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SUMMARY

Mantle cell lymphoma is an aggressive B cell malignancy with poor prognosis.
More than 90% of MCL cases are associated with a recurrent chromosomal
translocation t(11;14) that results in the overexpression of cyclin D1 (CCND17), a
potent cell-cycle regulator. Nevertheless, CCND7 overexpression alone does
not lead to malignancies in animal models. Thus, the development of MCL
should be triggered by additional factors, which may guide the development
of new therapies once discovered.

A chromosomal translocation can trigger large-scale changes in the 3D
genome organization, as well as the transcriptional and epigenetic changes in
the translocated loci. Here we demonstrated that the translocated CCND7
locus on derivative chr14 is relocated to the nuclear center in MCL cells. This is
accompanied by the appearance of a new super-enhancer (SE) inside this
locus. Surprisingly, the region around the novel SE was not significantly
enriched for the genes overexpressed in MCL. Instead, most of the
differentially expressed genes were located on chr19 in both the MCL cell lines
and the B cells from MCL patients. Among these genes, there were many
related to lymphoma or other cancers. Using HiC, we detected the presence of
an interchromosomal contact between chr11 and chr19, which was further
confirmed by 3D-FISH. The contact colocalized with the active RNApolll and
formed predominantly with the derivative CCND1 locus.

We hypothesize that the deregulated chr19 genes contribute to the MCL
oncogenesis, and their upregulation is at least partially explained by the action
of an MCL-specific SE inside the CCNDT locus. Thus, inhibiting super-enhancer
activity may represent a new treatment strategy for MCL. We tested two
substances with such properties, Abemaciclib and Minnelide, in MCL cell lines
and the B cells from MCL patients. Minnelide had a strong inhibitory effect on
the chromatin landscape of MCL cells, including the novel SE, and was
effective against mantle cell lymphoma cells in vitro and in vivo. Our results
provide valuable preclinical data and novel insights into the mechanisms of
MCL pathogenesis.

Keywords: MCL, chromosomal translocations, 3D genome, epigenome.
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SYNTHESE

Le lymphome a cellules du manteau (LM) est une tumeur maligne agressive
des cellules B, caractérisée par un pronostic défavorable. Plus de 90 % des cas
de LM sont associés a une translocation chromosomique récurrente t(11;14),
entrainant la surexpression de la cycline D1 (CCNDT), un puissant régulateur
du cycle cellulaire. Néanmoins, la surexpression de la CCND1 seule ne suffit
pas a provoquer des tumeurs malignes dans les modeéles animaux. Par
conséquent, le développement du LM doit étre déclenché par d'autres
facteurs, dont la découverte pourrait orienter le développement de nouvelles
thérapies.

Une translocation chromosomique peut entrainer des modifications a grande
échelle de l'organisation 3D du génome, ainsi que des changements
transcriptionnels et épigénétiques dans les loci transloqués. Nous avons
démontré que le locus CCNDT transloqué sur le chromosome 14 dérivé se
déplace vers le centre nucléaire dans les cellules de LM. Cela s'accompagne de
I'apparition d'un nouveau super-enhancer (SE) a l'intérieur de ce locus. De
maniere surprenante, la région autour du nouveau SE n'était pas
significativement enrichie en genes surexprimés dans les cellules de LM. En
revanche, la plupart des génes surexprimés étaient situés sur le chromosome
19, aussi bien dans les lignées cellulaires de LM que dans les cellules B de
patients atteints de LM. Parmi ces génes, nombreux sont ceux liés au
lymphome ou a d'autres cancers. En utilisant la technique Hi-C, nous avons
détecté la présence d'un contact interchromosomique entre les chromosomes
11 et 19, confirmé par 3D-FISH. Ce contact se colocalise avec I'ARN polymérase
Il active et se forme principalement avec le locus CCND1 dérivé.

Nous émettons I'hypothése que les genes dérégulés sur le chr19 contribuent a
I'oncogeneése du LM et que leur régulation est influencée par I'action d'un SE
spécifique au LM a l'intérieur du locus CCND1. Ainsi, l'inhibition de I'activité de
ce SE pourrait représenter une nouvelle stratégie thérapeutique pour le LM.
Nous avons testé deux substances présentant de telles propriétés,
I'Abemaciclib et le Minnelide, sur des lignées cellulaires de LM et sur les
cellules B de patients atteints de LM. Le Minnelide a montré un fort effet
inhibiteur sur la chromatine des cellules de LM, y compris sur le nouveau SE,
et s'est révélé efficace contre les cellules de lymphome a cellules du manteau
in vitro et in vivo. Nos résultats fournissent des données précliniques
importantes et offrent de nouvelles perspectives sur les mécanismes de la
pathogenese du LM.

Mots-clés : Lymphome a cellules du manteau, translocations
chromosomiques, génome 3D, épigénome.
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1. INTRODUCTION

1.1. Mantle Cell Lymphoma

Mantle cell ymphoma (MCL) is a rare and aggressive form of non-Hodgkin's
lymphoma characterized by the abnormal proliferation of mature B lymphocytes in
the mantle zone of a lymph node. MCL comprises 3-10% of adult NHLs (Jain & Wang
2019; Teras et al. 2016) and is usually diagnosed at an advanced Ann Arbor stage (lll,
IV) with generalized lymphadenopathy, splenomegaly and symptomatic extra-nodal
involvement (Bosch et al. 1998; Teras et al. 2016). The median age of diagnosis is 68
years old with a 1.6-3/1 male to female ratio in different populations (Leux et al.
2014, Velders et al. 1996). Despite significant advances in treatment and diagnosis,
the survival rate for this malignancy is still poor, especially for the relapsed cases
(Bhatt et al. 2016), and a limited progress has been made recently in deciphering the
mechanisms underlying the disease. Below, | attempt to systematize the existing
information on the pathogenic mechanisms and treatment modalities of mantle cell
lymphoma and draw the perspectives for future treatments development.

1.1.1. Epidemiology

MCL has an annual incidence around one case per 200 000 people (Teras et al. 2016),
comprising around 3-10% of adult-onset non-Hodgkin's lymphomas. The median age
at diagnosis is 68 years old (range 18-85 years) (Abrahamsson et al. 2014; Dreyling et
al. 2024; Fu et al. 2017; Leux et al. 2014; Velders et al. 1996) with the incidence
increasing with age (Fu et al. 2017; Lee et al. 2017). Males are more frequently
affected with a 1.6-3/1 male to female ratio in different populations (Leux et al. 2014;
Velders et al. 1996). The incidence rates also vary depending on ethnicity and the
geographic region. Non-hispanic whites are most frequently affected (Wang & Ma
2014) and the reported rates are higher in Western ((Abrahamsson et al. 2014;
Epperla et al. 2018; Fu et al. 2017)) compared to Asian (Lee et al. 2017; Meng et al.
2018) countries. Median overall survival ranges from 28.8 (years 2004-2017; Europe)
to 52.0 months (years 1999-2013; US) (Yang et al. 2019). Although the MCL prognosis
has dramatically improved during the last decades, especially for the younger
patients, MCL is still considered not curable with standard therapies, highlighting the
need for further related research.

1.1.2. Mechanisms/pathophysiology

1.1.2.1. Cellular origins of the tumor

The major genetic hallmark of MCL is the translocation of the CCNDT gene to the
immunoglobulin (IG) genes locus (Campo et al. 2022). More than 95% of the tumors
bear the t(11;14)(q13;932) translocation that juxtaposes the CCND7 gene at 11q13 to
the immunoglobulin heavy chain complex (IGH) at chromosome 14q32 (Li et al. 1999;
Vandenberghe et al. 1991). In rare cases, tumors with the MCL phenotype lack
t(11;14), but present the rearrangements involving other combinations of CCND1,
CCND2 (12p13) or CCND3 (6p21) with the IGH, IGK (2p11) or IGL (22g11) loci. In any
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case, the translocation is considered an initial oncogenic event driving subsequent
transformation.

The translocation is thought to occur predominantly at the pro-B stage of B cell
differentiation, during the V(D) recombination of the IGH variable region (IGHV) in
the bone marrow, as most of the IG breaks have evidence of being mediated by RAG
enzymes (Hummel et al. 1994; Kienle et al. 2003; Kuppers et al. 1999; Nadeu et al.
2020) (Figure 1). Furthermore, spatial proximity between the CCND1 and IGH loci, a
prerequisite for a chromosomal translocation, was observed in pro/pre B-cells and
not in mature B cells (Sklyar et al. 2016). Nevertheless, the tumor consists of mature
B cells that already express BCR and have passed the antigen-dependent negative
selection, suggesting that the full neoplastic potential post-translocation is reached
at a later stage of B cell differentiation and is probably dependent on the lymph
node microenvironment, where the tumor starts to develop. As evident from its
name, mantle cells lymphoma arises from the B cells residing in the mantle zone - an
outer rim of the lymph node follicle consisting of naive B lymphocytes that are
pushed away to the outer edge of the follicle following the appearance and growth
of the germinal center (GC). In the germinal center, mature antigen-activated B cells
undergo somatic hypermutation of their assembled variable regions of IgH and IgL
genes to increase the BCR affinity to the encountered antigen. Most (>90%) of mantle
cell ymphomas have their IGHV genes non-hypermutated and express IgM/IgD and
CD5, typical for naive B cells. Nevertheless, with an increase in testing sensitivity, up
to 36% of cases classified as MCLs are found to have significant levels of IGHV
hypermutation (Navarro et al. 2012), suggesting a more complex subtype repertoire
of the tumor-founding cells, with some tumors likely influenced by the
antigen-driven selection. Additionally, around 10% of MCL tumors express
stereotype BCR (identical BCR clonotypes between different patients) (Messmer et al.
2004, Stamatopoulos et al. 2007). Such stereotypity generally implies some kind of
antigen-driven selection during the clonogenic expansion of the founding tumor
cells. Some B cell populations with characteristics intermediate between that of
naive and germinal center B cells were also proposed to be the normal counterparts
of MCL cells. These may include a specific (IgD+CD38-CD23-FSChiCD71+) population
discovered in tonsils (Kolar et al. 2007) with modest somatic hypermutations and the
expression of AID, an enzyme critical for somatic hypermutation and class-switch
recombination (Muramatsu et al. 2000). Consistently, in rare MCL cases the t(11;14)
translocation breakpoint has characteristics of AID involvement (Nadeu et al. 2020),
suggesting its origin in the already mature cells during the class switch
recombination. All together, the data indicate that the founding mantle cell
lymphoma cells are likely heterogenous from case to case and cover a spectrum of
cells ranging from completely naive to GC-influenced to antigen-stimulated B
lymphocytes.
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Figure 1. MCL oncogenesis alongside B cell differentiation.

1.1.2.2. Subtypes of MCL

In the ICC/WHO 2022 update of lymphoid malignancies, MCL was subdivided in two
distinct categories: nodal, or conventional, MCL (cMCL) and non-nodal MCL (nnMCL),
manifesting in a leukemic form (Alaggio et al. 2022; Campo et al. 2022). Conventional
MCL is much more frequent representing 80-90% of the cases. It typically bears no or
minimal IGHV hypermutations (Hummel et al. 1994; Del Giudice et al. 2012),
suggesting the origin from naive B cells, and has a high genomic instability with a
tendency to accumulate additional genomic aberrations overtime. Expression of
SOX11, one of the MCL markers, is another feature distinguishing the conventional
MCL from its non-nodal form. In contrast, nnMCL develops from the cells with
already mutated IGHV (Orchard et al. 2003; Del Giudice et al. 2012; Royo et al. 2012),
does not express SOX717 and rarely acquires additional chromosomal aberrations.

Clinically, conventional MCL tends to be aggressive. Patients with cMCL typically
present with nonlocalized, palpable lymphadenopathy. Other symptoms include
fever, weight loss, fatigue, night sweats and splenomegaly-related discomfort
(Argatoff et al. 1997). Approximately 25% of the patients may have bulky
lymphadenopathy with the tumor masses >= 10cm in the largest diameter. Lactate
dehydrogenase levels are elevated in around half of the cases. At the time of
diagnosis, the tumor is typically widespread, with more than 80% of the patients
diagnosed at Ann Harbour stages llI-IV. Extranodal involvement, especially that
involving the gastrointestinal tract, spleen and bone marrow, is common. Some
cases are present with leukemic involvement, which is generally associated with bad
prognosis (Ferrer et al. 2007).

Non-nodal MCL is rare and usually presents with splenomegaly, without
lymphadenopathy or systemic symptoms. Some patients may have slowly
progressing, non-bulky adenopathy (Nodit et al. 2003; Thieblemont et al. 2008).
nnMCL is often indolent and may be observed without immediate treatment. It can,
however, progress into symptomatic forms requiring intervention overtime.
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The WHO-HAEMS5 currently distinguishes the third rare MCL “subtype”, in situ mantle
cell neoplasm (ISMCN), which represents colonization of the mantle zones of
lymphoid follicles with the B cells carrying the IG::CCND1 fusion (Alaggio et al. 2022).
ISMCN is characterized by an indolent course (Carvajal-Cuenca et al. 2012) and is
typically an incidental finding. The risk of progression of ISMCN to overt MCL is
typically low (<10%) (Swerdlow et al. 2016).

Histologically, MCL is presented in three major variants: classical, blastoid and
pleomorphic (Figure 2) (Alaggio et al. 2022). Classical MCL consists of monomorphic
small to medium-sized lymphocytes with scant cytoplasm, irregular nuclei,
condensed chromatin and poor-distinguishable nucleoli. Blastoid tumors are also
characterized by the proliferation of homogenous lymphocytes with scant
cytoplasm, irregular nuclei and inconspicuous nucleoli, but the cells tend to be
medium-sized and have finely dispersed chromatin appearance. Finally, pleomorphic
tumors are composed of heterogeneous atypical cells with irregular nuclei, vesicular
chromatin and distinct nucleoli. Blastoid and pleomorphic tumors are associated
with complex karyotypes, higher proliferation rates and aggressive clinical courses
(Sarkozy et al. 2014; Dreyling, Klapper, and Rule 2018). Thus, blastoid or pleomorphic
cytomorphology is a biomarker of high-risk MCL (Alaggio et al. 2022).

MCL histological variants

Classical MCL Blastoid MCL Pleomorphic MCL

Figure 2. MCL histological variants.
(reproduced from PMID: 23023712)

1.1.2.3. CCND1 expression and cell cycle deregulation in MCL

The juxtaposition of the CCND1 gene to the /GH gene locus post t(11;14) translocation
brings CCND1 into a relative proximity of a highly-active /IGH enhancer, leading to
constitutive CCND1 overexpression. CCND1 encodes for the Cyclin D1 protein. In
healthy mature B cells, its expression is low (Gladkikh et al. 2010; Lam et al. 2010)
and is likely present only upon growth stimulation (Scharer et al. 2018). Together
with its two homologues, Cyclin D2 and Cyclin D3, it regulates the G1 to S transition
during the cell cycle (Figure 3). In the absence of stimuli, this transition is blocked by
the retinoblastoma protein (pRb), which binds the E2F transcription factors essential
for the DNA synthesis. Entry to the S phase requires subsequent activation of cyclin
dependent kinases (CDKs) 4/6 and 2, which are activated by binding to Cyclin D and
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Cyclin E, respectively. Upon Cyclin D binding, CDK4 phosphorylates and partially
inactivates pRB, causing the release of the pRb-bound E2F factors that activate the
expression of pro-proliferative genes, including CCNET and 2 (encoding for Cyclins E).
Cyclin E activates CDK2, which further hyperphosphorylates the Rb causing the full
E2F release.
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Figure 3. Cell cycle deregulation in MCL.
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Constitutive CCNDT overexpression in MCL leads to an increased concentration of
activated Cyclin D1 - CDK4/6 complexes, possibly resulting in accelerated pRb
phosphorylation (Figure 3). Excessive Cyclin D1 - CDK4/6 complexes may also
sequester the cyclin-dependent kinase inhibitors (CDKI) p27 and p21, which bind
cyclin-CDK complexes to prevent their activation. Indeed, in MCL cells most of the
p27 protein was shown to be sequestered by Cyclin D1-CDK4/6 as demonstrated by
exhaustive immunoprecipitation (Quintanilla-Martinez et al. 2003). All these
potentially facilitate cell cycle progression following CCND1 upregulation
post-translocation. A direct relationship between the expression of CCND7 and
proliferation signature genes was demonstrated in MCL (Rosenwald et al. 2003).
Nevertheless, contradictory results were obtained concerning the correlation
between CCND1 expression and the positivity for the proliferation marker Ki-67 in
different tumors, with some studies confirming the association (Kurozumi et al.
2019; Shevra, Ghosh, and Kumar 2015; Ortiz et al. 2017) and others showing no or
negative correlation between CCND1 presence and Ki-67 index (Shoker et al. 2001;
Oyama et al. 1998; Tut et al. 2001; Kodet 2009). Another study found no evidence of
early cell cycle phases shortening in 18 MCL biopsy specimens (Vogt et al. 2015). This
is in line with the fact that the CCNDT overexpression is not enough for the
oncogenic transformation. Transgenic mice with the CCND1 overexpression alone do
not develop tumors and have a quasi-normal phenotype (Lovec et al. 1994; Bodrug
et al. 1994). Moreover, t(11;14)-positive B cells can sometimes be detected in the
peripheral blood of healthy individuals (Lecluse et al. 2009), suggesting that
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additional factors should be present to onset the hyper-proliferation and oncogenic
transformation of MCL cell.

A number of events acquired in the course of tumor evolution may contribute to
MCL cell cycle deregulation independent of CCND1 overexpression. These are mostly
chromosomal aberrations or mutations involving relevant genes. In 3-20% of the
cases an additional CDK4 gene copy may be acquired due to 12q (Silvia Bea et al.
1999; Hernandez et al. 2005; Au et al. 2002; Wlodarska et al. 1999) or whole
chromosome 12 (Au et al. 2002; Wlodarska et al. 1999) gains. Loss of a copy of the
CDKN2A gene due to 9p21 deletion (Salaverria et al. 2007; Au et al. 2002) or
chromosome 9 loss (Salaverria et al. 2007; Au et al. 2002; Wlodarska et al. 1999)
occurs in 5-19% of MCL cases (see Table 1). CDKN2A encodes for a CDK4/6 inhibitor
protein p16 (INK4A) and an alternate reading frame protein p14 (ARF). Reduced p16
concentration weakens the inhibition of the CCND-CDK4/6 complexes, leading to
more consistent pRb phosphorylation. p14 protein interacts and sequesters the E3
ubiquitin-protein ligase MDM2, responsible for the degradation of the p53
tumor-suppressor protein, which arrests the cell cycle on DNA damage recognition.
p14 loss thus contributes to reduced p53 stability. p53 itself is also frequently lost
(8-46% of the cases) (Salaverria et al. 2007; Au et al. 2002; Streich et al. 2020;
Malarikova et al. 2020) or mutated (8-34% of the cases) (Ferrero et al. 2020; Jeong et
al. 2020; Malarikova et al. 2020; T. Greiner et al. 1996; The AACR Project GENIE
Consortium et al. 2017) in MCL. Most of the works report inactivating (P. Yang et al.
2018; Ferrero et al. 2020) missense or nonsense TP53 mutations (P. Yang et al. 2018;
Ferrero et al. 2020; Jeong et al. 2020), though TP53 was also shown to be
overexpressed in mutated vs wild-type TP53 in one study (T. Greiner et al. 1996) and
is found overexpressed in many MCL tumors independent of the mutation status
(Aukema et al. 2018). In any case, TP53 mutations or overexpression are significant
prognostic factors for reduced overall survival (P. Yang et al. 2018; Ferrero et al.
2020; Jeong et al. 2020; Malarikova et al. 2020; T. Greiner et al. 1996; Delfau-Larue et
al. 2015; Eskelund et al. 2017). The same is true for the tumors with the CDKN2A
deletion (Delfau-Larue et al. 2015; Gaudio et al. 2023) or CDK4 amplification
(Herndndez et al. 2005). All three alterations were correlated with an increased
proliferation phenotype as assessed by Ki-67 staining (Hernandez et al. 2005) and
were especially prevalent in the aggressive blastoid MCL variants (Derby et al. 2010;
Streich et al. 2020; Hernandez et al. 2005). In 3-43% of MCLs (see Table 1), 13914
deletion leads to a copy loss and reduced expression of the inhibitor of growth
tumor suppressor ING1 (Hartmann et al. 2010). ING1 interacts with p53 preventing
its degradation and promoting activation of p21 by p53. It can also activate p21
independently of p53, in a complex with miSin3a, thus negatively regulating the cell
cycle (Archambeau, Blondel, and Pedeux 2019).

Less frequent alterations include the amplifications of BMI1 gene, encoding for a

repressor of CDKIs p16 and p19 (Silvia Bea et al. 1999) and inactivating intragenic
deletions of RBT gene encoding for the Rb protein (Pinyol et al. 2007). MYC oncogene
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rearrangements or amplifications can be found in some aggressive advanced stage
cases (Choe et al. 2016; Z. Hu et al. 2017; Silvia Bea et al. 1999). In one study with 110
MCL cases, p27 protein levels were shown to be reduced in MCL due to increased
proteasomal degradation by the ubiquitin proteasome pathway (Chiarle et al. 2000).

All together, cell cycle is frequently deregulated in MCL favoring increased tumor
proliferation. Proliferation gene expression signature is a strong survival predictor in
MCL (Rosenwald et al. 2003) and multiple MCL treatment strategies are targeted at
cell cycle inhibition (see Management). Nevertheless, it is by far not the only
oncogenic hallmark of MCL tumors.

1.1.2.4. Genomic instability in MCL

T(11;14)(913;932) translocation, or, in rare cases, other translocations involving the
cyclin D and IGH genes (see above), are considered to be the initial oncogenic event
in MCL. Nonetheless, MCL, specifically its conventional form, has one of the highest
rates of genomic instabillity among B-cell malignancies. More than 90% of mantle cell
lymphomas accumulate additional genomic aberrations overtime, with losses being
slightly more common than gains (Wlodarska et al. 1999; Au et al. 2002; Salaverria et
al. 2007). Chromothripsis and chromoplexia occur occasionally in both the
conventional and non-nodal MCL, while recombination via breakage-fusion-bridge
(BFB) cycles seems to be unique to cMCL (Nadeu et al. 2020). High number of copy
number variations, structural variations, the presence of BFB or chromothripsis all
confer a poor prognosis in terms of overall survival (Nadeu et al. 2020). Most of the
secondary aberrations in MCL are not highly recurrent, though the structural
variation breaks tend to occur in open chromatin regions, such as promoters,
enhancers and transcription-elongation-associated chromatin (Nadeu et al. 2020).
Common heterozygous/homozygous losses and gains, as well as single genes most
frequently mutated in MCL are summarized in Table 1.

Table 1. Common genetic alterations in MCL

Losses
Location % (number of patients) Relevant genes inside
139 37% (46) (Yi et al. 2022); IRS2, DIS3, BRCA2, ERCCS5,

13914 - 23% (19) FLT3, CUL4A, INGT1, RB1
13933-934 - 33% (27) (Nadeu et al. 2020);
13914-934 - 43% (33), 13911-q13 - 18%
(14) (Salaverria et al. 2007);

13912-14 (6) - (43%),

130931-33 (6) - (43%) (Schraders et al. 2005);
27% (21) (Hartmann et al. 2010);

6% (13) (Au et al. 2002);

3% (1) (Wlodarska et al. 1999).

Across all studies (any site): 30%
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1p21-p32

29% (36) (Yi et al. 2022);
1p21-p23 - 29% (24)

1p32 - 6% (5) (Nadeu et al. 2020);
51% (39) (Salaverria et al. 2007);
47% (36) (Hartmann et al. 2010);
50% (7) (Schraders et al. 2005);
11% (24) (Au et al. 2002);

10% (4) (Wlodarska et al. 1999);
24% (11) (Bea et al. 1999).
Across all studies: 26%

BCL10, CDKN2C

11921-23 28% (34) (Yi et al. 2022); ATM, SDHD, BIRC3, KMT2A,
30% (23) (Salaverria et al. 2007); MRE11,
50% (38) (Hartmann et al. 2010);
57% (8) (Schraders et al. 2005);
11% (23) (Au et al. 2002);
8% (3) (Wlodarska et al. 1999).
Across all studies: 24%
17p 35% (43) (Yi et al. 2022); TP53
13% (9) (Salaverria et al. 2007);
8% (17) (Au et al. 2002);
46% (6) (Streich et al. 2020);
32% (36) (Malarikova et al. 2020);
23% (18) (Hartmann et al. 2010);
16% (7) (Bea et al. 1999).
Across all studies: 21%
8p21-pter 22% (27) (Yi et al. 2022); PPP2R2A
14% (11) (Salaverria et al. 2007);
21% (16) (Hartmann et al. 2010).
Across all studies: 19%
9p21-(24)pter | 38% (47) (Yi et al. 2022); CDKNZ2A, JAK2

21% (17) (Nadeu et al. 2020);
19% (15) (Salaverria et al. 2007);
27% (21) (Hartmann et al. 2010);
5% (10) (Au et al. 2002);

16% (7) (Bea et al. 1999).

Across all studies: 19%

6921-(25)qter

11% (14) (Yi et al. 2022);

22% (16) (Salaverria et al. 2007);
36% (5) (Schraders et al. 2005);
21% (16) (Hartmann et al. 2010);
19% (40) (Au et al. 2002);

15% (6) (Wlodarska et al. 1999).
Across all studies: 18%

ARID1B, HDAC2
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https://www.zotero.org/google-docs/?g3d2xk
https://www.zotero.org/google-docs/?3ZAsTy

6015-021

11% (13) (Yi et al. 2022);

27% (22) (Nadeu et al. 2020);
18% (13) (Salaverria et al. 2007);
3% (1) (Wlodarska et al. 1999);
27% (12) (Bea et al. 1999).
Across all studies: 18%

HDAC2

9g21-qter

9g22-931 - 18% (15) (Nadeu et al. 2020);
21% (16) (Salaverria et al. 2007);

3% (1) (Wlodarska et al. 1999).

Across all studies: 17%

ABL1, FANCC, NUP214

10p15-p13

15% (12) (Nadeu et al. 2020);

KLF6

19p

15% (12) (Nadeu et al. 2020);

KEAP1, SMARCA4, CDKN2D

-13

13% (27) (Au et al. 2002);

28% (11) (Wlodarska et al. 1999).
44% (20) (Bea et al. 1999);

27% (21) (Hartmann et al. 2010).
Across all studies: 21%

IRS2, DIS3, FLT3, CUL4A,
INGT

5% (4) (Salaverria et al. 2007);
8% (18) (Au et al. 2002);

13% (5) (Wlodarska et al. 1999);
13% (17) (Yi et al. 2022).

Across all studies: 9%

CDKN2A, ABL1, FANCC,
NOTCH1, FANCC, FANCG,
JAK2, NUP214, SMARCAZ,
FBXO10, TOR1B

10% (21) (Au et al. 2002);
15% (6) (Wlodarska et al. 1999).
Across all studies: 11%

CRLF2

14

6% (12) (Au et al. 2002);
18% (7) (Wlodarska et al. 1999).
Across all studies: 8%

FANCM, MLH3, PARPZ2,
RAD51B

-15

6% (12) (Au et al. 2002);
8% (3) (Wlodarska et al. 1999).
Across all studies: 6%

FANCI, RAD51, PML

-20

6% (12) (Au et al. 2002);
5% (2) (Wlodarska et al. 1999).
Across all studies: 6%

SAMHD1, ASXL1

6% (12) (Au et al. 2002);
3% (1) (Wlodarska et al. 1999).
Across all studies: 6%

RUNX1

-18

6% (12) (Au et al. 2002);
3% (1) (Wlodarska et al. 1999);

BCL2
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https://www.zotero.org/google-docs/?6BbRLH
https://www.zotero.org/google-docs/?e1w06F
https://www.zotero.org/google-docs/?5T06eC
https://www.zotero.org/google-docs/?fsHOB7
https://www.zotero.org/google-docs/?3JSpCb
https://www.zotero.org/google-docs/?Oyqy3J
https://www.zotero.org/google-docs/?UOqvwr
https://www.zotero.org/google-docs/?vcnG3M
https://www.zotero.org/google-docs/?kv9fxa
https://www.zotero.org/google-docs/?X58V0C
https://www.zotero.org/google-docs/?hUlSum
https://www.zotero.org/google-docs/?BiuGrB
https://www.zotero.org/google-docs/?kWRoMP
https://www.zotero.org/google-docs/?uRD2QE
https://www.zotero.org/google-docs/?jF8P6Z
https://www.zotero.org/google-docs/?WQRECb
https://www.zotero.org/google-docs/?Wzv09c
https://www.zotero.org/google-docs/?D4qxRh
https://www.zotero.org/google-docs/?xpYvHI
https://www.zotero.org/google-docs/?ehH95q
https://www.zotero.org/google-docs/?jR3eiS
https://www.zotero.org/google-docs/?1lJSN5
https://www.zotero.org/google-docs/?2xqgUD
https://www.zotero.org/google-docs/?Bd8cg6
https://www.zotero.org/google-docs/?cwVU6Y
https://www.zotero.org/google-docs/?nQMRGo

Across all studies: 6%

Gains

39

3921-29 - 38% (47) (Yi et al. 2022);
3925-929 - 43% (35) (Nadeu et al. 2020);
3qg21-gter - 32% (25) (Salaverria et al. 2007);
6% (12) (Au et al. 2002);

3% (1) (Wlodarska et al. 1999);

49% (18) (Bea et al. 1999);

31% (24) (Hartmann et al. 2010).

