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Abstract Mantle cell lymphoma (MCL) is an aggressive
lymphoid neoplasm, incurable with current therapies. The
t(11;14)(q13;932) involving cyclin D1 is considered the first
oncogenic hit found in virtually all MCLs. However, addition-
al secondary genomic alterations are essential for complete
transformation. MCLs are genetically very unstable with sev-
eral genetic alterations associated with its high proliferative
behavior involving several oncogenic pathways. Furthermore,
SOX11 is overexpressed in the majority of conventional MCLs
(cMCL), including cyclin D1-negative cases, but absent in non-
nodal leukemic MCL with indolent clinical behavior (nnMCL).
Recent data have revealed the potential oncogenic role of
SOX11 in MCL biology, highlighting its implication in tumor
aggressiveness and progression. This review addresses the im-
plication of SOX11 overexpression and frequent genetic le-
sions, cooperating with cyclin D1 underlying the pathogenesis
of this aggressive disease.
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Introduction

Mantle cell lymphoma (MCL) is a highly aggressive and in-
curable mature B-cell neoplasm, with a short median survival
of only 4-6 years; it represents 5—10% of all non-Hodgkin’s
lymphomas (NHL) with a male predominance and a median
age of ~60 years. Most MCL cases present with disseminated
disease, with bone marrow (BM), peripheral blood (PB), nodal
and extranodal infiltration at diagnosis. MCLs have an aggres-
sive disease course and frequent relapses despite the good re-
spond to initial treatment, remaining incurable with current
therapies [1, 2]. However, a subset of MCL patients (~20%)
follows an indolent clinical course with long survival and does
not need treatment at diagnosis (nnMCL) [3-5]. Several mor-
phologic variants can be recognized; most MCL cases present
with conventional monomorphic lymphoid proliferation,
whereas other variants, generally associated with a more ag-
gressive disease, include the blastoid and pleomorphic variants
[1]. The primary cytogenetic alteration of MCL is the proto-
typical t(11;14)(q13;q32) translocation that leads to overex-
pression of the cyclin D1 protein [6], which is usually followed
by the acquisition of additional alterations [7]. Besides the
clinical parameters (age, performance status, lactate dehydro-
genase level, and white blood cell count, among others), the
strongest biologic prognostic factor in MCL is the enhanced
tumor cell proliferation, mainly measured by immunohisto-
chemical evaluation of the proliferation marker Ki-67 [8].
Interestingly, most MCLs express high levels of the neural
transcriptional factor SOX11 (SRY (Sex determining region-Y)-
box11). SOX11 was identified to be exclusively overexpressed
in MCL as compared to other NHLs, but absent in a small
subset of leukemic nnMCL cases with an indolent clinical
course [3, 9, 10]. nnMCL has recently been recognized as a
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different clinical and biological subtype of MCL that, contrary
to conventional aggressive MCL (cMCL), are clinically char-
acterized by leukemic non-nodal disease, hypermutated immu-
noglobulin (IGHV) genes, stable karyotypes, low proliferation
rates, lack of SOX11 expression, and better overall survival
(OS) compared to cMCL [3, 5, 10-13]. The lack of SOX11
in this subset of MCL suggests that, besides its prognostic bio-
marker value, SOX11 may play an important pathogenic role in
aggressive MCL. In line with this, recent in vitro studies in
MCL cell lines and in vivo experiments using xenotransplanted
mouse models have demonstrated specific functions of SOX11,
highlighting its oncogenic role in MCL pathogenesis [14ee,
15ee, 16, 17, 18e°].

Thus, cMCL have SOX11 overexpression influencing im-
mune evasion and tumor microenvironment signaling path-
ways and genetic alterations mainly affecting genes involved
in tumor proliferation, cell survival, and several B-cell path-
ways. All these mechanisms together may tightly collaborate
and ultimately contribute to cellular transformation and lym-
phomagenesis. This review will examine the role of
cooperating concomitant cyclin D1 deregulation, SOX11
overexpression, and frequent genetic lesions in MCL.

SOX11 Transcription Factor

SOXI1 belongs to the SOX gene family that encode for tran-
scriptional factors characterized by containing a high mobility
group (HMG) DNA-binding domain. SOX genes bind to the
consensus sequence 5'-(A/T)(A/T)CAA(A/T)G-3" and induce
several DNA conformational changes that allow other regulato-
ry elements to bind together, facilitating the formation of tran-
scriptional complexes essential for several development process-
es. In humans, about 20 SOX genes have been identified that are
divided into eight subgroups, according to the degree of homol-
ogy within and outside the DNA binding-HMG domain [19].
SOX11 belongs to subgroup C, with high homology to SOX4
and SOX12, which are essential in organogenesis and have over-
lapping roles in neural development and neurite growth [20].

