgH locus in the 

t(14;18)(q32;q21) translocation, and in MCL, the proto-oncogene cyclin D1 (CCND1) 
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is under the control of the promoter of the IgH locus due to the t(11;14)(q13;q32) 

translocation (Jares et al., 2007; LeBien and Tedder, 2008). In BL, translocation of the 

c-MYC oncogene, involved in cell cycle regulation and apoptosis, takes place into the 

IgH or IgL chain (Boxer and Dang, 2001). All these gene juxtapositions promote cell 

cycle deregulation and thus, uncontrolled proliferation and growth of the malignant 

cells. 

 

3.1.  Mantle cell lymphoma 

MCL is a type of malignant NHL analogous to a subset of pre-GC cells localized to the 

primary B lymphocyte follicles and the mantle zones of secondary lymphoid follicles. 

MCL is one of the most aggressive NHL with a median survival of 3-5 years and it is 

generally considered to be an incurable disease. Its clinical evolution is usually very 

aggressive with short responses to treatment and frequent relapses, only a small 

percentage of the patients get cured with current therapies. 

MCL accounts for approximately 6% of NHLs and it characteristically occurs in adults 

with a median age of presentation of 60 years and a male predominance. It is a 

lymphoid neoplasia characterized by a high proliferation of mature B lymphocytes with 

a striking tendency to disseminate throughout the body (Swerdlow, 2008). Patients 

usually present with lymphadenopathy and advanced stage disease.  

Extranodal involvement is frequent and 30-50% of the patients present two or more 

affected extranodal sites (Jares and Campo, 2008). Hepatosplenomegaly is common as 

well as involvement of the gastrointestinal tract, peripheral blood, BM and spleen 

(Angelopoulou et al., 2002; Jares et al., 2007). Central nervous system involvement 

occurs in 10-20% of the patients, and usually appears as a late event associated with 

resistant disease or generalized relapse (Ferrer et al., 2008; Montserrat et al., 1996). 

3.1.1.  Primary oncogenic event and cyclin D1 deregulation 

The primary oncogenic event in MCL is the t(11;14)(q13;q32) translocation that 

juxtaposes the proto-oncogene CCND1 locus on a region at 11q13 designated BCL1 

under the control of the IgH chain joining region enhancer localized at 14q32 (Figure 

7). 
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Figure 7. Primary chromosomal translocations in MCL. (A) Schematic representation of the classic 

translocation of CCND1 gene (red) with IGH (green). After the rearrangement, both derivative 

chromosomes are shown with the fusion signal (green and red colocalization) in the derivative 

chromosome 14. (B) t(11:14)(q13;q32) translocation detected by M-FISH technique, pseudocolored 

chromosomes 11 (pink) and 14 (green) and the fusion signal (arrow) (Royo et al., 2011). 

This results in aberrant overexpression of cyclin D1, which is not expressed in B 

lymphocytes under normal conditions and plays an important role in cell cycle 

regulation inducing G1 to S phase transition by binding to CDKs (Jares et al., 2007). 

The majority of breakpoint sites at 11q13 happen at the major translocation cluster 

(MTC) region (30-50%) but 10-20% of the breaks occur outside the MTC closer to 

CCND1. CCND1 is the closest gene located 120kb downstream of the MTC locus and 

its expression is deregulated by the translocation (Jares and Campo, 2008) (Figure 8). 

 
Figure 8. The translocation t(11;14)(q13;q32) in MCL. (A) Schematic representation of the germline 

IgH locus (IGH@) on chromosome 14q32 displaying the genomic organization of the V, D, J and the C 

region (only the Cl gene is shown). The breakpoint in IgH seems to occur between the D and J joining 

regions during the early steps of the V(D)J recombination. (B) Genomic organization of the BCL-1 locus 

on chromosome 11q13. (C) The translocation leads to a 5’-5’ fusion of the BCL-1 locus with sequences 

from the IGH@ locus and CCND1, brought under the control of the IgH enhancer (Jares and Campo, 

2008). 
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Additionally to the t(11;14) translocation, other mechanisms promoting an 

overexpression of CCND1 are frequent in MCL. Some of these comprise secondary 

chromosomal rearrangements at 3’ of the CCND1 locus (Bosch et al., 1994; de Boer et 

al., 1997), or point mutations or genomic deletions in the 3’untranslated region (UTR) 

causing the expression of truncated cyclin D1 transcripts (Chen et al., 2008; Wiestner et 

al., 2007). 

CCND1 encodes for two transcripts of 4.5 and 1.5 kb which contain the whole coding 

region that codifies for the resulting 36kD polypeptide, representing isoform a. 

However, these two shorter transcripts differ in the length of the 3’UTR that contains an 

AU-rich element involved in transcript stability. They lack the destabilizing AU-rich 

elements present in the long mRNA transcript, and the binding sites for different 

microRNAs (miR-16, miR-503, miR-15a, miR-34a, miR-195, miR-424) that negatively 

regulate cyclin D1 expression (Chen et al., 2008; Jiang et al., 2009). About 4-10% of 

MCLs lack the 4.5kb transcript and instead express aberrant mRNAs with shorter 

3’UTR. 

Although the function of these shorter transcripts is not clear, they have an extended 

half-life and their expression correlates with high levels of CCND1 mRNA, increased 

proliferation and more aggressive clinical behavior (Sander et al., 2005). Furthermore, 

amplifications of the translocated t(11;14) allel have also been detected and can 

contribute to cyclin D1 overexpression (Bea et al., 2009). 

CCND1 also encodes for a less abundant isoform than the canonical protein, isoform b, 

which lacks the C-terminal region. Cyclin D1 isoform b is generated by alternative 

splicing producing a transcript lacking whole exon 5 which contains important 

regulatory motifs for the nuclear export of phosphorylated cyclin (Alt et al., 2000). 

Although cyclin D1b isoform seems to have a tumorigenic effect (Solomon et al., 

2003), its implication in MCL is still not clear as MCL tumor cells mostly express the 

canonical isoform a but low levels of cyclin D1b mRNA (Marzec et al., 2006). 

3.1.2.  Cyclin D1 involvement in MCL lymphomagenesis 

Cyclin D1 plays an important role in cell cycle regulation of G1-S transition following 

mitotic growth factor signaling, and its role in promoting MCL lymphomagenesis is 

related to its function in cell cycle regulating CDK4 and CDK6. Cyclin D1 binds to 
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CDK4 and CDK6 to form a CDK/cyclin complex that phosphorylates retinoblastoma 1 

(RB1) facilitating cell cycle progression. RB1 plays a master role in G1-S transition by 

sequestering and inactivating E2F TFs that transactivate essential genes required for S 

phase entry and DNA replication, including cyclin E (Harbour and Dean, 2000). 

RB1 phosphorylation by cyclin D1/CDK4-6 initiates the release of E2F promoting the 

accumulation of cyclin E/CDK2 complexes that irreversibly inactivate RB1 and 

promote the subsequent progression into the S phase (Jares et al., 2007) (Figure 9). 

Thus, cyclin D1 overexpression would contribute to lymphomagenesis in MCL by 

overcoming the suppressor effect of RB1 in the G1/S transition. RB1 seems to be 

normally expressed in most MCL and its protein appears hyperphosphorylated, 

especially in highly proliferative MCL blastoid variants (Jares et al., 1996). However, 

recent studies identified intragenic deletions of RB1 which lead to a total lack of protein 

expression in some cases of MCL (Pinyol et al., 2007), suggesting that cyclin D1 may 

also have an oncogenic role independently of RB1 in these tumors. 

G0

G1

M

G2

S

p27
P

p27
P

 
Figure 9. Potential role of cyclin D1 in G1/S phase transition. Modified from (Jares and Campo, 2008). 

MCL may also have an impaired control of late G1 phase and G1-S phase transition, a 

step that is regulated by the cyclin E-CDK2 complex and the CDK inhibitor p27. Cyclin 

D1 binds to CDK4 and controls the G1/S-phase transition by initiating the 

hyperphosphorylation of RB1 allowing the accumulation of cyclin E. In addition, the 

titration of p27 into cyclin D1/CDK4 complexes will promote the raising of active 

cyclin E/CDK2 complexes that will enhance p27 degradation and further 

phosphorylation of RB1 allowing the cell to progress into S phase (Chiarle et al., 2000) 

(Figure 9). 
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Cyclin D1 has additional oncogenic effects besides its role in cell cycle as it participates 

in the regulation of several TFs and transcription co-regulators such as Signal 

transducer and activation of transcription (STAT)3, CCAAt/enhancer binding protein β 

(C/EBP), MYB and members of the nuclear receptor family, among others (Fu et al., 

2004). 

Cyclin D1 may also promote chromosome instability by binding to genes that regulate 

chromosome segregation and chromatin reorganization (Casimiro et al., 2012), and 

promote DNA repair by binding to RAG1 and homologous DNA recombination 

(Jirawatnotai et al., 2011). Although these non-cell cycle-related functions of cyclin D1 

have not been properly investigated in MCL, the complete inactivation of RB1 by 

mutations and deletions in some MCL (Pinyol et al., 2007) makes cyclin D1 dispensable 

for cell cycle functions, and would support the idea that cyclin D1 may play additional 

oncogenic roles in this disease. The recent observation that cyclin D1 promotes cell 

survival in MCL by sequestering the pro-apoptotic BAX protein reinforces this idea 

(Beltran et al., 2011). 

Several observations suggest that cyclin D1 deregulation is not sufficient to trigger the 

complete neoplastic transformation or to explain the aggressiveness of MCL. Some 

studies have described the presence of low level monoclonal B cells with an IGH@-

CCND1 fusion in healthy individuals without evidence of disease (Hirt et al., 2004). 

Moreover, the development of cyclin D1 transgenic mouse models failed to generate 

MCL as mice overexpressing cyclin D1 did not develop spontaneous lymphoma. 

However, the cooperation with other oncogenes like MYC was required for 

lymphomagenesis (Lovec et al., 1994). These results suggest that cyclin D1 is important 

for MCL initiation, but additional oncogenic events are necessary for the complete 

neoplastic transformation and maintenance of the tumor. Secondary chromosome 

alterations that influence MCL pathogenesis include target genes involved in molecular 

pathways such as cell cycle control (such as ARF-MDM2-TP53, and INK4a-CDK4-

RB1), DNA damage response (ATM, CHK1 and CHK2), and cell survival pathways 

(BCL2 and BIM), that are frequently found in aggressive MCL. 
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3.1.3.  Secondary molecular events contributing to MCL pathogenesis 

Genetic studies have revealed that MCL is one of the malignant lymphoid neoplasms 

with the highest level of genomic instability. Indeed, various studies have revealed a 

high number of such secondary chromosomal alterations in MCL, including gains in 3q, 

6p, 7p, 8q, 10p, 12q, and 18q as well as losses of 1p, 6q, 8p, 9p, 9q, 11q, and 13q 

(Salaverria et al., 2007) (Figure 10). Crucial target genes such as p16INK4a in 9p21 

(Pinyol et al., 1998), BMI-1 in 10p12 (Bea et al., 2001), ATM in 11q22.3 (Camacho et 

al., 2002), CDK4 in 12q14 (Hernandez et al., 2005), and p53 in 17p13 (Greiner et al., 

1996; Hernandez et al., 1996) have been identified. 

 

Figure 10. Ideogram of the distribution of gains and losses of genetic material detected by comparative 

genomic hybridization in cyclin D1-positive MCL. Red bars on the left side correspond to genetic losses; 

green bars on the right side indicate genetic gains. Bold bars indicate amplifications (Salaverria et al., 

2007). 

In addition, alterations in a number of chromosomal regions show a clear association 

with the clinical course of MCL patients (Salaverria et al., 2007), with very aggressive 

MCL blastoid variants having more complex karyotypes. Additionally to chromosomal 

imbalances, the two highly aggressive presentations of MCL, the blastoid and 

pleomorphic variants, also present frequently tetraploidy, which comprises more 

centrosome anomalies and overexpression of centrosome-associated genes (Ott et al., 

1997). Uniparental disomies (UPD) have been identified in regions similar to the ones 

commonly deleted, supporting an alternative mechanism to inactivate tumor suppressor 

genes (Fitzgibbon et al., 2005). 
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Secondary genetic alterations involved in cell cycle pathways very frequently target the 

INK4a/CDK4/RB1 and ARF/MDM2/p53 cell cycle pathways which are connected by 

the CDKN2A locus at 9p21. This locus encodes for INK4 and ARF and is deleted in 

MCL (Jares et al., 2012). TP53 and RB1 are also commonly inactivated by point 

mutations or gene deletions, and inactivations of RB1 by intragenic homozygous 

deletions have been identified in MCL cell lines and primary MCL tumors (Hernandez 

et al., 1996; Pinyol et al., 2007). Furthermore, gene amplifications deregulate CDK4, 

BM1 and MDM2 (Hernandez et al., 2005; Pinyol et al., 2007) (Figure 11). 

 
Figure 11. Cell cycle and DNA damage response pathways deregulation in MCL (Jares et al., 2007). 

Chromosome aberrations in MCL are also consistent with an important role of 

deregulation of the DNA damage response in this disease (Royo et al., 2011). Ataxia-

telangectasia mutated (ATM) is frequently deleted and mutated in MCL with increased 

genomic instability (Camacho et al., 2002), and additional downstream elements of this 

pathway, including CHK1 and CHK2, have also been found deregulated in MCL, 

suggesting that mutations of DNA damage response elements contribute to oncogenesis 

(Jares et al., 2007) (Figure 11). 
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Recent studies have also shown that genes involved in cell survival are targets of 

recurrent genetic alterations in MCL such as amplifications and overexpression of the 

anti-apoptotic gene BCL2 located at 18q21, and homozygous deletions of the pro-

apoptotic gene BCL2L11 located at 2q13 (Bea et al., 2009). 

Concordant with these secondary genetic alterations, GEP studies revealed an 

imbalance between pro-apoptotic and survival signaling pathways in MCL as evidenced 

by a downregulation of pro-apoptotic genes (FADD, DAXX, RAIDD) and an 

upregulation of cell cycle-related genes, growth factors and their receptors (Hofmann et 

al., 2001). Martínez and colleagues also identified a homogeneous GEP for MCL 

consisting of genes participating in apoptosis regulation, cell cycle control and signal 

transduction. In particular, many genes involved in the tumor necrosis factor (TNF) and 

NF-kB pathways were deregulated (Martinez et al., 2003). Concordant with these 

results, another study observed an aberrant expression of genes of the transforming 

growth factor β (TGFβ) superfamily, and upregulation of genes involved in the WNT 

and phosphatidylinositol-3-kinase (PI-3-K)/AKT signaling pathways in leukemic MCL 

(Rizzatti et al., 2005). 

The use of next generation sequencing (NGS) technologies in B cell lymphomas is also 

revealing more secondary oncogenic events involved in the pathogenesis of these 

diseases. A recent study based on whole transcriptome sequencing showed that 12% 

MCL present mutations in the PEST domain of NOTCH1 which is associated with poor 

survival. This gene encodes for a transmembrane protein that functions as a ligand-

activated TF and those mutations generated a truncated, more stable and 

transcriptionally active protein. Moreover, the inhibition of this pathway reduced 

proliferation and induced apoptosis in MCL cell lines (Kridel et al., 2012). 

Another recent work on whole-genome and/or whole-exome sequencing in MCL by 

Beà and colleagues identified recurrent mutated genes by targeted sequencing. They 

found known drivers such as ATM, CCND1, and the tumor suppressor TP53, but also 

novel mutated genes encoding the anti-apoptotic protein BIRC3 and TLR2; and the 

chromatin modifiers WHSC1, MLL2, and MEF2B. They also found NOTCH2 mutations 

as an alternative phenomenon to NOTCH1 mutations in aggressive tumors with a dismal 

prognosis (Bea et al., 2013). 
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3.1.4.  Heterogeneity in mantle cell lymphoma 

Although MCL is one of the most aggressive NHLs, the characterization and approach 

to this tumor is evolving. Different subtypes of the disease have been recognized, 

increasing the biological complexion of this malignancy, both from a prognostic as a 

therapeutical perspective. 

3.1.4.1.  Morphological, phenotypic and clinical features of MCL 

MCL in the lymph nodes adopt a mantle zone, nodular or diffuse growth pattern which 

might represent different stages of tumor infiltration. The mantle zone growth pattern is 

characterized by an expansion of the follicular mantle area by neoplastic cells 

surrounding reactive GCs (Jares and Campo, 2008). The observation of the mantle zone 

growth pattern in lymph nodes from some indolent clinical course patients (Espinet et 

al., 2005; Nodit et al., 2003) indicates that it represents the initial tumor infiltration of 

the follicle. Frequently, these tumor cells also infiltrate the GC of the follicles and 

replace the lymphoid follicle completely, developing a nodular pattern. In a later stage 

of disease development, neoplastic cells invade and obliterate the internodular areas 

resulting in a diffuse growth pattern which is the most common in MCL (Jares and 

Campo, 2008). 