Across all studies: 26%

ATR, BCL6, MECOM, MLF1,
POLQ, RPN1

8g21-qter

20% (25) (Yi et al. 2022);

8924 - 15% (12) (Nadeu et al. 2020);
13% (10) (Salaverria et al. 2007);
22% (10) (Bea et al. 1999);

13% (10) (Hartmann et al. 2010).
Across all studies: 17%

UBR5, MYC, NBN, RUNXTN1

/p

15% (12) (Nadeu et al. 2020);
13% (10) (Hartmann et al. 2010).
Across all studies: 14%

IGF2BP3

18921-q(22)2
3

11% (13) (Yi et al. 2022);

13% (11) (Nadeu et al. 2020);
10% (8) (Salaverria et al. 2007);
18% (8) (Bea et al. 1999).
Across all studies: 12%

BCL2

15921-qter

11% (13) (Yi et al. 2022);

13% (10) (Salaverria et al. 2007);
5% (2) (Wlodarska et al. 1999).
Across all studies: 11%

FANCI

10p12

11% (9) (Nadeu et al. 2020).

BMI1

13931

10% (8) (Nadeu et al. 2020).

MIR17HG

11q

11% (13) (Yi et al. 2022);

6% (13) (Au et al. 2002);

15% (6) (Wlodarska et al. 1999).
Across all studies: 9%

FGF19, FGF4, FGF3, CHEK1,
KMTZA

12q

14% (17) (Yi et al. 2022);

20% (9) (Bea et al. 1999);

6% (4) (Herndndez et al. 2005)
4% (9) (Au et al. 2002);

8% (3) (Wlodarska et al. 1999).
Across all studies: 8%

CDK4, ARID2, MDM2
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https://www.zotero.org/google-docs/?twA3J6
https://www.zotero.org/google-docs/?XnSA3m
https://www.zotero.org/google-docs/?yGL0Pi
https://www.zotero.org/google-docs/?FCBm0h
https://www.zotero.org/google-docs/?9tJDNJ
https://www.zotero.org/google-docs/?A0njQR
https://www.zotero.org/google-docs/?M2Xhb1
https://www.zotero.org/google-docs/?fbBJSu
https://www.zotero.org/google-docs/?H8QfKb
https://www.zotero.org/google-docs/?ALDZNv
https://www.zotero.org/google-docs/?1xsOne
https://www.zotero.org/google-docs/?QWG1sf
https://www.zotero.org/google-docs/?9ghZwa
https://www.zotero.org/google-docs/?IqcNfZ
https://www.zotero.org/google-docs/?D6tOJk
https://www.zotero.org/google-docs/?r73YVE
https://www.zotero.org/google-docs/?ZEt38w
https://www.zotero.org/google-docs/?03qIhc
https://www.zotero.org/google-docs/?z1Lrwn
https://www.zotero.org/google-docs/?OjJab0
https://www.zotero.org/google-docs/?Uto6Fi
https://www.zotero.org/google-docs/?IefY71

+3

6% (13) (Au et al. 2002);
10% (4) (Wlodarska et al. 1999).
Across all studies: 7%

ROBO1, BAP1, BCL6,
FANCD2, MECOM, MLFT,
MLH1, MYDS8S, RPN1

+12 4% (9) (Au et al. 2002); CDK4, ARID2, MDM2
3% (1) (Wlodarska et al. 1999).
Across all studies: 4%

Mutated genes (excluding cases of losses and gains)

Gene name % (number of patients) Description

ATM 59% (24) (Jain et al. 2023); mainly truncating or
32% (8) (Karolova et al. 2023); missense mutations
34% (42) (Yi et al. 2022); involving the PI-3K domain
48% (39) (Nadeu et al. 2020); (Camacho et al. 2002; Jeong
42% (78) (Ferrero et al. 2020); et al. 2020; Karolova et al.
34% (18) (Jeong et al. 2020); 2023; Khodadoust et al.
37.5% (6) (Yang et al. 2018); 2017); associated with lack
18% (3) (Khodadoust et al. 2017); of protein expression
42% (24) (Zhang et al. 2014); (Camacho et al. 2002) and
42% (69) (The AACR Project GENIE inferior survival in TP53-WT
Consortium et al. 2017); cases (Koff et al. 2022).
41% (12) (Bea et al. 2013);
58% (7) (Schaffner et al. 2000).
Average: 41%

TP53 41% (17) (Jain et al. 2023); mainly missense or
48% (12) (Karolova et al. 2023); nonsense mutations
31% (38) (Yi et al. 2022); (Greiner et al. 1996; Jeong
26% (21) (Nadeu et al. 2020); et al. 2020; Ferrero et al.
21% (15) (Rodrigues et al. 2020); 2020; Rodrigues et al. 2020;
8% (15) (Ferrero et al. 2020); Karolové et al. 2023;
17% (9) (Jeong et al. 2020); Khodadoust et al. 2017;
38% (43) (Malarikova et al. 2020); Jain et al. 2023) associated
31% (5) (Yang et al. 2018); with poor prognosis
41% (7) (Khodadoust et al. 2017); (Greiner et al. 1996; Jeong
26% (46) (The AACR Project GENIE et al. 2020; Ferrero et al.
Consortium et al. 2017); 2020; Rodrigues et al. 2020;
19% (11) (Zhang et al. 2014); Karolova et al. 2023;
15% (8) (Greiner et al. 1996). Khodadoust et al. 2017;
Average: 24% Jain et al. 2023).

KMT2D 15% (6) (Jain et al. 2023); missense, frameshift and

28% (7) (Karolova et al. 2023);
23% (19) (Nadeu et al. 2020);
12% (23) (Ferrero et al. 2020);
32% (17) (Jeong et al. 2020);

18% (33) (The AACR Project GENIE

nonsense mutations (Jeong
et al. 2020; Karolova et al.
2023; Jain et al. 2023);
associated with poor
clinical outcome (Ferrero et
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https://www.zotero.org/google-docs/?xsgqSY
https://www.zotero.org/google-docs/?EmT5Yh
https://www.zotero.org/google-docs/?Rty4Fa
https://www.zotero.org/google-docs/?FAC3SD
https://www.zotero.org/google-docs/?82VyeO
https://www.zotero.org/google-docs/?AgHny9
https://www.zotero.org/google-docs/?OCkcZE
https://www.zotero.org/google-docs/?CcuHmG
https://www.zotero.org/google-docs/?2a5OQ3
https://www.zotero.org/google-docs/?E20GgE
https://www.zotero.org/google-docs/?ZNVaPj
https://www.zotero.org/google-docs/?s0UU5h
https://www.zotero.org/google-docs/?c8doNf
https://www.zotero.org/google-docs/?6O8ZjD
https://www.zotero.org/google-docs/?6O8ZjD
https://www.zotero.org/google-docs/?9bsIj1
https://www.zotero.org/google-docs/?p2WUXz
https://www.zotero.org/google-docs/?6i4DWs
https://www.zotero.org/google-docs/?6i4DWs
https://www.zotero.org/google-docs/?6i4DWs
https://www.zotero.org/google-docs/?6i4DWs
https://www.zotero.org/google-docs/?l8AEix
https://www.zotero.org/google-docs/?B4JJ0T
https://www.zotero.org/google-docs/?OsVzeI
https://www.zotero.org/google-docs/?seQyKb
https://www.zotero.org/google-docs/?JRW2mg
https://www.zotero.org/google-docs/?roYiY6
https://www.zotero.org/google-docs/?AdbYsu
https://www.zotero.org/google-docs/?wQ5K55
https://www.zotero.org/google-docs/?JJop2n
https://www.zotero.org/google-docs/?GdKIJn
https://www.zotero.org/google-docs/?C9RYNk
https://www.zotero.org/google-docs/?C9RYNk
https://www.zotero.org/google-docs/?T6Vbu7
https://www.zotero.org/google-docs/?cG0i9K
https://www.zotero.org/google-docs/?psyAhg
https://www.zotero.org/google-docs/?psyAhg
https://www.zotero.org/google-docs/?psyAhg
https://www.zotero.org/google-docs/?psyAhg
https://www.zotero.org/google-docs/?psyAhg
https://www.zotero.org/google-docs/?psyAhg
https://www.zotero.org/google-docs/?nvEnmF
https://www.zotero.org/google-docs/?nvEnmF
https://www.zotero.org/google-docs/?nvEnmF
https://www.zotero.org/google-docs/?nvEnmF
https://www.zotero.org/google-docs/?nvEnmF
https://www.zotero.org/google-docs/?nvEnmF
https://www.zotero.org/google-docs/?0iNIRI
https://www.zotero.org/google-docs/?sf76te
https://www.zotero.org/google-docs/?Ya3mnE
https://www.zotero.org/google-docs/?1MYnh4
https://www.zotero.org/google-docs/?S3SZGe
https://www.zotero.org/google-docs/?nyurBh
https://www.zotero.org/google-docs/?nyurBh
https://www.zotero.org/google-docs/?nyurBh
https://www.zotero.org/google-docs/?gvU8s7

Consortium et al. 2017).
Average: 18%

al. 2020).

CCND1 15% (6) (Jain et al. 2023); deletions or point
20% (5) (Karolova et al. 2023); mutations leading to
44% (36) (Nadeu et al. 2020); truncation of the
12% (15) (Yi et al. 2022); destabilization elements in
12% (22) (Ferrero et al. 2020); the 3'UTR of the transcript
19% (3) (Yang et al. 2018); and expression of the
29% (5) (Khodadoust et al. 2017); truncated protein with
13% (24) (The AACR Project GENIE longer half-life (Wiestner et
Consortium et al. 2017); al. 2007; Nadeu et al.
14% (9) (Zhang et al. 2014); 2020);
35% (10) (Bea et al. 2013). mutations in exon 1 (Bea et
Average: 18% al. 2013) leading to
increased protein stability
(Mohanty et al. 2016);
missense mutations (Zhang
et al. 2014; Karolova et al.
2023; Jain et al. 2023).
WHSC1 15% (29) (Ferrero et al. 2020); missense mutations
31% (5) (Yang et al. 2018); (Ferrero et al. 2020; Zhang
12% (2) (Khodadoust et al. 2017); et al. 2014; Khodadoust et
10% (18) (The AACR Project GENIE al. 2017); correlate with
Consortium et al. 2017); poor prognosis (Yang et al.
10% (13) (Bea et al. 2013); 2018)
7% (4) (Zhang et al. 2014).
Average: 12%
SP140 20% (5) (Karolova et al. 2023); mainly nonsense and
8% (10) (Yi et al. 2022); frameshift mutations
13% (11) (Nadeu et al. 2020); (Karolova et al. 2023;
12% (2) (Khodadoust et al. 2017). Khodadoust et al. 2017)
Average: 11% resulting in a truncated
protein form; associated
with inferior survival (Yi et
al. 2022).
SMARCA4 15% (6) (Jain et al. 2023); mainly missense (Zhang et

12% (3) (Karolova et al. 2023);
7% (9) (Yi et al. 2022);

9% (7) (Nadeu et al. 2020);

12% (2) (Khodadoust et al. 2017);
9% (16) (The AACR Project GENIE
Consortium et al. 2017);

12.5% (7) (Zhang et al. 2014).
Average: 10%

al. 2014; Yi et al. 2022;
Karolova et al. 2023;
Khodadoust et al. 2017) ;
predictor of poor
progression-free survival
(Yietal. 2022).
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https://www.zotero.org/google-docs/?S3SZGe
https://www.zotero.org/google-docs/?gvU8s7
https://www.zotero.org/google-docs/?PaHgBn
https://www.zotero.org/google-docs/?3OSdbZ
https://www.zotero.org/google-docs/?Osli2x
https://www.zotero.org/google-docs/?l8KJAE
https://www.zotero.org/google-docs/?IxvfGb
https://www.zotero.org/google-docs/?feDWcG
https://www.zotero.org/google-docs/?feDWcG
https://www.zotero.org/google-docs/?i0yifV
https://www.zotero.org/google-docs/?P4wJGG
https://www.zotero.org/google-docs/?dJZLXL
https://www.zotero.org/google-docs/?dJZLXL
https://www.zotero.org/google-docs/?dJZLXL
https://www.zotero.org/google-docs/?OryCQs
https://www.zotero.org/google-docs/?OryCQs
https://www.zotero.org/google-docs/?SBpvbZ
https://www.zotero.org/google-docs/?e2DbL0
https://www.zotero.org/google-docs/?e2DbL0
https://www.zotero.org/google-docs/?e2DbL0
https://www.zotero.org/google-docs/?fZGILk
https://www.zotero.org/google-docs/?TXWD2c
https://www.zotero.org/google-docs/?DxrpCm
https://www.zotero.org/google-docs/?DxrpCm
https://www.zotero.org/google-docs/?qGNHi3
https://www.zotero.org/google-docs/?gfpTC0
https://www.zotero.org/google-docs/?MPmjDV
https://www.zotero.org/google-docs/?MPmjDV
https://www.zotero.org/google-docs/?MPmjDV
https://www.zotero.org/google-docs/?eXTFVW
https://www.zotero.org/google-docs/?6JkOoE
https://www.zotero.org/google-docs/?x3NvlT
https://www.zotero.org/google-docs/?Y5z4yN
https://www.zotero.org/google-docs/?Y5z4yN
https://www.zotero.org/google-docs/?4m7vbw
https://www.zotero.org/google-docs/?4m7vbw
https://www.zotero.org/google-docs/?oiSAct
https://www.zotero.org/google-docs/?pYEalQ
https://www.zotero.org/google-docs/?NzR2Pg
https://www.zotero.org/google-docs/?MEO146
https://www.zotero.org/google-docs/?AjiZwv
https://www.zotero.org/google-docs/?AjiZwv
https://www.zotero.org/google-docs/?g464w2
https://www.zotero.org/google-docs/?Gj48bE
https://www.zotero.org/google-docs/?Gj48bE
https://www.zotero.org/google-docs/?Gj48bE
https://www.zotero.org/google-docs/?Gj48bE
https://www.zotero.org/google-docs/?xojL73

BIRC3 7% (3) (Jain et al. 2023); truncating or missense
22% (18) (Nadeu et al. 2020); mutations in the zinc finger
5% (6) (Yi et al. 2022); ring domain (Ferrero et al.
6% (11) (Ferrero et al. 2020); 2020); frameshift
12% (22) (The AACR Project GENIE mutations (Yi et al. 2022;
Consortium et al. 2017); Jain et al. 2023).
9% (5) (Zhang et al. 2014);
6% (11) (Bea et al. 2013).
Average: 9%

NOTCH1 12% (5) (Jain et al. 2023); mainly truncating

mutations in the C-terminal
domain; frameshift
mutations (Yi et al. 2022);

12% (3) (Karolova et al. 2023);
7% (9) (Yi et al. 2022);

5% (4) (Nadeu et al. 2020);
12% (13) (Kridel et al. 2012); associated with shorter
12% (2) (Khodadoust et al. 2017); overall patient survival

5% (9) (The AACR Project GENIE Consortium | (Kridel et al. 2012; Ferrero
et al. 2017); et al. 2020; Bea et al. 2013).
14% (8) (Zhang et al. 2014);
5% (8) (Bea et al. 2013);

8% (14) (Ferrero et al. 2020).
Average: 8%

*As not all studies provide the precise genomic locations of gains and deletions
and those locations also vary across patients, as an approximation, the total percentages
for losses and gains are calculated for the smallest deleted/gained region common for all
the described gains/losses. For example, the total percentage for the 13q loss takes into
account both the 13q14 and the 13g33-q34 losses, as well as the general reports of the
del(13q) without further specifications. When available, more precise loss/gain locations
are specified for the particular studies cited in the table.

Increased genomic instability is likely related to the alterations in the key DNA
damage response genes, ATM and TP53, which are the two most frequently deleted
and/or mutated genes in MCL (see Table 1). ATM is a serine/threonine kinase
recruited to the sites of double strand breaks (DSBs) where it phosphorilates the key
proteins initiating the DNA damage response (J.-H. Lee and Paull 2021). It is mutated
predominantly in cMCL (Nadeu et al. 2020). ATM-mutant cells have impaired DNA
double strand break repair and impaired apoptosis (Weston et al. 2010). In mouse
models, ATM deficiency leads to persistent DNA damage, increased rate of
chromosomal aberrations and development of lymphomas (Y et al. 2017; Yamamoto
et al. 2012; Hathcock et al. 2015; Y. Xu et al. 1996). WGS studies of MCL tumors also
show that MCL cells with mutated ATM have decreased telomere length (Nadeu et al.
2020), which may facilitate genomic aberrations via breakage-fusion-bridge cycles.
Accordingly, MCLs with ATM inactivation bear more chromosomal imbalances than
MCLs with the wild-type gene, while bi-allelic ATM alterations are further associated
with frequent extranodal involvement (Camacho et al. 2002). Occasionally, ATM
mutations are present in the germline of MCL patients (Fang et al. 2003; Nadeu et al.
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https://www.zotero.org/google-docs/?I1AoS4
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https://www.zotero.org/google-docs/?76nhcS
https://www.zotero.org/google-docs/?NEQkJp
https://www.zotero.org/google-docs/?NEQkJp
https://www.zotero.org/google-docs/?WdHtpA
https://www.zotero.org/google-docs/?ArUuxq
https://www.zotero.org/google-docs/?YzYfiI
https://www.zotero.org/google-docs/?YzYfiI
https://www.zotero.org/google-docs/?dWiWMH
https://www.zotero.org/google-docs/?dWiWMH
https://www.zotero.org/google-docs/?rn0DKj
https://www.zotero.org/google-docs/?8BPN9s
https://www.zotero.org/google-docs/?7tGXp3
https://www.zotero.org/google-docs/?wWWOin
https://www.zotero.org/google-docs/?qS02bm
https://www.zotero.org/google-docs/?vPROFy
https://www.zotero.org/google-docs/?vPROFy
https://www.zotero.org/google-docs/?1Ivt3R
https://www.zotero.org/google-docs/?uBwlgr
https://www.zotero.org/google-docs/?opQEoh
https://www.zotero.org/google-docs/?ih9tJr
https://www.zotero.org/google-docs/?PdZzk5
https://www.zotero.org/google-docs/?PdZzk5
https://www.zotero.org/google-docs/?OYc21H
https://www.zotero.org/google-docs/?aTTN00
https://www.zotero.org/google-docs/?fQD0mo
https://www.zotero.org/google-docs/?OcD4CR
https://www.zotero.org/google-docs/?OcD4CR
https://www.zotero.org/google-docs/?chfW7w
https://www.zotero.org/google-docs/?chfW7w
https://www.zotero.org/google-docs/?EXWqBS
https://www.zotero.org/google-docs/?KKw2MZ

2020), suggesting a possible genetic predisposition. Importantly, throughout normal
B cell differentiation, ATM is weakly expressed or absent in the bone marrow and
germinal center B lymphocytes, while the highest ATM levels are present in the B
lymphocytes of the mantle zone and in plasma cells (Starczynski et al. 2003).

Nevertheless, the direct role of ATM in MCL pathogenesis is debatable. Although very
frequent, ATM loss was not correlated with the overall survival of MCL patients (T. C.
Greiner et al. 2006). In another study, the correlation of ATM deficiency with inferior
survival was observed in the sub-group of patients with the wild-type P53, but not in
the group with mutated P53, while P53 mutation was a negative survival predictor
either alone or in combination with mutated ATM (Koff et al. 2022). This likely
suggests that p53 serves as a converging hub for both aberrations, as it is one of the
main DNA-damage response proteins activated by ATM phosphorylation.

p53 is involved in both double- (DSB) and single- (SSB) strand break responses
(Figure 4), acting as a DNA damage sensor during the G1/S and G2/M checkpoints.
Depending on the nature of the damage, DNA damage signaling coordinated by ATM
(DSB) or ATR (SSB) produces a spectrum of p53 post-translational modifications
(mainly phosphorylation), which tailor the appropriate and proportional p53
activation. Activated p53 relocates to the nucleus and induces transcription of genes
involved in repair and cell cycle arrest, which allows the cell to repair the damage
before replicating or enter apoptosis in case of failure. TP53 is thus one of the major
tumor suppressors and also the most commonly mutated gene across all human
cancers (Levine 2020). TP53 knockout mice develop early spontaneous tumors,
predominantly T cell ymphomas (Donehower et al. 1992; Dudgeon et al. 2014;
Palanichamy et al. 2023), while the mice with specific TP53 deletion in the B cell
lineage exhibit a spectrum of phenotypes ranging from marginal zone expansion to
marginal zone lymphoma to diffuse large/mixed B-cell ymphomas of the spleen
(Palanichamy et al. 2023). In almost half of Mantle cell ymphoma cases TP53 is either
lost or bears a missense, nonsense or frameshift mutation compromising the p53
protein function (see Table 1). In MCL, TP53 alteration is a secondary mutation,
though its high frequency and the survival advantage it confers to the bearing cells
(D. H. Kim et al. 2024) suggests it might be an early event in the oncogenesis of
TP53-altered MCL tumors. TP53 alterations in MCL are associated with poor
prognosis (T. Greiner et al. 1996; E et al. 2019; Ferrero et al. 2020; Jeong et al. 2020;
Rodrigues, Hassan, et al. 2020; Scheubeck et al. 2023; Elhassadi et al. 2021),
aggressive clinical course (Eskelund et al. 2017) and blastoid morphology (Eskelund
et al. 2017; Derby et al. 2010), and identify younger mantle cell ymphoma patients
who do not benefit from intensive chemoimmunotherapy (Eskelund et al. 2017). Of
note, non-loss TP53 mutations frequently translate into elevated p53 protein levels in
immunohistochemistry studies (Rodrigues, Hassan, et al. 2020), though the
overexpressed p53 is likely dysfunctional; thus, p53 overexpression is an equally
significant criteria for patient inclusion into a high-risk group (Alaggio et al. 2022).
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Figure 4. Impaired DNA damage response in MCL.

Other proteins of the DNA damage pathway are rarely altered in MCL. Decreased
expression of checkpoint kinases CHK2 and CHK1, acting downstream of ATM and
ATR (Figure 4), was reported in occasional aggressive cases (F. Tort et al. 2005;
Frederic Tort et al. 2002; Nadeu et al. 2020). Moreover, similarly to ATM1, CHK2
mutations were sometimes observed in the germline of the MCL patients (Hangaishi
et al. 2002; Frederic Tort et al. 2002), though not systematically.

Interestingly, overexpressed CCND1 was proposed to counterbalance the high rates
of genomic instability in MCL helping to maintain the pool of viable tumor cells (S.
Mohanty et al. 2013). CCND1 depletion exhibited a toxic effect on MCL
xenotransplants and was associated with the DNA damage manifested by increased
histone H2AX phosphorylation (S. Mohanty et al. 2017). Moreover, CCND1 silencing
rended MCL cells more sensitive to conventional chemotherapeutic agents (Tiemann
et al. 2011) and replication inhibitors which induce DNA damage through relocation
stress (S. Mohanty et al. 2017).

1.1.2.5. SOX11 expression

SOX11 is another specific marker of MCL. Its nuclear expression is detected in almost
all MCL cases except for the non-nodal forms and unequivocally distinguishes
conventional MCLs from benign lymphoid tissues (Ek et al. 2008; Mozos et al. 2009).
SOX11 staining is equally valuable for differential MCL diagnostics: nuclear SOX11 is
absent in chronic lymphocytic leukemia and diffuse large B cell ymphoma, most
frequently confused with MCL, as well as in many other lymphoid neoplasms,
including follicular lymphoma, marginal zone lymphoma, and primary bone marrow
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lymphoma (Mozos et al. 2009); up to 50% of Burkitt lymphomas (Dictor et al. 2009;
Mozos et al. 2009), most B and T-lymphoblastic leukemia/lymphomas and some
hairy cell leukemias (Dictor et al. 2009) can be SOX11-positive, but those tumors are
usually not mistaken for MCL. Importantly, nuclear SOX11 is also detected in
CCND1-negative MCLs (Mozos et al. 2009), which further increases its diagnostic
value.

SOX11 is a neurogenic transcription factor mainly known for promoting neural fate,
neural differentiation, and neuron maturation in the developing nervous system,
together with the two other SOXC family transcription factors, SOX4 and SOX12 (Uy
et al. 2015; Tsang, Oliemuller, and Howard 2020). It is equally reported to have a
broader function as a general regulator of progenitor and stem cells behavior; at
varying levels, SOX11 expression is present in non-neural embryonic tissues,
including the epithelium and the mesenchyme of lung, gut, pancreas and mammary
glands (Dy et al. 2008). In adult tissues, SOX71 is normally silent, while its ectopic
expression is associated with cancer and genetic disorders (Tsang, Oliemuller, and
Howard 2020). Although SOX11 is normally not detected in the cells of the
lymphocyte ontogeny at any developmental stage, it is highly homological to SOX4,
which is crucial for B lymphopoiesis (Sun et al. 2009) and pro-B cells survival in
particular (Sun et al. 2013). The specificity of the Sox proteins’ DNA-binding domain is
low by itself and is thought to be achieved through protein partners and
post-translational modifications (reviewed in (Bernard and Harley 2010)); thus SOX11
likely gains some functional properties similar to that of SOX4 when ectopically
expressed in the B cell context. Functional redundancy of SOX4 and SOX11 has been
demonstrated in multiple processes, e.g. spinal cord development (Thein et al. 2010),
retina development (Jiang et al. 2013) and wound repair (Miao et al. 2019).
Interestingly, the t(11;14) translocation is thought to occur in the pro-B cell stage
(Hummel et al. 1994; Kuppers et al. 1999; Kienle et al. 2003; Nadeu et al. 2020), the
critical period of SOX4 expression (Sun et al. 2013).

In mantle cell ymphoma, SOX11 likely blocks the tumor cells in the mature B-cell
stage, preventing their terminal differentiation. It directly upregulates PAXS5, a
transcription factor committing lymphoid progenitors to the B-lymphocyte lineage
(Cobaleda, Jochum, and Busslinger 2007) and driving the transition to the mature
B-lymphocyte stage afterwards (Hill et al. 2020). Pax5 loss in B cells promotes plasma
cell differentiation (Nera et al. 2006). Similarly, SOX71 silencing in MCL cells produces
a shift from the mature B cell expression signature to that of early plasmacytic
differentiation, although it is not sufficient to induce a complete plasma cell
phenotype (Vegliante et al. 2013). Accordingly, plasmacytic differentiation is not
characteristic for mantle cell ymphoma, while the occasional MCL cases with focal
areas of plasma cell presence tend to be SOX11-negative (Ribera-Cortada et al.
2015). SOX11 also represses the expression of BCL6 through direct binding to the
regulatory region within its intron 1 sequence (J. Palomero et al. 2016). BCL6 is a
transcription factor critical for the germinal center formation. It prevents premature
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activation and differentiation of GC B cells allowing for their proliferation, and also
promotes B cell tolerance to DNA breaks required for somatic hypermutation (Basso
and Dalla-Favera 2012). BCL6 downregulation by SOX11 likely blocks the entrance of
the t(11;14) B cell to the GC, preventing SHM and further differentiation stages. This
is in line with the non-mutated IGHV status of most MCL tumors (Pighi et al. 2013).
Consistently, low or absent SOX11 expression is also more generally characteristic
for the rare subset of MCL tumors with mutated IGHV (Yi et al. 2022). Finally, SOX11
may contribute to MCL oncogenicity by stimulating tumor angiogenesis. It directly
upregulates the proangiogenic platelet-derived growth factor A (PDGFA), which was
shown to be secreted by MCL cells in vitro promoting endothelial cell proliferation,
migration and tube formation (Jara Palomero et al. 2014). SOX11+ MCL tumors
overexpress angiogenic gene signature, including PDGFA (Jara Palomero et al. 2014),
and present higher microvascular development (Petrakis et al. 2019; Annese et al.
2020), which contributes to their aggressive phenotype.