SOX11 in Human Tumors

SOX11 is widely expressed during embryogenesis but absent in
the majority of adult tissues. SOX11 is strongly expressed in
most medulloblastomas [21] and malignant glioblastomas [22]
and has prognostic value in epithelial ovarian tumors [23] and
high grade breast cancer tumors [24]. SOX4 and SOX11 share
transcriptional targets and functions and present 89% of identity
within their HMG domains [25]. Nevertheless, contrary to
SOX4, which is crucial for T- and B-lymphopoiesis, SOX11
is not known to have lymphopoietic functions and is not
expressed in normal lymphoid tissues, progenitors, or normal
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B-cells. Nonetheless, SOX11 has been found to be
overexpressed in virtually all aggressive MCLs and, in lower
levels, in some Burkitt lymphomas and acute lymphoblastic
leukemias, on the contrary, SOX11 is absent in other lymphoid
neoplasm or nnMCL [3, 9, 26, 27]. Therefore, SOX11 has been
recognized as a MCL diagnostic biomarker. The new specific
SOX11-C1 monoclonal mouse antibody has improved the de-
tection of SOX11-nuclear staining by immunohistochemistry
[28, 29]. The use of SOX11-C1 has allowed the detection and
quantification of SOX11 expression by flow cytometry using
tumor samples of PB and BM, improving the diagnosis and
prediction of outcome in MCL [30]. Moreover, a quantitative
polymerase chain reaction (qPCR) technique to detect SOX11
mRNA levels has similarly demonstrated that high levels of
SOX11 mRNA in MCL are related to poor OS [12, 13]. In
addition, new techniques based on sensitive qPCR assays for
SOX11 have facilitated the diagnosis and stratification of MCL
patients [30, 31]. Although there are some controversies in its
prognostic value, lack of SOX11 expression has been associat-
ed with indolent behavior and favorable prognosis in MCL.
Therefore, accurate detection of SOX11 may be helpful to iden-
tify nnMCL patients, which could benefit from a “wait and
watch” strategy avoiding overtreatment. Consistently, several
groups have identified a subset of MCL with indolent clinical
course, non-nodal but leukemic presentation and stable karyo-
type, that carry the typical t(11;14) but lack SOX11 expression
[3, 10—12]. These results suggest that lack of SOX11 expression
is a feature of nnMCL. In contrast, other groups have reported
in rather small series that the absence of nuclear SOX11 in
MCL with lymph node presentation is associated with shorter
OS [32-34]. Nevertheless, the majority of SOX11-negative
MCL cases of this last study showed strong p53 positivity
(due to genetic mutations), which has been shown to be strong-
ly associated with shorter OS in MCL. Of note, some leukemic
MCL with lack of SOX11 developed progressive disease, and
interestingly, all have increased genomic complexity and 17p
loss, suggesting that the acquisition of 17p/TP53 alterations
may represent a mechanism of tumor progression in MCL
[12, 35], even in the absence of SOX11. In summary, SOX11
expression alone should not be used as a marker for disease
aggressiveness, but, together with high number of genetic alter-
ations or 7P53 overexpression should be considered in the rou-
tine work up of MCL (Table 1).

Oncogenic Roles of SOX11 in MCL

All these findings suggest that besides its diagnostic val-
ue, SOX11 may play a relevant role in tumorigenesis and
the aggressive progression of MCL. Recent in vitro stud-
ies in MCL cell lines and in vivo experiments using
xenotransplanted mouse models have demonstrated the
potential oncogenic role of SOX11 in MCL, showing
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Table 1 Recurrent primary and
secondary somatic genetic
alterations in primary MCL

Region Gene Frequency Function

Primary genetic alterations
Rearrangement 11q13 IG-CCND! 95% Cell cycle
Rearrangement 12p13 1G-CCND2 2-4% Cell cycle
Rearrangement 6p21 IG-CCND3 Occasional Cell cycle