The classical cytological variant of MCL occurs in 80-90% of patients and is 

characterized by a monotonous proliferation of small or medium-sized cells with 

irregular nuclear contours, moderately dispersed chromatin and inconspicuous nucleoli 

(Swerdlow, 2008). 

Some tumors may present with small cells with round nuclei but absence of the central 

nucleoli. This small-cell variant has been associated with a leukemic and 

splenomegalic presentation of MCL without lymphadenopathy and a more indolent 

clinical course of the patients (Angelopoulou et al., 2002; Orchard et al., 2003). Their 

MCL proliferation activity is usually low with 15-30% Ki-67-positive cells. 

Two more cytological variants have been described, the blastoid and pleomorphic 

MCLs which have higher proliferation rates, complex karyotypes, tetraploidization, and 

are associated with more aggressive clinical behavior and poorer prognosis. 
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Blastoid MCLs show extremely high proliferative activity with numerous mitotic 

figures, high percentage of Ki-67 index-positive cells (>40%) and a histology that has 

been associated with unfavorable prognosis and high expression of p53 (Greiner et al., 

1996; Hernandez et al., 1996). Blastoid variants occur usually de novo and less 

frequently in patients with previous diagnosis of classical MCL. Some observations 

support the idea that blastoid MCL in patients with previous diagnosed classical MCL 

represent histological transformation of the initial neoplastic clone rather than a de novo 

tumor (Yin et al., 2007). 

Pleomorphic MCLs comprise a more heterogeneous population of larger cells, and 

although the proliferation activity is also high, it is usually lower than in the blastoid 

variant. The tumors are frequently tetraploid with mitotic figures highly hyperchromatic 

with an apparent high number of chromosomes (Ott et al., 1997). 

A B C D

 
Figure 12. MCL histological variants displaying haematoxilin and eosin (H&E) staining of tissue 

sections from (A) classical, (B) small-cell, (C) blastoid, and (D) pleomorphic MCL. Modified from (Jares 

et al., 2007). 

These cytological variants represent the ends of a morphological spectrum, and 

transitional forms between them may be observed in some tumors making its 

classification difficult. Some tumors may even present a discordant morphology with 

areas of pleomorphic cells intermingled with others with classical morphology. 

The phenotype of MCL is characterized by the expression of mature B cell Ags with 

moderate to strong expression of surface Igs (IgM or IgD which are usually associated 

with the L chain), B cell associated Ags such as CD20, CD22, CD79, and co-expression 

of the T cell associated Ag CD5. Expression of CD23, a key cell surface molecule for B 

cell activation and growth, CD10, a transmembrane endopeptidase encoding for the GC-

associated Ag, and BCL6, involved in lymphoid follicle GC formation and 

maintenance, are usually negative (Jares et al., 2007). 

Although this immunophenotype is quite common in MCL, some variants have also 

been described, making the diagnosis more complicated. Some tumors may be CD5 
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negative, especially blastoid variants, and express CD23 (Gong et al., 2001). Others 

may express CD8 and CD7 (Hoffman et al., 1998) or BCL6, CD10 or MUM1 

(Camacho et al., 2004), whose its expression is usually negative in MCL. 

3.1.4.2.  Cyclin D1 negative MCL 

In 2003 Rosenwald and colleagues performed a GEP study on MCL and found a 

characteristic and unique gene expression-based proliferation signature that comprised 

the gene expression levels of 20 different genes, and constituted a powerful predictor of 

survival of MCL patients at the time of diagnosis. It allowed for the stratification of 

MCL patients into prognostic subgroups in which survival time differed by more than 5 

years. Interestingly, they identified a cyclin D1-negative subset of MCL that 

demonstrated identical morphological, immunophenotypic, gene expression features 

and secondary genetic alterations in comparison to cyclin D1-positive MCL tumors 

(Figure 13). In the absence of cyclin D1, these cases overexpressed cyclin D2 or D3, but 

with no evidence of chromosomal aberrations affecting these loci (Rosenwald et al., 

2003). 

Fold relative expression

Cyclin
D1+ MCL

Cyclin
D1- MCL

 
Figure 13. Expression of MCL signature genes in seven cyclin D1-positive and seven cyclin D1-

negative lymphoma tumors. Cyclin D1-negative tumors had MCL morphology and immunophenotype 

and were classified as MCL based on their GEP. Shown on the right is the relative gene expression of 

cyclin D1, D2 and D3. Modified from (Rosenwald et al., 2003). 

Although the t(11;14) translocation is considered the hallmark of MCL causing an 

overexpression of cyclin D1, other studies also identified these uncommon cyclin D1-

negative MCL patients with indistinguishable morphology, phenotype, global GEP and 

secondary genetic alterations, suggesting that they comprise the same disease entity (Fu 

et al., 2005; Salaverria et al., 2007). Strikingly, these MCLs overexpress CCND2 or 

CCND3, demonstrating the importance of the oncogenic deregulation of cell cycle G1 
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phase in the pathogenesis of the disease. However, the mechanisms deregulating these 

cyclins are not well understood. 

Interestingly, subsequent studies were able to detect MCL cases with high levels of 

cyclin D2 due to chromosomal translocations involving CCND2 and Ig genes such as 

the t(2;12)(p11;p13) fusing the CCND2 gene to the IGK locus (Gesk et al., 2006), the 

t(12;22)(p13;q21) with the fusion IGL-CCND2 (Shiller et al., 2011), and the 

t(12;14)(p13;q32) fusing IGH-CCND2 (Herens et al., 2008). Additionally, two CCND2 

translocations with an unidentified partner have also been described (Mozos et al., 

2009; Quintanilla-Martinez et al., 2009), both cases with high levels of cyclin D2. Only 

one MCL case with translocation of IGH with CCND3 has been reported so far 

(Wlodarska et al., 2008). 

 
Figure 14. Variant primary chromosomal translocations in MCL. Virtually all MCL tumors have the 

conventional t(11;14). However, six patients have been reported with variant translocations of CCND1 

and IGL chain genes, six with breaks in CCND2 and one with translocation in CCND3 (Royo et al., 

2011). 

In a subsequent work by Salaverria and colleagues, the authors studied the largest series 

of well-defined CCND1-negative MCL patients with similar pathologic and genetic 

characteristics, clinical presentation and evolution to the conventional CCND1-positive 

MCL. They observed that the most frequent genetic events in cyclin D1-negative MCLs 

are CCND2 rearrangements since more than half of CCND1-negative patients presented 

CCND2 rearrangements with Ig genes. Interestingly, they also found two patients with 
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CCND2 breaks with normal IGH, IGK and IGL genes, suggesting a novel translocation 

partner (Salaverria et al., 2013). 

The recognition of these cyclin D1-negative MCL can be challenging as some small B-

cell lymphomas (MZL, FL, Small lymphocytic lymphoma (SLL)) may mimic MCL 

morphologically and phenotypically. Moreover, immunohistochemical staining of 

CCND2/D3 in routine diagnosis may not be sensitive enough to clearly identify cyclin 

D1-negative MCL because these cyclins are also expressed in other B cell lymphomas 

at lower levels (Mozos et al., 2009; Quintanilla-Martinez et al., 2009). 

Further, the absence of any CCND gene alteration in a subset of conventional MCL 

triggers the investigation of the initial drivers for MCL pathogenesis in these patients. 

SOX11, a neural TF overexpressed in virtually all conventional MCLs but not in other 

mature lymphoid neoplasms and normal lymphocytes at any stage of development, is 

highly expressed in both cyclin D1-positive and -negative MCL tumors, suggesting that 

it may represent a valuable diagnostic biomarker as well as an important factor for 

pathogenesis in MCL (Jares et al., 2012; Mozos et al., 2009). 

3.1.4.3.  Indolent, non-nodal MCL 

Recent clinical observations have identified a group of patients with a more indolent 

course of the disease and longer survival even without treatment, suggesting that the 

biological features of this disease are more heterogeneous than initially thought (Espinet 

et al., 2005; Nodit et al., 2003; Orchard et al., 2003). There is immunological and 

genomic evidence that aggressive and indolent patients represent two distinct subgroups 

of MCL varying in their distinct clinical course of the disease (Fernandez et al., 2010; 

Vizcarra et al., 2001). Over the last decade several groups have identified these two 

subtypes of MCL, resulting in the term indolent MCL. 

In 2002 Angelopolou and colleagues described a distinct clinical group of patients 

fulfilling MCL diagnostic criteria that presented with a more indolent clinical course 

characterized by splenomegaly, leukemic presentation and absence of lymphadenopathy 

as compared to classical MCLs (Angelopoulou et al., 2002). In a subsequent study, 

Orchard and colleagues studied a series of MCL patients harboring the t(11;14), and 

divided the patients in nodal or non-nodal MCL. They observed that non-nodal MCLs, 

contrary to conventional nodal MCLs, presented with less complex karyotypes, no 
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lymphadenopathy, and followed an indolent clinical course of the disease without the 

need for treatment. Furthermore, the median overall survival (OS) of non-nodal patients 

was much larger than nodal MCLs (Orchard et al., 2003).  

Concordant with these observations, Martin and colleagues performed a retrospective 

cohort study to evaluate the results of deferred initial therapy and noted that a 

significant number of patients could go months to years before requiring treatment 

pointing to a more indolent course of MCL (Martin et al., 2009). In another study, 

Ondreijka and colleagues also reported a series of indolent MCL patients with leukemic 

presentation that were asymptomatic, had simple karyotypes, low level lymphocytosis 

without lymphadenopathy or splenomegaly and hardly any BM involvement (Ondrejka 

et al., 2011). 

Furher studies over the last 10 years have identified more indolent MCL subtypes with a 

non-nodal presentation, some with disease location primarily in the BM and/or spleen. 

Leukemic presentation is also common and not related to negative prognosis, as 

opposed to conventional, nodal MCL. The prognosis of non-nodal MCL is better than 

that of typical, nodal MCL, and the tumors express the characteristic immunophenotype 

of MCL with expression of CD19, CD20, CD5 and surface IgL chain expression. 

Moreover, the classical t(11;14)(q13;q32) is also present in this group of patients (Hsi 

and Martin, 2014). 

In 2010 Fernàndez and colleagues performed a GEP study in order to elucidate putative 

biomarkers distinguishing aggressive from indolent MCL. The authors performed a 

comparison of clinicopathologic features, gene expression and genomic profiles 

between conventional and indolent MCL. A first unsupervised analysis showed that 

both subtypes of the disease clustered together compared to other lymphoid neoplasms 

analyzed (chronic lymphocytic leukemia (CLL), FL, small marginal zone lymphoma 

(SMZL), hairy cell leukemia (HCL) and HCL variant (HCLv), implying that they 

belong to the same disease entity (Fernandez et al., 2010). 

Interestingly, a supervised analysis showed that indolent MCLs lack the expression of a 

13-gene signature that belongs to the protein family of the HMG and hepatoma-derived 

growth factor related protein (HDGFRP) which comprises genes involved in B cell 

proliferation and lymphomagenesis. Among the most differentially expressed genes the 

study identified SOX11, HDGFRP3 and HMG-BOX3 (HMGB3) as being overexpressed 
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in aggressive MCL and absent in indolent MCL and other NHLs (Fernandez et al., 

2010) (Figure 15). These data suggested that these genes could represent candidates 

directly involved in the aggressive behavior of MCL. 

 
Figure 15. GEP of several B cell lymphomas. (A) Characterization of indolent MCL according to their 

genetic and molecular features. The genomic complexity is illustrated in the bar plots at the top of the 

panels, reflecting the number of alterations for each case. The plot below indicates the diagnosis of the 

cases. Violet, iMCL; blue, cMCL. IGVH gene status of all MCL cases is indicated by color (red, >5% 

mutations; pink, 3–5% mutations; blue, 0–2%). Bright red, high expression; green, low expression. (B) 

Differential signature between indolent and conventional MCL. Probe sets that showed a highly 

significant differential expression between indolent and conventional MCL are highlighted (Fernandez et 

al., 2010). 

In a subsequent study in 2012, Royo and colleagues interrogated whether a three-gene 

signature comprising the expression of SOX11, HDGFRP3 and drebrin 1 (DBN1) could 

discriminate conventional from indolent, non-nodal MCL patients. This signature was 

derived from the 13-gene signature previously identified by Fernàndez and colleagues. 

They performed an unsupervised hierarchical clustering analysis of the tumors 

according to the expression of this three-gene signature and identified two clusters of 

MCL with relatively high or low expression of the three genes. These two subgroups of 

MCL had significant differences in clinical and biological features. Lymphadenopathy 

and chemotherapy treatment were more frequent in patients carrying tumors with high 

than low expression signature. Also, the clinical outcome was significantly different in 
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these two subgroups of patients with a strikingly lower 5-year OS rate for the group 

with high expression signature compared to patients with low expression signature 

(Royo et al., 2012). 

Adding to MCL heterogeneity, there is an emerging interest in another form of indolent 

MCL or precursor to MCL different from indolent non-nodal MCL that has recently 

appeared in the literature designated as in situ MCL (Adam et al., 2012; Bassarova et 

al., 2008). It is associated with a low tumor burden and a lack of symptoms related to a 

lymphoproliferative disorder. It presents monoclonal CCDN1-positive lymphocytes and 

the hallmark t(11;14) translocation. These CCND1-positive B cells are restrictively 

found in the mantle zones of reactive lymphoid follicles which are not usually 

expanded, and no tumor cells spread into interfollicular areas (Carvajal-Cuenca et al., 

2012; Richard et al., 2006). The clinical course is indolent with leukemic involvement 

and no need for treatment. The incidence of this very early or precursor form of MCL is 

uncertain and an in situ MCL in tissue is quite rare (Hsi and Martin, 2014). Although 

the evidence that these in situ MCLs progress to overt lymphoma is limited, they may 

represent a very early event in MCL lymphomagenesis and may correspond to the tissue 

counterpart of the circulating cells with the t(11;14) (Carvajal-Cuenca et al., 2012). 

3.1.5.  Cell of origin and normal cellular counterpart 

Sequencing the V region of the IGVH genes has provided new insights into the clonal 

origin of chronic B cell malignancies. An absence of somatic mutations is consistent 

with an origin from a pre-GC B cell, whereas tumors that show SHM arise either from 

GC-B cells or from post-GC memory cells. Some B cell malignancies typically arise 

from one or other of these groups. 

In MCL, sequence analyses of the t(11;14) breakpoint regions have shown that this 

chromosomal translocation arises early in B cell ontogeny in the BM, at the pre-B cell 

stage of differentiation when the cell is undergoing recombination of the V(D)J 

segments of the IGHV region (Jares and Campo, 2008; Jares et al., 2012; Orchard et al., 

2003; Welzel et al., 2001). 

The topographic distribution of the tumor cells surrounding GCs and their co-expression 

of IgM/IgD and CD5 resemble the phenotype and topographic distribution of normal 

CD5-positive naïve B cells which produce low affinity polyreactive antibodies and 
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colonize the normal mantle zone of the lymphoid follicles and tend to recirculate. 

Therefore, MCL has been considered to derive from this naïve B lymphocyte 

population. Although the initial t(11;14) translocation takes place at an immature stage 

of B cell development, all these observations suggest that the selective advantage of the 

translocation and thus, the complete neoplastic phenotype occurs in later stages of 

development, specifically at the mature naïve pre-GC B lymphocyte (Jares and Campo, 

2008; Welzel et al., 2001). 

Nonetheless, recent studies analyzing the BCR diversity have changed this concept to a 

more complex oncogenic developmental model where Ag selection is important for 

MCL pathogenesis. Studies on IGHV mutational status have revealed that 15-40% 

MCLs present IGHV hypermutations, suggesting that these tumors derive from cells 

that have experienced and undergone the microenvironment and mutational machinery 

of the GC (Jares and Campo, 2008; Jares et al., 2012). However, the mutational rate in 

MCL is lower compared to other B cell neoplasms suggesting a weaker influence of the 

GC microenvironment (Jares and Campo, 2008). 

Several studies showing a strong bias in the IGHV gene repertoire such as the use of 

IGHV3-21, IGHV3-23 and IGHV4-34 (Hadzidimitriou et al., 2011; Thorselius et al., 

2002; Walsh et al., 2003) indicate that these tumors may originate from specific 

populations of B lymphocytes. Tumors with IGHV3-21 mainly occur in unmutated 

MCLs with longer survival and less genomic instability (Camacho et al., 2003; 

Thelander et al., 2005). 

Notably, MCL tumor cells with non-nodal, leukemic presentation, better survival and 

clinical presentation present more frequently mutated IGHV genes (Navarro et al., 2012; 

Ondrejka et al., 2011; Royo et al., 2011), indicating that these cells may have undergone 

the GC reaction. In previous studies, Nodit and colleagues had also identified MCLs 

with indolent clinical course harboring the classical t(11;14) with leukemic 

involvement, no lymphadenopathy and mutated IGHV genes (Nodit et al., 2003). 