Paradoxically, SOX11 seems to decrease tumor proliferation in MCL (Gustavsson et
al. 2010; R. Yang et al. 2020; Conrotto et al. 2011) as well as in gastric and prostate
cancer, glioma and nasopharyngeal carcinoma (Hide et al. 2009; Song Zhang, Li, and
Gao 2013; X. Xu et al. 2015; Pugongchai, Bychkov, and Sampatanukul 2017). This may
be partially due to the suppression of the WNT/ 3-Catenin pathway, as in MCL cells,
SOX11 was shown to directly upregulate the expression of NLK, a negative
WNT-signaling regulator, and downregulate the expression of SMAD3, a protein
protecting B-catenin from ubiquitin-proteasome-dependent degradation (P.-Y. Kuo
et al. 2015). Other proliferation-related effects of SOX11 have been deduced in
several overexpression/knockdown experiments. Knock-down of lipid storage
regulating protein HIG2, another direct transcriptional target of SOX11 (Xiao Wang et
al. 2010; Kuci et al. 2016), reciprocally reduced SOX11 expression and increased
cellular proliferation in MCL cells (Kuci et al. 2016). Forced overexpression of SOX71
in MCL cells led to the upregulation of the cell cycle suppressing CDKN2A locus and
transforming growth factor-p (TGF-B), which blocks the progression through the G1
phase (Gustavsson et al. 2010), while SOX717 knock down resulted in more aggressive
tumor growth in vivo and increased ATX expression (Conrotto et al. 2011). ATX
encodes for autotaxin, a secreted lysophospholipase D which produces
lysophosphatidic acid (LPA), a lipid mediator stimulating multiple cellular processes,
including the GO/G1- to S-phase transition (Jones and Kazlauskas 2001). All together,
experimental results argue that SOX11 should rather restrict MCL growth and its
pathogenic effect, if any, should be mediated otherwise. Accordingly, most clinical
studies associate SOX11 positivity with better patient outcome. Two studies involving
53 (Xiao Wang et al. 2008) and 127 (Nordstrém et al. 2014) patients reported the
absence of nuclear SOX11 to be associated with shorter overall survival; in another
study of 186 patients, SOX11 negativity was equally associated with reduced overall
survival, as well as higher frequency of lymphocytosis, elevated lactate
dehydrogenase (LDH) level and p53 positivity (Nygren et al. 2012). Finally, in the
largest study available up to date (365 patients), patients with low SOX11 expression
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also had shorter OS, though time to treatment failure (TTF) was not affected
(Aukema et al. 2018). On the other hand, one study has reported contradicting data,
associating SOX11 expression with shorter overall survival (Fernandez et al. 2010).
An attempt to resolve this controversy has come from a recent study, which
demonstrated that SOX11 inhibited tumor proliferation via CD43 dependent manner
(R. Yang et al. 2020). While both CD43 and SOX11 positivity were separately
associated with low Ki-67 index, only double positive SOX11+ CD43+ and single
positive CD43+ cases had a significantly improved overall survival in a 37 patients
cohort. Whether this finding will enhance the clinical significance of SOX11 as a
prognostic indicator remains to be established.
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Figure 5. SOX11 expression in MCL oncogenesis.

As SOX11 gene is not targeted by any genetic alteration in MCL (Nadeu et al. 2020), it
is impossible to infer the precise time point of its deregulation from the clonal
studies of developed tumors. Nevertheless, the high rate of SOX11-positivity (90% of
total cases) implies that it should be a relatively early event in the evolution of
conventional MCL. This is partially confirmed by the single-cell studies, which reveal
that most of the SOX77-expressing MCL B cells are positive for IgM (90.5%) and
negative for IgD (82.2%) (Valentin Hansen et al. 2021), which is characteristic for
immature B lymphocytes of the bone marrow. In serial biopsies of the lymph nodes
of MCL patients, SOX11 is already detected in yet indolent in situ MCL cells
(Carvajal-Cuenca et al. 2012). Moreover, IGHV genes of the SOX11+ positive tumors
are almost always non mutated. It is thus tempting to speculate that SOX71
deregulation occurs at the immature B lymphocyte stage, and the subsequent PAX5
upregulation drives the acquisition of the mature B cell phenotype by the majority of
the tumor cells (Figure 5).

The reasons for SOX11 upregulation in MCL are equally elusive. SOX71 expression is
epigenetically controlled. SOX77 promoter is hypomethylated in both healthy
hematopoietic system and SOX11-positive lymphoid neoplasms (Vegliante et al.
2011; Wasik et al. 2013), but in healthy cells, it is heavily silenced due to the presence
of inactivating histone marks H3K9me2 and H3K27me3 (Vegliante et al. 2011); this

31


https://www.zotero.org/google-docs/?8CotBW
https://www.zotero.org/google-docs/?m7hIzZ
https://www.zotero.org/google-docs/?W3NFKb
https://www.zotero.org/google-docs/?IhBVix
https://www.zotero.org/google-docs/?FyFMXF
https://www.zotero.org/google-docs/?Nmt6Ta
https://www.zotero.org/google-docs/?bvsPdr
https://www.zotero.org/google-docs/?bvsPdr

silencing can be reversed by a histone deacetylase inhibitor, but not a
methyltransferase inhibitor (Vegliante et al. 2011).

In contrast, in lymphoid neoplasms that express SOX77 (MCL, a subset of B-ALLs, a
subset of BLs), its promoter is marked by the activating histone modifications
H3K9/14Ac and H3K4me3 (Vegliante et al. 2011). SOX71 expression is also influenced
by a distal super-enhancer located 624-653 Kb downstream of the gene (Queirds et
al. 2016). This enhancer region is hypomethylated only in SOX11+ MCL cases and
presents high contact frequencies with the SOX77 gene in a bi-allelic fashion (Queirds
et al. 2016; Vilarrasa-Blasi et al. 2022). Although this interaction is not translated into
a large-scale disruption of topologically associated domains (TADs) in the region,
there is a significant increase in the density of 3D interactions within the existing TAD
in SOX11+ MCL cells (Vilarrasa-Blasi et al. 2022).

In summary, while SOX11 stands out as one of the most specific markers for MCL,
there is limited understanding regarding the reasons and timing of its upregulation.
Moreover, its role in MCL progression is controversial, as it promotes certain
aggressive clinical characteristics while also constraining tumor proliferation. Further
investigation is necessary to shed light on the consequences of SOX11 expression in
MCL pathology and the clinical relevance of SOX11 as a prognostic and stratification
marker.

1.1.2.6. B cell receptor signaling

B cell receptor (BCR), a transmembrane receptor on the B cell surface, is crucial for
normal B cell development and adaptive immunity. The survival of pre-B cells is
highly dependent on the presence of a functional pre-BCR, while B cell maturation
relies on the selection of the B cells with the functional non-autoreactive BCRs
(Figure 1). Upon recognition of a specific antigen, mature B cells receive strong
proliferation signals and differentiate into antibody-secreting plasma cells or
memory cells. In malignant cells, BCR signaling functions in a manner similar to that
of a healthy B cell at a corresponding differentiation stage, and is usually co-opted to
promote cell survival and proliferation.

Normally, BCR generates two types of signal: an antigen-independent continuous
signal of low strength, known as ‘tonic’, required for cell maintenance and survival,
and an antigen-dependent ‘activated’ signal inducing intense proliferation and
differentiation. All BCR signal transduction is mediated through the heterodimer of
lga and IgP proteins (CD79A and CD79B) that is non-covalently associated with the
membrane part of the BCR (Figure 6). The cytoplasmic tails of Iga and Ig[3 contain
immunoreceptor tyrosine-based activation motifs (ITAMs), that can be activated
through phosphorylation by SRC-family protein tyrosine kinases (SFKs) - LYN, FYN
and BLK (Saijo et al. 2003), LYN kinase being the most highly expressed in B cells
(Yamanashi et al. 1991). Upon antigen binding, LYN phosphorylates the ITAMs of Iga
and IgpB. In the absence of the antigen, transient ITAMs phosphorylation is still
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possible due to the sensitive balance between the constitutively active PTKs and
protein-tyrosine phosphatases (‘tonic’ signaling). Phosphorylated ITAMs become the
docking site for the spleen tyrosine kinase (SYK), which is then activated by local
SRC-family kinases and by autophosphorylation (Rowley et al. 1995). Activated SYK
recruits B cell linker protein (BLNK), which coordinates the activation of
phospholipase Cy2 (PLCy2) and Bruton tyrosine kinase (BTK) (Baba et al. 2001).
Recruited BTK, also phosphorylated directly by LYN (Baba et al. 2001),
phosphorylates PLCy2 on its Y753 and Y759 residues, significantly boosting its lipase
activity (Y. J. Kim et al. 2004). Active PLCy2 catalyzes
phosphatidylinositol-4,5-bisphosphate (PIP2) hydrolysis into diacylglycerol (DAG) and
inositol trisphosphate (IP3), the latter inducing the influx of calcium into the cell.
Together with increased calcium levels, DAG activates protein kinase C (PKC)
isoforms that phosphorylate multiple downstream substances, leading to the
activation of NF-kB and RAS-MAPK-ERC pathways, both contributing to the survival
and proliferation of mature B cells. LYN also phosphorylates the positive
BCR-coreceptor CD19, that recruits phosphoinositide 3-kinase (PI3K) generating
phosphatidylinositol-3,4,5-trisphosphate (PIP3) from PIP2. PIP3 acts as a second
messenger to recruit the serine/threonine protein kinase AKT and BTK to the plasma
membrane via their pleckstrin homology (PH) domains. AKT signaling fosters cell
survival and growth, while BTK recruited to the membrane further amplifies the BCR
signaling through extended PLCy2 phosphorylation. BCR activation is
counterbalanced by the negative B-cell coreceptors CD5 and CD22, that contain the
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) or ITIM-like sequences (in
case of CD5). ITIMs recruit cytosolic phosphatases, such as tyrosine phosphatase
SHP1 and the inositol phosphatases SHIP1 and SHIP2, that attenuate the signaling
through ITAMs and PI3K respectively.
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Figure 6. Abnormal BCR signaling in MCL.
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Mutations in the elements of the BCR signaling pathway are not common for MCL.
Still, phosphoproteomics studies identify B-cell receptor signaling as the most
activated pathway in MCL cell lines (Pighi et al. 2011). Many BCR-pathway kinases,
including SYK, LYN, BTK and PKC§, were found among the most represented
phospho-peptides in MCL cells (Pighi et al. 2011). Compared to the PBMCs from
healthy donors, B cells from MCL patients demonstrated highly potentiated
a-BCR-induced signaling, elevated basal levels of p-AKT, p-SYK, p-PLCy (Myklebust et
al. 2017) and p-BTK (Ma et al. 2014). Blastoid MCL variants were also reported to
have constitutive PI3K-dependent phosphorylation of Akt (Rudelius et al. 2006), and
elevated association of the active PKC[3 with the plasma membrane was reported for
leukemic MCL (Boyd et al. 2009). Highly active BCR signaling was directly correlated
with increased tumor proliferation (Ki67 index and the expression of proliferation
signature genes) and was a strong predictor for poor OS after cytotoxic therapy
(Saba et al. 2016). High basal levels of particular members of the BCR pathway,
p-AKT, p-ERK and p-p38 MAPK, were also significantly associated with shorter OS of
MCL patients independent of their MIPI index (Myklebust et al. 2017).

Importantly, increased activation of the BCR pathway in MCL seems to be dependent
on the lymph-node microenvironment, at least in a large subset of cases. Within the
same patients, BCR and Nf-Kb gene signatures were expressed at higher levels in the
lymph-node biopsies compared to the peripheral blood in 59% (10/17) of samples
(Saba et al. 2016). Some data also suggest the implication of SOX11 in the BCR
signaling upregulation in MCL. In transgenic mice, B-cell-specific overexpression of
SOX11 promoted clonal B cell expansion and augmented the signaling through the
BCR pathway, specifically by increasing the baseline levels of phosphorylated BTK
and PLCy, and the levels of phosphorylated BTK, PLC, ERK1/2, p38, and MAPKAP2
upon IgM stimulation (Pei-Yu Kuo et al. 2018). In ChIP-seq and ChlIP studies, SOX11
was shown to bind upstream of the MIR17HG locus (P.-Y. Kuo et al. 2015;
Kawaji-Kanayama et al. 2023), encoding for the Mir-17-92 microRNA cluster
overexpressed in MCL (Navarro et al. 2013; Kawaji-Kanayama et al. 2023) and other
lymphoproliferative disorders (Dal Bo et al. 2015). Mir-17-92 inhibitors reduced the
cellular response to the BCR-stimulation and decreased the levels of activated SYK,
BTK, and AKT, suggesting the presence of miRNA-mediated activation of the BCR
pathway by SOX11 (Kawaji-Kanayama et al. 2023). Finally, although MCL is generally
thought to arise from the antigen-naive B cells, one can not completely exclude the
pathogenic role of antigen in the abnormal BCR activation and related cellular
proliferation of MCL cells. Around 10% of MCL tumors express stereotype BCR
(identical BCR clonotypes between different patients) (Messmer et al. 2004;
Stamatopoulos et al. 2007), suggesting the cell expansion was triggered by a specific
antigen. While it has not been clearly demonstrated for MCL tumors, the pathological
role of antigens, in particular autoantigens, such as apoptotic cell proteins or
structural elements of the immunoglobulin heavy chain, have been shown for other
lymphomas, notably CLL (Catera et al. 2008; Chu et al. 2010; Minden et al. 2012) and
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DLBCL (Young et al. 2015). Further research might shed light on the origins of the
BCR stereotipity and its interplay with the abnormal BCR pathway activation in MCL.

Extensive attempts have been taken to target the elements of the BCR pathway for
treatment purposes. Several inhibitors of Syk, Akt and PI3K induced
dose/time-dependent apoptosis in MCL cell lines in vitro (Pighi et al. 2011; Rinaldi et
al. 2006; Rudelius et al. 2006; Dal Col et al. 2008). Nevertheless, not all of them
proved equally successful in clinical trials. In a phase 1/2 trial, a Syk inhibitor
fostamatinib exhibited some effect only in 1 out of 9 MCL patients (Friedberg et al.
2010), while PI3Ké inhibitor idealisib achieved the overall response rate of 40%
(16/40 patients), with the complete response in only 2 out of 40 patients (5%) (Kahl et
al. 2014). A recent study demonstrated that MCL lymph nodes expressed high levels
of PI3Ky isoform compared to other lymphomas (Till et al. 2023). A dual PI3K-6 and
PI3K-y inhibitor duvelisib might offer a favorable efficacy in MCL patients (Z. Wang et
al. 2023).

A breakthrough came along with an accidental discovery of the effectiveness of the
BTK inhibition against MCL tumors, first demonstrated in a phase | clinical trial in
NHL patients (Advani et al. 2013). The effect was subsequently confirmed in a
disease-specific phase Il trial, where a BTK inhibitor ibrutinib showed a response rate
of 68% (75 MCL patients), including 21% of patients with complete response (M. L.
Wang et al. 2013). The mechanisms of ibrutinib action are likely multiafaceted. As
expected, ibrutinib prohibited the phosphorylation of BTK and downstream signaling
proteins PLCy2, MAP kinases ERK, JNK and AKT following the stimulation of MCL cells
by anti-IgM and CXCL12/13 chemokines (Chang et al. 2013). Interestingly though,
only the inhibition of ERK and AKT, but not the BTK phosphorylation per se correlated
with the cellular response to ibrutinib in MCL cell lines and primarily tumors (Ma et
al. 2014). In another in-vitro study, ibrutinib induced concentration-dependent
apoptosis and decreased the levels of anti-apoptotic Bcl-2, Bcl-xL and Mcl-1 proteins
(Cinar et al. 2013). Furthermore, ibrutinibe likely disrupts the homing of the MCL cells
in the lymphoid tissues and promotes the egress of MCL cells into peripheral blood,
where they die devoid of the survival signals and microenvironment protection
(Chang et al. 2013). This is supported by the clinical observation that ibrutinib
induces transient escalation of the absolute lymphocyte count (ALC) due to an
increase in circulating MCL cells shortly after treatment (Chang et al. 2013). These
cells have decreased Ki67 and pERK proliferation markers and decreased surface
expression of CXCR4, a chemokine receptor critical for B cell homing and
chemotaxis. As opposed to disease progression, the ALC increase following ibrutinib
treatment is accompanied by a substantial tumor volume and lymphadenopathy
reduction (Chang et al. 2013). In co-culture experiments, ibrutinib blocked the
migration of MCL cells beneath stromal cells and suppressed the stromal
cell-induced chemokine and cytokine secretion, which further proved the importance
of BTK-signaling for the migration and adhesion of MCL cells (Chang et al. 2013).
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In summary, potentiated BCR pathway is one of the key factors sustaining cell
survival and proliferation in MCL, similarly to other lymphomas. Heightened BCR
signaling correlates with aggressive tumor behavior and poor prognosis (Gambino et
al. 2024). All this, together with the therapeutic success of the BTK inhibitors,
highlights the potential of targeting the components of the BCR pathway for MCL
treatment, motivating further research on the BCR axis in the MCL context.

1.1.2.7. Epigenetic deregulation and genome architecture

Gene expression profiles of MCL tumors are highly correlated with the
epigenetically-defined regions of open chromatin observed in naive mature B cells (J.
Zhang et al. 2014), suggesting that MCL cells are epigenetically similar to their
presumed normal counterparts. In terms of the 3D-genome architecture, MCLs also
resemble naive B lymphocytes (Vilarrasa-Blasi et al. 2021). Nevertheless, multiple
evidence suggests that MCL cells acquire a number of tumor-specific epigenetic and
3D-genome features.

The t(11;14) translocation was shown to affect the radial positioning of the derivative
chromosome 14 in the 3D nuclear space by bringing the der14 closer to the nuclear
center and the nucleoli (Allinne et al. 2014). Such relocalization may translate into
affected chromatin state of the translocated loci, as the center of the nucleus is
generally enriched with active chromatin compartments (Chen et al. 2018; Su et al.
2020; Mota et al. 2022). Indeed, the euchromatic marker H3K9Ac was elevated
around the t(11;14) breakpoint as compared to the average genome acetylation level
(Markozashvili et al. 2016). Consistently, the region spanning the most frequent
translocation breakpoints on chr11 is decorated with the H3K4me1 enhancer marks
in normal naive and memory cells, but not the germinal cells, and those marks tend
to extend following the translocation in MCL (Nadeu et al. 2020), suggesting that the
t(4;,10) translocation may foster the development of novel enhancers or promoters.
The gain of activating regulatory marks in MCL has also been observed genomewide.
27% of stably active (A), inactive (B) or intermediate (I) chromatin compartments
present during normal B cell differentiation were shown to change their state in
mantle cell ymphoma cells, with the tendency (57%) towards compartment
activation (B to | or | to A transitions) (Vilarrasa-Blasi et al. 2021). The newly activated
compartments were enriched for the active chromatin functional states (e.g. active
enhancers and promoters) and exhibited an increase in accessibility and
transcription. Interestingly, the gain in compartment activity was not restricted to
der14; instead, it was most frequently observed on chromosomes 2, 10, 12, 13, 14,
15,16, 19 and 20 (Vilarrasa-Blasi et al. 2021). Significant changes in the 3D genome
structure were also observed between the conventional and non-nodal MCL
subtypes. In particular, cMCL was characterized by de novo gains of A and |
compartments in the 6.1 Mb region around the SOX71 locus, consistent with the
SOX11-positive status of most cMCL tumors. Apart from SOX71, 43% of the genes in
this region were overexpressed in cMCL vs nnMCL in at least one MCL cohort
(Vilarrasa-Blasi et al. 2021).
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Several works explored the mechanisms of epigenetic gene repression in the context
of MCL. EZH2, a key component of the polycomb repressive complex 2, was shown
to be overexpressed in proliferating MCL cell lines (Visser et al. 2001; Demosthenous
et al. 2020), while the negative regulator of EZH2, miR-26A1, was found uniformly
silenced in the MCL patient samples (Kopparapu et al. 2016). EZH2 was proposed to
contribute to mantle cell ymphoma growth by depositing the repressive H3K27me3
histone marks on the CDKN2B promoter (Demosthenous et al. 2020). One study also
established the role of EZH2 in the silencing of the HOX genes in MCL (Kanduri et al.
2013), although without a clear link with the MCL pathogenesis.
DNA-hypermethylation of CDKN2A, encoding for the CDK4/6 inhibitor p16, was
detected in 82% of the MCL samples, though the links with the gene expression or
patient prognosis were not investigated (Chim et al. 2007). Five other genes, SOX9,
HOXA9, AHR, NR2F2, and ROBO, were also found frequently methylated in MCL, and
the hypermethylation of two or more of these genes was associated with aggressive
clinicopathological features and shorter patient survival (Enjuanes et al. 2011).
Nonetheless, it is unclear whether this association reveals a direct causal
relationship or is simply due to the confounding variables such as advanced tumor
stage and patient age, as DNA methylation changes tend to gradually accumulate
during rounds of cell division, especially in cancer (Beerman et al. 2013; Siegmund et
al. 2009; Aran et al. 2011; Landan et al. 2012; Nadeu et al. 2020). Supporting the
latter, recent works showed that the main source of DNA-methylation variability
between MCL tumors comes from the presumed cells of origin, ie, germinal
center-inexperienced and germinal center-experienced B lymphocytes, followed by
their proliferative history (Queirds et al. 2016; Nadeu et al. 2020).

Finally, up to 20% of MCL tumors bear mutations or deletions involving the genes
coding for the components of the SWI-SNF complex, notably SMARCA4 (most often)
and ARID2 (Agarwal et al. 2019). SWI/SNF are a family of chromatin remodeling
complexes that hydrolyse ATP to slide or eject the nucleosomes (Kwon et al. 1994).
They are enriched at enhancers and promoters and are essential to modulate
enhancer accessibility necessary for the transcription factors to activate gene
expression (Xiaofeng Wang et al. 2017; Nakayama et al. 2017). SWI/SNF also actively
participate in DNA damage repair by modifying the chromatin structure around the
damaged sites and recruiting the DNA damage response proteins (Ogiwara et al.
2011; Qi et al. 2015; Chen et al. 2019). Mutations in the components of SWI-SNF are
found in up to 25% of known cancers, and both their role in DNA damage response
and transcription regulation may be compromised in different malignancies
(reviewed in (Mittal and Roberts 2020)). In MCL, losses or mutations in SMARCA4 and
ARID2 convey primary resistance to the combination therapy with the BTK inhibitor
ibrutinib and BCL-2 inhibitor venetoclax (Agarwal et al. 2019), likely by priming the
cells to survive the therapeutic challenge. MCL cells with the SMARCA4 loss increase
the expression of Bcl-xL, another anti-apoptotic protein from the BCL-2 family, and
are positively selected for during the ibrutinib-venetoclax treatment (Agarwal et al.
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2019). Conversely, addition of the Bcl-xL inhibitor is effective to overcome the
ibrutinib-venetoclax resistant phenotype (Agarwal et al. 2019). Although the
mechanistic link between the SWI-SNF complex and the described effect is not
entirely clear, it likely has an epigenetic component. While SMARCA4 loss did not
affect the chromatin state of the loci showing increased expression in SMARCA4
knockdown cells, significant decrease in accessibility was observed for the repressed
genes, suggesting that the direct effect of the SWI-SNF impairment in MCL is rather
the loss of activity of relevant genes than any specific target upregulation. In
particular, increased Bcl-xL expression was explained by the decrease in chromatin
accessibility and transcription in the ATF3 locus (Agarwal et al. 2019), encoding for
the Bcl-xL direct transcriptional repressor (Chueh et al. 2017).

All together, despite the significant potential for exploration, there is currently a
limited number of studies investigating the epigenetic landscape in mantle cell
lymphoma, resulting in few robust conclusions. Further research into MCL-specific
epigenetic alterations behind the oncogenic transformation is essential to translate
the latest advances in epigenetic therapies to mantle cell ymphoma treatment.

1.1.2.8. Metabolic reprogramming

Although not at the origins of MCL pathogenesis, metabolic reprogramming has
been described as a predictor of poor prognosis and/or treatment response in MCL.
Altered thermogenesis, fatty acid degradation and oxidative phosphorylation were
reported in patients with poor response to the Nordic MCL 2 and 3 (N-MCL2/3)
clinical trials protocol, which included first-line R-CHOP (rituximab,
cyclophosphamide, doxorubicin vincristine, and prednisone), high-dose cytarabine
cycles and autologous stem cell transplantation. Overexpression of the CPT1A
protein, a key enzyme in the carnitine-dependent transport which initiates
mitochondrial oxidation of long-chain fatty acids, was a predictor of short time to
progression (TPP) and reduced OS in this cohort (Gerdtsson et al. 2023). A recent
study also highlighted the role of aberrant nucleotide metabolism in MCL. The
authors were able to stratify MCL patients based on the nucleotide metabolism
expression score, that included the expression levels of six genes related to
nucleotide biosynthesis (CTPS1, DTYMK, NUDT1, PDE3B, TK1 and TYMS); the patients
with high score had significantly worse OS (p <0.0001) (Liang et al. 2023).

The expression of CTSP1, encoding for a key enzyme in cytidine triphosphate (CTP)
synthesis, was the strongest OS predictor, associated with decreased OS
independently of the other nucleotide metabolism genes. Of note though, the same
study demonstrated that the CTSP1 expression is likely upregulated by MYC (Liang et
al. 2023), which is itself a predictor of poor outcome (Choe et al. 2016; Rodrigues,
Hollander, et al. 2020; Nadeu et al. 2020).

Constitutive activation of the PI3K/Akt signaling in aggressive blastoid MCL variants
(Dal Col et al. 2008; Rudelius et al. 2006) led to the exploration of one of its major
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downstream targets, the mammalian target of rapamycin (mTOR), in the context of
MCL. mTOR is a central regulator of cell metabolism, growth and survival, which in B
cells promotes pro-survival signaling. It exists in two functionally and structurally
distinct complexes, mTOR complex 1 (mTORC1) and mTORC2, the former being
mostly sensitive to nutrients and the latter mostly responsive to the signaling via
PI3K and growth factors. mTORC1 inhibitors exhibited anti-proliferative activity
against MCL cells (Hipp et al. 2005; Haritunians et al. 2007; Dal Col et al. 2008).
Nevertheless, mTORC1 inhibition did not prove effective in clinics, at least as a single
therapy, the main issue being the very short-lived response (Hess et al. 2009; Ansell
et al. 2008; Renner et al. 2012; Witzig et al. 2005). One of the reasons behind this
short effect duration is the fact that selective mTORC1 inhibitors suppress the
mTORC1-dependent negative feedback loop and paradoxically increase Akt
signaling, thus shifting the balance to increased mTORC2 activity (Shi et al. 2005;
Gupta et al. 2009). Second generation mTOR inhibitors targeting both the mTORC1
and mTORC2, overcome this issue, but have not been extensively tested in MCL. In
one in-vitro study, mTORC1/2 inhibitor exhibited only a sligh cytostatic and cytotoxic
effect in MCL cell lines and primary MCL cells; nonetheless, it also decreased the
levels of the Krebs cycle metabolites and partially reversed the upregulation of the
glycolysis by-product lactic acid induced by a selective nuclear export inhibitor
(Sekihara et al. 2017). This suggests the potential utility of the second generation
mMTOR inhibitors in combination therapies to suppress the energy metabolism
through glycolysis, typical for cancer cells (Warburg, Wind, and Negelein 1927).