Secondary genetic alterations
Loss 1p21-p22 - 17-55%
Loss 2ql3 BCL2L11 (BIM) 3-17% Apoptosis
Loss 2q37.1 SP100, SP140 15-33% DNA damage
Loss 6g23-q25 TNFAIP3/LATS1 19-37% NF-KB inhibitor/cell cycle
Loss 8p21-pter MCPHI/FBXO25 17-34% DNA damage/apoptosis
Loss 9p21 CDKNZ2A, CDKN2B, 10-36% Cell cycle

MTAPIMOBKL2B

Loss 9q22 CDCI4B, FANCC... 17-31%
Loss 10p14-p13 - 18-28%
Loss 11q22-q23 ATM, BIRC3 11-57% DNA damage/NF-KB signaling
Loss 13q14 RBI 25-55% Cell cycle
Loss 13q34 CUL4A/ING1 16-54% Cell cycle/DNA damage
Loss 17p13 TP53* 21-45% Cell cycle, DNA damage
Gain 3q25-qter - 28-50%
Gain 7p21-p22 IGF2BP3 (IMP3) 8-31% Insulin-like growth pathway
Gain 8q21-qter MYC 6-32% Proliferation
Gain 10p12 BMI1 6-12% Epigenetic modifier, cell cycle
Gain 15q23 - 10-23%
Gain 18q21 BCL2 3-17% Apoptosis

Somatic mutations
119223 ATM 41-61% DNA repair/genomic integrity
17p13.1 TP53*® 14-31% Cell cycle, DNA damage
11q13.3 CCNDI * 14-34% Cell cycle
12q13.12 KMT2D (MLL2) 12-23% Epigenetic modifier
7q36.1 KMT2C (MLL3) 5-16% Epigenetic modifier
4p16.3 NSD2 (WHSCI, 10-13% Epigenetic modifier

MMSET)

11g22.2 BIRC3 6-10% NF-KB signaling pathway
6p21.1 NFKBIE 5% NF-KB signaling pathway
9q34.3 TRAF2 7% NF-KB signaling pathway
9q34.3 NOTCHI 5-14% Notch signaling pathway
Ipl2 NOTCH2 5% Notch signaling pathway
8q22.3 UBRS 7-18% Ubiquitin-proteasome system
7p22.2 CARDI1 3-15% B-cell receptor signaling pathway
1p21.2 S1PRI 3-15% Lymphocyte migration
5q14.3 MEF2B 3-7% Transcription factor
4931.3 TLR2* 7% Toll-like receptor

? Genetic alterations detected in the nnMCL subset

Secondary genetic alterations were extracted from copy number array studies and only those alterations found in
more than 20% of cases and at least in two different studies were included. For some large regions of gain or loss,
still no candidate gene has been identified. Mutations were extracted from Sanger and next-generation sequencing
studies, and only those alterations found in more than 5% of cases were included. Some genes were targeted by
more than one type of alteration, for instance CCND/ that is rearranged and mutated, or tumor suppressors genes
such as ATM and BIRC3 (11q22-q23) and 7P53 (17p13) that can be mutated and/or deleted, or MYC that can be
gained/amplified and occasionally translocated with IGH gene
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that it is able to promote tumor growth of MCL cells by
blocking terminal B-cell differentiation through paired
box 5 (PAXS) and to induce angiogenesis via platelet-
derived growth factor alpha (PDGFA) signaling activa-
tion, suggesting that SOX11 in MCL is a bona fide on-
cogene [14ee, 15¢¢]. On the contrary, by similar experi-
mental approaches (SOXI11-knockdown and SOXI11-
forced expression in MCL cell line models), other au-
thors sustain that SOX11 acts as a tumor suppressor by
preventing MCL cell proliferation through deregulation
of genes involved in the cell cycle regulatory pathways
such as components of the RB-E2F pathways (E2F1,
CDKN2A), the TGF-f pathway (TGFBRI1, SMAD2/3
and TAB1/2) [17], or by directly regulating the expres-
sion of several genes of the WNT/{3-catenin pathways,
repressing the WNT signaling in MCL [18ee, 36].
However, SOXI11-positive primary MCL tumors are
characterized by a high proliferative rate and bad prog-
nosis, as a consequence of the high number of genetic
lesions that lead to the deregulation of several pathways
(cell proliferation and tumor growth simultaneously)
found in the majority of the SOX11-positive cMCLs.
Thus, additional functional studies are needed to clarify
these apparent contradictory results.