Orchard and colleagues also identified that non-nodal MCL patients harboring the 

t(11;14) presented with IGHV genes and a median OS much larger than nodal MCLs 

(Orchard et al., 2003). Moreover, 10% MCLs present with stereotyped heavy 

complementarity-determining region 3 (VH CDR3) sequences, suggesting a role of Ag-

driven selection in the clonogenic expansion of MCL tumor cells (Jares et al., 2012). 
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All these results shift the historical developmental model of MCL towards a more 

complex scenario with possibly several cell types dominating in different subtypes of 

MCL. First, MCLs with no mutations in their IGHV genes may derive from naïve B 

lymphocytes whereas MCLs with low number of somatic mutations may derive from 

intermediate cells between naïve and GC-cells or transitional B cells from the MZ. 

These tumors are genetically unstable and tend to accumulate alterations in genes 

deregulating cell cycle, DNA damage response pathways, and cell survival mechanisms. 

Alternatively, MCL with stereotyped BCR and high mutational load on their IGHV may 

be Ag-selected and have originated from cells which have experienced the GC reaction 

microenvironment. These tumor cells tend to spread to the peripheral blood and spleen 

more than to lymph nodes, and the disease seems to be stable for long periods of time 

(Figure 16). 

Naïve B cell

Pre B-cell
t(11;14)

Unmutated/
minimally mutated

IGHV

Hypermutated
IGHV

Pre B-cell
CCND1-

Indolent, non-
nodal MCL

Classic nodal or
blastoid MCL

In situ 
MCL-like

B cell

 

Figure 16. Hypothetical model of the development of different molecular subtypes of MCL. The naïve B 

cell carrying the t(11;14) colonizes the mantle zone (dark grey) of the lymphoid follicle and generates an 

in situ MCL lesion. Most MCLs evolve from these cells or cells in the MZ with no or limited IGHV 

somatic mutations (green). Alternatively, some genetically stable cells with the t(11;14) may enter the GC 

(light grey) and undergo IGHV SHM (pink). 
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4. The SOX gene family of transcription factors 

SOX genes encode TFs belonging to the HMG superfamily. Members of the SOX gene 

family were first identified through homology of the HMG domain to the testis-

determining factor, SRY. Located on the Y chromosome of mouse and human, Sry is a 

decisive factor for male sex determination in mammals. 

The HMG protein family comprises architectural non-histone proteins thought to be 

involved in gene regulation and maintenance of chromatin structure. One of the 

common characteristics of HMG proteins is the presence of a DNA-binding domain 

called the HMG domain, consisting of approximately 80 residues. They have a twisted 

L-shape structure that presents a concave surface made up of three alpha helices and the 

N- and C-terminal strands (Bewley et al., 1998) (Figure 17). 

 

Figure 17. Unique structural and functional features of the SOX HMG box domain. This domain is 

folded into an L-shape composed of three alpha helices. It contacts the DNA double helix in the minor 

groove and forces it to bend to an angle varying between 30º and 110º. Two HMG box domains are 

shown, binding in opposite orientation on DNA. Their alpha helices are shown as cylinders. Sequences 

N-terminal and C-terminal to the HMG box domains and sequences linking the helices are shown as thin 

rods. The DNA bending angle is schematized above the HMG box domains (Lefebvre et al., 2007). 

While most other types of DNA-binding proteins contact the DNA major groove and 

only induce minor changes of the DNA conformation, the two arms of the L-shaped 

HMG domain bind DNA in the minor groove, intercalate amino acid side chains 

between DNA base pairs, and induce a significant bend of the DNA helix. The minor 

groove is widened and the major groove compressed. HMG domain proteins are thus 

unique in their ability to alter the conformation of DNA and to increase its protein 

accessibility and plasticity. They thereby facilitate the formation of enhanceosomes, 

functionally active complexes of TFs on gene enhancer sequences (Lefebvre et al., 

2007). 
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Two groups of HMG domains have been classified on the basis of their DNA-binding 

properties: HMG1 and related proteins bind to distorted DNA structures in a sequence 

unspecific manner, whereas TFs such as SOX proteins recognize and bind to specific 

DNA sequences (Bewley et al., 1998). Like the HMG class of proteins, SOX factors 

contain a 79-amino-acid, DNA-binding HMG domain and regulate gene transcription 

(Wegner, 1999), recognizing the consensus motif, 5’-(A/T)(A/T)CAA(A/T)G-3’ in the 

minor group of the DNA, inducing large conformational changes. When bound to DNA, 

the structure of SOX proteins is not significantly altered. However, the DNA strand 

bends and the minor groove widens (Werner et al., 1995). 

It is suggested that the role of SOX proteins is partly architectural, allowing other TFs 

to bind the major groove, and/or bringing together regulatory elements and thereby 

facilitating the formation of protein complexes. In addition, it has been shown that 

sequences outside the HMG box may facilitate interactions and influence the specificity 

of SOX proteins (Wilson and Koopman, 2002). There have been described different 

classes of SOX partners, co-factors and protein-protein interactions that can be divided 

in three main groups: 1) DNA-binding proteins that partner with SOX proteins to 

regulate gene expression; 2) adaptor proteins that link SOX factors to other proteins, 

and 3) importins that are required for the nuclear import of SOX proteins (Figure 18). 

 
Figure 18. SOX protein-protein interactions (Wilson and Koopman, 2002). 

SOX genes are conserved across species and show tissue-specific expression patterns. 

Knock-out experiments demonstrated that these genes play key roles in embryonic 
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development. As a whole, the SOX family controls cell fate and differentiation in a 

multitude of processes, such as male differentiation, stemness, neurogenesis, and 

skeletogenesis (Lefebvre et al., 2007). There are more than 20 gene members of the 

SOX family that have been identified in several species, and can be divided in eight 

groups (from A to H, with two B subgroups, B1 and B2) depending on their homology 

degree inside or outside the HMG domain. Most feature a transactivation or 

transrepression domain and thereby also act as typical TFs. 

SOX proteins within the same group share a high degree of identity (generally 70-95%) 

both within and outside the HMG box, whereas SOX proteins from different groups 

share partial identity (≥46%) in the HMG box domain and none outside this domain 

(Lefebvre et al., 2007). Furthermore, members of the same group of SOX proteins tend 

to have similar genomic organizations in mammals. For example, SOX proteins 

belonging to groups B and C are intronless, whereas members of groups D-G possess an 

exon-intron structure (Wegner, 1999). 

Each SOX gene has distinct expression patterns and molecular properties, often 

redundant with those in the same group and overlapping with those in other groups. For 

example, SOX proteins belonging to the subgroup B (SOX1, SOX2 and SOX3) can 

perform similar functions in the developing nervous system and can be functionally 

redundant. Group C proteins SOX4, SOX11 and SOX12 also show overlapping 

expression in the developing central and peripheral nervous systems (Kuhlbrodt et al., 

1998a). 

Most SOX proteins also feature one or several other functional domains outside the 

HMG box. These domains have generally been highly conserved among orthologues as 

well as among members of the same group, and they are totally different between 

proteins from distinct groups. They include transactivation, transrepression and 

dimerization domains (Lefebvre et al., 2007). Additionally, the SOX HMG box domain 

contains two nuclear localization domains that are independent of each other and that 

have been highly conserved in all SOX proteins. 
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4.1.  Cancer involvement of SOX genes 

In addition to sex differentiation, SOX genes regulate a number of processes including 

germ layer formation and nervous system development (Wegner, 1999). Many studies 

suggest a role for many of the SOX factors in cell-type specification and cellular 

differentiation. For example, SOX9 is implicated in chondrocyte differentiation (Bi et 

al., 1999), SOX10 in neural crest specification (Kuhlbrodt et al., 1998b), SOX17 in 

endoderm specification (Hudson et al., 1997), and SOX18 in endothelial cell (EC) 

differentiation (Pennisi et al., 2000). 

Regarding cancer biology, overexpression and/or amplification of SOX genes have been 

associated with a large number of tumor types in vivo. SOX1, SOX2, SOX3 and SOX21 

are significantly downregulated in adult tissues (Gure et al., 2000), but are upregulated 

in lung carcinoids and lung squamous cell carcinomas (Dong et al., 2004a). In vitro 

studies showed that ectopic Sox3 expression induced oncogenic transformation of 

chicken embryonic fibroblasts, and this effect was shown to depend upon both the 

HMG and transactivation domains (TADs) of the gene (Xia et al., 2000). In addition, 

Sox3 was identified, amongst several known proto-oncogenes in a genome-based 

analysis of retroviral insertion sites in mouse T cell lymphomas, further suggesting that 

this Sox gene may play a role in tumorigenesis (Kim et al., 2003). 

SOX4 and SOX11 are of interest in respect to neurological cancers, and both are 

strongly expressed in most medulloblastomas (Lee et al., 2002). In addition to 

neurological cancers, SOX4 has been implicated in several tumor types. Its expression 

is increased in malignancies of the pancreas and ovary, and its expression has been 

associated with oncogenic transformation in adenoid cystic carcinoma (Frierson et al., 

2002). Furthermore, SOX4 is also highly expressed in subcutaneous human 

hepatocarcinoma mouse xenografts. Expression of SOX4 mRNA is upregulated in 

breast cancer cell lines, indicating that SOX4 may also be involved in oncogenic 

transformation in the breast (Graham et al., 1999). In line with these studies, SOX4 has 

also been identified as a potential regulator of the human breast cancer oncogene, 

HER2/neu (c-ErbB2) (Chang et al., 1997). 

SOX8 and SOX9 are both also potential genetic markers for cancer. Although SOX9 is 

considered a master regulator gene for cartilage differentiation, a study indicates that it 

is expressed in mesenchymal chondrosarcomas, but not in other small cell malignancies, 
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lymphomas and leukemias (Wehrli et al., 2003). Sox8 is expressed in the immature glia 

of developing chick cerebellum as well as cells scattered throughout medulloblastomas, 

providing a useful marker for these tumors (Cheng et al., 2001). 

SOX10 is overexpressed in melanoma tumors as compared to normal tissue (Khong and 

Rosenberg, 2002), and is critical for regulation of melanocyte development as a 

transactivator of micropthalmia-associated transcription factor (MITF), a master gene 

for development and postnatal survival of melanocytes (Bondurand et al., 2000). In 

addition to melanomas, further analyses revealed expression of SOX10 in anaplastic 

oligodendroglioma and mammary adenocarcinoma cell lines (Dong et al., 2004a). 

Other studies revealed higher expression levels of SOX18 mRNA in gastric cancer cell 

lines, pancreatic cell lines and embryonic tumor cell lines compared to other tissues 

(Saitoh and Katoh, 2002). Additional analyses showed that SOX18 mRNA is expressed 

in a number of cancers including melanotic melanomas, neuroblastoma cells, pancreatic 

carcinomas and a number of ovarian and uterine cancers (Dong et al., 2004a). 

 
4.2.  SOXC subgroup of transcription factors 

SOX4, SOX11 and SOX12 constitute the group C of SOX proteins. They are single-

exon genes highly conserved through vertebrates that are co-expressed in embryonic 

neuronal progenitors and in mesenchymal cells in many developing organs. They 

feature two functional domains: a SOX DNA-binding domain and a TAD, located at the 

N- and C-terminal of the protein, respectively (Dy et al., 2008) (Figure 19). 

SOX4

SOX11

SOX12

1 59 127 441 474

HMG
1 49 117 408 441

HMG
1 40 108 282 315

HMG TAD

TAD

TAD  

Figure 19. Schematic representations of human SOXC group proteins. SOX4 (474 aa), SOX11 (441 aa) 

and SOX12 (315 aa). Adapted from (Penzo-Mendez, 2010). 
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The HMG box is 84% identical across all vertebrate SOXC proteins. SOX4 binds DNA 

more efficiently than SOX12, whereas SOX11 binds it very weakly (Dy et al., 2008; 

Wiebe et al., 2003). Removal of the C-terminus increases the binding efficiency of 

SOX11 and SOX12, suggesting that the TAD may be inhibitory. Two acidic domains in 

SOX11 also inhibit DNA binding, perhaps by providing a hinge that facilitates masking 

of the HMG box by the TAD (Penzo-Mendez, 2010). 

The TAD is only 66% identical across all vertebrate SOXC proteins, but it is 97% 

identical amongst SOX4 and SOX11 orthologues, and 79% identical amongst SOX12 

orthologues (Dy et al., 2008). This 33-residue domain is predicted to form a 20-residue 

long alpha helix that would be continuous in SOX11, but interrupted by three and seven 

residues in SOX4 and SOX12, respectively. Consistent with the notion that this 

configuration may be essential for the strength of the TAD, SOX11 is the most potent 

and SOX12 the least potent of the three proteins in activating transiently transfected 

reporter genes (Dy et al., 2008; Hoser et al., 2008; Wiebe et al., 2003). 

SOXC proteins are able to cooperate with protein partners and some reports indicate 

that protein interactions may also be used by the SOXC proteins to regulate non-

transcriptional targets. SOX4 was found to bind to TP53 and thereby prevent p53 

degradation in lung non-small cell carcinoma cells (Pan et al., 2009). Protein interaction 

occurred both between the SOX4 and p53 DNA-binding domains and the SOX4 TAD 

and p53 regulatory domain. 

SoxC expression studies in vertebrates suggest that SoxC functions have been 

conserved through evolution. Expression of Sox4 and Sox11 in chick embryos was 

reported to be very similar to that in mice (Maschhoff et al., 2003). The two Sox11 

genes of the zebrafish have distinct expression patterns, but their combined expression 

is similar to that in chick and mouse embryos, further suggesting that Sox11 functions 

have been conserved (de Martino et al., 2000). 

The expression pattern of the SOXC genes and the molecular properties of their proteins 

strongly suggest that these genes could play critical roles in development. Sox4-null 

mice die at embryonic day 14 (Schilham et al., 1996) showing severe malformation of 

the heart outflow tract, which leads to circulatory failure. Sox11-null mice die 

immediately after birth from similar but less severe heart outflow tract malformations 
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(Sock et al., 2004). On the contrary, Sox12-null mice have no obvious malformations 

and a normal lifespan and fertility (Hoser et al., 2008). 

Other studies have started to reveal critical roles for SOX4 and SOX11 in multiple 

major developmental processes. For example, RNA knockdown of Sox4 and Sox11 in 

neural tubes of chick embryo blocked neuronal gene expression while forced expression 

of Sox4, Sox11 or Sox12 resulted in neuronal gene upregulation. Other studies showed 

that forced expression of Sox4 resulted in impaired oligodendrocyte differentiation in 

mice (Potzner et al., 2007), suggesting that the SoxC genes may both promote 

differentiation of progenitor cells into neurons and prevent differentiation into glia. 

SOX4 is very widely expressed during embryogenesis in brain, gonads, lung, heart and 

thymus, and is also a very prominent TF in lymphocytes of the B and T cell lineages 

(van de Wetering et al., 1993). Studies of SOX4 on B lymphocyte differentiation 

showed that it is required for this process as its targeted deletion in the mouse led to a 

block in early B cell development at the pro-B cell stage (Schilham et al., 1996), similar 

to that observed for PAX5. Although T cells also express SOX4, there was only a mild 

effect of SOX4 deletion on T cell development (Schilham et al., 1997), suggesting that 

it is essential for B cell development, but only of minor importance for T cell 

development.  

Other studies have suggested that the SOXC genes may also be important in specific cell 

lineages to promote cell proliferation or survival. Sox4 heterozygous adult mice develop 

osteopenia, with low osteoblast numbers and low-level expression of osteoblast 

markers, and Sox4 knockdown impaired proliferation and differentiation of osteoblasts 

in vitro (Nissen-Meyer et al., 2007). Similarly, Sox4-null pancreatic explants displayed 

severely reduced numbers of insulin-producing beta cells (Wilson et al., 2005), and 

knockdown of the Sox4b in zebrafish embryos resulted in loss of glucagon-producing 

cells (Mavropoulos et al., 2005). Taken together, these data strongly support the notion 

that SOXC genes regulate differentiation in multiple cell lineages. 
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4.3.  SOX11 

Human SOX11 gene is mapped at chromosome 2p25.3 and it is homolog to SOX4 with 

a 55% identity homology in the C-terminal TAD and 86% identity in the HMG domain 

(Wegner, 1999). It functions as a TF involved in embryonic tissue remodeling and 

neurogenesis, and among the SOXC group it is the best analyzed gene for its expression 

in the nervous system. SOX11 is normally expressed throughout the developing nervous 

system of human embryos and is required for neuron survival and neurite growth. 

In the central nervous system, it is co-expressed in the neuroepithelium with SOX1, 

SOX2 and SOX3 on a low level and transiently upregulated in cells that leave the 

neuroepithelium. As these cells simultaneously downregulate SOX2 and SOX3, a 

model was postulated in which neural differentiation is characterized by an ordered 

switch from one group of SOX proteins to the next. 

Another interesting aspect of SOX11 concerns its expression in a subset of 

differentiating brain regions during late embryonic development, indicating that SOX11 

is not only important for the development of early neural precursors, but might also be 

involved in the differentiation of distinct neuronal subpopulations (Kuhlbrodt et al., 

1998a). A murine study showed that survival and growth of primary cultures established 

from normal neurons were dependent on SOX11 (Jankowski et al., 2006), and a knock-

out mouse model of several malformations showed that Sox11 is important for tissue 

remodeling and that mutated SOX11 in humans could be associated with malformation 

syndromes (Sock et al., 2004). 