Finally, metabolism has been extensively studied as a means to overcome MCL drug
resistance. Metabolic reprogramming towards oxidative phosphorylation (OXPHOS)
(L. Zhang et al. 2019; Y. Liu et al. 2023) was associated with resistance to the
BTK-inhibitor ibrutinib. MCL cells from the ibrutinib resistant patients had elevated
levels of the mitochondrial OXPHOS pathway components (L. Zhang et al. 2019) and
the transcription factor early growth response gene 1 (ERG1) (Y. Liu et al. 2023). ERG1
contributes to the transcriptional activation of PDP1, which activates the E1
component of the large pyruvate dehydrogenase complex, leading to increased
intracellular ATP production (Y. Liu et al. 2023). Small molecule inhibition of the ETC
Complex | resulted in substantial growth reduction of the ibrutinib-resistant MCL
cells in-vitro and in patient-derived in-vivo models (L. Zhang et al. 2019), while a
derivative of an anti-diabetic drug metformin synergized with ibrutinib in killing MCL
cell lines and primary samples from MCL patients (Y. Liu et al. 2023). Ibrutinib
resistance was equally associated with the metabolic shift towards glutaminolysis (L.
Zhang et al. 2019; S.-C. Lee et al. 2019). Glutaminolysis accounted for up to 50% of
the ATP production in MCL cell lines, independently of the ibrutinib response status
(S.-C. Lee et al. 2019), but glutamine uptake was upregulated in the
ibrutinib-resistant MCL cells (L. Zhang et al. 2019). Ibrutinib treatment suppressed
glutaminolysis and TCA cycle in the ibrutinib-responsive, but not resistant MCL cells
(S.-C. Lee et al. 2019), while blockage of glutamine metabolism with glutaminolysis
inhibitors resulted in oxidative stress, energy stress (L. Zhang et al. 2019) and growth
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restriction (S.-C. Lee et al. 2019) in the ibrutinib-resistant MCL cell lines. All together,
these results point to the potential of targeting the OXPHOS and glutamine
metabolism pathways to overcome ibrutinib resistance in relapsed/refractory MCL.
The safety of some oxidative phosphorylation inhibitors in lymphoma patients is
currently being explored in a phase 1 clinical trial (NCT03291938).

Alterations in hexosamine metabolism may be implicated in the resistance to a
proteasome inhibitor bortezomib, approved for the treatment of relapsed and
refractory MCL. Bortezomib induces apoptosis and cell cycle arrest in MCL cells
(Pham et al. 2003; Pérez-Galan et al. 2006), primarily by decreasing the proteasomal
degradation of IkB and subsequent inhibition of the NFkB pathway. Additionally,
bortezomib was shown to exhibit its cytotoxic effect through the activation of the
mitochondrial apoptotic pathway dependent on the generation of reactive oxygen
species (ROS) (Pérez-Galan et al. 2006) and the induction of a proapoptotic protein
Noxa independent of NFkB activation (Pérez-Galan et al. 2006; Rizzatti et al. 2008).
Unfortunately, up to 60% of patients have intrinsic bortezomib resistance (Fisher et
al. 2006; Goy et al. 2005; O’'Connor et al. 2005). O-GlcNAcylation is a dynamic
post-translational modification effectuated by the O-GIcNAc transferase (OGT), that
attaches O-linked N-acetylglucosamine (O-GIcNAc) moieties to cytoplasmic, nuclear
and mitochondrial proteins. It is thought to function as a nutrient and stress sensor,
regulating a variety of processes from transcription and epigenetic regulation to
signal transduction and metabolism (reviewed in (X. Yang and Qian 2017)). A
drug-like inhibitor of O-GIcNAcase (OGA), an enzyme removing the O-GIcNAc
residues, was shown to sensitize MCL cells to bortezomib-induced apoptosis through
prolonged O-GIcNAcylation of the proapoptotic protein tBid, that interfered with its
proteasomal degradation (Luanpitpong et al. 2018). These results suggest the
potential utility of OGA-inhibitors to combat bortezomib resistance, as well as the
relevance of the hexosamine metabolic pathway, a major source of O-GIcNAc, in the
response of MCL tumors to chemotherapy.

In conclusion, metabolic reprogramming plays a non-negligible role in mantle cell
lymphoma pathogenesis, impacting treatment response and drug resistance. Efforts
to target the metabolic pathways overexploited by MCL cells hold promise for
improving MCL outcomes. Nevertheless, MCL metabolism still remains a largely
unexplored area and further research is needed to translate the existing findings
into meaningful clinical interventions.

1.1.2.9. Tumor microenvironment

Interactions between malignant cells and components of the tumor
microenvironment (TME), such as stromal cells, immune cells, and extracellular
matrix, are pivotal factors underlying the tumor behavior and treatment response.
Depending on the location, the components of the microenvironment may provide
migration and homing signals, thus facilitating the tumor spread and metastasis,
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promote survival and proliferation of tumor cells, and even serve as a protective
layer against anti-tumor therapies.

Migration and homing of MCL cells

Trafficking and homing of normal and lymphoma B cells to the secondary lymphoid
tissues relies on the coordinated expression of chemokines, their receptors and
adhesion molecules on both the migrating cells and the cells of the
microenvironment. B cells express surface G-protein coupled chemokine receptors,
such as CXCR4 and CXCR5, while stromal cells in the lymphatic tissues constitutively
express chemokines, such as CXCL12 and CXCL13, which form the concentration
gradients and guide the B-cell positioning and homing at distinct compartments
(Bajénoff et al. 2006; Allen et al. 2004; Reif et al. 2002). Chemokine binding to the G
protein coupled receptors, together with other stimuli, such as BCR activation
(Spaargaren et al. 2003), activates the B cell surface integrins (e.g. ITGAL and VLA-4),
that bind to the molecules of the extracellular matrix and to adhesion molecules
expressed on the other surrounding cells (S. Liu et al. 1999; W. Shen et al. 2001).
Besides mediating the mechanical adhesion to the matrix, integrins transmit
pro-survival signals upon adhesion and also govern the cell polarity and cytoskeletal
remodeling when the cells migrate in response to cytokines (W. Guo and Giancotti
2004). In most integrins, this signaling is mediated through the recruitment of focal
adhesion kinase (FAK) (Lipfert et al. 1992), which cooperates with the SRC-family
kinases (SFKs) (Xing et al. 1994) and paxillin (Bellis, Miller, and Turner 1995; Y.-L. Hu
et al. 2014) to recruit multiple downstream effectors and activate the pro-survival
and pro-migratory pathways.

Mantle cell ymphoma (MCL) is characterized by an early, widespread dissemination,
most common secondary locations being the lymph nodes, bone marrow and
digestive system (Veloza, Ribera-Cortada, and Campo 2019). In line with their high
motility and metastatic potential, MCL cells express high levels of CXCR4, CXCR5 and
integrin VLA-4 (Kurtova et al. 2009; Y.-R. Kim and Eom 2014). MCL cell lines also
exhibit high expression of FAK and pFAK (Rudelius et al. 2018) and 64% of MCL
tumors are FAK-positive on immunohistochemistry sections (Ozkal et al. 2009).
Importantly, this percentage reaches 100% for the bone marrow MCL infiltrates
(Rudelius et al. 2018), reflecting both the importance of FAK for tumor dissemination
and the sustained integrin and extracellular matrix signaling in the bone marrow
microenvironment. In-vitro, MCL cells are highly motile and migrate spontaneously
beneath mesenchymal stem cells in co-culture systems (Kurtova et al. 2009; Y.-R. Kim
and Eom 2014). This migration largely depends on the CXCL12/CXCR4 axis (Y.-R. Kim
and Eom 2014). Stimulation by CXCL12 and CXCL13 induced actin polymerization, an
early requirement for the migratory response, and chemotaxis in MCL cells, while
both of these effects could be blocked by a CXCR4 antagonist (Kurtova et al. 2009).
CXCL12- and CXCL13-dependent chemotaxis of MCL cells is further enhanced by the
B-cell activating factor (BAFF) abundantly secreted by mesenchymal stromal cells,
which likely navigate the MCL cells to migrate to a certain niche (Medina et al. 2012).
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High invasion potential of MCL tumors may be additionally stimulated by SOX11.
ChIP data revealed CXCR4 and PTK2 (encoding for FAK) to be direct SOX11
transcriptional targets (Balsas et al. 2017). SOX11-positive MCL cells exhibited a
stronger chemotaxis response to CXCL12 stimulation and also migrated more
actively beneath the CXCL12-secreting bone marrow stromal cells compared to their
SOX11-negative counterparts (Balsas et al. 2017). SOX11+ cells also engrafted better
in an intravenous xenograft mouse model compared to the same cells with a SOX11
knockdown, while treatment with the FAK- and CXCR4-specific inhibitors reduced the
dissemination and growth of the SOX11+ tumors to the level of the SOX11-negative
ones (Balsas et al. 2017). In a subset of MCL cell lines, the adhesion of the cells to the
micro environment seems to be boosted by BCR signaling (Sadeghi et al. 2020; W.
Wu et al. 2021). These cells increased the expression of the BCR signature genes and
the genes of the downstream NfKb pathway upon adhesion to the stromal cells in
co-culture (Sadeghi et al. 2020), while the treatment with ibrutinib reduced their
adhesion rates (Sadeghi et al. 2020; W. Wu et al. 2021). Such cells also happen to be
sensitive to ibrutinib-induced cell death, suggesting that adhesion impairment is one
of the mechanisms of ibrutinib action - a hypothesis supported by clinical evidence
(Chang et al. 2013) (see BCR signaling).

Stromal support

Once in the lymphoid tissues, lymphoma cells may receive multiple proliferation and
survival signals from the surrounding cells. In physiological settings,
adhesion-activated FAK was shown to contribute to cell cycle progression through
direct regulation of the CCND1 promoter (Zhao, Pestell, and Guan 2001). However, in
MCL this effect may be negligible, as the CCND1 promoter is already constantly
active. CXCL12, either added externally or secreted from the stromal cells in a
co-culture setting, was shown to induce FAK phosphorylation and downstream
activation of PI3K/AKT (Balsas et al. 2017; Rudelius et al. 2018), ERK1/2 (Kurtova et al.
2009; Balsas et al. 2017; Rudelius et al. 2018) and Nf-kB pathways, leading to
increased proliferation of MCL cells (Balsas et al. 2017). Another study demonstrated
that interactions with the stromal cells supported long-term expansion of MCL cells
in-vitro, inhibiting spontaneous apoptosis and activating the canonical and
non-canonical Nf-kB signaling (Medina et al. 2012). This activation was dependent on
the B-cell activation factor (BAFF) secreted by the mesenchymal cells, as addition of
the decoy BAFFR-Fc receptor to the system abrogated the effect (Medina et al. 2012).
Finally, adhesion may produce long lasting pro-survival effects through epigenetic
reprogramming. In MCL cell lines, adhesion to stromal cells induced the expression
of histone demethylase KDM6B, which was accompanied by the reduction in the
repressive H3K27me3 marks and the increase in the activating H3K27me3 marks at
the promoters of the NF-kB encoding genes (Sadeghi and Wright 2023).

Pro-survival and anti-apoptotic signaling activated upon adhesion, as well as possible
mechanical protection, contribute to the widespread phenomenon of cell

42


https://www.zotero.org/google-docs/?b7nZmJ
https://www.zotero.org/google-docs/?V5ubuk
https://www.zotero.org/google-docs/?boWcSn
https://www.zotero.org/google-docs/?lFqvVA
https://www.zotero.org/google-docs/?lFqvVA
https://www.zotero.org/google-docs/?hlUoyn
https://www.zotero.org/google-docs/?ZI9S2z
https://www.zotero.org/google-docs/?SK02xN
https://www.zotero.org/google-docs/?JgLfJr
https://www.zotero.org/google-docs/?sohg5o
https://www.zotero.org/google-docs/?xSZzsU
https://www.zotero.org/google-docs/?xSZzsU
https://www.zotero.org/google-docs/?eanh0D
https://www.zotero.org/google-docs/?8mX51e
https://www.zotero.org/google-docs/?8X5Luh
https://www.zotero.org/google-docs/?icCP5p

adhesion-mediated drug resistance (CAM-DR), described for many tumors, including
MCL. Co-culture with the stromal cells reduced the sensitivity of MCL cell lines and
primary cells to doxorubicin, bortezomib or fludarabine (Medina et al. 2012; Balsas
et al. 2017). Adherent MCL cells demonstrated very low to no response to
chemotherapeutic agents, while the non-adherent MCL cells in the same co-culture
had an intermediate resistance phenotype (Medina et al. 2012). This suggested that
while both soluble and adhesion-dependent factors contributed to the drug
resistance, a dominant role belonged to the adhesion-mediated signals. In line with
this data, another study was able to overcome the chemotherapy resistance of MCL
cells in-vitro by simultaneous blockage of CXCR4 and VLA-4, but this blockage was no
longer effective once the MCL cells adhered to the stroma (Y.-R. Kim and Eom 2014),
highlighting the importance of the early prevention of MCL cell migration and
dissemination and the necessity to target the downstream effectors in the already
adherent cells. For example, inhibition of FAK helped overcome ibrutinib (Rudelius et
al. 2018) and bortezomib (Balsas et al. 2017) resistance in the MCL cells co-cultured
with the bone marrow stem cells. Of note, CAM-DR was shown to be more
pronounced in SOX11+ MCL cells due to the direct upregulation of CXCR4 and FAK
expression by SOX11 and subsequent activation of the FAK/PI3K/AKT pathway
(Balsas et al. 2017). SOX11 knockdown reduced the adhesion rates of MCL cell lines
and counterbalanced the protective effect of the bone marrow stromal cells upon
doxorubicin treatment (R. Yang et al. 2020).

Immune cells in the MCL microenvironment

A pivotal role in the tumor-microenvironment interactions belongs to the immune
cells, which not only orchestrate the anti-tumor immunity through surveillance and
cytotoxic activity but also, in certain cases, can paradoxically exert pro-tumorigenic
signaling, fostering tumor growth and progression.

CD4+ and CD8+ T-cells play a central role in the cell-mediated anti-tumor immune
response. CD8+ T cells recognize the antigens on the MHC-I class molecules of the
tumor cells and exert a direct cytotoxic effect against the tumor. Meanwhile, CD4+
cells recognize the MHC-Il-associated antigens on the antigen-presenting cells and
can either stimulate or suppress the activity of the effector cells, e.g. CD8+ T, NK and
macrophages, depending on the microenvironmental signals. Moreover, CD4+ T cells
can serve as antitumor effector cells on their own, either through a direct cytotoxic
activity against the MHC-II-positive tumors or by emitting the effector cytokines (e.g.
IFNy and TNF), that negatively affect both the tumor and the stromal compartments
(reviewed in (Speiser et al. 2023).

MCL cells express high levels of both class | and Il MHC molecules (Khodadoust et al.
2017), and can thus be targeted by both CD8+ and CD4+ T-cells. High counts of CD4+
(Nygren et al. 2014; X.-Y. Zhang et al. 2016) and CD8+ (Nygren et al. 2014) T cells in
the tumor infiltrate and peripheral blood of MCL patients predict positive outcomes
(Nygren et al. 2014; X.-Y. Zhang et al. 2016), while reduced expression of the
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transcripts related to T-cell costimulation and receptor signaling is associated with
poor overall survival (Balsas et al. 2021). Of note, high CD4+ count is a more
significant predictor of favorable OS than CD8+ count, and high CD4:CD8 ratio is
associated with good prognosis independent of other risk-defining prognostic
factors (Nygren et al. 2014; X.-Y. Zhang et al. 2016), suggesting a prevalent role of the
CD4+ T lymphocytes in anti-tumor immunity. A possible explanation for this
phenomenon comes from the genomic and proteomic MHC-profiling of MCL cells
(Khodadoust et al. 2017). This study revealed that the lymphoma-specific
neoantigens detected in MCL patients were presented almost exclusively on MHC-II
(Khodadoust et al. 2017). Remarkably, all of those neoantigen peptides came from
the somatically mutated variable regions of 13 immunoglobulin genes (Khodadoust
et al. 2017). Among all the other genes bearing somatic coding mutations, 46% were
represented by at least one peptide on either MHC-I or MHC-II molecule, but all of
those peptides were derived from the non-mutated gene regions (Khodadoust et al.
2017). Low presentation of the mutated antigens as MHC epitopes was described for
other hematological malignancies (Berlin et al. 2015; Kowalewski et al. 2015) and
may represent one of the mechanisms of tumor immune-escape; nevertheless, one
can not exclude that their absence is due to the technical limitations of the methods
that are yet unable to detect the rare epitopes. Similarly, it is not clear whether the
confinement of the MCL-specific epitopes to the Ig genes reveals the true biology or
a methodological constraint. Regardless, Ig-derived neoantigens bear potential for
MCL immunotherapy, as isolated circulating CD4+ cells specific for the Ig-derived
neoantigens were capable of killing the autologous lymphoma cells (Khodadoust et
al. 2017).

Unfortunately, certain CD4+ T cell subtypes have also been found to promote tumor
persistence and growth. One example is regulatory T cells (T.,), which are essential
for maintaining peripheral tolerance and preventing autoimmunity, but, on the other
hand, are known to limit the antitumor immune response through cytotoxic T cell,
NK and dendritic cell inhibition (Togashi, Shitara, and Nishikawa 2019). In mantle cell
lymphoma, the balance between different CD4+ T cell populations was shown to be
affected by the SOX11 status of the tumors. While the expression of SOX11 was
positively correlated with both the CD4+ and CD8+ inflammatory infiltrate (Annese et
al. 2020), SOX11-positive tumors exhibited reduced expression of the genes involved
in T-cell related antitumor activity compared to their SOX11-negative counterparts
(Balsas et al. 2021). On the contrary, SOX11+ tumors were characterized by an
increased proportion of intratumoral Tg,, cells with an immunosuppressive role
(Balsas et al. 2021). Such imbalance in the SOX11+ MCL microenvironment may be
linked to the overactive CD70-CD27 co-stimulatory pathway that promotes Tg,,
proliferation. SOX11 was shown to bind upstream of the CD70 TSS and
SOX11-positivity was strongly associated with high CD70 expression. In turn, high
CD70, was associated with reduced overall patient survival independently of the
other high-risk features (Balsas et al. 2021). Of note though, the effect of SOX11 on
the overall T-cell counts in the MCL TME are conflicting, one study reporting a
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positive correlation between the SOX11 expression and T-lymphocytes infiltration
(Annese et al. 2020), and another one showing the lover T cell counts in the SOX+ vs
SOX11- MCL tumors (Balsas et al. 2021).

Another type of CD4+ T cells with a potential pro-lymphomagenic effect are follicular
helper T cells (Tg,). These cells provide co-stimulation to the B cells in the germinal
center via the co-stimulatory molecule CD40 interacting with CD40-ligand (CD40-L)
on the B cell, and are crucial for the germinal center formation. While this cross-talk
is necessary for an effective antibody-mediated immune response, it may have a
flip-side function, providing proliferation signals for B-cell ymphomas, notably those
arising from the germinal center, e.g. follicular ymphoma (Epron et al. 2012)and GC
B cell-diffuse large B cell ymphoma (GC-DLBCL) (Suzuki, Nozawa, and Abe 2004). In
vitro, mantle cell ymphoma cells proliferate in response to externally added CD40L
(Castillo et al. 2000; Andersen et al. 2000). Nevertheless, it is unlikely that such
stimulation is prevalent in vivo, as CD40L only activates the B cells presenting the
antigen recognised by a corresponding activated CD4+T cell, and most of the MCL
cells are considered antigen naive. Also, except for the non-nodal MCL forms, MCL
are thought not to enter the GC (Figure 4).

Apart from the cytotoxic T cells, other effector cells have been studied in the context
of the MCL TME. Natural Killer (NK) cells recognize stressed cells, such as infected or
tumor cells, and exhibit their cytotoxic activity through the release of cytolytic
granules and cytotoxic cytokines (Prager and Watzl 2019). NK activation depends on
the integrated signal from their germline-encoded activating and inhibitory
receptors. Activating receptors recognize antibody-coated cells or host
gene-encoded ligands induced by the cell stress pathways, while inhibitory receptors
recognize MHC-I molecules and protect the potentially normal cells from killing,
though the inhibition may be overcome by strong activation (Wolf, Kissiov, and
Raulet 2023). Among others, NK cells can be activated in response to lipid-based
antigens presented in the context of an MHC-I-mike molecule CD1d (Rossjohn et al.
2012). MCL tumors were shown to have elevated levels of sphingosine-1-phosphate
(S1P) (M. S. Lee, Sun, and Webb 2020), a signaling lipid regulating multiple processes
in the vascular and immune system best known for its role in T-cell trafficking
(Mandala et al. 2002). SP1 was shown to interfere with the CD1d-mediated NK cell
activation by target cells, while blocking either S1P production or signaling could
restore the NK response to MCL cells in vitro (M. S. Lee, Sun, and Webb 2020). Of
note, pharmacological inhibition of S1P receptors also resulted in the time- and
dose-dependent cytotoxicity in MCL cells (Q. Liu et al. 2010), though the effect was
only demonstrated in vitro and in an immunodeficient xenograft model, and was
thus independent of NK activity.

Though in one study the numbers and repertoire of the NK cells in MCL patients

were shown to be similar to that of healthy donors (Flinsenberg et al. 2020), low
absolute counts of NK cells in peripheral blood of MCL patients were associated with
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inferior survival (Zhou et al. 2019). Thus, mobilizing NK in the MCL therapeutic
context might be a plausible strategy. Phase 1 clinical trial exploring the effects of an
ex vivo-expanded allogeneic natural killer cell MG4101 combined with rituximab in
relapsed/refractory B Cell Non-Hodgkin Lymphoma, including two MCL patients,
demonstrated a very favorable safety profile and a potentially synergistic action of
the combination, though only one MCL patient achieved partial response (Yoon et al.
2023). Some of the already approved drugs were shown to modulate the NK activity
in the MCL context. Lenalidomide, a drug demonstrating clinical benefit for patients
with relapsed and refractory MCL (Goy et al. 2013), caused a 10-fold increase in NK
cells in MCL-bearing SCID mice (L. Zhang et al. 2009); similarly, a significant increase
in NK cells relative to total lymphocyte count was observed in MCL patients who
responded to lenalidomide if compared to non-responders (Hagner et al. 2017).
Preclinical experiments with MCL cell lines revealed that lenalidomide increased lytic
immunological synapse formation and secretion of granzyme by NKs, thus
enhancing their cytotoxicity against MCL cells (Hagner et al. 2017). On the other
hand, one of the most widely used anti-MCL drugs ibrutinib was shown to negatively
affect the NK effector functions (Flinsenberg et al. 2020). NK-cell activation and target
cell killing were suppressed by ibrutinib in-vitro and in the cells from MCL patients
examined before and after ibrutinib treatment, while the repertoire and numbers of
NK cells were not affected following therapy (Flinsenberg et al. 2020). This effect was
likely due to the off-target inhibitory activity of ibrutinib against IL-2-inducible kinase
(ITK) (Dubovsky et al. 2013) positively regulates the effector activity of NK cells,
stimulating their degranulation (Khurana et al. 2007; Flinsenberg et al. 2020).

Tumor-associated macrophages (TAMs) are another cell type found in MCL
lymph-nodes (Song et al. 2013; Pham et al. 2015; Le et al. 2021). Macrophages
circulate in the blood in the form of monocytes and differentiate into mature forms
following extravasation. Both monocytes and macrophages express high levels of
chemokine receptor CCR1 and migrate in response to its ligand CCL3 (Le et al. 2023).
The serum of untreated MCL patients, as well as conditioned mediums from MCL
cells, have increased soluble CCL3 levels (Sonbol et al. 2014; Le et al. 2023), which
favors monocyte/macrophages migration towards MCL TME (Le et al. 2023).
Depending on the signals emitted by the host tissue microenvironment,
macrophages can adopt one of the two polarization states known as M1 (“classically
activated”) and M2 (“alternatively activated”). M1 macrophages are typically activated
by IFN-y or lipopolysaccharide (LPS) and play a classic pro-inflammatory role,
producing cytokines and microbicidal agents, phagocytizing microbes and initiating
immune response. In contrast, M2 macrophages are mainly involved in tissue repair
and wound healing. They are activated following exposure to certain cytokines, e.g.
(TGF)-B, IL-4, IL-10, or IL-13, and produce prolines and polyamines that induce
collagen production and cellular proliferation. M2 macrophages inhibit inflammation
and promote angiogenesis. While those functions are essential for repairing tissues,
within the tumor microenvironment, they can be hijacked to promote tumor
nutrition, growth and immune evasion. MCL cells were shown to shift the
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macrophages polarization towards the M2 phenotype in both co-culture and
xenograft systems (Le et al. 2021; 2023). This shift was dependent on the CCL3/CCR1
axis, as CCR1-/- macrophages did not exhibit a similar response under the same
conditions (Le et al. 2023). Macrophages affected by MCL cells increased their
secretion of IL-10, a cytokine associated with an M2 phenotype (Le et al. 2023). In
turn, IL-10 stimulated the proliferation of MCL cells via IL-10Ra - STAT1 pathway (Le
et al. 2021). Moreover, increased STAT1 binding to the CCL3 promoter region further
upregulated the CCL3 expression by MCL cells, initiating a vicious positive-feedback
loop attracting more macrophages to the site (Le et al. 2023).

Increased number of TAMs were associated with high Ki67 index (Philippa Li et al.
2021) and inferior OS of MCL patients (Philippa Li et al. 2021; Rodrigues et al. 2021)
and was also negatively correlated with high SOX11 expression (Annese et al. 2020).
Nevertheless, in the studies where both M1 and M2 macrophages were tracked,
there was no clear association between the OS and macrophage polarization state,
both M1 and M2 type macrophages being increased in high-proliferative tumors
(Philippa Li et al. 2021). Consistently, in a syngeneic mouse model of MCL, M1 and
M2 macrophages were roughly equally present in the dissected tumors (Le et al.
2021), while in clinical samples M1 macrophages were prevailing with an M1:M2 ratio
close to 3:1 (Philippa Li et al. 2021). Thus, though high TAM infiltration is clearly an
indicator of poor prognosis, no strong conclusions can be yet made regarding the
contribution of each macrophage type to the tumor microenvironment. It is yet
promising to target the macrophage population in MCL TME to counterbalance some
of the known pro-tumorigenic effects of TAMs. Attempts have been made to target
TAM accumulation in the MCL context. In a syngeneic mouse model of MCL,
blockade of CCR1 significantly reduced the levels of M2-TAMs and the overall tumor
burden (Le et al. 2023). Similar effect was achieved by macrophage depletion with
Clodrosome in a xenograft mouse model of MCL. Tumors established following the
injection of MCL cells together with human CD14+ monocytes were reduced after
Clodrosome treatment, and the reduction in both the total and M2-type
macrophages was observed within the tumor sections (Le et al. 2021).

Follicular dendritic cells (FDCs) are antigen-presenting cells of stromal origin that
reside in primary follicles and germinal centers of secondary and tertiary lymphoid
organs. With their long intermingled dendrites, FDCs form tight networks throughout
the follicle. They also retain and concentrate the antigens and produce the factors
controlling B cell survival, allowing for an efficient germinal center reaction :
antigen-activated B cells are retained in the FDC nets and undergo clonal expansion
(Heesters, Myers, and Carroll 2014). A clinicopathological study revealed two distinct
FDC patterns in the MCL lymph node biopsies: a diffuse pattern (17 cases) and the
nodular pattern, resembling that of the normal primary follicles (72 cases) or that of
a colonized germinal center (1 case) (Schrader et al. 2006). The patients with the
primary follicle- like pattern had a significantly better outcome than those with the
two other patterns (Schrader et al. 2006). Another study explored the degree of
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overlap of lymphoma cells, defined as the percentage of the total number of
lymphoma cells found in the FDC meshwork (Hou et al. 2018). The patients with the
higher degree of overlap had a better clinical prognosis (Hou et al. 2018). All
together, these data suggest that the FDC histological patterns may be used as a
prognostic factor for patient stratification.