Recently, we have demonstrated that SOX11-knockdown
reduces engrafted tumor growth in vivo, consistent with the
indolent clinical course of human SOX11-negative nnMCL
[14ee]. We and others have demonstrated that SOX11 is regu-
lating a large number of genes implicated in oncogenic path-
ways including proliferation, cell cycle control and apoptosis,
B-cell differentiation, angiogenesis, and tumor microenviron-
ment features in MCL [14ee, 15, 16, 18+, 37]. SOX11 di-
rectly binds to the regulatory regions of PAX5 and BCL6, two
crucial transcription factors for early B-cell development and
late differentiation (PAXS5) and for entrance into the germinal
center (BCL6). SOX11-KD reduces PAX5 expression in
MCL cell lines, promoting the shift from a mature B-cell into
the initial plasmatic differentiation phenotype by maintaining
BLIMP1 repression, both in vitro and in vivo [14ee, 38].
Simultaneously, SOX11 represses B-Cell CLL/Lymphoma 6
(BCLO6) expression in vitro, essential for GC reaction. These
findings support the observations that SOX11-negative prima-
ry MCL cases are usually associated with IGHV-mutated
MCL and memory like B-cell molecular phenotype and sug-
gest that SOX11-negative MCL may originate from cells that
have experienced the GC microenvironment and post-GC dif-
ferentiation [11, 16] (Fig. 1). Additionally, we observed that
SOX11-positive xenografts and human MCL primary tumors
presented increased expression of several pro-angiogenic fac-
tors and increased microvessel density, compared to its
SOX11-negative counterparts [15¢¢]. Our group found that
SOXI11 binds to the regulatory region of platelet-derived
growth factor alpha (PDGFA), promoting its expression.
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PDGFA is the major pro-angiogenic factor secreted at the
SOX11-positive conditioned media promoting in vitro angio-
genesis in human vascular endothelial cells (HUVEC) tube
formation, cell proliferation and migration. Those angiogenic
effects were inhibited when HUVEC cells were treated with
imatinib or a specific PDGFRA-neutralizing antibody, dem-
onstrating that SOX11/PDGFA axis is directly involved in
MCL angiogenesis. On the contrary, SOX11-negative xeno-
grafts and human MCL primary tumors presented with low
PDGFA expression, lack of vessels and high necrotic areas
which points towards reduced angiogenesis in the indolent
non-nodal clinical feature of human nnMCL tumors (Fig. 1).

Moreover, we observed that imatinib treatment reduced
SOX11-positive tumor growth and angiogensis in
xenoengrafted mice, to the same levels as SOX11-negative
ones [15¢]. These findings support the treatment of aggressive
refractory human MCL with drugs with antiangiogenic effects
such as lenalidomide or new inhibitors of the PDGFRA signal-
ing to prevent angiogenesis and tumor growth in aggressive
MCL tumors. Together, these findings demonstrate the onco-
genic role of SOX11 in the pathogenesis of MCL and open new
therapeutic perspectives for the treatment of aggressive MCL.

CCNDI Rearrangement: The Primary Genetic
Alteration in MCL

The primary genetic alteration in MCL is the chromo-
somal translocation t(11;14)(q13;q32). This rearrange-
ment occurs at the pre-B-cell stage of differentiation in
the BM and juxtaposes the CCND! gene to the IGH
gene, resulting in constitutive overexpression of the cy-
clin D1 protein. In occasional cases, the rearrangement
involves the immunoglobulin light chains, IGL or IGK.
Additionally to this translocation, other mechanisms lead
to increased cyclin D1 levels, which include secondary
rearrangements or point mutations in the 3’UTR or
S5'UTR regions [39, 40] or amplification of the
translocated allele of CCNDI [41, 42]. These additional
alterations are associated with high cyclin D1 protein
levels, high proliferation, and poor clinical outcome.
Together, all these convergent mechanisms highlight
the pivotal relevance of cyclin DI in initial MCL path-
ogenesis. The main role of cyclin DI is the regulation
of cell cycle and G,-S phase transition, through retino-
blastoma (RBI) phosphorylation. Moreover, besides its
important role in cell cycle, cyclin DI may also have
other independent oncogenic functions, such as tran-
scription regulation [43] and chromatin remodeling
[44], and may affect DNA damage repair mechanisms
and chromosome stability [45—47]. However, these other
functions are less studied in MCL cells and warrant
further characterization.
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Fig. 1 Hypothetical model of SOX11 overexpression and frequent
genetic lesions, cooperating with cyclin D1 underlying the pathogenesis
of the two different subsets of MCL. Stepwise progression of
conventional SOX11-positive MCL (upper part) and leukemic non-
nodal SOX11-negative MCL (lower part). The postulated cell of origin
(pre-B-cell) acquires the initial oncogenic translocation of CCND/ (or its
variants): these cells clonally expand and colonize the mantle zone (MZ)
areas of the lymphoid follicles. The entrance into the germinal center
(GC) and terminal B-cell differentiation may be blocked if these cells
express SOX11, which determines the two different subsets of MCL.
SOX11 overexpression causes B-cell development alterations by
prolonging PAX5 expression and consequently Blimp1 inactivation that
blocks further terminal differentiation of mature B-cells (upper part).
Simultaneously, SOX11 represses BCL6 transcription, blocking the
entrance of the cells into the GC, preventing IGHV mutation and
further differentiation into terminal plasmacytic/memory B-cells
(unmutated-IGHV MCL). Pre B-cells with the t(11;14) lacking SOX11
are express BCL6 and are able to colonize the MZ area of the lymphoid
follicles and, enter the GC, undergo IGHV mutations and proceed to a