Outside the nervous system, SOX11 seems to be primarily expressed at places of 

epithelio-mesenchymal interactions including somites, branchial arches, developing 

face and limbs (Hargrave et al., 1997). 

4.3.1.  SOX11 in cancer 

The function of SOX and other members of the family are still ill-defined. However, the 

relevance of the SOXC genes has risen to a high level in recent years as numerous 

reports have suggested that the SOXC genes may contribute to tumor prognosis. SOX4 

and SOX11 have been shown to be highly expressed in most medulloblastomas (Lee et 

al., 2002). Increased SOX4 expression is also associated with bladder (Aaboe et al., 

2006), prostate (Liu et al., 2006), colon (Andersen et al., 2009), and non-small cell lung 
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tumors (Medina et al., 2009). High expression of SOX11 is associated with gliomas 

(Weigle et al., 2005), NH-B cell lymphomas (Wang et al., 2008) and epithelial ovarian 

tumors (Brennan et al., 2009; Sernbo et al., 2011). Recently, SOX11 was found highly 

expressed in breast cancer (Lopez et al., 2012), and in a subsequent study by Zvelebil 

and colleagues it was observed that breast cancer patients expressing higher levels of 

SOX11 showed a worse OS than did those with tumors expressing lower levels 

(Zvelebil et al., 2013). 

4.3.2.  SOX11 in mantle cell lymphoma 

Since the last decade, studies in MCL started to point to a complex role of SOX11 in the 

pathogenesis of the disease. Although its expression has not been detected in any 

normal hematopoietic cells, SOX11 is expressed at high levels in virtually all MCL 

cells compared to naïve B cells and other B cell lymphomas except for some BLs, 

lymphoblastic lymphomas (LBLs) and T cell-prolymphocytic leukemias (T-PLLs) 

(Dictor et al., 2009; Ek et al., 2008; Mozos et al., 2009). Strikingly, it is highly 

expressed in both cyclin D1-positive and -negative MCL tumors, suggesting that it may 

represent a valuable diagnostic biomarker as well as an important factor for 

pathogenesis in MCL (Jares et al., 2012; Mozos et al., 2009) (Figure 20). 

 

Figure 20. SOX11 protein expression in conventional and cyclin D1-negative MCL. (A,D) H&E 

staining in conventional and cyclin D1-negative MCL, respectively; (B, E) Cyclin D1 and (C, F) SOX11 

expression in conventional and cyclin D1-negative MCL, respectively (Mozos et al., 2009). 

The GEP study performed by Fernàndez and colleagues in 2010 was one of the first 

works elucidating biomarkers distinguishing aggressive from indolent MCL. The 13-

gene signature downregulated in the indolent MCL group of patients showed that 

SOX11 was one of the genes that best discriminated indolent versus aggressive 
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presentation of the disease (Fernandez et al., 2010), suggesting that SOX11 could 

represent a candidate directly involved in the aggressive behavior of MCL. 

Subsequently, a study by Ondreijka and colleagues showed that a series of 

asymptomatic, indolent non-nodal MCL patients lacked SOX11 expression compared to 

patients with the aggressive clinical presentation of the disease and SOX11-positivity 

(Ondrejka et al., 2011). The detection of SOX11 by immunohistochemistry (IHC) or 

quantitative PCR in a larger series of patients confirmed the relationship between 

SOX11 lack of expression, hypermutated IGHV, low karyotype complexity, non-nodal 

leukemic disease, and longer survival with stable disease in independent cohorts of 

patients (Navarro et al., 2012; Royo et al., 2012). 

However, the role of SOX11 predicting MCL survival and pathogenesis remains 

controversial. Contrary to the reported findings, Nygren and colleagues found that low 

SOX11 expression was associated with a predicted worse OS in a large group of MCL 

patients. They found that SOX11-negativity was associated with a higher frequency of 

lymphocytosis, elevated lactate dehydrogenase (LDH) and TP53-positivity (Nygren et 

al., 2012). Nevertheless, further studies have shown that the aggressive behavior of 

SOX11-negative MCL seems related to an extensive nodal disease, blastoid 

morphology, complex karyotypes and 17p/TP53 alterations (Navarro et al., 2012; Royo 

et al., 2012). One explanation would be that SOX11-negative tumors with aggressive 

disease could correspond to a progressed or transformed stage with generalized 

lymphadenopathy, suggesting that this phenotype may have an indolent phase and 

eventually some of the tumors could progress with a generalized lymphadenopathy and 

aggressive behavior associated with acquisition of TP53 mutations or other genetics 

events (Jares et al., 2012). In fact, most SOX11-negative MCLs in the Nygren study had 

TP53 alterations (Nordstrom et al., 2014). 

SOX11 is not expressed in any hematopoietic cell or in any of the normal B cell 

differentiation stages. Likewise, little is known about the molecular mechanisms driving 

SOX11 expression in MCL cells. A study by Gustavsson and colleagues described for 

the first time a strong correlation between promoter methylation status and SOX11 

mRNA and protein levels both in B cell lymphoma cell lines and primary tumors 

(Gustavsson et al., 2010). Subsequent studies have also interrogated the mechanisms by 

which SOX11 becomes activated in aggressive neoplasms, and shown that SOX11 
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expression in normal and neoplastic lymphoid cells is regulated by epigenetic changes 

rather than promoter methylation, mainly by a change from inactive to activating 

histone marks (Vegliante et al., 2011; Wasik et al., 2013). 

Although SOX11 is a reliable biomarker of a subtype of MCL, its prognostic impact 

still has to be evaluated. The identification of alterations in potent oncogenes seems to 

be clarifying the discrepancies observed in the indolent versus aggressive clinical 

presentation of the SOX11-negative MCL patients. However, SOX11-regulated target 

genes and transcriptional programs contributing to MCL pathogenesis still remain to be 

elucidated. 
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5. Tumor microenvironment 

Cancers develop in complex tissue environments which they depend upon for sustained 

growth, invasion and metastasis. Interactions between malignant and non-transformed 

cells create the tumor microenvironment (TME) in which the non-malignant cells have a 

dynamic and often tumor-promoting function at all stages of carcinogenesis (Hanahan 

and Coussens, 2012). The TME comprises innate and adaptive immune cells, stromal 

cells, extracellular matrix (ECM), and blood and lymphatic vascular networks, which 

collectively have critical modulatory functions in tumor development and metastasis 

(Figure 21). Intercellular communication is driven by a complex and dynamic network 

of cytokines, chemokines, growth factors, and inflammatory and matrix remodeling 

enzymes (Balkwill et al., 2012). 

 
Figure 21. Cellular landscape involved in the TME (Balkwill et al., 2012). 

 

5.1.  Tumor microenvironment in B cell malignancies 

As with other malignancies, it has been demonstrated that the development and 

progression of B cell lymphomas involve complex interactions between the neoplastic B 

cells and the surrounding microenvironment, including stromal cells that favor the 

survival of malignant cells, various subsets of T cells that may support the disease 

progression, overcoming the antitumor effect exerted by still other specific T cell 

subsets, ECs that organize neoangiogenetic microvessels as well as various types of 

macrophages (Burger et al., 2009). In lymphomas, it appears that this network of 
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stromal cells creates a microenvironment that initially attracts cancer cells, allowing 

their early survival, and subsequently contributes to tumor growth (Gascoyne et al., 

2010). 

Recent gene expression array data have emphasized the roles of the various components 

of the microenvironment, demonstrating the importance of the microenvironment in B-

NHLs. Compelling evidence suggests that cross-talk with accessory stromal cells in 

specialized tissue microenvironments, such as the BM and secondary lymphoid organs, 

favors disease progression by promoting malignant B cell growth and drug resistance 

(Burger et al., 2009; Burger and Kipps, 2002). 

Many cytokines, chemokines and adhesion molecules are implicated in cross-talk 

between stromal cells and neoplastic lymphocytes. The balance between specific 

ligands and their receptors determines whether there is tumor cell growth promotion or 

inhibition (Coupland, 2011). The role of cytokine, chemokine and adhesion molecules 

has been extensively demonstrated in multiple myeloma (MM), some forms of B-NHLs, 

including FL and DLBCL, and classical Hodgkin lymphoma (cHL). However, it is 

considerably less explored in MCL. Soluble mediators, including interleukin (IL)6, IL7, 

IL4, IL8, vascular endothelial growth factor (VEGF), C-X-C chemokine receptor type 

(CXCR)4, MIP1, Jagged 1 and insulin growth factor 1 (IGF1), appear to play a role in 

the communications between the accompanying stroma and the tumor cells (Aldinucci 

et al., 2010; Calvo et al., 2008; Gascoyne et al., 2010). 

In MM, BM stromal cells secrete IL6 and VEGF, leading to activation of tumor 

proliferation pathways (Bisping et al., 2003; Ria et al., 2003). Furthermore, osteoclast-

mediated bone destruction in MM appears to be modulated by RANKL production by 

BM stromal cells (Pearse et al., 2001). In vitro studies with B-lineage leukemic cell 

lines have shown that BM stromal cells protect the leukemic cells via the PI-3K/Akt- 

BCL2 anti-apoptotic pathway (Fortney et al., 2002; Wang et al., 2004). In CLL, nurse-

like stromal cells prevent spontaneous apoptosis of CLL cells by the secretion of 

stromal-cell-derived factor 1 (SDF1) (Burger et al., 2000). 

Furthermore, Ag stimulation and the molecules involved in lymphocyte trafficking are 

more specifically operating in the microenvironments of B cell tumors, and evidence is 

growing that malignant B cells exploit the physiological mechanisms of tissue-specific 

lymphocyte migration and homing to access supportive microenvironmental niches 
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(Burger et al., 2009). Just as tumor derived substances can be used as prognostic 

markers, stromal elements can be used as biomarkers to identify tumors associated with 

favorable or unfavorable outcomes; or even therapeutic targets within the 

microenvironment itself. 

5.1.1.  Tumor microenvironment in mantle cell lymphoma 

There is growing evidence suggesting that cross-talk between MCL cells and stromal 

cells in tissue microenvironments, such as the BM and secondary lymphoid organs, 

causes disease progression by promoting lymphoma cell survival, growth, and drug 

resistance. Although the intrinsic growth-promoting t(11;14) disrupts normal cell cycle 

regulation, extrinsic signals from the microenvironment also contribute to MCL growth 

and dissemination (Burger et al., 2009; Perez-Galan et al., 2011a). Some of the key 

molecular pathways of B cell cross-talk with the microenvironment are BCR signaling, 

activation of CD40 and other members of the TNF receptor superfamily, activation via 

TLRs and various cytokines, chemokine receptors and adhesion molecules. Data from 

various B cell lymphomas including limited data in MCL suggest that these pathways 

are also functional in malignant B cells and contribute to lymphoma progression and 

drug resistance (Kurtova et al., 2009; Pighi et al., 2011). 

Clinical features suggest that MCL cells have a high propensity for dissemination and 

homing to different tissue compartments, allowing the MCL cells to interact with 

accessory stromal cells, such as mesenchymal stromal cells (MSCs) and lymphoma-

associated macrophages (LAMs). LAMs and MSCs attract MCL cells via G protein 

coupled chemokine receptors CXCR4, CXCR5 (Kurtova et al., 2009) that are highly 

expressed on MCL cells. Very late antigen-4 (VLA4) integrin (CD49d) co-operates 

with chemokine receptors in adhesion and tissue retention through binding to respective 

stromal ligands vascular cell adhesion molecule 1 (VCAM1) and fibronectin. LAMs can 

also express the TNF family members BAFF and APRIL, providing survival signals to 

MCL cells via corresponding receptors (BCMA, TACI, BAFF-R) (Nakamura et al., 

2005; Rodig et al., 2005) (Figure 22). 
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Figure 22. Cellular and molecular interactions between MCL cells and their microenvironment. 

Contact between MCL cells and LAMs or MSCs is established and maintained by chemokine receptors 

and adhesion molecules (Burger and Ford, 2011). 

Besides the aspect of lymphoma cell trafficking and homing, interactions with the 

microenvironment also provide survival and drug-resistance signals to the neoplastic B 

cells. In stroma co-cultures, MCL become resistant to conventional cytotoxic agents via 

cell adhesion mediated drug resistance (CAM-DR) (Damiano et al., 1999; Kurtova et 

al., 2009). Such MCL-stroma interactions likely contribute to drug resistance in vivo 

and the development of (minimal) residual disease after conventional therapy, which 

paves the way to relapses. 

Also, stimulation of the BCR complex (BCR and CD79a and b) induces downstream 

signaling by recruitment and activation of SYK, BTK and PI-3-K (Pighi et al., 2011; 

Rinaldi et al., 2006; Rudelius et al., 2006). Collectively, this cross-talk between MCL 

cells and accessory cells results in activation of survival and drug-resistance-pathways 

(Burger and Ford, 2011). 

 

5.2.  Angiogenesis 

Angiogenesis is also a major player in the TME, and interactions between tumor cells 

and ECs play critical roles in tumor progression and maintenance. Many soluble factors 

present in the TME, such as VEGFs, fibroblast growth factors (FGFs), PDGFs and 

chemokines stimulate ECs and their associated pericytes during the neovascularization 

that is needed for cancer growth. When a quiescent blood vessel senses an angiogenic 

signal from malignant or inflammatory cells or owing to hypoxic conditions in the 
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TME, angiogenesis is stimulated and new vessels sprout from the existing vasculature 

(Balkwill et al., 2012; Carmeliet and Jain, 2011). 

During embryogenesis, the development of the vasculature involves vasculogenesis and 

angiogenesis. While the first comprises the development of new ECs from angioblasts 

and their assembly into tubes, the latter represents the sprouting of new vessels from 

existing ones (Carmeliet and Jain, 2011). Following this morphogenesis, the normal 

vasculature becomes largely quiescent in the adult. During normal physiological 

angiogenesis, new vessels rapidly mature and become stable. By contrast, tumors, 

described as wounds that never heal, have lost the appropriate balances between 

positive and negative controls. One characteristic feature of tumor blood vessels is that 

they fail to become quiescent, enabling the constant growth of new tumor blood vessels. 

Consequently, the tumor vasculature develops unique characteristics and becomes quite 

distinct from the normal blood supply system (Bergers and Benjamin, 2003). 

Tumor blood vessels are architecturally different from their normal counterparts; they 

are irregularly shaped, dilated, and tortuous, are not organized into definitive venules, 

arterioles and capillaries like their normal counterparts, but rather share chaotic features 

of all of them. The vascular network that forms in tumors is often leaky and 

hemorrhagic, partly due to the overproduction of VEGF (Bergers and Benjamin, 2003). 

Perivascular cells, which are usually in close contact with the endothelium, often 

become more loosely associated or less abundant. 

Tumor vessels have also been reported to have cancer cells integrated into the vessel 

wall (Folberg et al., 2000; McDonald et al., 2000), and some tumors rely heavily on 

vasculogenesis, recruiting endothelial precursor cells from the BM (Lyden et al., 2001). 

Endothelial precursor cells can be mobilized from the BM and transported through the 

bloodstream to become incorporated into the walls of growing blood vessels. Factors 

that stimulate angiogenesis, such as VEGFA, placental growth factor (PlGF) and 

angiopoietin 1 (ANGPT1) have been shown to stimulate this process (Hattori et al., 

2001; Hattori et al., 2002). 

5.2.1.  The angiogenic switch 

In the adult, as part of physiological processes such as wound healing, angiogenesis is 

turned on but only transiently. However, during the multistage development of invasive 
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cancers both in animal models and in humans, angiogenesis is induced surprisingly 

early. Moreover, during tumor progression, an angiogenic switch is almost always 

activated and remains on, causing normally quiescent vasculature to continually sprout 

new vessels that help sustain expanding neoplastic growths (Hanahan and Folkman, 

1996). 

The angiogenic switch activates quiescent ECs, causing them to enter into a cell 

biological program that allows them to construct new blood vessels (Hanahan and 

Weinberg, 2011). A compelling body of evidence indicates that the angiogenic switch is 

governed by countervailing factors that either induce or oppose angiogenesis, the pro- 

and anti-angiogenic factors (Baeriswyl and Christofori, 2009; Bergers and Benjamin, 

2003). Some of these angiogenic regulators are signaling proteins that bind to 

stimulatory or inhibitory cell surface receptors displayed by vascular ECs. The 

angiogenic switch can occur at different stages of the tumor-progression pathway, 

depending on the tumor type and the environment. It has been shown that dormant 

lesions, and, in some instances, pre-malignant lesions, also initiate neovascularization, 

which allows them to progress (Hanahan and Folkman, 1996) (Figure 23). 