TME composition and treatment response

The composition of the TME may significantly affect the response of MCL to
treatment. A recent transcriptomic profiling of the MCL tissue biopsies revealed four
distinct subtypes of the MCL TME (Jain et al. 2023). The lymph-node like subtype was
enriched for the components of the normal lymph node, e.g. CD4 + T-cells, follicular
dendritic cells (FDC), T-follicular helper cells (TFH) cells, and lymphatic endothelium.
The immune-enriched subtype was characterized by high-level expression of the
immune and checkpoint molecules and low stromal expression. Mesenchymal
subtype showed increased stromal signature and tumor-promoting cytokines.
Finally, the immune-depleted subtype presented with the lowest expression of the
immune cell signatures and possessed the highest content of malignant B cells. This
immune-depleted subtype was associated with poor patient outcomes and
resistance to BTK inhibitors, such as ibrutinib (Jain et al. 2023). Inversely, the patients
with the immune-enriched TME subtype tended to be sensitive to the inhibitors of
BTK (Jain et al. 2023). Longitudinal single-cell profiling of ibrutinib-responsive and
non-responsive MCL patients at baseline, during treatment and/or at disease
remission/progression provided further evidence in favor of immune
depletion-associated ibrutinib resistance (Shaojun Zhang et al. 2021). This study
demonstrated a substantial reduction in the proportion of effector CD8+ T cells in
the peripheral blood of non-responders, whereas there was a dynamic increase in
the proportion of these cells in responsive patients throughout the therapy. On the
other hand, the non-responders exhibited increased communication between the
MCL cells and certain cells of the microenvironment, including CD4+, CD8+ T cells
and monocytes, via the galectin-1->CXCR4/CD69, and TGF-31->CXCR4 ligand
receptor-based interactions (Shaojun Zhang et al. 2021). CXCR4 axis is known to
promote tumor invasion, metastasis and therapeutic resistance (Shunshun Bao et al.
2023). CD69 is expressed on activated T cells, and its interaction with galectin
suppresses their differentiation towards the T helper 17 (Th17) phenotype,
representing an anti-inflammatory mechanism critical for T cell homeostasis and
peripheral tolerance (de la Fuente et al. 2014). Nevertheless, the same mechanism
may hamper the anti-tumor immune response in the pathological context.

All together, the tumor microenvironment is a critical determinant of lymphoma
progression, behavior and therapeutic response. Understanding the complex
interactions within the MCL TME is essential for developing targeted therapies that
disrupt supportive signals within the tumor microenvironment and improve
treatment outcomes for MCL patients.

48


https://www.zotero.org/google-docs/?w7CEjY
https://www.zotero.org/google-docs/?U4iCDH
https://www.zotero.org/google-docs/?fFrOqU
https://www.zotero.org/google-docs/?5u9zAU
https://www.zotero.org/google-docs/?3D8zzY
https://www.zotero.org/google-docs/?QqycjW
https://www.zotero.org/google-docs/?8vTbZV
https://www.zotero.org/google-docs/?Ui6on1
https://www.zotero.org/google-docs/?Ui6on1
https://www.zotero.org/google-docs/?lrYsg6

1.1.3. Diagnosis, screening and prevention

1.1.3.1. Diagnosis

Mantle cell ymphoma is clinically and biologically heterogeneous, ranging from
indolent cases that do not require therapy for years to highly proliferative blastoid
variants with very limited prognosis (Jain and Wang 2019; Silkenstedt and Dreyling
2023). In % of cases, it is diagnosed at an advanced stage, and typically manifests
with lymphadenopathy, splenomegaly and extranodal localization with the bone
marrow infiltration. Extra-nodal involvement is observed in 90% of the cases and can
involve bone marrow (53-82%) or digestive tract (20-60%) (Silkenstedt and Dreyling
2023). The presence of polypous lymphomatosis highly suggests the disease.
Constitutional symptoms such as fever and night sweats are not frequent at
diagnosis (approximately 30% of cases) (Jain and Wang 2019). The spleen is enlarged
in 40% of patients, which is generally associated with a leukemic manifestation and
indolent course of the disease (Silkenstedt and Dreyling 2023).

Diagnosis and staging of MCL involves a combination of clinical evaluation, imaging
(CT and PET scan) and laboratory analysis. Imaging evaluates the lymph node
structures and the size of the spleen. The definitive diagnosis of MCL is given based
on cytological, cytogenetic and histopathology laboratory analyzes from the biopsy
of tumor tissue (nodal MCL) and/or circulating tumor cells in the blood (non-nodal
leukemic MCL). MCL cells are typically positive for the general B-cell markers (CD20,
CD19, CD22), negative for CD23 and CD10, and frequently express some specific
abnormal markers suggesting of lymphoma, such as CD5 and FMC7 (Alaggio et al.
2022; Silkenstedt and Dreyling 2023). The presence of the t(11;14)(q13;932)
translocation or, in rare cases, other translocations involving the recombination of
CCND1, CCND2 (12p13) or CCND3 (6p21) loci with the IGH, IGK (2p11) or IGL (22g11)
loci, is the strongest indicator of the disease (Alaggio et al. 2022). Histologically, nodal
mantle cell ymphoma (MCL) is characterized by disrupted nodal architecture and
abnormal cellular proliferation within the mantle zone of lymph node follicles.

Following diagnosis, a patient is usually given a prognostic index to assess the
appropriate treatment strategies. MIPI (Mantle Cell Lymphoma International
Prognostic Index) is the most commonly used prognostic index for MCL. It integrates
four clinical parameters: age, Eastern Cooperative Oncology Group (ECOG)
performance status, lactate dehydrogenase (LDH) level, and leukocyte count (Hoster
et al. 2008). An enhanced version of MIPI - MIPIb (biological MIPI) - additionally takes
into account the Ki-67 proliferation index obtained from the lymphoma-rich areas on
tissue biopsies not involving the bone marrow (biological MIPI) (Hoster et al. 2008).

1.1.3.2. Screening and prevention

Unlike some other cancers, there is currently no recommended screening test for
MCL in the general population. The disease is infrequent and this is rare for patients
to present early symptoms that could justify earlier therapeutic intervention and
screening efforts. Some studies demonstrated association between lymphoma and
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exposure to certain toxic agents including herbicides (Hardell et al. 2023). Prevention
and protection measures against toxic agents are essential in exposed populations.
Research on screening efforts in these at-risk populations could be useful for further
screening considerations.

A family history of hematopoietic malignancies has been associated with a 2-fold
increased risk of NHL, including MCL (S. S. Wang et al. 2007). Several factors may
contribute to the observed familial aggregation, including inherited genetic
susceptibility and shared environmental exposures among family members. Since
individuals with a family history of lymphoma may have an increased risk of
developing the disease, more vigilant monitoring or further evaluation in the event
of symptoms among related individuals may be recommended (Y. Wang and Ma
2014b).

1.1.4. Management

MCL has long been considered an incurable disease with an unsatisfactory response
to R-CHOP treatment. Nevertheless, this perception is now being revised with the
significant and successive therapeutic advances since the 2000s. The introduction of
anti-CD20 immunotherapy, autologous peripheral stem cell transplantation, cell
therapies, BTK and BCL-targeted therapies and effective intensive chemotherapies
based on cytarabine and platinum salts (Mcl-younger trial, LyMa or Nordic regimens)
has significantly improved the survival and prognosis of MCL patients (Geisler et al.
2008; Advani et al. 2013; Hermine et al. 2016; Le Gouill Steven et al. 2017; Tessoulin
et al. 2021). In young subjects treated with curative intent, prolonged and event-free
remissions with follow-up of more than 10 years are now observed, setting a goal
towards full curability of the disease in this patient group.

1.1.4.1. Front-line treatment

The first step is to determine whether to treat the patient and when to begin
treatment. For patients with indolent MCL (10 to 15% of cases), therapeutic
abstention or monitoring may be appropriate. Localized MCL may be effectively
treated with radiotherapy, although this type of MCL is extremely rare and the
identification of this disease group remains debatable. For the rest of MCL patients
with a typical non-indolent disease, first-line treatment is tailored based on the
patient’s age and the presence of comorbidities (Jain and Wang 2019; Silkenstedt and
Dreyling 2023; Zelenetz et al. 2023). Standard initial treatment usually involves
immunochemotherapy combining anti-CD20 antibodies (e.g. rituximab) with the
chemotherapeutic agents. The dose intensity of the chemotherapy is adjusted
according to the patient's age and health conditions.

For young patients (under 65 years old) eligible for intensive regimens, the treatment

is based on aggressive induction therapy regimen alternating anthracycline-based
and platinum/aracytin-based immunochemotherapy such as LyMA regimen (Le
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Gouill Steven et al. 2017; Hermine et al. 2016) or Nordic trial regimen (Geisler et al.
2008). If the disease is chemosensitive, treatment is intensified with high-dose
chemotherapy and autologous stem cell transplant (ASCT), followed by anti-CD20
maintenance therapy for three years (Le Gouill Steven et al. 2017; Hermine et al.
2016). Additionally, the recent results of the TRIANGLE trial in patients aged 18-65
y.0. demonstrated the beneficial effect of adding a BTK inhibitor ibrutinib to the
induction and maintenance therapy with rituximab (Dreyling et al. 2024). This option
is now being considered as a variant of first line therapy in the NCCN US guidelines.

For elderly patients (> 65 years old) or patients otherwise unfit for high-dose
chemotherapy, the treatment is based on the less aggressive induction therapy such
as R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone)
immunochemotherapy followed by maintenance treatment with rituximab (H. C.
Kluin-Nelemans et al. 2012). Rituximab with bendamustine could be an alternative
option in fragile patients for whom chemotherapy with R-CHOP is deemed to be
toxic (Silkenstedt and Dreyling 2023; Jain and Wang 2019). Other regimens such as
VR-CAP (bortezomib, rituximab, cyclophosphamide, doxorubicin, and prednisone)
(Robak et al. 2018) or R-GemOx (rituximab, gemcitabine, oxaliplatin) (Obrador-Hevia
et al. 2016) could be proposed, especially when anthracycline is contraindicated.
Even less aggressive therapy options without chemotherapy include
rituximab-lenalidomide (Ruan et al. 2018) or rituximab-acalabrutinib (Zelenetz et al.
2023). Rituximab maintenance after R-CHOP was shown to be beneficial and
superior to the interferon alfa maintenance in the European MCL elderly trial (H. C.
Kluin-Nelemans et al. 2012), with the demonstrated safety of prolonged rituximab
usage until progression (Hanneke C. Kluin-Nelemans et al. 2020). The feasibility of
rituximab maintenance after bendamustine-rituximab treatment has also been
validated in the SHINE trial (M. Wang et al. 2022) with a good safety profile.
Nevertheless, although the experimental arm of this trial combining bendamustine,
rituximab and ibrutinib (BRI) reached its primary objective (benefit in PFS of BRI
compared to bendamustine rituximab alone), it did not convert to a benefit in OS
and the results were judged not convincing enough to consider the BRI a first-line
therapeutic option for elderly patients.

1.1.4.2. Relapse and refractory disease treatment

BTK inhibitors

Covalent BTK inhibitors (ibrutinib, acalabrutinib, zanubrutinib) are generally used in
cases of relapse or refractory MCL (Silkenstedt and Dreyling 2023; Zelenetz et al.
2023). Their safety profile is now well known and the cardiac toxicity has to be tightly
monitored, especially in elderly population. Apart from experiencing the
dose-limiting toxicity, many patients ultimately cease to respond, frequently due to
mutation in the C481 residue of BTK, which is currently targeted by all of the
covalent BTK inhibitors available in clinics.

Noncovalent BTK inhibitors have been developed with the aim to limit the off-target
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toxicity and preserve the efficacy in the patients with the C481 mutation. In 2023, A
highly-selective non-covalent BTK inhibitor pirtobrutinib has gained accelerated FDA
approval for use in patients with relapsed/refractory MCL following the subset
analysis of the phase I/l BRUIN study (Mato et al. 2021; Telaraja et al. 2024).
Currently, pirtobrutinib is considered for use after the failure of covalent BTK
inhibitors (M. L. Wang et al. 2023), and the existing NCCN guidelines on the up-front
BTK inhibitor usage are likely to change in the coming years to suggest an earlier
introduction of pirtobrutinib in the treatment strategy.

Alternative agents targeted at BTK proteolytic degradation rather than its kinase
activity are now being developed and may increase the benefit-risk ratios of
targeting BTK in MCL in the years to come (Nawaratne et al. 2024).

BCL2 inhibitors

The oral BCL-2 inhibitor venetoclax produces prolonged antitumor responses in MCL
relapse or refractory patients (Davids et al. 2021) and can be combined with
ibrutinib. The potential benefit of venetoclax combined with ibrutinib is currently
being examined in a phase-3 SYMPATICO study (NCT03112174) in relapsed MCL (M.
Wang et al. 2021). Other BCL-2 inhibitors are also being assessed in MCL in
combination with BTK inhibitors (L.-L. Lee et al. 2023; Guangzhou Lupeng
Pharmaceutical Company LTD. 2023).

Cellular therapies

CAR T-cells directed against CD19, e.g. brexucabtgene autoleucel (M. Wang et al.
2020), and lisocabtagene maraleucel (M. Wang et al. 2024), showed promising
efficacies in relapsed or refractory mantle cell lymphoma. Updates of the long-term
follow-up of patients treated with CAR-T for relapse or refractory MCL are awaited to
know the durability of the responses.

Immunomodulatory agents

Lenalidomide, an immunomodulatory drug with antiproliferative and immunological
effects, showed meaningful activity in relapsed or refractory mantle cell ymphoma
(Trnény et al. 2016).

PI3K - mTOR pathway inhibitors

The first targeted therapy approved in mantle lymphoma was an mTORC1 inhibitor
temsirolimus, though in the current therapeutic landscape the benefit risk ratio of
the drug has to be updated (Freeman et al. 2022). Several other targeted therapies
addressing the PI3K/AKT pathway have been developed, including parsaclisib.
Parasaclisib specifically targets the PI3K delta subunit, which potentially reduces the
off-target effects associated with PI3K/AKT targeting drugs (Zinzani et al. 2023).
However, blocking the PI3K/AKT pathway is still associated with various toxicities,
particularly infections. Therefore, the risk/benefit ratio of using treatments targeting
the PI3K/AKT pathway in MCL remains unclear.
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1.1.4.3. New targets and emerging therapies

Bispecific CD20 x CD3 immunotherapies

CD20XCD3 bispecific antibodies bind to both the CD20 marker present on B cells and
the CD3 marker present on T cells, bringing those cells into close proximity and thus
facilitating the T-cell mediated killing of malignant B cells. Bispecific antibodies,
including glofitamab, mosunetuzumab, epcoritamab, and odronextamab,
demonstrated clinical benefit for the patients with several types of relapsed or
refractory B cell ymphomas, e.g. follicular lymphoma (Bannerji et al. 2022;
Nierengarten 2023) and diffuse large B cell ymphoma (Banneriji et al. 2022; Karimi et
al. 2023; Shirley 2023). For mantle cell ymphoma, the benefit of bispecific CD20 x
CD3 is currently being explored and demonstrates promising preliminary results
with the objective response rate of 50% (Bannerji et al. 2022).

CDK4/6 inhibitors

CCND1 overexpression ultimately leads to the hyperactivation of the CDK4/6
pathway. Thus, some CDK4 and CDK6 inhibitors, such as palbociclib and abemaciclib,
have emerged as therapeutic options for relapse or refractory MCL (Morschhauser
et al. 2021; Leonard et al. 2012). Notably though, despite a seemingly direct link with
the MCL pathogenesis, the objective response rates to CDK4/6 inhibitors as
single-agent therapy in MCL patients have been modest (0-23%) (C. Lee et al. 2020).

Receptor orphan tyrosine kinase-like receptor (ROR1)

Zilovertamab vedotin (ZV) is an antibody-drug conjugate that specifically binds to the
orphan receptor tyrosine kinase-like receptor (ROR-1), an oncoprotein pathologically
expressed in tumor tissues, including mantle cell ymphoma cells (Choi et al. 2015).
In a phase 1 study, ZV induced objective tumor responses in 7 of 15 patients with
MCL (M. L. Wang et al. 2022).

ATR inhibitors

Ataxia telangiectasia and Rad3-related protein (ATR) is one of the key kinases in the
DNA-damage response. Though ATR is not generally altered in MCL, its inhibition
was shown to be synthetically lethal in cells with the ATM deficiency (Reaper et al.
2011). ATM is the gene most frequently mutated in MCL. Single-agent ATR inhibitors
have therapeutic utility in the treatment of cancers, like MCL, in which ATM function
has been compromised or lost (Menezes et al. 2015).

Epigenetic modifiers

As both genetic (chromosomal aberrations, CNV, mutations) and epigenetic
(modification of DNA methylation, histone modification distribution pattern, changes
in 3D genome organization) changes are present in MCL, epigenetic drugs can be
potentially used in treatment. Recently developed epigenetic drugs include those
targeting DNA and protein methyltransferases, histone deacetylases, and chromatin
modifiers (Rosenthal, Munoz, and Villasboas 2023) (Table 2).
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Table 2. Epigenetic therapies for MCL

abexinostat

vorinostat
(Ogura et al. 2014)

Inhibitor | Molecules Monotherapy Combination therapy
class
DNMT azacitidine no results no published results
decitabine MGCDO0103+azacitidine
(NCT00543582)
no published results
decitabine+valproic acid
(NCT00109824)
EZH2 XNW5004 Ongoing phase | trial
tazemetostat XNW5004
Ongoing phase | trial
tazemetostat
(NCT03010982;
NCT03028103)
HDAC vorinostat; no clinical response no clinical response

cladribine, rituximab
+vorinostat
(Spurgeon et al. 2019)

no clinical response
vorinostat
(Kirschbaum et al.
2011)

significant toxicity
fludarabine, mitoxantrone,
dexamethasone + vorinostat
(Shin et al. 2016)

modest activity
abexinostat
(Evens et al. 2016)

modest activity
bortezomib + vorinostat
(Yazbeck et al. 2018)

DNA methyltransferases (DNMT) are enzymes that establish the methylation of the
CpG dinucleotides and inhibit gene transcription by blocking accessibility to
transcriptional activators. Although DNMT inhibitors (azacitidine and decitabine) are
approved for treatment for some malignancies, no published record of an effect of
these drugs in individuals with MCL exists. Clinical trials involving azacitidine and
decitabine in MCL did not provide any results (NCT00543582; NCT00109824).

Enhancer of zeste homolog 2 (EZH2) is a histone-lysine N-methyltransferase that
participates in histone H3 methylation at lysine 27, a modification leading to
transcriptional repression. EZH2 is expressed in ~40% of primary MCLs; its
expression is associated with the aggressive histological variants, high Ki-67 index
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and inferior overall survival of MCL patients (Martinez-Baquero et al. 2021). Phase |
clinical study of EZH2 inhibitor (XNW5004) in B cell ymphoma, including MCL is
under way (Weiwei et al. 2022). An oral EZH2 inhibitor tazemetostat (EZM6438) is
also in phase I trial for MCL (NCT03010982; NCT03028103). Another EZH2 inhibitor
OR-S1 shows activity in an MCL xenograft model (Kagiyama et al. 2021). Combination
of EZH2 inhibitor tazemetostat with ibrutinib or zanubrutinib showed synergistic
activity in the drug-resistant MCL xenograft model (Keats et al. 2021).

Histone deacetylases (HDACs) catalyze the removal of the activatory acetyl groups
from histones and other protein regulatory factors. Vorinostat, a first-generation
HDAC inhibitor, was not efficient in monotherapy for MCL patients (Kirschbaum et al.
2011; Ogura et al. 2014) and showed a modest clinical activity (bortezomib+
vorinostat) (Yazbeck et al. 2018) or high toxicity (fludarabine, mitoxantrone,
dexamethasone + vorinostat) (Shin et al. 2016)when used in combination therapy.
Another pan-HDAC inhibitor Abexinostat showed modest activity as a monotherapy
(Evens et al. 2016)and is now being studied in combination with ibrutinib
(NCT03939182). Fimepinostat, romidepsin and belinostat also demonstrate
promising results in a xenograft model of MCL alone or in combination with other
drugs (Paoluzzi et al. 2010; H. Guo et al. 2019).

Other potential targets of epigenetic drugs in MCL include protein arginine
methyltransferase 5 (PRMT5) that plays a role in the epigenetic and
post-translational modification of cell cycle regulators and is overexpressed in MCL
(Che et al. 2023; Sloan et al. 2023). An oral PRMTS5 inhibitor PRT343 is currently being
tested in a phase 1 clinical trial (NCT03886831) on relapsed patients with MCL and
other malignancies. Targeting PRMT5 with GSK3326595 in xenografts derived from
patients with MCL provided a therapeutic benefit (Sloan et al. 2023). At the same
time, the use of PRMT5 inhibitors in MCL may lead to acquired resistance (Long et al.
2023).

1.1.5. Outlook

Toward personalized treatment: stratified at-risk disease approaches

Prognostic indices, both at baseline and minimal residual disease (MRD) status
during or after induction therapy, are expected to guide therapeutic decisions,
facilitating personalized treatment strategies based on individual risk profiles.
Currently, the primary factor influencing the choice between intensive and
non-intensive chemotherapy for initial treatment is the patient's age and
comorbidities. However, more personalized therapeutic approaches should be
developed, stratified based on baseline prognostic risk factors or molecular
abnormalities. For instance, patients with TP53 mutations might benefit most from
therapies targeting BTK and BCL2, as well as CAR-T cell therapy, though this
hypothesis needs validation through large clinical trials. Preliminary results from the
TRIANGLE trial (Dreyling et al. 2024) suggest that Ibrutinib, in combination with
chemoimmunotherapy and maintenance therapy, could significantly impact
treatment outcomes, particularly in younger patients. It is crucial to assess this
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impact within the TP53-mutated subgroup. Consequently, the role of high-dose
therapy (HDT) may need to be reevaluated for this patient population.

Clarifying the molecular origins of the disease

Understanding the genetic and epigenetic alterations that underlie the development
and/or proliferation of mantle cell lymphoma (MCL) remains a major challenge.
Clarifying the pathophysiological mechanisms of the disease remains crucial for
advancing drug research and improving patient care. The epigenetic field, in
particular, holds significant promise for innovative research and new MCL
treatments. Nonetheless, the epigenetics of MCL remains poorly studied and there
are currently no epigenetic modifier treatments available for MCL.

Reducing the global burden of disease and therapy toxicity

The burden of MCL is primarily driven by disease symptoms and secondarily by the
toxicity of treatments, both short- and long-term. Reducing therapy toxicity while
maintaining or improving disease control is an ongoing challenge. Introducing
BTK-targeted treatments in front-line MCL therapy could potentially reduce the
toxicity associated with intensive chemotherapies, for example if the ASCT could be
omitted when the BTK-inhibitors are added. This question is currently being
investigated in the TRIANGLE trial (Dreyling et al. 2024). Notably, the treatments that
do not involve chemotherapy, e.g. targeted therapies and immunotherapies, are also
not devoid of short- and long-term toxicities. Quality of life and patient-reported
outcome (PRO) studies will be essential for capturing data on these toxicities from
the patient's perspective, providing a more comprehensive understanding of the
impact of these treatments on patient well-being.

1.2. Enhancers and superenhancers

Establishment of unique patterns of gene expression during development and
differentiation is orchestrated by enhancers, DNA regulatory elements that distantly
activate gene transcription. The first enhancer was identified in 1981 in the SV40
genome (Banerji, Rusconi, and Schaffner 1981; Benoist and Chambon 1981) and
since then, enhancers have been found in all higher eukaryotes. Enhancers are
modular elements characterized by their lack of a consensus sequence and variable
distance from the transcription start sites of genes. Most enhancers activate
transcription regardless of their orientation and position relative to the target gene
(reviewed in (Erokhin et al. 2015)).

Superenhancers (SE), regulatory regions of the genome that play a crucial role in
controlling gene expression, are formed by clustered enhancers and can span over
tens and even hundreds of kilobases. They are characterized by a large size, high
density of transcription factors, and specific epigenetic marks. A term
“supernhancer” was coined in 2013 by Richard Young and co-authors (Whyte et al.
2013) for large enhancer domains that controlled the pluripotent state of cells.
Further studies established that SE acted as major amplifiers of gene expression,
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often controlling master developmental genes and those involved in specific cell
identity. Therefore, they are essential for maintaining cell state and function and are
of particular interest in biomedical research for their potential role in gene therapies
and disease treatments (reviewed in (Ishov, Gurumurthy, and Bungert 2020)).

1.2.1. Composition of superenhancers

Superenhancers are composed of several key components that contribute to their
unique properties and powerful regulatory functions. SEs are formed by the
clustering of multiple traditional enhancers. These individual enhancers, when
grouped together, create a region with enhanced regulatory capacity compared to
single enhancers. Similarly to enhancers, SEs contain a high density of binding sites
for transcription factors. These proteins bind to specific DNA sequences within an SE
and are critical for initiating and regulating the transcription of target genes. They
also include the mediator complex that functions as a bridge between SE-bound
transcription factors and the promoters of the target genes. Structural proteins such
as CTCF (CCCTC-binding factor) and cohesin that contribute to the three-dimensional
organization of the genome are also present at SEs; this helps to bring distant
genomic regions into close contact, facilitating the interaction between enhancers
and promoters.

Specific histone modifications are hallmarks of active SEs. These include the H3K27ac
mark associated with active enhancers and highly enriched at SEs and H3K4me1
often found at SEs (Whyte et al. 2013). SEs are also associated with regions of high
transcriptional activity. They facilitate the production of non-coding RNAs, including
enhancer RNAs (eRNAs) (@rom et al. 2010), which can contribute to the regulation of
gene expression by various mechanisms, such as altering chromatin structure or
recruiting additional regulatory proteins.

1.2.2. Identification of superenhancers

Superenhancers are identified by their elevated enrichment for binding of
transcriptional factors and cofactors, such as the bromodomain and extra-terminal
domain (BET) family protein BRD4 and Mediator complex subunit 1 (MED1), and/or
the presence of the active chromatin marks H3K27ac, H3K4Me1 (Whyte et al. 2013)
and H4Ac (Das et al. 2023). The most widely used computational method is the ROSE
algorithm (Rank Ordering of Super-Enhancers). This computational tool is widely
used to rank enhancers based on ChIP-Seq data (Whyte et al. 2013). The algorithm
identifies clusters of enhancers and ranks them by the density of transcription factor
binding and histone marks. The highest-ranking clusters are designated as SE.

1.2.3. Supenhancers in normal gene regulation

Superenhancers are instrumental in establishing and maintaining the specific gene
expression programs that define different cell types. They control the expression of
genes critical for cell type-specific functions, such as insulin production in pancreatic
B-cells (Jian and Felsenfeld 2018) or hemoglobin production in erythroid cells (Hay et

57


https://www.zotero.org/google-docs/?fy67Dw
https://www.zotero.org/google-docs/?RXFANX
https://www.zotero.org/google-docs/?rmJ1st
https://www.zotero.org/google-docs/?gDpAQB
https://www.zotero.org/google-docs/?HGG3bb
https://www.zotero.org/google-docs/?hfsH1W
https://www.zotero.org/google-docs/?RFobP7
https://www.zotero.org/google-docs/?TvfCd5

al. 2016; Gurumurthy et al. 2021). SEs also participate in lineage specification driving
the expression of lineage-specific genes, and thus aiding in the differentiation
process from progenitor cells to fully specialized cells (C. Wang et al. 2022). SE may
play a role in enabling cells to respond to external signals and changes in their
environment, eg. some superenhancers are activated in response to mechanical
stress (J. Li et al. 2024). SEs also contribute to the higher-order organization of
chromatin as they frequently interact with promoters of target genesin a
three-dimensional chromatin space, facilitating efficient transcription. These
interactions help form chromatin loops that bring distant regulatory elements into
close proximity with their target genes, enhancing transcriptional efficiency (Grubert
et al. 2020).