Other Primary Genetic Alterations Affecting Cyclin
D Genes

Some rare MCLs lacking the CCND/ translocation and cyclin
D1 expression have been reported and recognized as a special
subtype of MCL, sharing biological and clinical features, as
well as gene expression profiles [48, 49]. Of note, more than
half of these cases showed CCND?2 rearrangements, mainly
with IG light chains, and only a single MCL case has been
reported with IGH/CCND3 rearrangement [50]. Hence, most
of these cyclin D1-negative MCL show high levels of cyclin

Hypermutated
IGHV

Pleomorphic MCL

GENOMIC STABILITY,

GENOMIC INSTABILITY,
LOW PROLIFERATION

HIGH PROLIFERATION

post-GC differentiation (mutated-IGHV MCL) (lower part). Cells with
high levels of cyclin D1 due to the translocation and high levels of SOX11
(conventional MCL) will further acquire a plethora of secondary genomic
alterations and mutations targeting important pathways leading to high
proliferation of cells and aggressive clinical behavior. Moreover, SOX11
promotes angiogenesis via PDGFA pathway activation in MCL
facilitating tumor growth and frequent lymph node involvement. On the
contrary, SOX11-negative MCL tumors (non-nodal MCL) have low
angiogenesis due to the low levels of PDGFA that may be responsible
for its prolonged localization only in PB, BM, and spleen and may also
explain the clinical features of leukemic nnMCL and its stable indolent
clinical evolution. IGHV-mutated/SOX11-negative cases with moderate/
high cyclin D1 levels but no SOX11 expression may remain with stable
karyotypes, low proliferation rate, no lymph node or extranodal
involvement (except spleen) and indolent clinical course. However, a
subset of SOX11-negative cases could progress and have a more
aggressive clinical behavior by acquiring additional genetic alteration
such as 7P53 inactivation

D2 or cyclin D3. Overall, these results suggest that cyclin D2
or cyclin D3 overexpression in MCL without t(11;14) may
represent an alternative mechanism to cyclin D1 overexpres-
sion and may have similar oncogenic properties as cyclin D1
in MCL pathogenesis. The recognition of this MCL variant
without cyclin D1 may be difficult, and immunohistochemis-
try for cyclin D2 or D3 is not recommended [27]. On the other
hand, qPCR techniques to detect high levels of cyclin D2 or
D3 have been used. In that sense, the detection of SOX11 in
all cyclin D1-negative MCL has been of great diagnostic help
[27, 49], representing a new useful tool to recognize these
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MCL cases. Overall, the existence of high levels of SOX11,
both in cyclin D1-postive and cyclin D1-negative MCLs (with
or without CCND?2 rearrangement), suggests that SOX11, be-
sides being a diagnostic biomarker, may also have an impor-
tant role in MCL pathogenesis collaborating with cyclin D
proteins.

Potential Cooperation of Cyclin D1 and SOX11

Despite the fact that deregulation of the cell cycle through
high levels of cyclin D1 may be a crucial first step towards
MCL pathogenesis, contrary to other human oncogenes, cy-
clin D1 has been shown to have only a weak oncogenic po-
tential. Several lines of evidence support this notion: first,
around 1-2% of healthy individuals carry the t(11;14) rear-
rangement in PB cells, without developing MCL [51]; second,
forced cyclin D1 in MCL cell lines does not have a major
effect on proliferation or cell survival [52]; and third, trans-
genic mice overexpressing cyclin D1 do not develop B-cell
lymphomas [53]. Of note, cyclin D1 transgenic models re-
quire further oncogenic hits (such as Myc overexpression)
for generating lymphomas and the generated tumors were
more similar to those generated by overexpression of Myc
alone than to human MCL. Moreover, in human primary
MCL tumors, MYC alterations can be occasionally found,
but are rare. Cyclin D1 transgenic mice have a normal devel-
opment and their B- and T-lymphocytes do not have develop-
mental alterations.