 
Figure 23. The classical angiogenic switch. Most tumors start growing as dormant, avascular nodules 

(a) until they reach a steady-state level of proliferating and apoptosing cells. The initiation of 

angiogenesis, or the angiogenic switch, has to occur to ensure exponential tumor growth. The switch 

begins with perivascular detachment and vessel dilation (b), followed by angiogenic sprouting (c), new 

vessel formation and maturation, and the recruitment of perivascular cells (d). Blood vessel formation 
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will continue as long as the tumor grows, and the blood vessels specifically feed hypoxic and necrotic 

areas of the tumor to provide it with essential nutrients and oxygen (e) (Bergers and Benjamin, 2003). 

5.2.2.  Molecular mechanisms of vessel branching 

The molecular mechanisms of vessel branching comprise three different steps 

represented by i) selection of tip cell, ii) stalk elongation and tip guidance, and iii) 

quiescent phalanx resolution. 

During the selection of the tip cell, when a quiescent vessel senses an angiogenic signal 

such as VEGF, VEGFC, ANG2, FGFs or chemokines, released by a hypoxic, 

inflammatory or tumor cells, proteolytic degradation by matrix metalloproteinases 

(MMPs) detach pericytes from the vessel wall and the basement membrane. ECs loosen 

their junctions, and the nascent vessel dilates. VEGF increases the permeability of the 

EC layer, causing extravasation of plasma proteins and formation of a provisional ECM 

into which ECs migrate in response to integrin signaling. Proteases liberate angiogenic 

molecules stored in the ECM, and remodel it into an angio-competent milieu. Then, a 

type of EC denominated tip cell is selected to lead the tip and build a perfused tube 

(Figure 24). 

 
Figure 24. Selection of tip cell. After stimulation with angiogenic factors, the quiescent vessel dilates and 

the tip cell is selected in the presence of different factors to ensure branch formation (Carmeliet and Jain, 

2011). 

In the next step, the stalk elongation and tip guidance, the stalk cells, which are 

neighboring cells of the tip cell, divide to elongate the stalk stimulated by NOTCH, 

NOTCH-regulated ankyrin repeat protein (NRARP), WNTs, PlGF and FGFs and 

establish the lumen by VE-cadherin, CD34, sialomucins, VEGF and hedgehog. Tip cells 

present filopodia to sense environmental guidance signals such as ephrins and 

semaphorins, whereas stalk cells release molecules such as EGFL7 into the ECM to 

convey spatial information about the position of their neighbours, so that the stalk 
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elongates. A hypoxia-inducible program, driven by hypoxia-induced factor (HIF)-1α, 

renders ECs responsive to angiogenic signals. Myeloid bridge cells aid fusion with 

another vessel branch, allowing the initiation of blood flow (Figure 25). 

 
Figure 25. Stalk elongation and tip guidance. In response to sempahorins and ephrins tip cells navigate 

and adhere to the ECM to migrate. Stalk cells behind the tip cell proliferate, elongate and form a lumen, 

and sprouts fuse to establish a perfused neovessel. Proliferating stalk cells attract pericytes and deposit 

basement membranes to become stabilized. Recruited myeloid cells can produce pro-angiogenic factors 

or proteolytically liberate angiogenic growth factors from the ECM (Carmeliet and Jain, 2011). 

The last step of the process is the quiescent phalanx resolution. For a vessel to become 

functional, it must become mature and stable. ECs resume their quiescent phalanx state, 

and signals such as PDGFB, ANGPT1, TGFβ, ephrin-B2 and NOTCH cause the cells to 

become covered by pericytes. Tissue inhibitors of metalloproteinases (TIMPs) and 

plasminogen activator inhibitor 1 (PAI1) are protease inhibitors that cause the 

deposition of a basement membrane. Then, junctions are re-established to ensure 

optimal flow distribution (Figure 26). 

 
Figure 26. Quiescent phalanx resolution. After fusion of neighboring branches, lumen formation allows 

perfusion of the neovessel, which resumes quiescence by promoting a phalanx phenotype, re-

establishment of junctions, deposition of basement membrane, maturation of pericytes and production of 

vascular maintenance signals. Other factors promote transendothelial lipid transport (Carmeliet and 

Jain, 2011). 
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5.3.  Angiogenic signaling pathways 

Angiogenesis is a complex process controlled by the balance of a large number of 

regulating factors, the pro- and anti-angiogenic factors. Although many mechanisms 

contribute to its induction, several signaling pathways involved in this process have 

been characterized. 

5.3.1.  VEGF family 

The most important and best described molecular pathway involved in angiogenesis is 

the one based on VEGF/VEGFRs signal transduction. There are, to date, five growth 

factors in the VEGF family: VEGFA, -B, -C, -D and PlGF that do not have redundant 

roles. Moreover, VEGFA, VEGFB and PlGF can suffer alternative splicing, and 

VEGFA, VEGFC and VEGFD further processing. 

VEGFRs comprise an extracellular component and an intracellular domain with a 

consensus tyrosine kinase sequence and each of the members of the VEGF family bind 

these receptors with different affinities. VEGFR1 and VEGFR2 were found to be 

predominantly expressed in ECs whilst VEGFR3 is primarily associated with 

lymphangiogenesis (Grothey and Galanis, 2009). VEGFR1 is the main receptor for 

VEGFB and PIGF, and during pathologic conditions such as tumorigenesis, it is a 

potent and positive regulator of angiogenesis (Schwartz et al., 2010). VEGFR2 mediates 

most of the cellular effects of VEGFA during angiogenesis, including microvascular 

permeability, EC proliferation, migration, and invasion (Ferrara et al., 2003). VEGFR3 

binds with the highest affinities to VEGFC and VEGFD and is necessary for the 

formation of the blood vasculature during early embryogenesis, but later becomes a key 

regulator of lymphangiogenesis (Tammela and Alitalo, 2010) (Figure 27). Like 

VEGFR2, VEGFR3 signaling can contribute to angiogenesis in tumors in which the 

receptor is expressed on tumor blood vessels as well as on lymphatics (Sakurai and 

Kudo, 2011). 
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Figure 27. VEGF family of ligands and their receptors. Modified from (Saharinen et al., 2010). 

VEGFA (or VEGF) is the predominant angiogenic factor in the TME and is produced 

by both malignant cells and inflammatory leukocytes; however, advanced tumors can 

produce a range of other angiogenic factors that can substitute for VEGFA (Carmeliet 

and Jain, 2011). The VEGFA gene encodes ligands that are involved in orchestrating 

new blood vessel growth during embryonic and postnatal development, and then in 

homeostatic survival of ECs, as well as in physiological and pathological situations in 

the adult (Ferrara, 2009; Nagy et al., 2007). 

VEGFA is upregulated by HIF-1α, PDGFB or oncogenic signaling, and it can also be 

released from the ECM by MMP9 to initiate the angiogenic switch (Ferrara, 2009; 

Sakurai and Kudo, 2011). VEGFA upregulation mainly occurs through VEGFR2, which 

is expressed at elevated levels by ECs engaged in angiogenesis and by circulating BM-

derived endothelial progenitor cells (Kerbel, 2008). Whereas soluble VEGFA isoforms 

promote vessel enlargement, matrix-bound isoforms stimulate branching. VEGFA can 

act both in a paracrine and an autocrine way. When released by tumors, myeloid or 

other stromal cells, paracrine VEGFA increases vessel branching and renders tumor 

vessels abnormal (Stockmann et al., 2008). However, autocrine VEGFA released by 

ECs maintains vascular homeostasis (Lee et al., 2007). 

5.3.2.  FGF family 

The FGF superfamily includes 18 ligands which are among the earliest angiogenic 

factors reported. FGFs and their four main receptors control a wide range of biological 

functions, and are involved in promoting the proliferation, migration, and differentiation 

of vascular ECs. FGF2 (or bFGF) was among the first discovered angiogenic factors 

and, like FGF1 (or aFGF) it has angiogenic and arteriogenic properties. FGFs activate 



 

75 

 

 

FGFRs on ECs or indirectly stimulate angiogenesis by inducing the release of 

angiogenic factors from other cell types (Beenken and Mohammadi, 2009). Low levels 

of FGFs are required for the maintenance of vascular integrity, as inhibition of FGFR 

signaling in quiescent ECs causes vessel disintegration (Murakami et al., 2008). 

FGFs have been reported to promote angiogenesis independently of VEGF (Cao et al., 

2008), and FGF2 in particular has been shown to possess potent angiogenic activity 

(Lindner et al., 1990). Aberrant FGF signaling promotes tumor angiogenesis and 

mediates the escape of tumor vascularization from VEGF- or epidermal growth factor 

receptor (EGFR)-inhibitor treatment (Bergers and Hanahan, 2008). FGFRs are often 

overexpressed in tumors, and mutations of the FGFR genes have been found in human 

cancers, making it particularly significant that FGFR activation in EC culture and 

animal models leads to angiogenesis (Cao et al., 2008; Korc and Friesel, 2009). 

Moreover, overexpression of various FGF ligands has been demonstrated in different 

types of tumors (Korc and Friesel, 2009). 

5.3.3.  PDGF family 

PDGF was originally isolated because of its ability to promote proliferation of 

mesenchymal cells but it can also initiate additional cellular responses such as cell 

migration and survival. It was identified as a disulfide-linked dimer of two different 

polypeptide chains, A and B, and the PDGF family was thought of consisting of the 

three proteins PDGFAA (or PDGFA), PDGFAB, and PDGFBB (or PDGFB), encoded 

by two genes, PDGFA and PDGFB. Later, two additional PDGF genes and proteins 

were identified, PDGFC and PDGFD. The members of the PDGF family act as 

mitogens for many cell types of mesenchymal or neuro-ectodermal origin. However, in 

angiogenesis, the main role of the PDGF family is to ensure a correct maturation of 

blood vessels, and their coverage by mural cells (Jain, 2003). PDGF signaling promotes 

cell migration, survival, and proliferation, and regulates angiogenesis indirectly by 

inducing VEGF transcription and secretion (Wang et al., 1999). 

PDGFs act via two receptor tyrosine kinases (RTKs), PDGFRα and PDGFRβ, with 

common domain structures, including five extracellular Ig loops and a split intracellular 

TK domain. Ligand binding promotes receptor dimerization, which initiates signaling. 

Depending on ligand configuration and the pattern of receptor expression, different 

receptor dimers may form (Heldin and Westermark, 1999). The dimerization is a key 
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event in activation since it brings the intracellular parts of the receptors close to each 

other promoting autophosphorylation between the receptors. Furthermore, it changes the 

conformation of the intracellular part of the receptor so that the kinase is activated and it 

creates docking sites for SH2-domain-containing signaling molecules. PDGFs bind to 

the receptors with different affinities. Thus, PDGFA, -AB, -B and -C induce αα receptor 

homodimers, PDGFB and PDGFD ββ receptor homodimers, and PDGFAB, -B, -C and -

D αβ receptor heterodimers (Andrae et al., 2008) (Figure 28). 

 
Figure 28. Interactions between PDGF ligands and their receptors (Cao, 2013). 

The role of PDGFB/PDGFRβ signaling during embryonic development is the 

promotion of the proliferation of vascular smooth muscle cells (vSMCs) or perycite 

progenitors during their recruitment to new vessels (Hellstrom et al., 1999). PDGFB is 

involved in vessel maturation and the recruitment of pericytes; it is expressed by ECs 

and generally acts in a paracrine manner, recruiting PDGFR-expressing cells, 

particularly pericytes and vSMCs, to the developing vessels (Andrae et al., 2008; 

Hellberg et al., 2010). Moreover, PDGFB also induces VEGF expression in the 

endothelium and subsequently promotes pericyte recruitment to tumor vessels (Guo et 

al., 2003). 

The involvement of PDGFs in angiogenesis involves cross-talk with other angiogenic 

factors. PDGFs can promote neovascularization by recruiting BM-derived endothelial 

progenitor cells to angiogenic vessels, and they can regulate expression levels of FGFRs 

and VEGFRs to amplify angiogenic signals mediated by their corresponding ligands (Li 

et al., 2005; Nissen et al., 2007). Other angiogenic factors such as FGF2 can induce 

PDGFR expression in ECs, which become susceptible to PDGF stimulation (Cao et al., 

2003; Nissen et al., 2007). PDGFB can also upregulate TGFβ expression in vSMCs 
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(Nishishita and Lin, 2004) and TGFβ under certain circumstances stimulates tumor 

angiogenesis (Pardali and ten Dijke, 2009). 

Whereas PDGFB and PDGFRβ are essential for the development of support cells in the 

vasculature, PDGFA and PDGFRα are more broadly required during embryogenesis 

with essential roles in numerous contexts, including central nervous system, neural crest 

and organ development (Gnessi et al., 2000; Karlsson et al., 2000). PDGFRα functions 

in early and late stages of embryonic development, wound healing, angiogenesis, and 

modulating interstitial fluid pressure (Ostman, 2004). However, it also plays roles in 

angiogenesis as evidenced by a study with VEGF-null tumorigenic cells, where PDGFA 

was identified as the major stromal fibroblast chemotactic factor produced by the tumor 

cells that lead to recruitment of VEGF-producing stromal fibroblasts for tumor 

angiogenesis and growth (Dong et al., 2004b). In tumor stroma, the PDGF-PDGFRα 

axis functions in fibroblast activation, aberrant epithelial-stromal interactions, 

modulation of tumor interstitial pressure, and production and secretion of VEGF 

(Bauman et al., 2007; Dong et al., 2004b).  

When expressed on cancer cells, PDGFRα has been implicated in the development and 

progression of several malignancies (Pietras et al., 2003). Co-expression of PDGF and 

PDGFRα has been reported in various cancer types, consistent with autocrine-mediated 

growth (Ostman and Heldin, 2001). In lung cancer, expression of PDGF and/or 

PDGFRα is associated with more aggressive tumor biology and worse prognosis 

(Donnem et al., 2008). Activating mutations in the intracellular domain of PDGFRα 

occur in gastrointestinal stromal tumors (Heinrich et al., 2003), and PDGFRα 

amplifications in non-small cell lung cancer (NSCLC) (Ramos et al., 2009). Moreover, 

peripheral T-cell lymphomas (PTCLs) are known to express high levels of PDGFRα 

(Piccaluga et al., 2007; Piccaluga et al., 2005). 

5.3.4.  TGFβ 

TGFβ and the corresponding receptors are produced by nearly every cell type, although 

the three isoforms TGFβ1, 2 and 3 demonstrate a different tissue expression pattern. 

TGFβ participates in angiogenesis, cell regulation and differentiation, embryonic 

development, wound healing and also has potent growth inhibition properties (Blobe et 

al., 2000). TGFβ receptors are classified as type I, II, or III. Type I and II receptors 

contain serine/threonine kinase domains in their intracellular protein regions, whereas 
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type III does not possess kinase activity but is believed to participate in transferring 

TGFβ ligands to type II receptors. TGFβ ligands bind to and stimulate type II receptors 

that recruit, bind, and phosphorylate type I receptors, activating downstream signaling 

proteins known as SMADs (Sakurai and Kudo, 2011). 

TGFβ is believed to have both pro-angiogenic and anti-angiogenic properties, 

depending on the levels present. Low levels of TGFβ contribute to angiogenesis by 

upregulating angiogenic factors and proteases, whereas high doses of TGFβ stimulate 

basement membrane reformation, recruit SMCs, and inhibit EC growth (Carmeliet, 

2003). 

5.3.5.  ANGPTs and TIE receptors family 

ANGPTs are important angiogenic molecules that have been identified as ligands for 

TIE2 receptors. The ANGPT-TIE family is a binary system that ensures that healthy 

vessels maintain quiescence, while remaining able to respond to angiogenic stimuli. The 

human ANGPT family consists of two receptors, TIE1 and TIE2, and four ligands, 

ANGPT1, ANGPT2 ANGPT3 and ANGPT4 (Carmeliet, 2003). 

ANGPT1 is expressed by mural and tumor cells, whereas ANGPT2 is released from 

angiogenic tip cells. ANGPT1 is a vasculogenic factor which signals through the 

endothelial and BM cell-specific TIE2 receptor tyrosine kinase, promoting EC survival 

and vascular maturation by increasing EC-pericyte interaction. It also activates EC 

migration and survival through the PI-3-K-AKT signaling pathway (Augustin et al., 

2009; Saharinen et al., 2010). 

The ANGPT2-TIE2 axis promotes angiogenesis in tumors by destabilizing the blood 

vessels and sensitizing ECs to proliferation signals mediated by other pro-angiogenic 

factors such as VEGF (Augustin et al., 2009; Saharinen et al., 2010). ANGPT2 targeting 

reduced tumor angiogenesis and delayed the growth of subcutaneous tumors in different 

studies (Brown et al., 2010; Hashizume et al., 2010; Oliner et al., 2004). In accordance, 

Tie2 deficiency in mice causes vascular defects, and activating germline and somatic 

TIE2 mutations in humans result in venous malformations. Tumor-derived ANGPT2 

also promotes angiogenesis by recruiting pro-angiogenic TIE2-expressing monocytes 

(De Palma et al., 2003; DeNardo et al., 2009) which have features of M2-polarized 
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tumor associated macrophages (TAMs) that promote tumor angiogenesis and are 

required for the formation of tumor blood vessels. 