1.2.4. Superenhancers in disease

Cancer

Superenhancers frequently become dysregulated in cancer cells, leading to the
sustained activation of oncogenes or other genes promoting tumor survival. For
example, in many types of cancer, including lymphoma, superenhancers are found
near the MYC oncogene, leading to its overexpression (Chapuy et al. 2013) and
uncontrolled cell proliferation (reviewed in (Lancho and Herranz 2018)).
Superenhancers can drive the expression of genes that help cancer cells evade
immune detection, such as PD-L1 (C. Shi et al. 2023); some of them also regulate
angiogenesis (Mushimiyimana et al. 2021), supplying the tumor with necessary
nutrients and oxygen. SE play a critical role in maintaining the properties of cancer
stem cells, which are a subpopulation of cells within a tumor that have the ability to
self-renew and drive tumor growth by controlling the expression of stemness-related
genes, maintaining the stem cell-like characteristics of these cells and contributing to
cancer progression and resistance to therapy (Dong et al. 2021). In MCL, SEs
contribute to cell survival through activation of B cell receptor (BCR) signaling and
the IKZF-MYC axis. Inhibiting SEs may help overcome MCL resistance to ibrutinib or
lenalidomide (Tsukamoto et al. 2020).

Other diseases

Superenhancers play significant roles in various diseases beyond cancer, primarily
through the modulation of gene expression.

In Rheumatoid Arthritis (RA), SEs are involved in the regulation of genes that govern
inflammatory responses. For instance, genetic loci linked to RA are often located
within or near SE active in immune cells (Vahedi et al. 2015). These regions can
enhance the production of pro-inflammatory cytokines and other factors driving the
disease. In diabetes, SEs regulate the genes vital for pancreatic B-cell function and
insulin production (Jian and Felsenfeld 2018). Malfunctions in these superenhancers
can result in reduced insulin secretion and B-cell dysfunction, which are key factors
in diabetes development. SEs impact the expression of genes associated with
amyloid processing, tau pathology, or neuroinflammation (Peipei Li et al. 2019).
Genetic variants within these regions have been linked to an increased risk of
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Alzheimer's Disease (Nott et al. 2019). By controlling genes related to lipid
metabolism, inflammation, and vascular function, SEs can affect endothelial
function, chronic inflammation, and lipid accumulation, all of which are involved in
atherosclerosis and congenital heart conditions (J. Li et al. 2024). Finally, SEs regulate
some of the genes essential for brain development and synaptic function.
Disruptions here can alter neuronal connectivity and signaling, contributing to
schizophrenia (Casella, Colantuoni, and Ament 2022).

1.2.5. Superenhancer-targeting drugs

Due to their crucial role in regulating key cancer-related genes, superenhancers
represent potential therapeutic targets. SE-targeting drugs typically interfere with
the components that bind to SE, disrupting their activity and thereby affecting the
expression of the SE-regulated associated genes.

BET inhibitors target bromodomain-containing proteins like BRD4, which bind to
acetylated histones within SEs. By preventing BRD4 from binding to these regions,
BET inhibitors reduce the expression of SE-driven genes. JQ1 is a small molecule
inhibitor that binds to the bromodomains of BET proteins, displacing them from
chromatin and downregulating oncogenes like MYC (Lovén et al. 2013). Another BET
inhibitor OTX015 (Birabresib) is currently being tested in clinical trials for
hematologic malignancies and solid tumors (Lewin et al. 2018). BET proteins can also
be targeted by Proteolysis Targeting Chimeras (PROTACs) designed to target specific
proteins for degradation by linking them to an E3 ubiquitin ligase. PROTACs targeting
BET proteins (such as BRD4) can lead to their degradation and a subsequent
decrease in SE activity. ARV-771, a PROTAC that targets BET proteins for degradation,
shows promising results in preclinical cancer models (Fiskus et al. 2021).

Cyclin-dependent kinase 7 (CDK7) is involved in the transcription initiation and
elongation of SE-associated genes (Chipumuro et al. 2014). CDK7 inhibitors reduce
the phosphorylation of RNA polymerase Il, leading to a decrease in transcription of
SE-driven genes. THZ1, a selective CDK7 inhibitor, has shown efficacy in several
cancer cell lines (Chipumuro et al. 2014).

Cyclin-dependent kinase 9 (CDK9) regulates transcription elongation by
phosphorylating the carboxyl-terminal domain of RNA polymerase Il. CDK9 inhibitors
can disrupt the transcription of SE-associated genes by reducing RNA polymerase II
phosphorylation. For example, Flavopiridol and Dinaciclib have demonstrated
activity against different cancers including hematologic malignancies (reviewed in
(Toure and Koehler 2023)).

Abemacicilib, a CDK4/6 inhibitor primarily used in the treatment of breast cancer,
has recently been found to affect SEs by increasing the level of the Activator
Protein-1 (AP-1) transcription implicated in the SE activity (Watt et al. 2021). Despite
its activity in preclinical models (Gelbert et al. 2014), Abemaciclib did not have any
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significant effect as a second-line therapy for relapsed MCL (Morschhauser et al.
2021).

Minnelide, a water-soluble derivative of the compound triptolide found in the
thunder god vine (Tripterygium wilfordii), is a general transcriptional inhibitor and a
potent antitumor agent that has shown promising results in targeting SEs in cancer
cells (Noel et al. 2020). Triptolde was shown to inhibit CDK7 and XPB subunits of the
TFIIH complex (Titov et al. 2011; Manzo et al. 2012) thus disrupting the SE activity. It
has passed phase | clinical trial in patients with advanced gastrointestinal cancers
(Borazanci et al. 2024) and is now undergoing Phase Il in patients with advanced
adenosquamous carcinoma of the pancreas (Skorupan et al. 2022).

All these drugs offer a promising avenue for cancer therapy by specifically targeting
the regulatory mechanisms that drive the expression of critical genes involved in
disease progression by disrupting the function of SE.

1.3. 3D-genome architecture

1.3.1. General principles of the 3D-genome architecture

Chromatin organization within the nucleus is not random. In the 3D nuclear space,
chromosomes occupy defined territories conserved across multiple species and
taxons (T. Cremer et al. 1982; Zink et al. 1998; A. E. Visser and Aten 1999; Abranches
et al. 2000; Parada et al. 2002; Bolzer et al. 2005; Branco and Pombo 2006; Noma et
al. 2006; Sehgal et al. 2016). Chromosomes are further organized into active (A) and
non-active (B) compartments, with A-compartments being more accessible,
gene-dense, transcriptionally active and earlier replicated (Lieberman-Aiden et al.
2009; Pope et al. 2014; C. Y et al. 2018). Active and accessible compartments
protrude further into the nuclear interior (C. Y et al. 2018; Su et al. 2020b; Mota et al.
2022b), while inactive compartments are more often localized at the nuclear
periphery, close to the nuclear lamina (Kind et al. 2015; Su et al. 2020b).
Compartment A and compartment B loci tend to spatially segregate in single cells (S.
Wang et al. 2016; Su et al. 2020b), and active compartments also tend to be proximal
to the nuclear condensates, such as nuclear speckles (C. Y et al. 2018; Su et al.
2020b), which may represent the driving force for nuclear condensate formation
through phase-separation (Schede et al. 2023). At higher resolution, chromosomes
are organized into topologically associated domains (TADs) defined by increased
intra-domain chromatin contacts (Dixon et al. 2012) and believed to coordinate the
interactions between promoters and their cis-regulatory elements (Lupiafiez et al.
2015). Highly transcribed gene-dense regions can also extrude from their
chromosome territories to form interchromosomal contacts (ICCs) (Mahy, Perry, and
Bickmore 2002; Su et al. 2020b), which are though much less studied, mainly due to
the fact that they are less readily detectable by HiC, a standard method to explore
the 3D genome in a population of cells. Finally, centromeres occupy specific
positions in the chromosome territories distinct from that of other regions (Ollion et

60


https://www.zotero.org/google-docs/?vLmsQN
https://www.zotero.org/google-docs/?vLmsQN
https://www.zotero.org/google-docs/?uzIPWr
https://www.zotero.org/google-docs/?gV2DnS
https://www.zotero.org/google-docs/?EewBjy
https://www.zotero.org/google-docs/?Mb54kX
https://www.zotero.org/google-docs/?MLdK5D
https://www.zotero.org/google-docs/?MLdK5D
https://www.zotero.org/google-docs/?MLdK5D
https://www.zotero.org/google-docs/?OYKIsd
https://www.zotero.org/google-docs/?OYKIsd
https://www.zotero.org/google-docs/?97IFcR
https://www.zotero.org/google-docs/?97IFcR
https://www.zotero.org/google-docs/?XjYIFH
https://www.zotero.org/google-docs/?W1hCeM
https://www.zotero.org/google-docs/?W1hCeM
https://www.zotero.org/google-docs/?C2DBNp
https://www.zotero.org/google-docs/?C2DBNp
https://www.zotero.org/google-docs/?2Cb4nW
https://www.zotero.org/google-docs/?btnLsh
https://www.zotero.org/google-docs/?tTMa49
https://www.zotero.org/google-docs/?tTMa49
https://www.zotero.org/google-docs/?6K018I
https://www.zotero.org/google-docs/?6K018I
https://www.zotero.org/google-docs/?zJoyW0

al. 2015).

1.3.2. 3D-genome alterations and editing in pathology

The 3D organization of the cell nucleus is crucial for both normal cellular function
and the development of pathological conditions. 3D organization of the genome is
altered in many pathological processes. Disruptions in this architecture are linked to
various pathological conditions, including cancer, developmental disorders,
neurological diseases, and immune system dysfunctions. Understanding the
complexities of nuclear organization can provide insights into the mechanisms
underlying these diseases and inform potential therapeutic strategies. The review of
which | am a co-author (Tiukacheva et al., Mol. Ther., 2023) discusses these
alterations in detail. My role in writing this review was to describe and discuss 3D
genome alterations associated with cancer and facioscapulohumeral dystrophy
(FSHD).
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The human genome is folded into a multi-level 3D structure
that controls many nuclear functions including gene expres-
sion. Recently, alterations in 3D genome organization were
associated with several genetic diseases and cancer. As a conse-
quence, experimental approaches are now being developed to
modify the global 3D genome organization and that of specific
loci. Here, we discuss emerging experimental approaches of 3D
genome editing that may prove useful in biomedicine.

INTRODUCTION

The interphase genome is folded in a highly ordered manner, essential
both for DNA compaction and for the regulation of various intranuclear
processes. Each chromosome occupies a restricted volume in the nu-
cleus, a chromosome territory (CT). In mammals, large chromosomes
and chromosomes with low gene density tend to localize at the nuclear
periphery, whereas smaller chromosomes with high gene density are
located more centrally."”” CTs have a spongy internal structure and
are composed of bulk chromatin masses penetrated by the channels
of the “interchromatin compartment,” a dynamically organized system
of cavities serving for the diffusion of nucleoplasm components.”

Within CTs, active and repressed genomic regions are spatially segre-
gated into A and B compartments formed by local cis as well as distant
cis and trans interactions (Figure 1A)." A compartments are early-
replicating gene-rich and typically highly transcribed regions en-
riched in active histone marks such as H3K36me3, H3K27ac, and
H3K4mel-3. In contrast, B compartments contain late-replicating
transcriptionally silenced regions enriched with nucleolus- and lam-
ina-associated domains (NADs and LADs, respectively) marked with
H3K9me2 and H3K9me3.” ® Compartment partitioning strongly
correlates with the transcription profile and thus is highly cell-type
specific,”'? whereas the degree of compartmentalization might vary
significantly within a cell population.'"'*

The compartments are further divided into subcompartments, distin-
guished by the patterns of different histone modifications, and further
into topologically associated domains (TADs) with a high CCCTC-
binding factor (CTCF)/cohesin occupancy at their borders' ™" and
representing globular structures with a remarkable cell-to-cell vari-
ability in their 3D shape and folding density."”""
“warehouses” for genes, gene loci, and their regulatory systems,” de-
limiting the areas of enhancer action (Figure 1B)."*'” Consequently,
genes within a TAD are often co-regulated™’; this is achieved by loop-
ing between enhancers/locus control regions and promoters.”"** Mo-

TADs serve as

lecular details of the loop formation mechanisms are still not fully un-
derstood, but cohesin-driven extrusion”*" and liquid-liquid phase
are the most consistent models. The CTCF-cohesin

25,26

separation
complex preferentially determines strong long-range interactions
including contacts between TAD borders,” while the short-range
enhancer-promoter and promoter-promoter interactions are also
maintained through the Mediator complex and various transcription
factors (TFs)”” in cooperation with transcription machinery.”* Com-
plex contact patterns within TADs are manifested in non-structured
hierarchical nucleosome assemblies such as clutches™ and nanodo-
mains.” Clutches are relatively small nucleosome agglomerates
(about 2-20 nucleosomes/clutch) whose density and size strongly
depend on the level of histone acetylation. This implies that clutches
are formed by weak transient electrostatic interactions between nucle-
osomes. A group of clutches constitutes a nanodomain. Nanodo-
mains are distributed throughout the nucleus, but their concentration
increases near the nuclear periphery. Nanodomain structures are pre-
served upon CTCF and cohesin degradation, and they seem to be
formed through liquid-liquid phase separation.”"!

In sum, TADs represent cornerstone structural and functional units
of the 3D genome. These units contribute to multiple cellular pro-
cesses including stem cell differentiation, limb growth and develop-
ment, epidermal-mesenchymal transition, and cellular senes-
cence.”'”**** Changes in the normal profile of TADs can lead to
pathologies. Below, we highlight the role of TAD rearrangement
and disruption of TAD borders in the development of severe pathol-

ogies and discuss 3D genome editing techniques.

3D ORGANIZATION OF THE GENOME AND
PATHOLOGIES

Over the past several years, a number of diseases have been associated
with 3D genome structure abnormalities (Figure 2). Pathological
changes in loop and TAD profiles are caused by structural variations
(SVs; rearrangements of 50 nucleotides or more in length: insertions,
duplications, deletions, etc.), single-nucleotide polymorphisms
(SNPs), large chromosomal rearrangements, viral/transposon DNA
integrations, and epigenetic factors. These genome and epigenome
perturbations could affect or eliminate TAD boundaries and violate
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Figure 1. Different levels of 3D genome organization

(A) Top panel: contact maps of 3D genome structures; bottom panel: graphical representation of the corresponding structures. (B) Summary of different levels of 3D genome

organization.

distant regulatory interactions that result in transcription dysregula-
tion and manifest in development of pathologies.

Deletions

Deletions are among the most frequent SVs in the human genome.”
Extended deletions eliminating CTCF-marked TAD boundaries
result in aberrant activation of proto-oncogenes TALI and LMO2
by distal enhancers in T cell acute lymphoid leukemia (T-ALL).”® A
600-kb deletion eliminating a TAD boundary results in interactions
between unrelated strong enhancers and the LMNBI promoter,
causing LMNBI overexpression and myelin degeneration in
autosomal-dominant adult-onset demyelinating leukodystrophy
(ADLD).” In the developing human limb bud, deletion of an entire
TAD including boundaries within the 6p22.3 locus correlates with
activation of the ID4 gene by enhancers from the neighboring

TAD. This results in the development of mesomelic dysplasia with
hypoplastic tibia and fibula.*®

Deletions also cause the Liebenberg syndrome, a limb malformation
due to dysregulation of the PITX] expression: the forelimbs develop
into the hindlimbs. PITXI controls the normal development of the
hindlimbs where its expression is governed by the interaction with
the Pen enhancer. In the forelimb buds, PITXI is not expressed due
to spatial isolation from the Pen by a nearby insulator. In Liebenberg
syndrome, multiple deletions eliminate this insulator, allowing the
Pen enhancer to activate PITXI and leading to abnormal formation
of the forelimb bones and the kneecap near the elbow.”*

An SV -affecting CTCF binding site (CBS) is associated with faciosca-
pulohumeral muscular dystrophy (FSHD). This disease is caused by
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abnormal expression of the DUX4 gene and potentially some other
genes, including FRGI. In healthy muscles, enhancers regulating
DUX4 and FRG1 are physically separated from their target genes by
an FR-MAR insulator."’** Massive deletion, including several copies
of the DUX4 gene and/or hypomethylation of the locus, cause redis-
tribution of loop contacts. A decrease in the FR-MAR insulator activ-
ity leads to FRGI and DUX4 upregulation and muscle pathology."

Duplications

Duplications also affect the TAD profile and/or intra-TAD spatial in-
teractions. The SOX9/KCNJ2/KCNJ16 locus contains genes coding for
the developmental regulator SOX9 and potassium channels KCNJj2/
KCNJI6, located in adjacent TADs. Duplications within the SOX9
TAD result in female-to-male sex reversal. In the same locus, dupli-
cations encompassing the TAD boundary and the entire KCNJ2
gene result in the formation of a new TAD, where KCNJ2 is upregu-
lated by SOX2-specific enhancers. This leads to the limb malforma-
tions with aplasia of nails and short digits known as Cooks syn-
drome.”" In addition to duplications, a translocation involving the
SOX9/KCNJ2/KCNJ16 locus leads to the Snijders Blok-Campeau syn-
drome, which is characterized by intellectual disability, speech prob-
lems, and distinctive facial features.”

Inversions

Large-scale inversions lead to branchiooculofacial syndrome (BOES),
which is characterized by skin, face, and eye defects of varying
severity. This pathology occurs when the normal expression of the
neural crest regulator TFAP2A is impaired. Usually, it is a result of
a partial gene deletion; however, a recent study™® describes a patient
with an 89-Mb inversion that does not affect TFAP2A, per se, but
compromises its expression. This inversion disrupts the TFAP2A-
containing TADs and the interaction between the TFAP2A gene
and a group of its enhancers.

Multiple rearrangements

Numerous SVs lead to the emergence of new TADs within the YPEL2/
LINC01476 locus leading to dysregulation of gene expression in auto-
somal-dominant retinitis pigmentosa (adRP)."” In some loci, large-scale
SVs cause a variety of distinct pathologies. The canonical example is the
WNT6/IHH/EPHA4/PAX3 locus, where different deletions, inversions,
and duplications result in limb malformation. Some of the intergenic
S§Vs induce F syndrome (acropectorovertebral dysgenesis), a rare in-
herited skeletal disorder characterized by the fusion of the thumb and
index finger. In particular, F syndrome is caused by an inversion, which
leaves the TAD boundary intact but relocates an enhancer from the
neighboring TAD to a close vicinity of the WNT6 gene, promoting its
overexpression. Other duplications and deletions affecting TAD struc-
ture within the regions cause brachydactyly and polydactyly.***’

Different SVs affecting the 3D genome can lead to a phenomenon
called “enhancer hijacking” where enhancers activate genes that are
not their normal targets. For example, an SV in the vicinity of the
GFI1B gene leads to GFIIB interaction with distal superenhancers
and averexpression in medulloblastoma.™ In acute myeloid leukemia

(AML), multiple rearrangements affect more than 40 cancer-related
loci.”" These mutations are represented by translocations, deletions,
and inversions; SVs lead to the formation of new loops with “hijack-
ing” of an enhancer or a silencer in 27 of these loci.

SNPs
SNPs affect the genome topology by mutations in the binding sites of
architectural proteins or tissue-specific TFs.

In the human 3p21.2 locus, the SNP 152535629 has a strong associa-
tion with schizophrenia. rs2535629 (A/G) is located within the CBS,
which resides in a repressor element in the seventh intron of the
ITIH3 gene. The presence of this SV prevents CTCF binding to
CBS and also changes the expression profiles of nearby genes: it
downregulates GLT8DI and SFMBT1 and upregulates NEK4. The
SEMBTI gene product is involved in the regulation of proliferation
and differentiation of nerve stem cells, the formation of dendritic
spines, and the proper functioning of neural synapse. Its downregu-
lation is associated with schizophrenia development.”

SNP 157903146 (CT/TT) is present in the enhancer of the TCF7L2 lo-
cus and promotes the formation of the gene-enhancer contact.”” This
interaction leads to an increase in the TCF7L2 expression with a sub-
sequent decrease in insulin secretion, possibly contributing to the
development of type 2 diabetes.”

STR expansion and viral DNA integration

Expansion of DNA repeats and viral DNA integration can also affect
the profile of spatial interactions between remote genomic elements.
Short tandem repeats (STRs) alter TAD boundaries by modulating
CTCF binding,” In several pathological models, STRs accumulate
at TAD boundaries, increasing the density of CpG islands, which
are often hypermethylated in pathologies. One example is the
FMR]1 gene, whose repression leads to fragile X chromosome syn-
drome (Martin-Bell syndrome). STR accumulation at the boundary
of encompassing TADs promotes DNA hypermethylation followed
by a decrease of CTCF binding and significant alteration in the
enhancer landscape of the locus. These lead to the loss of the TAD
boundary and FMRI repression.”

Integration of a primate-specific human endogenous retrovirus sub-
family H (HERV-H) transposon establishes TAD boundaries in the
genome of human pluripotent stem cells.”” In this case, active viral
transcription creates a TAD boundary at the site of the HERV-H inte-
gration. This is in line with recent observations showing that active
transcription constitutes a barrier for the cohesin-driven extrusion.™
In contrast to HERV-H, insertion of the human T-lymphotropic virus
HTLV-1 establishes de novo loops due to the presence of a CBS within
the viral genome. This results in abnormal host gene transcription not
only in loci proximal to the integration site but also more than 300-kb
away.'; ? The same was observed for the bovine leukemia virus (BLV)
carrying several CBSs involved in the formation of new chromatin
loops with the host chromosome loci after the pravirus integration.”
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Epigenetic factors

Abnormal DNA methylation is also involved in violation of the 3D
genome via suppression of CTCF binding. This decreases insulation
at TAD boundaries, allowing aberrant enhancer-promoter interac-
tions that may affect disease-related genes. In human glioma, muta-
tions in the IDH gene result in an increased genome-wide DNA
methylation including that in the PDGFRA oncogene locus. Methyl-
ation of the 5'-flanking insulator serving as a TAD boundary in this
locus results in a loss of CTCF binding and perturbs local interaction
patterns; this drives an abnormal activation of the PDGFRA gene by a
distal enhancer.”' In some cases, abnormal methylation at CBSs could
be driven by external factors, such as drug use. For example, cocaine
addiction results in a pathogenic looping within the IRXA locus in
brain neurons due to DNA hypomethylation at a set of CBSs.%
Recent studies reveal that besides abnormal methylation and CBS
mutations, some other mechanisms could impact chromatin looping.
In T-ALL, disappearance of the TAD boundary between MYC and a
group of enhancers in the neighbor TAD leads to MYC overexpres-
sion.”” Interestingly, in this case, a loss of CTCF binding is not caused
by CBS mutations or methylation and is accompanied by decreased
chromatin accessibility. Thus some additional factors may influence
CTCF binding. One potential candidate is Jpx non-coding RNA,
which regulates CTCF binding at a subset of developmentally sensi-
tive loci by competitive inhibition.”*

Finally, at a whole-nucleus scale, contacts between non-homologous
chromosomes can also lead to oncogenic chromosomal transloca-
tions. This disrupts local regulatory 3D interaction networks and
alters cellular transcription programs. A few examples include inter-
actions of chromosomes 8 and 14 or 11 and 14 in B lymphocytes lead-
ing to Burkitt or mantle cell lymphomas, respectively; chromosomes
12 and 16 in adipocytes leading to liposarcoma; and chromosomes 5
and 6 in hepatocytes leading to hepatocarcinoma.”” *

Together, alterations in the genome 3D organization are quite common

in cancer and developmental disorders. Screening revealed that 7.3% of
balanced chromosomal abnormalities disrupt TADs at known syn-
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dromic loci”™’; 14% of SVs affect TAD boundaries and lead to remark-
able changes in expression of nearby genes in cancers.”' The ability of
naturally occurring SVs to affect 3D genome and cause socially signif-
icant diseases imposes the development and further clinical validation
of 3D genome editing technologies applicable for treating patients.

3D GENOME EDITING

Since alterations in the chromatin contact profiles are associated with
many pathologies, development of 3D genome editing methods is on
the frontlines of biomedicine. The existing approaches largely rely on
the use of either native architectural proteins such as CTCF or artifi-
cial looping proteins (Figure 3).

As highlighted above, CTCF is a master regulator of the mammalian
interphase genome folding’* and thus is a predominant target for 3D
genome engineering. CBS deletion/insertion/inversion and point mu-
tations are streamlined paths for the precise control of CTCF binding
within genome regulatory elements and TAD boundaries/loop an-
chors.”"* In several loci, such manipulations alter loop profile and
result in changes of gene expression that could be potentially used
as a strategy for the cell-type-specific transcription reprogramming
in patients.”” However, genomic DNA editing possesses risks of chro-
mosome rearrangements that should be considered while designing
clinically relevant applications.”

In the case of de novo TAD formation or excessive CTCF binding,
depletion of CTCF from particular sites in chromatin can be accom-
plished through epigenetic modifications of CBS to inhibit CTCF
binding without changes in the primary DNA sequence. In this
case, chimeric proteins consisting of catalytically deficient (“dead”
Cas9 [dCas9]) fused with the Kriippel-associated box (KRAB), an
H3K9me3-catalyzing repressor (dCas9-KRAB), or DNA-methyl-
transferases DNMT3A and DNMT3A3L were shown to be effective
inhibitors of CTCF binding when precisely targeted to the CBS.””"

Another approach being developed for clinical applications is the us-
age of small molecules interfering with the CTCF binding. Treatment
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of cells with the anti-cancer agent curaxin (CBL0137) leads to a partial
depletion of CTCF from chromatin and compromises enhancer-pro-
moter contacts.”” On the other hand, DNA methylation interfering
with the CTCF binding could be eliminated by cell treatment with
5-aminosalicylic acid (5-ASA). In the case of AML cells, treatment
with 5-ASA restores a normal pattern of CTCF-dependent insulation
in chromatin and effectively suppresses the interactions between a set
of enhancers and oncogenes.”’

Other perspective molecules for the 3D genome manipulations are
bromodomain and extra-terminal motif inhibitors (BETis). BET pro-
teins are widespread transcription regulators often associated with
architectural proteins. For instance, BET protein bromodomain-con-
taining protein 4 (BRD4) binds to CTCF-associated Yin Yang 1 (YY)
factor throughout the genome including at TAD boundaries. Pan-
BETi (Apa20, JQI, IBET762) treatment weakens BRD4-YY1 binding,
removes BRD4 from chromatin, and causes chromatin decondensa-
tion." BETi JQ1 treatment suppresses cohesin and CTCF binding
to the Kaposi’s sarcoma-associated herpesvirus (KSHV) genome.
This results in the loss of looping between latent and lytic control re-
gions of the viral chromosome and virus transition to a lytic state.”’

Together, this opens an avenue for the rational in silico design of in-
hibitors of DNA binding and competitors for the protein-protein in-
teractions for the factors involved in the 3D genome maintenance.

Since some diseases are associated with the decrease of CTCF occu-
pancy at particular CBSs,™ stabilization of CTCF binding at such
loci is a strategy to be considered. Several post-translational modifica-
tions are essential for the CTCF insulator and barrier activities.*
Indeed, mutations in the CTCF region subjected to poly(ADP-ribo-
syl)ation by poly(ADP-ribose) polymerase 1 (PARP1) compromise
cohesin enrichment at CBSs, e.g., interfere with cohesion-/CTCF-
dependent loop formation.”' In the Epstein-Barr virus genome,
PARP1 acts to stabilize CTCF binding at particular sites.”” Thus,
inducible recruitment of PARP1 to certain CBSs could be a tool for
the stabilization of selective CTCF binding to these sites. Other
post-translational modifications of CTCF such as SUMOylation
and phosphorylation”"” are also of interest for 3D genome manipu-
lation in both genome-wide and locus-specific manners. Together,
these examples illustrate that epigenome targeting and inducible
CTCF post-translational modifications could potentially serve as a
proxy for 3D genome editing.

A number of diseases are characterized by a complete loss of CBSs at
critical regulatory elements due to deletions and other SVs.™ ™ In
such cases, recruitment of CTCF by an unrelated DNA-binding mod-
ule and restoration of the original loop profile might be a potential
treatment strategy. One example is a dCas9-mediated CTCF recruit-
ment enforced by the coupling with SunTag technology, allowing
recruitment of multiple CTCF molecules to the same binding site.”’
This method has been tested in the TFF locus associated with breast,
lung, and colon cancers’* and demonstrated a potential utility for 3D
genome engineering in multi-gene disease-associated loci.