Another murine model able to generate highly aggressive
B-cell lymphomas resembling MCL was when cyclin D1 was
expressed constitutively in the nucleus [54]. The analysis of
these tumors revealed that they also had high levels of Myc
and concomitant alterations of other key players in cell sur-
vival and apoptosis pathways, such as TP53 or BCL2, also
frequently found in human primary blastoid MCL. In addition,
two other models of blastoid MCL were described, through
the overexpression of MYC and interleukin-14c [55] and in-
terleukin 3-dependent BaF3 lymphocytes coupled with induc-
ible cyclin D1 expression [56]. The latter model, besides hav-
ing increased cyclin D1 levels, showed copy number alter-
ations quite similar to human MCL and link the function of
cyclin D1 to cell survival through interaction with BAX, in-
dependent of its role in cell cycle. However, the first murine
model that better recapitulates conventional (not blastoid)
MCL combined cyclin D1 overexpression with deletion of
BIM, a proapoptotic BCL2 member [57]. BIM has been found
to be homozygously deleted in several MCL cell lines and
downregulated in a small subset of MCL samples [42, 58].
These data suggest that, together with cyclin D1 overexpres-
sion, BIM disruption in B-lymphocytes predisposes to lym-
phomagenesis through coupled cell cycle and apoptosis de-
regulation. However, none of these murine models
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overexpressing cyclin D1 fully recapitulates the MCL pheno-
type, and they do not have the common genetic alterations
found in primary MCL. Interestingly, Ep-Cyclin D1 transgen-
ic mice were injected with pristane (as a B-cell mitogenic
stimulator) and they developed lymphomas with a pattern of
dissemination, cell morphology, and phenotype reminiscent of
human MCL [59]. Interestingly, these lymphomas were not
generated in younger mice, suggesting an age-dependence for
lymphoma development similar to human MCL, with a me-
dian age at diagnostic around 65 years and increasing inci-
dence with aging. Some processes related with aging (e.g.,
shortening of telomeres, increase of genomic instability) may
increase the susceptibility of Cyclin D1 mice to lymphomas
induced by pristane, which may allow the acquisition of ad-
ditional alterations, similar to human MCL which acquire ge-
nomic alterations in a multi-step process.

Recently, an interesting animal model was reported with
ATM-deficiency in B-cells coupled with Cyclin D1 overex-
pression [60]. In this model, highly similar to human MCL,
which have ATM mutations in roughly 50% of cases, the high
Cyclin D1 and low ATM levels accelerated and increased the
incidence of lymphomas (mostly pre-germinal center lympho-
mas) with morphological features similar to human MCL.
Interestingly, the tumor cells of this model had focal deletion
of Tp53, Cdkn2a, Mli2, and Rb (also frequently altered in
human MCL, as discussed below). However, in none of these
previous murine models SOX11 was studied, as they were
developed before the recognition of SOX11 as a biomarker
for MCL.

Given that SOX11 is expressed in the vast majority of
MCLs and especially in the aggressive cases, Kuo PY and
coworkers [61] have recently generated the first SOX11 trans-
genic mouse model with B-cell specific tissue expression.
They demonstrated that SOX11 overexpression leads to aber-
rant expansion of early B-cells with an MCL phenotype, es-
pecially in PB and spleen. Interestingly, to evaluate the coop-
eration of SOX11 and high cyclin D1 levels in MCL patho-
genesis they overexpressed both cyclin D1 and SOX11 in a
double transgenic mice model, which considerably enhanced
the aberrant MCL phenotype more than ten-fold compared
with SOXI11 and CCNDI single-transgenic mice. Together,
these results demonstrate that SOX11 directly collaborates with
cyclin D1 in early MCL pathogenesis. It will be interesting to
study the secondary molecular alterations that these tumors
acquire, and if they also recapitulate those of human MCL,
including the frequent 7P53 and ATM aberrations in aggressive
tumors with high genomic instability. Interestingly, what all
these models suggest is that cyclin D1 deregulation may be
necessary, but not sufficient, and secondary hits are mandatory
to generate MCL-like tumors. Also, the results highlight that
both murine models as well as cell line models [62] may rep-
resent invaluable resources to study and understand MCL, as
well as to test novel therapeutic agents and combination
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therapies. In addition, it will be of interest to develop mouse
models of cyclin D2 or cyclin D3 and determine their collabo-
ration with SOX11, and other genetic alterations as early events
cooperating in MCL pathogenesis.