 

5.4.  Angiogenesis in B cell lymphomas 

Angiogenesis has been widely studied in tumor malignancies where it has been 

associated with tumor progression for many decades (Folkman, 1985). Although its role 

in B cell tumors is less well defined compared to solid tumors, an increasing body of 

literature demonstrates that it is also important in hematological malignancies of both 

the myeloid and lymphoid origin (Koster and Raemaekers, 2005; Ribatti et al., 2013). 

Specifically, several studies have recently started to focus on angiogenesis in B cell-

NHL, and results suggest that increased microvessel density (MVD) and angiogenic 

markers correlate with poor prognosis (Cardesa-Salzmann et al., 2011; Farinha et al., 

2010; Ganjoo et al., 2008; Mezei et al., 2012; Negaard et al., 2009; Vacca et al., 1999). 

Angiogenesis in B cell lymphomas is highly determined by the surrounding TME. On 

the one hand, tumor cells produce VEGFA and other angiogenic factors such as FGF2, 

PlGF and VEGFC which promote neo-angiogenesis via at least two mechanisms: 

sprouting angiogenesis of mature resident EC, and vasculogenesis from recruitment of 

BM-derived progenitor cells (Burger et al., 2009). VEGFA also supports the survival, 

proliferation and migration of lymphoma cells which express VEGFR1 and VEGFR2 in 

an autocrine fashion. Additionally, tumor cells may also release stromal cell-recruitment 

factors, such as PDGFA. 

On the other hand, the malignant stroma composed of fibroblasts, inflammatory and 

immune cells provides additional angiogenic factors. Tumor-associated fibroblasts 

produce chemokines such as SDF1 which recruit BM-derived angiogenic cells, and 

TAMs produce VEGFA, VEGFC, and MMP9, among others, to support EC 

proliferation. Moreover, ECs produce PDGFB which promotes recruitment of pericytes 

via activation of PDGFRβ (Ruan et al., 2009) (Figure 29). 
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Figure 29. Overview of the B cell lymphoma vascular microenvironment. B cell lymphoma growth is 

enhanced by at least two angiogenic mechanisms i) autocrine stimulation of tumor cells via expression of 

VEGF and VEGFRs by lymphoma cells, as well as ii) paracrine effects on local neovascularization and 

recruitment of circulating endothelial progenitors (Ruan et al., 2009). 

Several studies have addressed the prognostic value of serum VEGF and other 

angiotropic molecules in lymphomas. In a large study comprising 200 patients with 

malignant lymphoma, Salven and colleagues reported that high pretreatment levels of 

both serum VEGF and FGF2 were prognostic factors for survival (Salven et al., 2000). 

Similar results were observed in another study with aggressive lymphomas of B or T 

cell lineage patients (Niitsu et al., 2002). Pazgal and colleagues also found that 

increased tumor tissue expression of FGF2 was associated with worse progression-free 

and OS (Pazgal et al., 2002). 

Adverse outcome associated with an increased VEGF tissue expression in aggressive 

and indolent lymphomas of B cell and T cell origin was also reported by Kuramoto and 

colleagues (Kuramoto et al., 2002). Ho and colleagues compared VEGFA expression in 

indolent lymphomas with that in aggressive lymphomas and found that only a minority 

of the patients with indolent form of the disease expressed VEGFA in contrast to 

aggressive lymphomas, which all expressed this protein. Remarkably, most of the 

indolent lymphomas expressing VEGFA showed histologic transformation to 

aggressive lymphoma (Ho et al., 2002). 
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Another angiogenic feature investigated in lymphomas has been the presence of 

circulating endothelial cells (CECs). Several evidences indicate that BM-derived CE-

progenitor cells contribute to tumor growth and angiogenesis (Ribatti, 2007). In a study 

in immunodeficient mice engrafted with BL cells, Monestiroli and colleagues found a 

significant increase of CECs that was significantly correlated with the tumor volume 

and tumor-generated VEGF. When phenotyped, most CECs in healthy control mice 

seemed to be apoptotic, in contrast to the CECs observed in tumor-bearing mice, which 

may be due to the anti-apoptotic effect of VEGF on ECs (Monestiroli et al., 2001). The 

same authors also reported an increase in CECs in humans with breast cancer and 

lymphoma, in comparison with control individuals, which significantly correlated with 

plasma levels of VCAM1 and VEGF (Mancuso et al., 2001). 

Therefore, clinical trials with many different agents are being explored to test for the 

efficacy of anti-angiogenic treatment approaches in mature B cell malignancies (Burger 

et al., 2009; Ribatti et al., 2013; Ruan et al., 2009). 

Despite not being substantially explored, there is growing evidence suggesting that 

cross-talk between MCL cells and stromal cells in tissue microenvironments, such as 

the BM and secondary lymphoid organs, causes disease progression by promoting 

lymphoma cell survival, growth, and drug resistance. The majority of MCL patients 

present with advanced stage disease, and more than 90% of patients have extranodal 

manifestations, with a high prevalence of circulating MCL cells, BM, and 

gastrointestinal involvement. These clinical features suggest that MCL cells have a high 

propensity for dissemination and homing to different tissue compartments. 

Angiogenesis is part of the TME and its involvement in tumor progression has been 

vastly studied and corroborated in solid tumors. Although its implication in MCL has 

been poorly investigated, it could be an important mechanism responsible for the 

aggressive behavior of such B cell malignancy. 
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The overall aims of the present study were: 

I. To identify and characterize SOX11 target genes and transcriptional pathways using 

different strategies, aiming for a better understanding of the pathogenesis of aggressive 

MCL, and to find potential candidates for targeted therapies. 

II. To elucidate the oncogenic mechanisms regulated by SOX11 contributing to MCL 

pathogenesis and aggressive development. 

 

Hypothesis I 

SOX11 is a neuronal TF that has no known function in lymphoid cells and is not 

expressed in any cell of the lymphoid system. However, its overexpression has been 

observed in several types of human solid tumors, in virtually all aggressive MCLs, and 

at lower levels in some BLs and LBLs but not in other types of lymphoid malignancies. 

Recent studies have shown that SOX11 is one of the best genes to discriminate between 

conventional and indolent MCL tumors both by GEP as well as mRNA and protein 

expression. The observation that SOX11-negativity is associated with an indolent, non-

nodal clinical presentation, long-term survival and better outcome of MCL patients 

compared to its higher expression in aggressive, nodal MCL suggests that this TF might 

be playing a role in the pathogenesis of the disease. 

Therefore, the goal of our first study was to identify and characterize the spectrum of 

genes and molecular pathways regulated by SOX11 in malignant lymphoid cells and 

decipher how the overexpression of SOX11 contributes to a more aggressive and 

tumorigenic manifestation of the disease. 

The specific aims rose for paper I were: 

a) To identify SOX11 direct target genes and transcriptional programs using a 

combined approach of ChIP-chip and GEP upon gene silencing in MCL cell 

lines. 

b) To validate and molecularly characterize SOX11 direct genes and transcriptional 

programs in MCL cell lines. 
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c) To confirm SOX11 direct target genes and molecular pathways in human MCL 

primary tumors. 

d) To interrogate SOX11 putative oncogenic function in MCL using a 

subcutaneous murine xenotransplant model. 

Hypothesis II 

In paper I we demonstrated the oncogenic implication of SOX11 expression in the 

aggressive behavior of MCL as SOX11-knockdown derived tumors displayed a 

significant reduction on tumor growth compared to SOX11-control tumors in 

subcutaneous MCL xenograft experiments. To uncover SOX11 target genes and 

transcriptional programs in MCL, we performed an integrative analysis coupling data 

from human genome-wide promoter analysis by SOX11 ChIP-chip experiments and 

GEP upon SOX11 silencing in MCL cell lines. In these studies we initially identified 

the role of SOX11 in blocking the terminal B-cell differentiation by the direct positive 

regulation of PAX5. However, SOX11-regulated oncogenic mechanisms that could 

explain an enhanced tumor growth still remained to be elucidated. 

Therefore, we have integrated our ChIP-chip data with further analyses including GEP 

derived from the xenograft SOX11-positive and silenced tumors to further characterize 

the potential oncogenic mechanisms regulated by SOX11. 

Thus, the goal of our second study was to shed light on the oncogenic mechanisms 

promoting a strikingly more prominent growth of the SOX11-positive xenograft tumors 

compared to their SOX11-negative counterparts which would explain the more 

aggressive manifestation of the human disease. 

The specific aims rose for paper II were: 

a) To investigate the oncogenic mechanisms regulating the strikingly prominent 

growth of the SOX11-positive xenograft tumors. 

b) To study and molecularly characterize the oncogenic mechanisms regulated by 

SOX11 in in vitro settings. 

c) To validate the oncogenic pathways and their associated target genes regulated 

by SOX11 in human primary MCL samples. 

d) To find new therapeutic strategies for the treatment of MCL.
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Paper I 

SOX11 regulates PAX5 expression and blocks terminal B-cell differentiation in 

aggressive mantle cell lymphoma. 

Abstract 

Mantle cell lymphoma (MCL) is one of the most aggressive lymphoid neoplasms whose 

pathogenesis is not fully understood. The neural transcription factor SOX11 is 

overexpressed in most MCL but is not detected in other mature B-cell lymphomas or 

normal lymphoid cells. The specific expression of SOX11 in MCL suggests that it may 

be an important element in the development of this tumor, but its potential function is 

not known. Here, we show that SOX11 promotes tumor growth in a MCL-

xenotransplant mouse model. Using chromatin immunoprecipitation microarray 

analysis combined with gene expression profiling upon SOX11 knockdown, we identify 

target genes and transcriptional programs regulated by SOX11 including the block of 

mature B-cell differentiation, modulation of cell cycle, apoptosis, and stem cell 

development. PAX5 emerges as one of the major SOX11 direct targets. SOX11 

silencing downregulates PAX5, induces BLIMP1 expression, and promotes the shift 

from a mature B cell into the initial plasmacytic differentiation phenotype in both 

primary tumor cells and an in vitro model. Our results suggest that SOX11 contributes 

to tumor development by altering the terminal B-cell differentiation program of MCL 

and provide perspectives that may have clinical implications in the diagnosis and design 

of new therapeutic strategies. 
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Paper II 

SOX11 promotes tumor angiogenesis through transcriptional regulation of PDGFA in 

mantle cell lymphoma. 

Abstract 

SOX11 is overexpressed in several solid tumors and in the vast majority of aggressive 

mantle cell lymphomas (MCL). We have recently proven that SOX11-silencing reduces 

tumor growth in a MCL xenograft model, consistent with the indolent clinical course of 

the human SOX11-negative MCL. However, the direct oncogenic mechanisms and 

downstream effector pathways implicated in SOX11 driven transformation remain 

poorly understood. Here, we observed that SOX11-positive xenograft and human 

primary MCL tumors overexpressed angiogenic gene signatures and had a higher 

microvascular density compared to their SOX11-negative counterparts. Conditioned 

media of SOX11-positive MCL cell lines induced in vitro endothelial cell proliferation, 

migration, tube formation and activation of downstream angiogenic pathways. We 

identified PDGFA as a SOX11 direct target gene upregulated in MCL cells whose 

inhibition impaired SOX11-enhanced in vitro angiogenic effects on endothelial cells. In 

addition, PDGFA was overexpressed in SOX11-positive but not in negative MCL. In 

vivo, imatinib impaired tumor angiogenesis and lymphoma growth in SOX11-positive 

MCL xenograft tumors. Overall our results demonstrate a prominent role for SOX11 as 

a driver of pro-angiogenic signals in MCL, and highlight the SOX11-PDGFA axis as a 

potential therapeutic target for the treatment of this aggressive disease. 
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This PhD project has aimed to study and decipher the molecular mechanisms involved 

in the pathogenesis of an aggressive lymphoid neoplasm. Particularly, it has comprised 

the analysis of the transcriptional program regulated by SOX11 in MCL, a NHL derived 

from mature B cells genetically characterized by the presence of the t(11;14)(q13;q32) 

translocation causing cyclin D1 overexpression and additional secondary genetic 

alterations (Jares et al., 2012; Swerdlow, 2008). Recent studies have recognized a subset 

of MCL with indolent clinical behavior even without chemotherapy that tend to present 

with leukemic non-nodal disease instead of extensive nodal infiltration (Espinet et al., 

2005; Fernandez et al., 2010; Orchard et al., 2003). Several reports have identified the 

neuronal TF SOX11 as a reliable and specific biomarker of MCL as it is expressed in 

virtually all MCLs and at lower levels in a subgroup of BLs and ALLs but not in other 

lymphoid neoplasms (Dictor et al., 2009; Mozos et al., 2009). Moreover, recent 

molecular studies have identified SOX11 as one of the best characterized discriminatory 

genes between the aggressive and indolent clinical subtypes of MCL (Fernandez et al., 

2010; Royo et al., 2012), being exclusively overexpressed in the aggressive presentation 

of the disease. Therefore, SOX11 might play an important role in the aggressive 

development of MCL although its regulated oncogenic mechanisms contributing to the 

development and progression of the disease are largely unknown. 

With such a starting hypothesis, in paper I we initiated the molecular characterization 

and elucidation of the SOX11-regulated transcriptional program in MCL. To do so, we 

performed an integrative analysis coupling data from human genome-wide promoter 

analysis by SOX11 ChIP-chip experiments and GEP upon SOX11 silencing in MCL 

cell lines. Since SOX11 and SOX4 are very homologous to each other, we first fulfilled 

a thorough and meticulous identification of a specific antibody against SOX11 protein 

expression to ensure that none of the subsequently identified targets and pathways was 

common to SOX4. 

Our ChIP-chip approach revealed the first human genome wide-promoter analysis of 

SOX11 and uncovered 1133 unique target genes in MCL that were involved in different 

biological pathways including transcription, embryonic and neuronal development, cell 

growth and proliferation, cell death and apoptosis, cell cycle, hematopoiesis and 

hematological system development and function. Likewise, GEP before and after 

SOX11 silencing showed that the transcriptional program regulated by SOX11 
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comprised lymphocyte activation and differentiation, phosphorylation, cell cycle, 

immune system development and hematopoiesis. 

Of note, our study approach combining ChIP-chip and GEP data showed to be very 

tissue-specific as we could detect binding of SOX11 to regulatory regions of genes 

involved in neuronal development (BTG2, MEIS1 and NR2E1) but their expression was 

not observed in our lymphoid model. The direct regulation of early neural lineage 

development by the different members of the Sox gene family, including Sox11, has 

been recently recognized in a mouse model (Bergsland et al., 2011). However, in our 

study, the main target genes modulated by SOX11 were involved in immune system 

development and hematopoiesis, as evidenced by the regulation of the top SOX11 direct 

target genes PAX5, MSI2 and HSPD1. 

Taking into account that both GEP and GSEA showed that SOX11-positive MCL cell 

lines were enriched in genes and pathways involved in maintaining the mature B cell 

program whereas SOX11-silenced cells in those related to PC differentiation program, 

we hypothesized that SOX11 silencing triggers a shift from the mature B cell to a 

plasmacytic GEP in MCL cells. Therefore, we focused our subsequent investigations on 

PAX5, as it is the master regulator of B cell identity while preventing PC 

differentiation. Furthermore, PAX5 stood out as one of SOX11 major direct and 

transcriptional target genes in our ChIP-chip and SOX11 silencing combined approach. 

We validated SOX11 direct binding to regulatory regions of PAX5 by ChIP-qPCR and 

verified the transcriptional effect of SOX11 on PAX5 promoter using a luciferase assay. 

SOX11 specifically regulated PAX5 transcription since luciferase activity was only 

induced with SOX11 but not with SOX4 or truncated SOX11 proteins lacking the HMG 

domain or the C-terminal TAD domain, both of which are required for its 

transcriptional activity (Dy et al., 2008; Wiebe et al., 2003). Consistent with PAX5 

function in maintaining B cell identity, SOX11 silencing downregulated several B cell 

specific genes that comprise direct targets of PAX5 while upregulating the master 

regulator of plasmacytic differentiation BLIMP1, which is directly repressed by PAX5-

binding to its promoter (Mora-Lopez et al., 2007). Additionally, the slight upregulation 

of the unspliced variant of XBP1 but not the spliced form responsible for Ig secretion 

together with downregulation of B cell specific immunophenotypic B cell markers 
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indicated that SOX11 downregulation is able to initiate the terminal B cell 

differentiation but not sufficient to drive the full PC phenotype. 

In order to ensure that our observed results and phenotype were reflective of the in vivo 

situation and could thus be translated into human primary MCL tumors, we compared 

the GEP derived from our in vitro SOX11 silencing model with the one observed 

between primary SOX11-positive and negative human MCL primary tumors, and found 

that they were indeed very similar, confirming the validity of our approach. Moreover, 

SOX11 major target genes were modulated in microarray data from SOX11-positive 

cells, both from MCL cell lines and human primary samples, strengthening the 

significance of the SOX11-regulated biological phenotype in human MCL. Strikingly, 

and concordant with the in vitro situation, human SOX11-positive primary tumors 

where enriched in B cell specific and PAX5 regulated gene signatures and upregulated 

expression of B cell surface immunophenotypic markers. Contrarily, SOX11-negative 

tumors were enriched in plasmablast and XBP1 signatures, and some of them presented 

plasmacytic differentiation and expressed BLIMP1. Thus, these results confirmed that 

the SOX11 modulation of B cell and plasmacytic differentiation programs also occurs 

in MCL primary tumors. 