Some pathologies are accompanied by a total loss of CTCF expression
followed by genome-wide alterations of chromatin 3D structure.
Consequently, insertion of a functional CTCF gene could restore an
original loop pattern of the affected loci. For example, breast cancer
could be inhibited by the increased CTCF expression; the CTCF
gene is frequently deleted in this type of cancer, and this negatively
affects the survival rate of patients at late stages.” CTCF gene inser-
tion by pseudoviruses also slows down the cancer cell division and/or
migration, as well as metastasis in the lungs and brain, and affects the
expression of almost 130 genes.

An alternative approach for manipulation of the 3D genome architec-
ture relies on the expression of chimeric proteins containing DNA-
binding modules (zinc finger [ZF])transcription activator-like
effector [TALE], dCas9) fused with units forming homo- or hetero-
dimers, such as dimerization domains of mammalian TFs, e.g., the
self-associating domain of the Ldbl protein.”* These chimeric pro-
teins form relatively stable dimers and are suitable for the formation
of constant distant interactions in chromatin. These contacts can be
made reversible via inducible polymerization. One example is the
chromatin loop reorganization using CRISPR-dCas9 (CLOuD?9) sys-
tem, where PYL1 and ABII fused with two different dCas9 modules
interact with each other in the presence of abscisic acid (ABA). Appli-
cation of the CLOuD9 system to the Oct4 locus associated with
various types of cancers demonstrated that recruitment of these
fusion proteins to the Oct4 promoter and its distal enhancer induced
loop formation and upregulation of Oct4 after ABA addition.”” A
similar approach, light-activated dynamic looping (LADL), utilizes
co-expression of cryptochrome 2 (CRY2) and N-truncated CRY-in-
teracting basic-helix-loop-helix protein 1 (CIBN) fused to dCas9.
Exposure of cells to 470-nm blue light induces dimerization of
CRY2 and heteromerization of CRY2 and CIBN. As a result, loci tar-
geted by dCas9-CIBN form a transient loop. In a proof-of-concept
study, LADL-induced looping between Zfp462 and the Klf4 superen-
hancer was successfully used to increase the Zfp462 expression in
mouse embryonic stem cells.”

CONCLUDING REMARKS

Genome-wide association studies revealed a number of genomic SVs
associated with the development of various diseases. Most of these
SVs are located outside genes and their regulatory modules. Conse-
quently, the mechanical links between disease-associated SVs and
regulation of genome activity remained obscure. Recent results dis-
cussed here argue that many of the disease-associated §Vs affect 3D
genome organization. This raises the issue of the need for 3D genome
editing. Several approaches for such editing have been proposed and
tested on cell cultures. The question is whether any of the developed
strategies have the prospect of practical application. In the case of can-
cer, the straightforward strategy is to kill a cancer cell if it can be
recognized and targeted rather than to try to correct anything in
this cell. The only possible application here is to use low-molecular-
weight agents (e.g., curaxins) that affect all cells with some preference
to cancer cells. More interesting opportunities for practical applica-
tions of 3D genome editing arise in cases where it is necessary to
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deliver to the organism its own normal cells, which will exist along-
side corrupted ones or replace them. This strategy assumes that
damaged cells are taken from the patient, manipulated in the labora-
tory, and returned to the patient’s body. In the future, this approach
could be useful for the treatment of a number of diseases of the he-
matopoietic and endocrine organs, as well as some types of muscular
dystrophies.

However, similarly to genome editing, 3D genome manipulations
could have off-target effects. In particular, targeted recruitment of
the full-length CTCF or any other natural architectural protein to
an ectopic site requires its overexpression in a cell. This could increase
the abundance of the overexpressed factor at endogenous binding
sites affecting their contact profile genome-wide. Usage of truncated
forms of architectural proteins lacking natural DNA-binding do-
mains and/or weak promoters for the expression cassettes potentially
solve this problem. Further, binding by an artificial module such as
dCas9 may change the chromatin residence time of the recruited pro-
tein, which, in turn, may affect the looping strength and nucleosome/
epigenetic profiles in a vicinity of the binding site.”” Thus, a sophisti-
cated design of chimeric proteins and comprehensive analysis of
epigenetic and transcription profiles within the edited locus and in
its neighborhood are prerequisites for the development of clinically
relevant applications.
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1.3.3. Interchromosomal contacts

Increasing evidence suggests that interchromosomal contacts represent an
important regulatory and structural layer of the genome. The most well-known and
widely-conserved ICC is the nucleolus, where the ribosomal genes from five different
acrocentric chromosomes coalesce within a defined nucleolar compartment for
ribosome biogenesis. Multiple interchromosomal contacts have been reported to
play a regulatory or fate-defining role, frequently in a stochastic manner (Spilianakis
et al. 2005; Lomvardas et al. 2006; Horta et al. 2018; Apostolou and Thanos 2008;
Johnston and Desplan 2014; Harada et al. 2015; Fitz-James et al. 2023; Tchurikov et
al. 2023). For example, the choice of one out of a thousand of olfactory receptor
genes in a single olfactory neuron is determined by a stochastic interchromosomal
contact with a trans-acting enhancer on chr 14 (Lomvardas et al. 2006; Horta et al.
2018). The subset of cells that express IFN-B in response to viral infection was shown
to be stochastically determined by the presence of ICCs with three distinct genetic
loci that could mediate binding of the limiting transcription factor NF-«kB to the /FN-
enhancer (Apostolou and Thanos 2008). The developmental pathway followed by a
CD4+ T-cell is also influenced by an interchromosomal interaction between the
promoter region of the IFN-y gene on chromosome 10 and the regulatory regions of
the TH2 cytokine locus on chromosome 11 (Spilianakis et al. 2005). The loci from
different chromosomes may also come into contact following recruitment to the
same transcription sites (Jackson et al. 1993; Osborne et al. 2004; Razin et al. 2011).
This is the case for the active globin genes (Schoenfelder et al. 2010; Simonis et al.
2006), plasma cell identity genes (Bortnick et al. 2018), immediate early genes in B
cells upon stimulation of the B cell receptor signaling pathway (Osborne et al. 2007)
and the heat shock response genes in yeast (Chowdhary et al. 2019). In general, ICCs
were shown to form predominantly between transcriptionally active and accessible
loci rather than between the silent ones (Kalhor et al. 2012). Being a more stochastic
process than an intrachromosomal contact, partially predefined by the 2D distance
between the loci, a particular ICC is likely present in a fraction of cells in a population
(Noordermeer et al. 2011), and an increase in transcriptional activity and accessibility
of a locus might favor its participation in an ICC.

Transcription activity and chromatin accessibility are generally inversely correlated
with the proximity of the loci to the nuclear periphery (Sadoni et al. 1999; M. Cremer
et al. 2001; Kind et al. 2015; C. Y et al. 2018; Mota et al. 2022b) and experimental
repositioning of chromosomes in the nuclear space leads to gene expression
changes (Finlan et al. 2008). Chromosomal translocations inevitably lead to the
repositioning of at least one of the translocated loci. Inversely, the frequency of a
certain translocation may be influenced by the temporal spatial proximity of the
potential translocation partners (Canoy et al. 2023; Engreitz, Agarwala, and Mirny
2012). For example, MYC and IGH, the genes involved in one of the most frequent
oncogenic translocations causing Burkitt ymphoma, were shown to be preferentially
recruited to the same transcription factory upon induction of the B cell receptor
signaling pathway, which may explain the high rate of this translocation in B

/2


https://www.zotero.org/google-docs/?TCOTdX
https://www.zotero.org/google-docs/?TCOTdX
https://www.zotero.org/google-docs/?TCOTdX
https://www.zotero.org/google-docs/?TCOTdX
https://www.zotero.org/google-docs/?lKTmCN
https://www.zotero.org/google-docs/?lKTmCN
https://www.zotero.org/google-docs/?CzAhMR
https://www.zotero.org/google-docs/?RsqnoF
https://www.zotero.org/google-docs/?Us85DR
https://www.zotero.org/google-docs/?7tqTUU
https://www.zotero.org/google-docs/?7tqTUU
https://www.zotero.org/google-docs/?FYRbod
https://www.zotero.org/google-docs/?diUwFb
https://www.zotero.org/google-docs/?OmYERp
https://www.zotero.org/google-docs/?VlT747
https://www.zotero.org/google-docs/?uJ4ASC
https://www.zotero.org/google-docs/?eF5OI7
https://www.zotero.org/google-docs/?eF5OI7
https://www.zotero.org/google-docs/?5Lihrd
https://www.zotero.org/google-docs/?eEKje8
https://www.zotero.org/google-docs/?eEKje8

lymphocytes (Osborne et al. 2007). An inverse, yet similar phenomenon, was
observed in Mantle Cell Lymphoma, where the translocated CCND1 allele relocated
closer to the nucleolus, to the vicinity of active Pol Il sites (Allinne et al. 2014b).
Interchromosomal contacts likely follow a similar dependency, where an increase in
loci proximity leads to an increase in the probability of an ICC formation.
Simultaneous increase in accessibility and transcription further escalates the ICC
chance (Kalhor et al. 2012), as the transcriptional machinery and co-factors
associated with the actively transcribing chromatin can form condensates thus
prompting the interaction (Cho et al. 2018; Chong et al. 2018; Gibson et al. 2019; H.
Lu et al. 2018; Sabari et al. 2018). This is in line with the observation that A
compartments have a stronger predisposition to form ICCs with the likelihood to
interact in trans- decreasing sequentially from A-A > A-B = B-B (Branco and Pombo
2006; Rao et al. 2014; Yaffe and Tanay 2011; Su et al. 2020b), as well as with the
tendency of A-compartments to be speckle-associated (C. Y et al. 2018; Su et al.
2020b).

A and B compartments can be relatively well-predicted using epigenetic data (Fortin
and Hansen 2015). The loss of cohesin, one of the proteins responsible for the
formation of chromatin loops, causes the pattern of long-range contacts to match
that of the histone marks (Rao et al. 2017); notably, it results in the colocalization of
super-enhancers (SEs) (Rao et al. 2017) - large stretches of enhancer elements
marked by high levels of H3K27 acetylation (Parker et al. 2013), which suggest the
involvement of SEs in the formation of long-range chromatin interactions. This
process might be facilitated by condensate formation through phase-separation, as
acetylated chromatin was shown to phase separate in vitro upon binding of the
multi-bromodomain proteins, such as BRD4 (Gibson et al. 2019), which is typically
present at SEs (Chapuy et al. 2013). Interestingly, ICCs associated with nuclear
speckles, ubiquitous nuclear condensates, were found enriched for the common
super-enhancer domains (Joo et al. 2023) (SEs showing persistent and ubiquitous
H3K27ac signals across different cell and tissue types (Ryu et al. 2019)), allowing to
speculate that the rearrangement of super-enhancer landscape, common for
multiple cancers (Betancur et al. 2017; Ke et al. 2017; Wong et al. 2017; Y.-Y. Jiang et
al. 2017; Cohen et al. 2017; Yohe et al. 2018), might induce aberrant ICC formation in
certain circumstances.
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2. OBJECTIVES OF THE STUDY

T(11;14) translocation is the most specific characteristic of Mantle Cell Lymphoma
present in the vast majority of patients. Among the consequences of this
translocation, CCND1 upregulation is the most studied. Nevertheless, data from
animal models argue that CCND1 overexpression alone is not enough to cause MCL
(Lovec et al. 1994; Bodrug et al. 1994). Efforts have been made to uncover other
molecular mechanisms and pathways deregulated in MCL, but, with the exception of
BTK inhibitors, the therapeutic agents targeting those pathways exhibited limited
clinical success. The therapeutic response and life expectancy of MCL patients
remain modest, making MCL a B cell ymphoma with one of the worst prognosis.
Thus, further insights into the pathogenesis of the disease bringing up new
treatment strategies are urgently needed.

Chromosomal translocation inevitably alters the 3D-genome of the cell, which, in
turn, may alter its epigenetic and transcriptional landscape, potentially affecting
cancer-related genes and pathways. Still, the 3D-genome and the epigenome of MCL
are largely underexplored. In this work, we aimed to study the 3D-genomic,
epigenomic and associated transcriptomic changes happening in MCL cells to
uncover some previously unknown mechanisms driving MCL oncogenesis after the
t(11;14), other than CCND1 upregulation. Through this study, we aimed to contribute
to the advancement of knowledge in the field and provide a basis for future therapy
development, specifically in the rapidly growing field of epigenetic drugs.
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3. REsuLTS

3.1. Der14 relocates to the nuclear center in MCL cells

Chr11-chr14 translocation is a major hallmark of MCL cells, and its effect on the
CCND1 gene expression is well-studied. Meanwhile, chromosomal translocation also
alters the 3D-organization of the genome and inevitably affects the nuclear
positioning of one or both of the translocated loci. To explore the changes in the
nuclear positioning of the t(11;14) translocation partners, we performed 3D-FISH
with the fluorescent probes allowing us to distinguish the intact chromosomes 11
and 14, and the derivative chromosome 14, resulting from the chr14-chr11 fusion
(Figure 7a). The red probe was complementary to the region downstream of the
translocation breakpoint and encompassed the CCND1 locus, while the green probe
was complementary to the region upstream of the translocation breakpoint and
encompassed the locus immediately upstream of the variable IGH region; in this
set-up, the derivative chromosome 14 could be distinguished by the overlap of the
green and red signals (Figure 7ab).
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Figure 7. Nuclear positioning of the translocated loci.

a, Schematic representation of the fluorescent probes used for the detection of the intact
CCND1 and IGH loci and the derivative chromosome 14, and the approach used for the signal
quantification. Briefly, for each cell, the distances from the intact and translocated signals to
the nuclear center were measured and normalized to the nuclear radius. The resulting
values for all quantified cells were then plotted to show the distributions of the signals in a
population of cells. b, Representative image of a B cell with the t(11;14) translocation;
maximum projection z-stack of three 0.5 pm confocal slices. ¢, Density plots showing the
distributions of the intact (red or green) and translocated (yellow) CCND7 and /GH loci in the
nuclear volume in the B cells from five MCL patients and three MCL cell lines (UPN1, UPN2
and GRANTA). Statistical significance is determined using the Kolmogorov-Smirnov test for
the equity of distributions; pval <0.05%, <0.01**, <0.001***, 0.0001****,
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The 3D-FISH experiment was performed in the B cells from five MCL patients and
three MCL cell lines (GRANTA-519, UPN1, UPN2), and the distance of each signal to
the nuclear center was measured and normalized to the nuclear radius (Figure 7a).
In all patients and most of the MCL cell lines, the intact /GH locus was more centrally
located than the intact CCND1 locus, consistent with their reported chromosome
territories (Bolzer et al. 2005). Nevertheless, while the position of the translocated
IGH locus was almost unaffected by the translocation, the distribution of the
translocated CCNDT allele was shifted to the nuclear center when compared to the
intact CCND1 copy (Figure 7c). Thus, in MCL cells, the translocated CCND1 allele
relocated to the nuclear center, closer to the translocation partner locus.

3.2. Active epigenetic signature is globally altered in MCL cells

Relocalisation of the loci in the nuclear space may bring about the changes in their
epigenetic and transcription profiles. Notably, centrally located genomic regions are
generally characterized by being epigenetically accessible and transcriptionally
active. To explore the changes in the epigenetic and transcriptional landscape of
mantle cell ymphoma cells, we analyzed the profiles of transcription and chromatin
accessibility, as well as the distribution of the activating H3K27Ac mark, known to
label active enhancers and promoters, in the B cells from MCL patients and control
naive B cells from healthy donors.

More than 1000 sites with increased chromatin accessibility and more than 13000
sites with increased H3K27Ac binding were identified in MCL cells compared to the
control naive B cells (Figure 8a). The genes nearest to the upregulated ATAC and
H3K27Ac sites were functionally enriched for a number of categories relevant for
lymphoma, including B cell activation, positive activation of cytokine production and
cell adhesion, as well as for some categories indicating epigenetic reprogramming,
e.g. histone modification (Figure 8b). Consistent with the increased transcriptional
activity of many genes in MCL vs control B cells (Figure 8d), most (80%) of the sites
with increased H3K27Ac binding were located in gene promoters, while
approximately 20% of those sites mapped to other locations (Figure 8c) and likely
represented the newly active enhancers.

To further explore the deregulation of the enhancer landscape in MCL cells, we
applied the activity by contact (ABC) model (Fulco et al. 2019) that infers the
enhancer-gene interactions from the ATAC-seq, H3K27Ac ChIP-seq, HiC and
expression data (see Materials and Methods). We identified 939 enhancers that were
novel or more active in MCL cells compared to the control B cells, as determined by
the increased H3K27Ac binding. Those overactive enhancers were predicted to
regulate more than 370 genes that were highly upregulated in MCL (Figure 8d),
including the MYCN oncogene, MECOM and SRC proto-oncogenes, and several
proliferation or growth-stimulating genes, such as CCNE1, RASGRF1 and PIK3R2.
CCND1T gene was also predicted to be regulated by an overactive enhancer on
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chromosome 11, though in MCL context such interaction could only occur for the
intact CCND1 copy, as the translocated one is found in a different genomic context.
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Figure 8. Epigenetic deregulation in MCL cells.

a, ChIP-seq/ATAC-seq profiles for the H3K27Ac and ATAC peaks with the significantly
different H3K27Ac/ATAC signal in the MCL patients vs control naive B cells from healthy
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donors (FDR < 0.05). b, Gene Ontology enrichment analysis for the ATAC/ H3K27Ac peaks
with the significantly different ATAC/H3K27Ac signal in the MCL patients vs control naive B
cells from healthy donors (FDR < 0.05). Top 10 enriched categories. ¢, Distributions of the
up/down ATAC/H3K27Ac peaks relative to genomic features. d, Differentially expressed
genes (DEGs) in the MCLpatients B cells vs control naive B cells from healthy donors.
Upregulated genes (log2FC >1, padj < 0.05) are colored red, downregulated genes (log2FC >1,
padj < 0.05) are colored blue. The genes predicted to be regulated by an enhancer with the
significantly increased (FDR < 0.05) H3K27Ac signal in MCL patients vs control naive B cells
are colored green. The gene-enhancer pairs were inferred using the ABC model (see
Materials and methods). e, Rank Ordering of Super Enhancers (ROSE) graphs for the MCL
patients and control naive or germinal B cells (representative graphs for one biological
replicate). Each dot represents an enhancer region ranked by increasing cumulative
H3K27Ac signal. The dashed line demarcating the shaded region to the right represents the
threshold of calling a region a super-enhancer. f, Venn diagram showing the numbers of SEs
consensus between the biological replicates for each condition (MCL, control naive B cells,
control germinal B cells) and the overlap of those consensus SEs between the conditions. g,
Size distributions of the consensus SEs in the MCL patients and control naive or germinal B
cells from healthy donors. The dashed lines indicate the median values. h, A novel
MCL-specific super-enhancer formed due to the extension of the IGH enhancer into the
CCND1 locus. Representative tracks for the ATAC-seq, H3K27Ac and H3K4me1 ChIP-seq
signal scaled to one million mapped reads are shown. The blue bars indicate that an
H3K27Ac peak (“enhancer”) or a ROSE super-enhancer were detected in the region.

Considering a large number of overactive enhancers in MCL cells, we also explored
their super-enhancer landscape. Using the rank-ordering of super-enhancers (ROSE)
algorithm on the H3K27Ac ChIP data, we detected 1121 superenhancers to be active
in at least two MCL patient samples, compared to 752 and 520 for control naive and
germinal B cells respectively (Figure 8e, Supplementary figure 1a). 26% (294) of
MCL SEs were shared between all the three groups (Figure 8f) and represented the
SEs defining the core B cell identity. Those SEs were associated with the genes
encoding the components of the MHC Il complex (e.g. HLA-DOA, HLA-DPBT1), Ig
proteins (/GL, IGK, IGH) and the core genes of the BCR signaling pathway (e.g. SYK)
(Supplementary figure 8c). Consistent with the presumed origin of MCL from naive
B cells, 17% (189) of MCL SEs were shared exclusively with the naive B cells group,
while for the germinal B cells this overlap was only 1.7% (19) (Figure 8f). The genes
associated with the SEs unique for MCL were mainly involved in immune-response
signaling and lymphocyte activation (Supplementary figure 1d) and were also
enriched for lymphoma-related genes (Supplementary figure 1b). Several of them
have been previously described in the context of MCL, including CD5, WEET and IL2RA
(Alaggio et al. 2022; Chila et al. 2014; Bassam et al. 2013). Others included known
oncogenes (PIM1), pro-survival genes (MAP4K1, PIM1, IL2RA) or have been linked to
other relevant processes, such as chromatin remodeling and transcription regulation
(PRDMS, ETV6). We have also observed an increase in the size of super-enhancers in
MCL cells: the median SE size of the control or germinal B cells was 17.7 - 26.2 kb,
while in MCL this value was approximately twice as large (40.9 kb) (Figure 8g). All
together, this data suggested the large-scale remodeling of the active enhancer
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landscape in MCL cells.

3.3. MCL cells develop a novel superenhancer in the translocation
breakpoint region

We next explored the local epigenetic changes in the breakpoint adjacent region on
the derivative chromosome 14. Consistent with the known involvement of the IGH
enhancer in the CCND1 upregulation, we detected high levels of the H3K27Ac and
H3K4me1 signal in the IGH locus (Figure 8h). This locus was classified as a
super-enhancer in both the control and the MCL B cells. Importantly though, the
level of the activating H3K27Ac mark in the region was more than twice as high in
MCL compared to the control naive B cells. Moreover, in MCL cells, the
enhancer-characteristic marks were largely extended into the adjacent region on
chr11, including the CCND1 locus, and this phenomenon was unique for MCL cells
(Figure 8h). Thus, MCL cells formed a novel IGH-CCND1 super-enhancer spanning the
translocation breakpoint region.

3.4. Chromosome 19 is enriched for active promoters and
deregulated genes in MCL

CCND1 overexpression is not sufficient for Mantle Cell Lymphoma development. Still,
the t(11;14) translocation is a hallmark and likely the founding event of MCL. We
have observed that, apart from the CCND17 overexpression, the translocation induces
the relocalisation of the CCND1 locus on the derivative chromosome 14 to the
nuclear center, which is accompanied by the formation of a novel MCL-specific
super-enhancer in the breakpoint region. We thus searched for the genes other than
CCND1 that might be regulated by this novel SE using bulk RNA-seq data from a total
of nine MCL patients and a cultured cell line GRANTA-519 (see Materials and
Methods).

Contrary to what was expected, the largest number of upregulated genes in MCL
samples was not located on chromosomes 11 or 14 (Figure 9a). Instead, it was
chromosome 19 which was most enriched for the upregulated genes in MCL vs
control cells (Figure 9ab). This phenomenon was reproducible between the patient
samples and the MCL cell line (Supplementary figure 2c), and was evident with or
without normalization of the upregulated gene numbers to chromosome size or to
the number of genes per chromosome (Figure 9a, Supplementary figure 2ac). The
genes upregulated on chromosome 19 were mostly enriched for the
immune-response signaling pathways and leukocyte-mediated immunity, the
categories relevant for MCL (Figure 9b). Many of those genes have been previously
associated with mantle cell ymphoma, e.g. BAX, CD70 (Beltran et al. 2011; Balsas et
al. 2021), other lymphomas and leukemias, e.g. BCL3, ELANE, MAP2K7 (Y. Shen et al.
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2017; Manfroi et al. 2018; Seaton et al. 2024), or have been reported to have a
pro-tumorigenic effect on the tumor microenvironment, e.g. CD70, TYROBP and
CEACAMT1 (L. Guo et al. 2023; J. Lu et al. 2021; Gerstel et al. 2011; Balsas et al. 2021).
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Figure 9. Chromosome 19 is enriched for overexpressed genes and active promoters in
MCL.
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a, The numbers of upregulated genes per chromosome in MCL patients B cells vs control
naive B cells from healthy donors (padj <0.01, log2FC > 1) normalized to chromosome sizes.
b, Differentially expressed genes (DEGs) in the MCL patients B cells vs control naive B cells
from healthy donors. Upregulated genes (log2FC >1, padj < 0.05) are colored red,
downregulated genes (log2FC < -1, padj < 0.05) are colored blue. The upregulated genes on
chr19 are colored violet. ¢, Gene Ontology Biological Process enrichment for the genes
upregulated on chr19 in the MCL patients B cells vs control naive B cells from healthy donors
(padj <0.01, log2FC > 1). Top 10 enriched categories. d, The numbers of up H3K27Ac per
chromosome in MCL patients B cells vs control naive B cells from healthy donors (FDR <0.05)
normalized to chromosome sizes. e, Distribution of the H3K27Ac peaks differentially
enriched in MCL on chr19 relative to genomic features. f, Positions of the H3K27Ac peaks
differentially enriched in MCL on chr19 relative to the transcription start sites (TSS).

In line with the upregulated gene expression, chr19 also bore the largest number of
up H3K27Ac peaks (Figure 9d, Supplementary figure 2b) and most of those peaks
represented the overactivated promoters (Figure 9ef). The number of overactive
enhancers was also relatively high on chr19, but this chromosome was not
consistently at the top of the rank (ranked first, 12th or 13th depending on the
method) (Supplementary figure 9d). Most of the up H3K27Ac peaks on chr19 were
also not a part of SEs unique for MCL, and no prominent enrichment for the unique
SEs was observed for chr19 (ranked first, 5th or 6th depending on the normalization)
(Supplementary figure 9e). All together, chr19 was the most enriched for the
overexpressed genes and overactivated promoters in MCL vs control B cells, but this

80


https://www.zotero.org/google-docs/?IVtYlN
https://www.zotero.org/google-docs/?r6IDd7

phenomenon was not directly correlated with a similar increase in the enhancer
activity on this chromosome.

3.5. Asuperenhancer in the translocation breakpoint region
interacts with chromosome 19

We found that chromosome 19 is most enriched for the overexpressed genes and
overactive promoters in MCL. This was not directly related to the aberrant enhancer
activity on this chromosome and no recurrent genetic aberrations are known to
occur on chr19 in MCL. Meanwhile, chromosome 19 is known to occupy the territory
in the nuclear center (Bolzer et al. 2005; Thomas Cremer and Cremer 2010). We
observed the relocalisation of the breakpoint adjacent region of the derivative 14 to
the nuclear center (Figure 7c) and the formation of an extended /GH-CCND1
super-enhancer in this region (Figure 8h). We thus hypothesized that an
interchromosomal contact might be present between this SE and some regions on
chr19, which could explain the large-scale upregulation of gene expression in this
chromosome.

To check this, we have performed HiC in the MCL cell line GRANTA and control
lymphoblastoid cell line RPMI8866 without the t(11;14) translocation; we also
explored the previously published HiC data from five MCL patients and three control
samples of naive B cells from healthy donors (Vilarrasa-Blasi et al. 2021). We have
observed that the contacts between the chr19 and the SE-containing locus on chr11
were indeed present in the MCL and control B cells (Figure 10a). Moreover, similar
contacts were present on the other chromosomes enriched for the overexpressed
genes, chr17 and chr22, potentially suggesting a grouped interchromosomal
interaction. As all these chromosomes are relatively small and mobile, we had a look
at another chromosome of a similar size, which was yet not enriched for the
upregulated genes (chr21), and no contacts with the SE region were detected on this
chromosome (Figure 10a). Chr21 was thus used as a negative control for further
experiments. Apart from the contacts with the chr11 SE region, a drastic change in
the chromatin compartments state on chr19 was observed in MCL patient cells.
While in the control B cells from healthy donors most of the compartments on chr19
were classified as inactive, they switched to an active state in MCL cells (Figure 10a),
indicating the large-scale chromatin activation on this chromosome and in line with
the substantial upregulation of gene expression on chr19.