Secondary Genetic Alterations in MCL

All the observations suggest that cyclin D1 overexpression (or
cyclin D2 and cyclin D3) is necessary but not sufficient for
neoplastic transformation in MCL, and by its own, only cyclin
D1 overexpression may not produce MCL tumors with ag-
gressive behavior. In that sense, the highly complex karyo-
types and the similar profile of secondary chromosomal alter-
ations that the cyclin D1-positive and cyclin D1-negative
MCL with SOX11 expression display, may collaborate with
cyclin D and SOX11 overexpression in MCL aggressiveness.
On the contrary, the nnMCL subset of cases, which lack
SOXI11 expression (and its related oncogenic features), have
cyclin D1 overexpression, but no other genetic alterations, in
line with its indolent clinical behavior. Interestingly, the levels
of cyclin D1 in nnMCL are usually lower than in cMCL [3].

Overall, more than 90% of MCLs display highly altered
genomes, with gains/amplifications and homozygous/
heterozygous losses, as well as other non-recurrent chromo-
somal rearrangements. Furthermore, the blastic variants have
the highest number of alterations [7, 63]. Interestingly, these
secondary genetic alterations, which occur in B-cells already
harboring high cyclin D1 and SOX11 levels, accumulate in
genes affecting several pathways. Several chromosomal and
DNA array based techniques in MCL have revealed frequent
losses (1p, 2q, 64, 8p, 9p, 9q, 10p, 11q, 13q, and 17p) and
gains (3q, 7p, 8q, 10p, 15q and 18q) [7] (Table 1). Some target
genes of these alterations related with cell cycle regulation are
well known, for instance the loss of TP53 (at 17p) (Fig. 1).
Other cell cycle related targets of deleted regions are CDKN2A
and CDKN2B (at 9p21, and usually with biallelic loss), RB1 (at
13q14), CUL4A and ING1 (at 13g34), and four members of the
Hippo signaling pathway also related to increased proliferation
and worse OS (LATSI1, LATS2, MOBKL2B, and MOBKL2A).
In addition, several gains, amplifications and translocations
affect components of the cell cycle, MYC (at 8q24), similar
to murine models, BM1 (at 10p13), CDK4, and MDM?2 (at
12q13), as well as IMP3 (at 7p21). Alterations affecting cell
survival and apoptosis mainly involve amplification and/or
overexpression of the anti-apoptotic BCL2 (at 18q21), and
biallelic loss of the proapoptotic BIM (2q13). NF-kB pathway
can also be affected by losses of its inhibitors TNFAIPI (at 6q),
and BIRC3 (at 11q). Deregulation of DNA damage response
pathway is often accomplished through frequent ATM deletion
(at 11q, co-deleted with BIRC3). Interestingly, cell cycle, DNA
damage response, and cell survival pathways are altered not
only in primary MCL but also in cyclin D1 transgenic models.

Mutational Landscape in MCL

Recently, several studies using next-generation sequencing
have been performed in MCL series, including whole-exome
sequencing (WES), whole-genome sequencing (WGS), RNA-
sequencing, and targeted sequencing. Interestingly, besides
the tumor suppressor genes already known to be frequently
deleted and mutated in MCL, ATM (41-61%) and TP53 (14—
31%), other interesting genes were identified (Table 1).
CCNDI mutations (14-34%) have also been recently related
to ibrutinib resistance [64]. Important and novel mechanisms
identified in MCL include the truncating and activating muta-
tions of NOTCH1 and NOTCH? associated with dismal prog-
nosis and blastoid variants, epigenetic modifiers such as
KTM2D (MLL2), KTM2C (MLL3) and NSD2 (WHSC1), tran-
scription factors (MEF2B), and less frequently, CARDI1,
BIRC3, NFKBIE, TRAF3, involved in NF-kB signaling path-
way, as well as UBRS, and SIPRI genes [65°¢, 66—70]
(Fig. 1). Interestingly, our study [65¢¢] was the only one that
studied cMCL together with a subset of nnMCL, which
allowed us to observe that mutations were not equally distrib-
uted in both subgroups. cMCL with aggressive behavior and
SOX11-positivity accumulated mutations in all genes, while
the nnMCL only had mutations in CCND1, TP53, and TLR2.
These results are consistent with the notion of the convergent
cooperation between cyclin D1, SOX11, and alterations of
genes related to important pathways that result in genetically
unstable tumors with short OS and resistance to treatment.
Conversely, the nnMCL subset with moderate cyclin D1 ex-
pression, lack of SOX11, and lack of alterations in oncogenic
pathways are in line with their indolent clinical course, sug-
gesting that this subset of patients may benefit from watch and
wait strategies or delayed or less intensive treatments.