The progress to plasmacytic differentiation is a feature of many B cell lymphomas, 

particularly lymphoplasmacytic lymphoma and MZL, but it can also be observed in FL, 

DLBCL and CLL (Gradowski et al., 2010; Martinez et al., 2013; Montes-Moreno et al., 

2010; Montes-Moreno et al., 2012). However, plasmacytic differentiation is usually 

absent or present in extremely low numbers in MCL. Although primary MCLs have a 

monotonous cell morphology lacking the modulation towards plasmacytic 

differentiation observed in other types of B cell lymphomas (Swerdlow, 2008), our 

results may explain some intriguingly rare cases of MCL that have been reported 

showing clonal plasmacytic differentiation (Naushad et al., 2009; Visco et al., 2011; 

Young et al., 2006a). 

SOX11 is a HMG TF characterized by its critical involvement in embryonic 

development and cell differentiation (Haslinger et al., 2009; Lin et al., 2011; Sock et al., 

2004). However, it has no described function in lymphoid progenitors or in mature 

normal B cells, it is not apparently expressed in any normal cell subtype of the 

lymphoid system but is implicated in tumor development of several solid tumors (de 
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Bont et al., 2008; Weigle et al., 2005). To interrogate the potential tumorigenic ability 

of SOX11 in MCL in vivo, we inoculated SOX11-positive and silenced MCL cell lines 

in immunodeficient mice. Remarkably, SOX11-silenced cells presented reduced tumor 

growth and burden compared to mice bearing SOX11-positive control cells. Moreover, 

and concordant with the in vitro results, SOX11-silenced xenografts showed PAX5 

downregulation and BLIMP1 upregulation compared to SOX11-positive tumors. 

Although proliferation rates between SOX11-positive and negative xenografts were the 

same, SOX11-negative tumors had large necrotic areas with high levels of activated 

caspase 3 that were minimal or not observed in SOX11-positive tumors, suggesting that 

SOX11 sustains B cell differentiation program and tumor cell survival in vivo. 

Despite the fact that the block of the B cell program does not represent an oncogenic 

mechanism per se accounting for the malignant cellular transformation and subsequent 

tumor progression, the significance of blocking PC differentiation program as a relevant 

oncogenic mechanism in lymphoid neoplasias has been previously observed. The 

impairment of terminal B cell differentiation caused by SOX11 overexpression in MCL 

may parallel the forced expression of PAX5 by the t(9;14)(p13;q32) translocation 

identified in some B cell lymphomas (Busslinger et al., 1996; Iida et al., 1996; Morrison 

et al., 1998), and the inactivating mutations of PRDM1 in DLBCLs (Mandelbaum et al., 

2010; Pasqualucci et al., 2006; Tam et al., 2006). Recent studies demonstrate the 

oncogenic role of PAX5 by mutations or alterations in the expression of PAX5 gene 

(Mullighan et al., 2007; Sadakane et al., 2007; Souabni et al., 2007). PAX5 deregulation 

is associated with certain types of acute leukemias, particularly B cell-precursor acute 

lymphoblastic leukemia (B-ALL). PAX5 monoallelic deletions, fusion translocations, or 

point mutations that disrupt PAX5 DNA-binding or transcriptional regulatory functions 

occur in approximately one-third of B-ALLs (Kuiper et al., 2007; Mullighan et al., 

2007). Moreover, germline mutations in PAX5 have recently been associated with B-

ALL susceptibility (Shah et al., 2013). . 

The role of SOX11 in MCL has been controversial during the last years because some 

groups have associated SOX11 negativity with a better OS of the patients (Fernandez et 

al., 2010; Navarro et al., 2012; Ondrejka et al., 2011) while others did it with a worse 

OS (Nygren et al., 2012). However, detailed and thorough studies on additional 

secondary alterations have started to shed light on such discrepancy. Royo and 

colleagues identified that TP53 and 17p alterations likely contributed to disease 
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progression in SOX11-negative MCLs further stratifying outcome in MCL subsets 

independently of SOX11 expression levels (Royo et al., 2012). In a subsequent and very 

recent study, Nordstrom and colleagues found that SOX11-negative patients with 

aggressive presentation of the disease had mutations in TP53, corroborating previous 

results (Nordstrom et al., 2014). Therefore, some non-nodal SOX11-negative patients 

might have an aggressive clinical presentation because of TP53 or 17p alterations. In 

fact, most of the SOX11 negative MCLs in the Nygren study had alterations of TP53. 

This has been very recently supported by NGS results from Beà and co-workers 

showing that whereas mutations in ATM were only seen in SOX11-positive human 

tumors, mutations in TP53 were equally distributed among SOX11-positive and 

negative MCL tumors (Bea et al., 2013). Additionally, in two SOX11-negative/IGHV-

mutated MCLs, Beà and colleagues also found mutations in TLR2 associated with 

increased tumor cell production of IL1RA and IL6. High levels of IL1RA have been 

associated with aggressive behavior in some lymphomas (Charbonneau et al., 2012), 

and IL6 sustains growth and survival of MCL cells (Zhang et al., 2012), suggesting that 

TLR2 mutations may contribute to the pathogenesis of a subset of SOX11-

negative/IGHV-mutated MCLs by modulating TME responses. Thus, SOX11 is 

important to recognize two subtypes of MCL but not a prognostic factor per se. 

Despite some controversial results and still ongoing investigations, a MCL development 

model can be constructed using all the results obtained until date. An initiating t(11;14) 

translocation occurs in an early precursor B lymphocyte that matures into a naïve B cell 

representing the initial in situ MCL-like-B cell. The cells that maintain a naïve B cell 

like phenotype and overexpress SOX11 upregulate PAX5 and prevent BLIMP1 

expression. Therefore, they cannot go into the GC reaction, do not undergo considerable 

somatic IGVH mutation, and their further progress into differentiation is blocked in a 

mature B cell stage. Lymphoma would develop upon genetic progression and 

occurrence of secondary genetic alterations involving genes and pathways targeted by 

recurrent secondary abnormalities (Figure 30). 

Alternatively, some t(11;14) harboring cells may proceed into the GC reaction, present 

hypermutated IGHV and a leukemic, non-nodal and splenic involvement. These cells 

lack SOX11 expression, allowing their progression into the plasmacytic differentiation 

process. Some of these variants remain genetically stable without progression events 
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and have an indolent clinical course. However, progression to aggressive MCL may 

occur by the presence of TP53/TLR2 gene alterations, 17p deletions or other secondary 

genetic alterations (Figure 30). 

Pre B-cell
t(11;14)

Pre B-cell
CCND1-

Unmutated/
minimally mutated

IGHV

Hypermutated
IGHV

Naïve B cell

Indolent, non-nodal MCL
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Figure 30. Hypothetical model of the different MCL subtypes development. SOX11 is overexpressed in 

some MCL tumors and promotes an enhanced upregulation of PAX5. These cells are blocked in the B cell 

differentiation process and do not enter the GC. These MCL tumors represent the classical and 

aggressive phenotype of the disease. On the contrary, MCL tumors that do not express SOX11 can 

proceed into the GC reaction, present hypermutated IGHV genes and can progress into the first steps of 

the plasmacytic differentiation process. These tumors have a non-nodal, leukemic presentation of the 

disease with very long survival of the patients. Some SOX11-negative MCLs develop TP53/TLR2 

mutations or 17p deletions, and thus progress into an aggressive, progressed clinical presentation. 

Overall, in paper I we have identified target genes and transcriptional programs 

biologically and clinically relevant regulated by SOX11 including the block of mature B 

cell differentiation, modulation of cell cycle, apoptosis, and stem cell development. 

PAX5 stands out as a major target gene of SOX11, and SOX11 silencing downregulates 

its expression, induces BLIMP1 expression, and promotes the shift from a mature B cell 

into the initial plasmacytic differentiation phenotype in vitro and in vivo in both human 

primary and xenograft MCL tumor cells. We have also demonstrated the oncogenic 

implication of SOX11 expression in the aggressive behavior of MCL as SOX11-

silenced derived tumors display a significant reduction on tumor growth compared to 

SOX11-control tumors in subcutaneous MCL xenografts. 
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However, the specific SOX11-regulated mechanisms promoting the oncogenic and 

rapid tumor growth of aggressive MCL still remained to be elucidated. There are no in 

vitro differences in cell cycle, proliferation and viability between SOX11-positive and 

negative cells. However, the presence of caspase 3-positive areas and the enrichment of 

these cells in apoptotic and caspase gene signatures in the SOX11-silenced xenografts 

suggest that SOX11 may be regulating pro-survival signals from the TME contributing 

to the more pronounced growth of the SOX11-positive xenografts. Consequently, in 

paper II, we further characterized the potential SOX11-regulated oncogenic mechanisms 

by integrating our ChIP-chip data with further analyses including GEP derived from the 

xenograft SOX11-positive and silenced tumors. 

A thorough investigation both from a transcriptional and protein perspective revealed 

that SOX11-positive xenograft tumors were enriched in angiogenic gene signatures and 

upregulated several pro-angiogenic factors compared to SOX11-silenced tumors. 

Moreover, IHC analyses of the tumors displayed higher MVD areas in the SOX11-

positive xenograft samples. Importantly, human primary SOX11-positive MCL tumors 

were also enriched in angiogenic signatures and their IHC analyses revealed better 

developed microvasculature networks compared to SOX11-negative tumors. 

The growth of solid tumors requires the development of microvessels, therefore tumor 

expansion correlates with the extent of angiogenesis (Folkman, 1985). Although many 

evidences suggest that increased MVD in many carcinoma types correlates with the 

increased risk of metastatic spread and subsequently a poor prognosis, there is much 

less information available regarding the significance of MVD in malignant lymphomas. 

However, some studies have been performed showing increased MVD in NHL 

(Negaard et al., 2009). Several studies are concurrent with our results as it has been 

described that an increased MVD correlates with disease progression in lymphoid 

neoplasms (Cardesa-Salzmann et al., 2011; Korkolopoulou et al., 2005; Perry et al., 

2012). Concordant with these studies, our initial findings in the xenotrasplant tumors 

suggested that angiogenesis could be the mechanism deregulated in our MCL xenograft 

model and that SOX11 could facilitate their tumor growth by enhancing pro-angiogenic 

factors in vivo. 

Although no angiogenic function has been previously elucidated for human SOX11, a 

recent study in Zebrafish has reported the involvement of sox11b, the human ortholog 
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of SOX11, in promoting sprouting angiogenesis of caudal vein plexus (Schmitt et al., 

2013). Furthermore, other members of the SOX family are also involved in 

angiogenesis, as specific gene-based studies recently described that the SOXF members 

SOX7, 17 and 18 are implicated in lymphangiogenesis (Clasper et al., 2008; Francois et 

al., 2010). SOX18 is transiently expressed in ECs of all developing blood vessels and 

plays a key role in both vascular development and postnatal neovascularization 

(Francois et al., 2010; Matsui et al., 2006; Sakamoto et al., 2007). Moreover, its 

expression is reactivated during adult neovascularization when it is associated with 

wound healing and tumorigenesis (Darby et al., 2001; Young et al., 2006b). SOX7 and 

SOX17 genes are also known to have compensatory roles during angiogenesis and 

lymphangiogenesis (Cermenati et al., 2008; Matsui et al., 2006; Sakamoto et al., 2007). 

All these observations supported the hypothesis that SOX11 could also be involved in 

angiogenesis. 

The importance of the TME in B cell lymphomas is exponentially growing in the last 

years as evidenced by a compelling body of literature interrogating the cross-talk 

between tumor and their accompanying stromal cells, as well as therapies targeting such 

interactions (Scott and Gascoyne, 2014). Angiogenesis is one of the multiple 

mechanisms involved in TME and it represents one of the hallmarks of cancer allowing 

cancer cells to survive, proliferate, and disseminate. 

In order to study a putative regulation of angiogenesis by SOX11 we generated an in 

vitro model that would mimic EC responses to external stimuli. Therefore, we derived 

SOX11-positive and negative conditioned media (CM) from the corresponding cells 

growing in culture, and used them as incubating media for human umbilical vein 

endothelial cells (HUVECs). Confirming our initial hypothesis, SOX11-positive CM 

produced a prominent increase in in vitro tube formation, proliferation and migration of 

HUVECs as well as induction of higher phosphorylation levels of Akt, FAK and 

Erk1/2, downstream signaling proteins involved in these processes. 

We then proceeded to explore putative SOX11-regulated pro-angiogenic factors that 

could be responsible for such enhanced angiogenesis in ECs. Concordant with xenograft 

results, SOX11-positive MCL cell lines were enriched in angiogenic gene signatures 

and expressed higher levels of pro-angiogenic factors compared to SOX11-silenced 

cells. However, the number of pro-angiogenic factors overexpressed in cell lines was 
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much lower than in xenograft tumors, suggesting that TME is indeed playing a major 

role in the regulation of angiogenesis and MCL growth in vivo. 

To determine how SOX11 was regulating pro-angiogenic responses in xenograft tumors 

and ECs in vitro, we analyzed the soluble factors secreted by MCL cell lines in their 

corresponding CM. We found that PDGFA was the only pro-angiogenic factor both 

expressed and secreted by SOX11-positive MCL cells. Moreover, PDGFA was 

identified as a SOX11-bound gene by ChIP experiments, and the specific binding of 

SOX11 to its regulatory region was verified by ChIP-chip and luciferase induction 

activity assays. Supporting the positive transcriptional effect of SOX11 on PDGFA 

regulatory region and the hypothesis that PDGFA might be the major mediator of 

angiogenesis in MCL, SOX11-positive xenografts and human primary samples 

expressed higher levels of PDGFA than their SOX11-negative cellular counterparts. 

Although not many studies investigate the involvement of the SOX family members in 

angiogenesis, some similar studies have been done deciphering the regulation of some 

genes involved in angiogenesis by different SOX proteins. Samant and colleagues 

described that Sox17 and 18 are putative regulators of robo4 gene expression, a gene 

that participates in sprouting angiogenesis in zebrafish in vivo. Both Sox family 

members co-localized with robo4 transcripts, and Sox18 bound to a region in robo4 

promoter responsible for robo4 promoter activity in ECs (Samant et al., 2011). Other 

studies by Hosking and colleagues have also shown that SOX18 mediates its functions 

in ECs by interacting with the TF MEF2C and by directly activating VCAM1, a gene 

involved in vascular development (Hosking et al., 2001; Hosking et al., 2004). 

Members of the PDGF family and their receptors have been shown to influence tumor 

growth and invasion through effects on tumor cells and their surrounding 

microenvironment. Persistent high levels of PDGFs and PDGFRs in malignant cells 

have been detected in various cancers including glioma, Kaposi’s sarcoma, prostate 

cancer, pancreatic cancer and PTCLs (Heinrich et al., 2003; Hermanson et al., 1992; 

McCarty et al., 2007; Piccaluga et al., 2007; Sitaras et al., 1988). Depending on the 

expression of both the ligand and the receptor in malignant and stromal cells, PDGF 

members can act via paracrine or autocrine ways. In particular, PDGFA may participate 

in the development of a vascular TME through a direct effect on the endothelium but 

also indirectly by recruiting MSCs that release additional angiogenic elements (Ding et 
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al., 2010; Dong et al., 2004b; Ferrara and Kerbel, 2005; Risau et al., 1992). PDGFA 

only binds to PDGFRα, activating its downstream pathway involved in several 

oncogenic mechanisms including angiogenesis (Andrae et al., 2008; Heldin, 2013). 

In our study, PDGFA exerted its effect in a paracrine way on ECs, as HUVECs 

expressed PDGFRα but not MCL cell lines or human primary tumors. Moreover, 

incubation of HUVECs with SOX11-positive CM promoted an increased 

phosphorylation of PDGFRα that was downregulated upon treatment with two blocking 

PDGFRα agents, imatinib, a tyrosine kinase inhibitor of PDGFR, and a specific 

neutralizing antibody against the receptor. Additionally, PDGFRα inhibition also 

decreased the induction in tube formation and migration when HUVECs were incubated 

in the presence of SOX11-positive CM. 

Our results are very similar to those described by Ding and colleagues showing that 

CLL leukemic cells secreted PDGF which mainly functioned in a paracrine fashion 

towards MSCs. This was achieved through a PDGF-PDGFR-PI-3-K-Akt pathway that 

modified MSCs function and in particular their pro-angiogenic factor production. 

Moreover, blocking PDGFR activation by a specific inhibitor abrogated the CLL-CM-

driven MSC proliferation, indicating the key role of PDGFR activation in CLL-CM-

mediated MSC proliferation and Akt activation (Ding et al., 2010). In support of the 

role of PDGF-PDGFR signaling in hematological malignancies, PDGF has also been 

reported to be important in the prosurvival pathway in large granular lymphocytic 

(LGL) leukemia (Yang et al., 2010; Zhang et al., 2008). 

In order to verify whether PDGFA upregulation by SOX11 mediated the SOX11-

enforced angiogenesis in MCL contributing to the aggressiveness of the tumors, we 

treated SOX11-positive and negative xenografts with imatinib and observed that such 

treatment significantly suppressed the growth and progression of SOX11-positive 

tumors. Importantly, such reduction was accompanied by a decline in the number and 

percentage of MVD areas in the corresponding samples. The striking growth 

impairment of the SOX11-positive xenografts due to an impaired angiogenesis together 

with the direct endothelial inhibitory effect of imatinib in in vitro experiments suggest 

that the PDGFA-PDGFRα pathway may represent a novel therapeutic strategy for the 

treatment of aggressive MCL. 
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The importance of tumor angiogenesis in the development and clinical progression of 

lymphoid neoplasias has suggested that these mechanisms may be potential targets for 

new therapies (Ruan et al., 2009). Imatinib has proven anti-angiogenic effects in a 

DLBCL xenograft model targeting pericytes via PDGFRβ (Ruan et al., 2013), and 

lenalidomide impairs lymphangiogenesis in MCL preclinical models (Song et al., 2013). 

Lenalidomide has been recently shown to produce rapid and durable responses in 

heavily pretreated patients with aggressive, relapsed or refractory MCL, including 

patients who had failed bortezomib therapy (Goy et al., 2013; Vose et al., 2013; Witzig 

et al., 2011; Zinzani et al., 2013). Although brtezomib induces response rates in patients 

with relapsed disease (Fisher et al., 2006; Goy et al., 2009; O'Connor et al., 2009), more 

than half of MCL patients are resistant or develop resistance to this drug (Perez-Galan et 

al., 2011b). The molecular bases underlying this resistance have not been totally defined 

but some studies pointed to oxidative and endoplasmic reticulum stress, activation of 

the cytoprotective arm of the unfolded protein response, and a cellular phenotype 

characteristic of partial plasmacytic differentiation (Perez-Galan et al., 2011b; Roue et 

al., 2011; Weniger et al., 2011). Thus, inhibition of the PDGFA pathway with imatinib 

might confer a promising novel therapeutic strategy for the treatment of aggressive 

MCL. Future treatment strategies must take into account the interactions of the 

lymphoma microenvironment with the neoplastic cells, rather than only concentrating 

on the latter cells. 

Nowadays, reliable markers that identify those patients with aggressive disease who 

might benefit from novel treatment approaches and, alternatively, patients with indolent 

disease who might be best initially observed without intervention are still lacking. 

Therefore, our results may be of clinical importance since they represent an accurate 

characterization of SOX11 as a biomarker of the aggressive behavior of MCL. SOX11-

negative MCLs usually present clinically with non-nodal leukemic disease whereas 

SOX11-positive tumors involve lymph nodes and have extensive extranodal infiltration 

(Espinet et al., 2014; Fernandez et al., 2010). The SOX11-PDGFA-dependent 

angiogenic switch discovered in this study may explain MCL clinical heterogeneity 

because the low angiogenic potential of SOX11-negative cells may impair their tissue 

infiltration and retain them in the blood stream whereas SOX11-PAX5-induced 

angiogenesis facilitates tissue infiltration and growth of the SOX11-expressing MCL 

cells (Figure 31). 
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A. SOX11-positive MCL

B. SOX11-negative MCL

PDGFA
anti-

PDGFRα

 
Figure 31. Hypothetical model of oncogenic growth of MCL tumors. (A) SOX11-positive tumors (green) 

secrete the pro-angiogenic factor PDGFA (purple), which binds to its specific receptor PDFGRα on ECs 

(red). ECs proliferate and migrate towards the PDGFA-tumor mass and start forming new blood vessels. 

Thus, SOX11-positive tumors are extremely nurtured and tumor growth and progression is enhanced. The 

high pro-angiogenic potential of SOX11-positive MCL cells may facilitate their tissue infiltration and 

growth. Inactivation of PDGFA-PDFGRα signaling pathway with a blocking agent (grey) inhibits EC 

migration and tube formation, and MCL growth is strikingly diminished. (B) SOX11-negative tumors 

(pink) secrete low levels of PDGFA and thus, microvasculature networks are not well developed. 

Therefore, their growth is not promoted and the clinical presentation of the disease is non-nodal, 

leukemic and indolent. 

Similar observations were presented in a study by Eom and colleagues, showing that 

SOX18 was associated with the presence of lymphovascular invasion, advanced stage 

disease and poor overall and recurrence-free survivals in gastric cancer. The frequencies 

of both lymphovascular invasion and lymph node metastasis were significantly 

increased in the SOX18-positive patients, suggesting that SOX18 participates in both 

lymphangiogenesis and lymphatic metastasis during gastric cancer progression (Eom et 

al., 2012). Ding and colleagues also observed a positive correlation between PDGF and 

VEGF levels in CLL plasma, especially evident in CLL patients with progressive 

disease requiring therapy, patients with late stage, or those who were ZAP-70 or CD38 

positive (Ding et al., 2010). 

Our results demonstrate, for the first time, that SOX11 regulates PDGFA expression 

and its upregulation promotes the malignant and rapid growth of MCL tumors in vivo. 

However, the observation that more pro-angiogenic factors are upregulated in the 

xenograft tumors indicates that cells from the TME are also involved in angiogenic 
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functions in MCL. It would be very interesting to study how the different stromal cells 

such as fibroblasts or macrophages are contributing to the angiogenic switch in the 

SOX11-positive xenograft samples. Also, xenograft derived tumor cells or human 

primary MCL tumors could be grown in vitro to analyze a clearer picture of the in vivo 

situation. Co-culture of our stably silenced MCL cell lines as well as MCL xenograft 

and human primary-derived cultures with different stromal cell populations (T cells, 

TAMs, fibroblasts, DCs) would represent a possible model to analyze the contribution 

of the TME milieu to the growth of MCL. 

Overall, the work derived from this PhD project has led to the understanding of the 

deregulated oncogenic mechanisms mediated by SOX11 in MCL, defining this TF as a 

biomarker of the aggressive presentation of MCL and a putative master regulator of the 

disease. This is the first characterization of SOX11 as a regulator of B cell development 

and angiogenesis in MCL. Despite being possible that SOX11 has different effects on 

tumor cells depending on the context and primary transformation mechanism, a deeper 

and scrupulous exploration of its functional role in MCL and additional functional 

studies of the disease needs to be done. It looks as if the contribution of the different 

deregulated mechanisms will hint to the pathogenesis of the disease rather than a single 

gene or pathway. Our results are or may be of clinical importance as they provide 

molecular clues for the understanding of a distinct progression for MCL development. 

Not only have we characterized the transcriptional program regulated by SOX11 in 

MCL cells and its oncogenic role in the pathogenesis of the disease but we also 

provided evidence for attractive therapeutic strategies for such an aggressive and 

incurable disease. 

The development of MCL mouse models that reflect the human pathophysiology of the 

disease has been a longstanding challenge. Overexpression of cyclin D1 alone failed to 

produce lymphoproliferative disease, and resulted in little or no alteration in B cell 

development (Bodrug et al., 1994; Lovec et al., 1994). Combination with transgenic 

overexpression of n-MYC or c-MYC, overexpression of a constitutively mutant cyclin 

D1 or overexpression of MYC and IL14α accelerated the formation of B cell 

lymphomas and recapitulated many features of MCL. However, most of these 

lymphomas represented the blastoid or pleomorphic variants of the disease and the 

underlying genetic lesions bearded little resemblance to human MCL (Beltran et al., 

2011; Bodrug et al., 1994; Ford et al., 2007; Gladden et al., 2006; Hao et al., 2002; 
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Lovec et al., 1994). A recent study by Katz and colleagues reported the generation and 

characterization of a genetically-engineered mouse model of MCL development in the 

context of cyclin D1 overexpression and deletion of pro-apoptotic Bim in B 

lymphocytes, recapitulating two common cytogenetic abnormalities in human MCL 

(Katz et al., 2014). 

Our studies point out to a role of SOX11 as a master regulator of MCL aggressive 

development. Thus, the generation of SOX11 inducible transgenic mouse models in B 

lymphocytes would help to define whether SOX11 could be a sole driver of MCL 

initiation or it may need the cooperation with other molecular mechanisms such as 

cyclin D1 overexpression to trigger MCL initiation. Furthermore, it would represent an 

invaluable tool to study SOX11 oncogenic role in MCL as the human situation is much 

more similarly represented. Very importantly as well, it would provide an extraordinary 

model to study the intriguing SOX11 expression in MCL B cells as it is still unknown 

how SOX11 gets activated in human MCL. Although a study in our laboratory showed 

that SOX11 expression in aggressive lymphoid malignancies is associated with a 

change from inactivating to activating histone marks, no more insights are known on 

that respect (Vegliante et al., 2011). 

As a whole, we have provided new molecular clues on the transcriptional program 

regulated by SOX11 in MCL and have described its involvement in malignant B 

lymphocytes. This PhD project has unraveled and characterized the oncogenic role of 

SOX11 and the tumorigenic pathways it governs in MCL. Importantly, it has shed light 

on SOX11 target genes involved in B cell differentiation and angiogenesis. The 

elucidation of molecular mechanisms that are deregulated by SOX11 in MCL will aid 

the management and stratification of MCL patients and lead to the development of new 

therapeutic strategies for this aggressive disease. 
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1. Our tissue-specific approach combining SOX11-ChIP-chip and GEP upon SOX11 

silencing in MCL cell lines revealed SOX11 direct target genes and transcriptional 

pathways. The main regulated mechanism was the blockade of mature B cell 

development. 

2. The main target genes modulated by SOX11 were involved in immune system 

development and hematopoiesis as evidenced by PAX5, MSI2 and HSPD1. 

3. SOX11 bound to regulatory regions of PAX5 and directly regulated its 

transcriptional activity. Moreover, SOX11 silencing promoted the initial steps into 

the plasmacytic differentiation in MCL cell lines by the downregulation of PAX5 

expression and increasing levels of BLIMP1. In human primary MCL, SOX11-

positive tumors were enriched in B cell specific and PAX5 regulated gene 

signatures whereas SOX11-negative tumors were enriched in plasmablastic 

signatures, and some of them presented plasmacytic differentiation. 

4. Human SOX11-positive and -negative primary MCLs were enriched in SOX11-

upregulated and -downregulated genes, respectively. Thus, our in vitro model 

reflected the in vivo human situation. 

5. The strong expression of SOX11 in conventional MCLs may block the cells in a 

mature B-cell stage preventing their further progress into differentiation. However, 

SOX11-negative MCLs may modulate the mature B cell phenotype and progress 

into the initial steps of the plasmacytic differentiation program. 

6. The significant reduction in tumor growth of the SOX11-knockdown xenograft 

tumors highlights that SOX11 sustains tumor cell survival in vivo and supports the 

implication of SOX11 expression in the aggressive behavior of these tumors. 

7. SOX11-positive xenografts are enriched in apoptotic pathways whereas no 

differences in cell viability were observed in vitro. Thus, SOX11 may be regulating 

pro-survival signals from the TME contributing to the more pronounced growth of 

the SOX11-positive xenografts. 

8. The combination of SOX11-ChIP-chip and MCL-xenograft derived GEP showed 

that angiogenesis was the main mechanism regulated by SOX11 in vivo. SOX11-

positive MCL cells were enriched in angiogenic gene signatures, overexpressed pro-

 
C

O
N

C
L

U
SIO

N
S 



 

234 

 

 

angiogenic factors, induced enhanced angiogenic responses in EC and presented 

better developed microvasculature netwoks than SOX11-negative cells both in vitro 

and in vivo. 

9. The SOX11-mediated angiogenesis was controlled by the direct and transcriptional 

regulation of the pro-angiogenic factor PDGFA in vitro and in vivo. 

10. PDGFA exerted its effect in a paracrine way on ECs, and inhibition of the 

downstream PDGFA-PDGFRα activation blocked the SOX11-enhanced angiogenic 

axis. 

11. Treatment of SOX11-positive xenografts with imatinib reduced their tumor growth 

and progression by diminishing tumor microvasculature formation, suggesting that 

the PDGFA pro-angiogenic pathway may represent a novel therapeutic strategy for 

the treatment of aggressive MCL. 

12.  Our results describe SOX11 as a new oncogene in MCL and may explain the 

clinical heterogeneity of this disease. The low angiogenic potential of the human 

SOX11-negative cells may impair their tissue infiltration and retain them in the 

blood stream. On the other hand, human SOX11-positive primary MCLs have 

enhanced angiogenic potential by the SOX11-induced upregulation of PDGFA, 

facilitating their tissue infiltration and tumor aggressive growth and progression.
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Appendix I 

 

PLoS ONE. 2011;6(6):e21382. 

Epigenetic activation of SOX11 in lymphoid neoplasms by histone modifications. 

Vegliante MC, Royo C, Palomero J, Salaverria I, Balint B, Martín-Guerrero I, Agirre X, 

Lujambio A, Richter J, Xargay-Torrent S, Bea S, Hernandez L, Enjuanes A, Calasanz 

MJ, Rosenwald A, Ott G, Roman-Gomez J, Prosper F, Esteller M, Jares P, Siebert R, 

Campo E, Martín-Subero JI, Amador V. 

 

Recent studies have shown aberrant expression of SOX11 in various types of aggressive 

B-cell neoplasms. To elucidate the molecular mechanisms leading to such deregulation, 

we performed a comprehensive SOX11 gene expression and epigenetic study in stem 

cells, normal hematopoietic cells and different lymphoid neoplasms. We observed that 

SOX11 expression is associated with unmethylated DNA and presence of activating 

histone marks (H3K9/14Ac and H3K4me3) in embryonic stem cells and some 

aggressive B-cell neoplasms. In contrast, adult stem cells, normal hematopoietic cells 

and other lymphoid neoplasms do not express SOX11. Such repression was associated 

with silencing histone marks H3K9me2 and H3K27me3. The SOX11 promoter of non-

malignant cells was consistently unmethylated whereas lymphoid neoplasms with 

silenced SOX11 tended to acquire DNA hypermethylation. SOX11 silencing in cell 

lines was reversed by the histone deacetylase inhibitor SAHA but not by the DNA 

methyltransferase inhibitor AZA. These data indicate that, although DNA 

hypermethylation of SOX11 is frequent in lymphoid neoplasms, it seems to be 

functionally inert, as SOX11 is already silenced in the hematopoietic system. In 

contrast, the pathogenic role of SOX11 is associated with its de novo expression in 

some aggressive lymphoid malignancies, which is mediated by a shift from inactivating 

to activating histone modifications. 
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Appendix II 

 

Cancer Res. 2012;72(20):5307-16. 

Molecular subsets of mantle cell lymphoma defined by the IGHV mutational status 

and SOX11 expression have distinct biologic and clinical features. 

Navarro A, Clot G, Royo C, Jares P, Hadzidimitriou A, Agathangelidis A, Bikos V, 

Darzentas N, Papadaki T, Salaverria I, Pinyol M, Puig X, Palomero J, Vegliante MC, 

Amador V, Martinez-Trillos A, Stefancikova L, Wiestner A, Wilson W, Pott C, 

Calasanz MJ, Trim N, Erber W, Sander B, Ott G, Rosenwald A, Colomer D, Giné E, 

Siebert R, Lopez-Guillermo A, Stamatopoulos K, Beà S, Campo E. 

 

Mantle cell lymphoma (MCL) is a heterogeneous disease with most patients following 

an aggressive clinical course, whereas others having an indolent behavior. We 

conducted an integrative and multidisciplinary analysis of 177 MCL to determine 

whether the immunogenetic features of the clonotypic B-cell receptors (BcR) may 

identify different subsets of tumors. Truly unmutated (100% identity) IGHV genes were 

found in 24% cases, 40% were minimally/borderline mutated (99.9%-97%), 19% 

significantly mutated (96.9%-95%), and 17% hypermutated (<95%). Tumors with high 

or low mutational load used different IGHV genes, and their gene expression profiles 

were also different for several gene pathways. A gene set enrichment analysis showed 

that MCL with high and low IGHV mutations were enriched in memory and naive B-

cell signatures, respectively. Furthermore, the highly mutated tumors had less genomic 

complexity, were preferentially SOX11-negative, and showed more frequent nonnodal 

disease. The best cut-off of germline identity of IGHV genes to predict survival was 

97%. Patients with high and low mutational load had significant different outcome with 

5-year overall survival (OS) of 59% and 40%, respectively (P = 0.004). Nodal 

presentation and SOX11 expression also predicted for poor OS. In a multivariate 

analysis, IGHV gene status and SOX11 expression were independent risk factors. In 

conclusion, these observations suggest the idea that MCL with mutated IGHV, SOX11-

negativity, and nonnodal presentation correspond to a subtype of the disease with more 

indolent behavior. 





 