Perspectives for MCL Targeted Treatments

Although it is not the scope of this review, the amount of
information generated in the past years could be of help for
the design of targeted therapies. Due to the poor prognosis,
especially at relapse, and the chemoresistance of most MCL
patients, there is an urgent need for new treatment options and
to study potential mechanisms involved in cell survival and
drug resistance. Significantly, the mutational studies of the
recent years led to the identification of druggable target genes
or B-cell pathways that may allow the development of new
personalized therapeutic approaches that may help to improve
MCL prognosis. It is still in its early phases, but the incorpo-
ration of molecular information into clinical trials will be of
paramount importance. Some of the deregulated pathways
that could be targeted in MCL include the cell cycle (CDK
inhibitors), apoptosis (BCL2 inhibitors), DNA damage, and
the NOTCH pathway (anti-NOTCH antibodies). Moreover,
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B-cell receptor signaling pathway has been revealed as a
promising target (Ibrutinib), as well as the NF-kB pathway,
and other pathways that are targeted by PI3K and mTOR
inhibitors or histone methyltransferases or demethylases. In
addition to targeted treatments for mutated genes and path-
ways, also SOX11 functional effects could be targeted using
antiangiogenic treatments (lenalidomide or specific
PDGFRA-neutralizing antibodies). Although combinations
and optimization of these treatments seem promising, still a
lot of research in the context of clinical trials is required.

Conclusions

Overall, the findings presented in this review suggest that the
IG/CCND1 or IG/CCND?2 translocation in pre B-cells is the
first oncogenic hit to drive B-cells to the initial steps of MCL.
However, cyclin D1 overexpression is not enough to trans-
form these cells and the collaboration of SOX11 overexpres-
sion may be necessary. The SOX11 transcription factor direct-
ly regulates several oncogenic pathways including prolifera-
tion, cell cycle control and apoptosis, B-cell differentiation,
angiogenesis, and tumor microenvironment features in
MCL, among others. SOX11 expression may synergize with
the proliferation rate of mature naive B-cell with t(11;14) that
together with an acquired angiogenic support via direct
PDGFA pathway activation may facilitate tumor growth and
frequent lymph node involvement, becoming disseminated
and potentially very aggressive. SOX11 overexpression may
also block the terminal B-cell differentiation program in MCL,
usually associated with relevant oncogenic mechanism in
lymphoid neoplasm [71]. High expression of cylin D1 and
SOXI1 are generally accompanied with a high genomic in-
stability with characteristic profiles of gains and losses and
specific mutations that interestingly again involve cell cycle,
DNA damage, cell survival mechanism, NOTCH, NF-kB and
chromatin modifiers. The frequent genomic alterations togeth-
er with cyclin D1 and SOX11 may contribute to the charac-
teristic high proliferative rate and bad prognosis of aggressive
c¢MCL. Moreover, high number of genomic alterations or p53
overexpression due to 7P53 mutations have been associated
with a more aggressive clinical behavior and adverse evolu-
tion, including the nnMCL subtype. Moreover, the acquisition
of genetic alterations (mainly inactivation of CDNKA and
TP53 and mutations of TP53, NOTCHI, and NOTCH?2) may
contribute to the progression to a more aggressive blastoid
variants with an adverse prognosis of MCL. Whereas the
nnMCL lacking SOX11 and its oncogenic associated path-
ways, lower levels of cyclin D1 and lack of genomic alter-
ations may remain relatively stable. Together, these findings
demonstrate that SOX11 and increased acquisition of genomic
alterations collaborate with cyclin D1 in the pathogenesis of
MCL. A deeper study of the genomic alterations and
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associated signaling pathways will further open new potential
therapeutic perspectives for the treatment of aggressive MCL.
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