Although HiC is not a reliable quantitative method, the intensity of the chr19-chr11
interaction relative to the background seemed higher in MCL patient samples
compared to the controls (Figure 10a). To further confirm the presence of the
chr19-chr11 SE contact and quantify its prevalence in a population of cells, we
performed 3D-FISH with the already described probes for the IGH and CCND1 loci,
and the probe overlapping the most intense chr19-chr11 contact hotspot on chr19
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(site 1 in Figure 10a). The contact of interest was detected in 30-50% of MCL cells
(depending on the patient or the cell line) (Figure 10bc), which was highly above the
probability of random colocalization of two spheres of 1 pm diameter inside the 8
mkm diameter nucleus (~ 2%). In accordance with the HiC results, the contact was
also detected in the control B cells from healthy donors, but only in 15% of cells
(Figure 10c). As an internal negative control, the contacts of the CCND1 locus and
chr21, for which no interaction was detected by HiC, were also quantified; as
expected, the frequency of the chr11-chr21 interaction was equally low in all
conditions (Figure 10c). Finally, in MCL cells, the contact formed predominantly with
the derivative chromosome 14 and not the intact CCNDT copy, suggesting that the
interaction was facilitated by the presence of the IGH-CCND1 super-enhancer.
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Figure 10. Interchromosomal contacts in MCL cells.

a, HiC maps of the regions of the interchromosomal contacts between the chr11 (CCND1
locus) and the top 3 chromosomes by the number of upregulated genes - 19, 17 and 22.
Chromosome 21, which is not enriched for the upregulated genes, is shown as negative
control. For chromosome 11, only the region of interest is shown; CCND1 locus is marked by
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a dashed horizontal line. Black arrows demarcate the six contact hotspots referred to in the
text. The arrow with the asterisk marks the contact region covered by the FISH probe in b-d.
The tracks on the sides show the eigenvector values assigning the region to either active
(positive scores, red) or inactive (negative scores, blue) compartments. N patients = 5
(representative maps for the two patients with conventional MCL are shown); N control B
naive samples = 3 (merged replicates map is shown). b, The representative image of a
contact between the derivative chromosome 14 and the locus on chr19 detected by 3D-FISH
in the cells of an MCL patient. CCND1 locus is colored red, IGH locus is colored green and the
chr19 locus is colored magenta. A maximum projection Z-stack of three 0.5 pm confocal
slices is shown. The location of the chr19 FISH probe is marked by an arrow with the asterisk
in a. ¢, The percentages of cells bearing the CCND1 - chr19 contact in a population of cells as
detected by 3D-FISH in two MCL patients, three MCL cell lines (UPN1, UPN2, GRANTA) and a
control lymphoblastoid cell line from a healthy donor (BLAS). The data is shown as median +
SD, each dot represents a technical replica. Statistical significance is determined using
ordinary one-way ANOVA with Dunnett's correction for multiple comparisons. The
colocalization of chr11 with the chr21 for which no contact was detected by HiC is shown as
negative control. d, The percentages of cells bearing the contact between chr19 and the
intact (black) or translocated (red) CCND1 loci in two MCL patients and three MCL cell lines
(UPN1, UPN2, GRANTA). The data is shown as median + SD, each dot represents a technical
replica. Statistical significance is determined using paired t-test.

3.6. The chr19-SE contact colocalizes with the upregulated genes
and active RNApol I

Following the confirmation of the contact presence, we explored the epigenetic and
transcriptional states of the detected interaction sites on chr19. The genome regions
in the vicinity of the detected contacts were generally characterized by an increased
chromatin accessibility and H3K27Ac levels in MCL patients vs control cells (Figure
11a; representative sites are shown). The genes overexpressed in MCL vs control
naive B cells on chr19 also tended to cluster around the interaction hotspots (Figure
11b). Some of those genes have been previously associated with MCL or other
malignancies. For example, the ABCA7 gene (interaction site 1; >3 fold upregulation)
encoding for the ATP-binding cassette transporter of the brain and immune system
was found frequently mutated in the asian MCL patient population (Jeong et al. 2020)
and its overexpression was associated with poor prognosis in ovarian carcinoma
(Hedditch et al. 2014; Elsnerova et al. 2017). ARID3A (interaction site 1, >7 fold
upregulation) encodes for a transcription factor involved in embryogenesis and B cell
differentiation. It was shown to ensure the development and maintenance of the
CD5+ B1a cells, and increased Arid3A levels supported the ability of those cells to
develop B cell tumors with age (Hayakawa et al. 2019). CD5 is one of the most
specific markers of MCL cells (Alaggio et al. 2022), and a subpopulation of the
B1-derived B cells was reported to localize to the mantle zone and give rise to the
MCL-like neoplasia in aged mice (Hayakawa et al. 2018). Some other genes included
KEAP1 (interaction site 2, >4.5 fold upregulation), one of the key oxidative stress
sensors, whose expression was associated with the advanced stages in diffuse large
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B cell lymphoma (X. Yi et al. 2018); PINT (interaction site 2, >2 fold upregulation),
encoding for the peptidyl-prolyl cis-trans isomerase highly expressed in the majority
of cancers and negatively related to the clinical prognosis (Yang Chen et al. 2018) and
the proto-oncogene BCL3 (interaction site 5, > 4 fold upregulation) well-known for its
role in lymphoma development (Seaton et al. 2024).
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Figure 11. Transcriptional and epigenetic state of the chromatin around the
der14-chr19 contact sites.

a, ATAC-seq, H3K27Ac and H3K4me1 ChIP-seq signals on chr19 around the chr19-chr11
contact hotspots in the MCL patients cells and the control naive B cells from healthy donors.
Representative tracks scaled to one million mapped reads are shown. Chr19-chr11 contact
hotspots identified by HiC are marked by violet bars. b, Differentially expressed genes
(DEGSs) on chr19 in the MCL patients B cells vs control naive B cells from healthy donors (up)
or GRANTA-519 MCL cell line vs control naive B cells from healthy donors (down).
Upregulated genes (log2FC >1, padj < 0.05) are colored red, downregulated genes (log2FC >1,
padj < 0.05) are colored blue. Chr19-chr11 contact hotspots identified by HiC are marked by
violet bars. ¢, Immuno-3D-FISH with the three hybridisation probes (CCND1 - red, IGH -
green, chr19 - violet) and the antibodies against the RNApolll-ser5 (blue); representative
images (one Z section) and the intensity profiles across the quadruple colocalization sites are
shown. d, The frequencies of colocalization of the chr19-der14 contacts, chr19-intact chr11
contacts and non-colocalized chr19 with the RNApolll-ser5. The data is shown as median +
SD, each dot represents a technical replica. Statistical significance is determined using
ordinary one-way ANOVA with Dunnett's correction for multiple comparisons.
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Given the large number of upregulated genes in the vicinity of the contacts, we next
performed the immuno-3D-FISH with the /GH, CCND1 and chr19-site1 probes and the
antibodies against the RNA pol Il CTD phospho Ser5, which is an activated form of
RNApol Il confined to promoters and necessary for transcription initiation. AlImost all
of the chr19-der14 contacts (triple IGH-CCND1-chr19 colocalization events) also
colocalized with the active RNApol Il staining (Figure 11c), suggesting the presence of
the active transcription hub around the interaction. The intact CCND7-chr19 contacts
also colocalized with the RNA-pol II, but with a lower frequency, and this frequency
was even lower for the chr19 signals non colocalized with either of the chr11 probes
(Figure 11d). All together, these data demonstrated that the der14-chr19 contacts
were characterized by increased transcriptional activity, involving the genes relevant
for lymphoma development.

3.7. Minnelide modifies the chromatin landscape and transcription
profile of MCL cells

We have observed the general activation of the enhancer landscape in mantle cell
lymphoma cells, both in the translocation breakpoint/ on chr19 and genome wide.
Those newly active enhancers contributed to the upregulation of the genes
potentially involved in lymphomagenesis. We thus tried to revert this pathological
enhancer activation with the drugs reported to modify the enhancer landscape. We
used Minnelide, a water-soluble pro-drug of a natural compound triptolide, which
was shown to inhibit the super-enhancer activity in pancreatic cancer cells (Noel et
al. 2020), likely by targeting the XPB subunits of the TFIIH complex (He et al. 2015;
Noel et al. 2020). In parallel, we used a CDK4/6-dependent kinase inhibitor
Abemaciclib reported to remodel the chromatin architecture in breast cancer cells
(Watt et al. 2021). In this cells, Abemaciclib reduced chromatin accessibility over gene
promoters regulating progression through G1, consistent with its cell cycle inhibitor
function, but at the same time induced widespread enhancer activation at other
regions, including the super-enhancers driving luminal differentiation and apoptotic
evasion. As the MCL-specific super-enhancer at the translocation breakpoint
overlaps the CCND1 gene that drives the G1/S progression, and the cell cycle
deregulation is present in MCL, Abemacilib was considered a potential treatment
candidate.

To assess the effect of Minnelide and Abemaciclib on the chromatin landscape of
MCL cells, we performed ATAC-seq in the MCL (GRANTA-519) and control (BLAS) cells
treated or not with 50 nM Minnelide and 500 nM Abemaciclib for 3 and 7 days
respectively. The times of treatment were chosen based on the previous studies
(Noel et al. 2020; Watt et al. 2021), while the concentrations were additionally
optimized through titration on the cell lines used in this work (Supplementary
figure 3a) and turned out to be similar to those previously reported for the
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pancreatic (20-100 nM Minnelide) (Noel et al. 2020) or breast cancer cells (500 nM
Abemaciclib) (Watt et al. 2021).

Minnelied induced widespread chromatin remodeling mostly characterized by the
new regions of reduced chromatin accessibility (22742 down, 830 up peaks) (Figure
12a). In contrast, the effect of Abemaciclib was almost negligible with only 44 and
217 down and up ATAC peaks respectively (Figure 12a). In the PCA analysis, the cells
treated with Abemaciclib were almost indistinguishable from the non-treated cells,
while Minnelide treatment was a clear source of variation (Figure 12b).

The sites decreasing their accessibility following Minnelide treatment were located
both in gene promoters and within distal intergenic regions or introns (Figure 12c),
suggesting that Minnelide caused the reduction in the activity of both enhancers and
their corresponding promoters. Those sites overlapped substantially with the sites
over-accessible in GRANTA-519 (MCL) vs BLAS (control) cells and the MCL patient cells
vs control naive B cells from healthy donors (Figure 12de), suggesting that Minnelide
treatment counter-balanced some of the MCL-associated epigenetic deregulation.
Importantly, Minnelide also reduced the accessibility of the super-enhancer region
around the translocation breakpoint (Figure 12f), and the regions around the
putative chr11 contact hotspots on chr19 (Figure 12g).

Functionally, the genes associated with the sites of decreased accessibility after
Minnelide treatment were enriched for the processes related to transcriptional
coactivator activation and RNApoll-dependent transcription factor binding (Figure
12h), consistent with the Minnelide being an enhancer disruptor (Noel et al. 2020)
and an inhibitor of RNA pol ll-dependent transcription (Vispé et al. 2009). Those
genes encoded for the subunits of the mediator complex (MED13, MED14, MED16,
MED24, MED25, MED30, MED4), general transcription factors (GTF2A1, GTF2A2, GTF2I),
lysine acetyltransferases (KAT2B, KAT5, KAT6A), as well as the transcription factors
reported to facilitate the enhancer-promoter looping (YY1, SP1) (Weintraub et al.
2017; Mastrangelo et al. 1991). Biological processes associated with the down peaks
included positive regulation of lymphocyte activation and cell-cell adhesion (Figure
12h), while the associated pathways included the Th17 differentiation, Rap1
signaling, regulating cell adhesion, and TNF signaling, known to promote
inflammation and proliferation of lymphoma cells (Figure 12h).
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Figure 12. Minnelide reprograms the epigenetic landscape of MCL cells.

a, Differentially accessible ATAC peaks in GRANTA-519 MCL cells treated or not with

Minnelide (left) or Abemaciclib (right); up peaks (log2FC >0.5, FDR < 0.05) are colored red,
down peaks (log2FC < -0.5, padj < 0.05) are colored blue. b, Principal Component Analysis
(PCA) for the treated and non-treated control (BLAS) and MCL (GRANTA-519) cells performed
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on the ATAC-seq peaks. ¢, Distributions of the up/down ATAC peaks relative to genomic
features in GRANTA-519 + Minnelide vs non-treated GRANTA-519 cells. d, Venn diagrams
showing the intersections between the ATAC peaksets upregulated in the MCL patients’ cells
vs control naive B cells, GRANTA-519 MCL cells vs control BLAS cells comparison, and the
peakset downregulated in the GRANTA-519 MCL cells treated with Minnelide or Abemaciclib.
e, ATAC/ChIP-seq profiles within the sites of significantly increased chromatin accessibility in
the GRANTA-519 MCL cells vs control BLAS cells; the H3K27Ac profiles are shown for the
non-treated cells, the ATAC profiles are shown for the non-treated cells and the cells treated
with 50nM Minnelide or 500nM of Abemaciclib. f, Representative tracks of the ATAC (red)
and H3K27Ac (green) signal within the super-enhancer (SE) region in the t(11;14)
translocation breakpoint in the cells treated or not with 50nM Minnelide or 500nM of
Abemaciclib. The signals scaled to one million mapped reads are shown. g, Representative
tracks of the ATAC-seq signal within the regions of the putative chr11-chr19 contacts on
chr19 in the cells treated or not with 50nM Minnelide or 500nM of Abemaciclib. The
approximate contact sites are indicated as S1-S6. The signals scaled to one million mapped
reads are shown. h,i, Gene Ontology (h) or KEGG pathway (i) enrichment analysis for the
ATAC peaks significantly increasing (up) or decreasing (down) their accessibility in
GRANTA-519 MCL cells following Minnelide treatment (50nM, 3d), (FDR < 0.05). Top 10
enriched categories.

We next investigated the transcriptional changes associated with the Abemaciclib
and Minnelide treatment in GRANTA-519 MCL cells, control lymphoblastoid cells
BLAS and the PBMCs from an MCL patient in a leukemic phase. The immortalized
cells were treated as described for the ATAC-seq; the patient PBMCs were treated
with two concentrations of Minnelide, 25nM or 50nM, and the lower concentration
was retained for the RNA-seq analysis due to high cellular mortality following the
50nM Minnelide treatment.

Minnelide caused pronounced changes in gene expression with a large number of
both upregulated and downregulated genes (Figure 13a). Among the genes that
were downregulated by Minnelide, approximately 40% were predicted to be
regulated by enhancers active in the MCL patients’ B cells, supporting the presence
of an epigenetic component in the mechanism of action of the drug (Figure 13b). In
the patient PBMCs, the downregulated genes were functionally enriched for the
leukocyte migration and immune-response associated signaling pathways (Figure
13c). Some examples included the chemokines and their receptors (CCL5, CCL18,
CXCL16, CXCL3, CXCL10, CXCL9, CCR1, CCR2, CCR5, CXCR3, CX3CRT), growth factors
(PDGFB, VEGFA), the components and the downstream effectors of the BCR-signaling
pathway (HCK, YEST, TXK, SH2D1A), as well as several known proto-oncogenes (SRC,
KIT, SPI1, YEST). All of the above-mentioned genes were upregulated in the B cells
from MCL patients compared to the naive B cells from healthy donors, and roughly
30% of the overall genes upregulated in MCL were reciprocally downregulated by
Minnelide (Figure 13b). Thus, Minnelide decreased the expression of many
immune-related genes highly relevant for MCL.
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Figure 13. Transcriptomic changes following Minnelide and Abemaciclib treatment.

a, Differentially expressed genes (DEGs) in the MCL patient cells (left) / MCL cells
GRANTA-519 (right) treated with Minnelide vs corresponding not-treated controls.
Upregulated genes (log2FC >1, padj < 0.05) are colored red, downregulated genes (log2FC <
-1, padj < 0.05) are colored blue. b, The intersection between the genes upregulated in MCL
patients vs control naive B cells/ GRANTA-519 MCL cells vs control lymphoblastoid cells
BLAS, the genes predicted to be regulated by enhancers by the ABC model in MCL patients,
and the genes downregulated by Minnelide in MCL patient/MCL cell line GRANTA-519. ¢,
Gene Ontology enrichment analysis for the genes upregulated (log2FC > 1, padj < 0.05) or
downregulated (log2FC < -1, padj < 0.05) following Minnelide treatment in the MCL patient
(left) and the MCL cell line GRANTA-519 (right). d, Differentially expressed genes (DEGs) in
the MCL patient cells (left) / MCL cells GRANTA-519 (right) treated with Abemacilib vs
corresponding not-treated controls. Upregulated genes (log2FC >1, padj < 0.05) are colored
red, downregulated genes (log2FC < -1, padj < 0.05) are colored blue. b, The intersection
between the genes upregulated in MCL patients vs control naive B cells/ GRANTA-519 MCL
cells vs control lymphoblastoid cells BLAS, the genes predicted to be regulated by enhancers
by the ABC model in MCL patients, and the genes downregulated by Abemacilib in MCL
patient/MCL cell line GRANTA-519. ¢, Gene Ontology enrichment analysis for the genes
upregulated (log2FC > 1, padj < 0.05) or downregulated (log2FC < -1, padj < 0.05) following
Abemacilib treatment in the MCL patient (left) and the MCL cell line GRANTA-519 (right).

The genes downregulated by Minnelide in the MCL cell line GRANTA-519 were less
enriched for the immune-related categories, likely due to the lack of environmental
stimulation in the monoculture. Instead, they provided insights into the mechanisms
of action of the drug, with the most enriched biological processes being the DNA
replication and DNA conformation change (Figure 13c) and one of the most
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enriched molecular functions being the methyltransferase activity (Supplementary
figure 4a). These downregulated genes included chromatin remodelers associated
with transcription activation (CARM1, HMGA1, INO80), cancer-associated histone
methyltransferases (CARM1, SMYD2, SMYD5, PRMTZ2, PRMT3), cell-cycle regulators
(CDK2, FBXO5, CCNET) and multiple genes essential for the initiation and maintenance
of DNA replication and repair (MCM3, MCM7, DDX11, POLD2, POLD1, LIG3, NBN,
TIMELESS, GINS2, GINS3, RTEL1, CDC45, CDC6, CDC7, TRAIP, DNA2, ZRANB3). All together,
Minnelide strongly affected the expression of epigenetic remodelers and the genes
maintaining DNA replication and genome stability, consistent with its observed effect
on the chromatin landscape and its reported anti-cancer properties.

Abemaciclib treatment also caused pronounced changes in the transcriptomic
profile of MCL cells (Figure 13d). In patients’ PBMCs, it downregulated the
expression of the genes related to leukocyte migration (CCL3, CCL4, CCL22, CX3CR1,
CXCL13), interleukin-1 production (/LTR2, TNFAIP3, SPHK1) and energy metabolism,
e.g. (PKM, ENO1, LDHA, HIF1A), while in the MCL cell line GRANTA-519, the most
enriched downregulated categories were related to the mitotic nuclear division
(TOP2A, PRC1, TPX2, KIFC1, BIRC5, CENPF, PLK1, AURKA, RAD21) and cell cycle (MKI67,
CCNB1, CCNG1, CDC20, CDK1, CDK2, CDC25A, CKS2, GTSE1, KLF4) (Figure 13f), as
expected. Combined with the lack of effect on the chromatin landscape, these
results allowed us to conclude that the effect of Abemaciclib on MCL cells was mostly
not linked to epigenetic reprogramming and was rather explained by its known
mechanism of action as a CDK4/6 inhibitor.

We also explored the per chromosome distribution of the genes downregulated by
Minnelide and Abemaciclib. For Abemaciclib, no consistent enrichment for any
chromosome was found (Supplementary figure 4cd). For Minnelide, enrichment
was found for chromosome 19, which was top 1 chromosome by the number of
downregulated genes in GRANTA-519 cells independent of the normalization
method (Supplementary figure 4e). At the same time, the chr19 enrichment in
patients’ PBMCs was less consistent (top 1-8 depending on the normalization)
(Supplementary figure 4f). This suggested that the effect of both substances was
rather spread genomewide.

All together, these results demonstrated a strong inhibitory effect of Minnelide on
the chromatin landscape of MCL cells and the expression of genes involved in
epigenetic remodeling, DNA replication, genome stability and immune signaling. In
contrast, Abemaciclib did not significantly affect the epigenetic state of the MCL cells
and primarily downregulated the genes related to cell cycle and mitosis, suggesting
that it could not be considered an epigenetic drug in the MCL context.

3.8. Minnelide is effective against MCL cells in vitro and in vivo

We next tested the effect of Abemaciclib and Minnelide on the viability, proliferation
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and apoptosis rates of MCL cells in-vitro. Both Abemaciclib (500nM) and Minnelide
(25, 50 or 100nM) were able to reduce the viability of MCL cells, as measured by the
MTT assay (Figure 14a). Minnelide was more potent with the effect visible already
from the second day of treatment with 25nM of the drug, while Abemacilib had a
milder effect with the IC50 achieved only on day 7 of the treatment. The viability of
the control lymphoblastoid cell lines established from healthy donors (BLAS, BLIT,
BLYaK) was also affected by Minnelide treatment, but the effect on MCL cells was
more pronounced and occurred more rapidly across all tested MCL cell lines

(GRANTA-519, UPNT,

UPN2, Jeko, Mino, NCEB). Interestingly, neither of the drugs

was effective against the chronic myelogenous leukemia cell line RPMI8866,
suggesting the relative specificity of the effect.

|- BLAS 150 Abemaciclib 500nM 150 Minnelide 25nM 150 Minnelide 50nM 150 Minnelide 100nM
€|-= BLIT
8l -+ BLYaK .
RPMI8866 £100 5100 2100 2100
-o- GRANTA 2 2 2 |
- UPN1 > > > >
d - UPN2 ® 50 * 50 X 50 * 50
=| - Jeko
—+ Mino J =
- NCEB 0 07— T 0 0
0d 1d 2d 3d 4d 5d 6d 7d Oh 1d 2d 3d 4d 5d 6d 7d Oh 1d 2d 3d 4d 5d 6d 7d Oh 1d 2d 3d 4d 5d Bd 7d
Minnelide treatment
®7  GRANTA w uPNt @ UPN2 4us 1 Jeko % Mino ® NCEB o BLAS &0 BLIT ® BLYaK  Clearly
" e . ud B8 a. ° " g ° ° m iate
8% * § " z 3 ° § § 84w T 3% i 3% , B necrotic
2 £ 2 o g5 Sw g g H g
gw Ag_ §40 Aé ‘é_ § ns §40 §40 g ns NS
T g b % = ns T2 & ® &
L2 = H 2 20 H < E PE ns ® H 2 ﬁ =20 =2 HHH
0 10 25 50 n m 25 50 0 10 25 50 S T % % 0 10 2 50 0 10 25 50 c wu 25 50 R u m 25 50
nM concentration, nM concentration, nM nM nm i
Abemaciclib treatment
507 GRANTA 40 UPN1 % UPN2 807 Jeko 60 Mino 30 NCEB - 50 BLAS €0 BLIT b BLYaK
» 4 % X % - LY * % - * % L X 2 I o 40 ns 08 o 4 ns
) 2 3 3 3 ns g 3
§ 30 £ ns o o £ 8 gm g 30 s ® e § = ety
§ % % § Sw s § § § -§ 2 m late
g % g % ] %20 - g - - g [ necrotic
S B 19 ) ®2 EH ® i ® R 4 ® ® 10
S S 0 o7 T g S
0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000
ion, "M nM concentration, nM concentration, nM concentration, nM concentration, n(M concentration, nM nM tion, nM
Cc Minnelide treatment d 1500
-
GRANTA UPN1 UPN2 Mino NCEB T "3 PBS
T kil ¥ l—|::: E 1000
I n | ‘ = g Min d24
2100 @ 100 * 100 TS 4 100 * 15 in
3 ] ns 2 = 3
gw 2w s 190 8 &0 ,i| ! gvs lnsi] . ; 500
8 ns
: Sl y Bl BN R £ Min 620
g 3 o = 2 2 50 =
< 2 40 8 3 4. O 7
s s < 5 0t
2 e s 2 2
= = Sl S 15
ot LD G LU o L LT T ol o LT Days after tumor injection
0 1 5 10 25 S0 0 1 5 1025 50 0 1 5 10 25 50 0 1 5 10 25 50 0 1 5 10 25 50
concentration, nM concentration, nM concentration, "M ion, nM nM
Abemaciclib treatment
GRANTA UPN2 Jeko Mino NCEB
o *xk
* wxk * ok
'_|ns I Hok [ ns *
100 ns. LY 100 * | 100! ns 80: ns 100 |ns—*| .
2 P ) 0 © .
= = [ 3 3 T 8 .
8 8 — s 8 w0 3 7] s}
5 13 g 159 che. & B s 5 40 ns 3 —
g |- of [* g r‘i 2 oo [ns £ < :
2 50 « 2 50 = =3 3 50
3 i z i W g o[ 22 |—| g
g 2 2 2 o g ] € 25
= = by = 2 4 = | m =
oL L o L LU, o o e e e el e s e e o v el e s s s st
0 50100 250 500 1000 0 50100 250 500 1000 0 50 100 250 500 1000 050 100 200 5001000 050 100 250 500 1000

M

cor

M

), NM concentration, nM

concentration, nM

Figure 14. The effect of Abemaciclib and Minnelide on the viability, apoptosis and
proliferation of MCL cells.

a, MTT assay of the viability of MCL and control cells treated with 500nM of Abemaciclib or
25-100nM Minnelide for 0-7 days. MCL cell lines are plotted in red, control lymphoblastoid

91



cell lines from healthy donors are plotted in blue, chronic myelogenous leukemia cell line
RPMI8866 is plotted in gray. Data are shown as mean +/- SEM, N=3-9. b, Annexin V-PI
apoptosis assay for the MCL (red) and control (blue) cells treated with 0-50nM of Minnelide
for 3 days or 0-1000nM Abemaciclib for 7 days. Mean values of total apoptotic and necrotic
cells +/- SEM are shown. The colors of the bars indicate the proprotin of early apoptotic
(Annexin+, Pl-) cells in red, late apoptotic (Annexin+, PI+) cells in blue and necrotic (Annexin-,
Pl+) cells in gray. Statistical significance was determined by one-way ANOVA with Dunnett’s
correction for multiple comparisons. pval <0.05%, <0.01**, <0.001***, 0.0001**** N = 3-6. c,
CFSE proliferation assay for the MCL cells treated with 0-50nM of Minnelide for 3 days or
0-1000nM of Abemaciclib for 7 days. The percentage of non-divided cells in the population at
the end of the treatment is shown. The data are presented as means +/- SEM. Statistical
significance was determined by one-way ANOVA with Dunnett's correction for multiple
comparisons. pval <0.05%, <0.01**, <0.001***, 0.0001**** N = 2-5. d, Mice tumor volumes
on days 15-29 following subcutaneus injections of GRANTA-519 MCL cells. The treatment
groups (N = 5) recived daily injections of 0.5 mg/kg of Minnelide starting from days 20 or 24
post tumor injection. Control group (N=6) received daily PBS injections starting from day 20.
Data are shown as mean +/- SEM. Statistical significance was determined for the values at
day 29 using one-way ANOVA with Dunnett's correction for multiple comparisons. pval
<0.05%, <0.01**, <0.001***,

Minnelide also caused a dose-dependent increase in the apoptosis rates in all of the
tested MCL cell lines (Figure 14b). Depending on the cell line, the percentage of
apoptotic cells increased 2-6 fold following the treatment with 50nM of the drug
(Figure 14b). The pro-apoptotic effect of Abemaciclib was milder and less consistent.
At the highest tested concentration (1000nM), Abemacilib affected the apoptosis
rates of four out of six MCL cell lines with the size of the effect of 1.5-2.5 fold (Figure
14b).

Finally, both of the drugs reduced the proliferation of the MCL cells, as measured by
the CFSE assay (Figure 14c). The effect was dose-dependent, with approximately
80% of the cellular population not dividing at maximum concentrations of any of the
drugs (1000nM Abemaciclib, 50nM Minnelide).

We next proceeded with the testing of a more potent drug, Minnelide, in-vivo in
xenografted NSG mice. MCL cells GRANTA-519 were injected subcutaneously into the
right flanks of the mice and the treatment with Minnelide was started on day 20 or
day 24 following the injection. In both set-ups, Minnelide was able to reduce or
completely stop the tumor growth (Figure 14d).

All together, Minnelide exhibited a strong anti-tumor effect against mantle cell
lymphoma cells both in-vitro and in-vivo.
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4. DiscussION

Balanced chromosomal translocations, a main cause of lymphomas, lead to
significant changes in gene expression although the gene dosage remains the same
as in normal cells. This is partially caused by enhancer hijacking, a mechanism
whereby a control element from one chromosome becomes juxtaposed with an
oncogene from another chromosome following translocation (reviewed in (Canoy et
al. 2023)). This is the case of mantle cell ymphoma where CCND1 is overexpressed
following the t(11;14) translocation. At the same time, CCND17 overexpression alone
can not induce the oncogenic transformation in vitro (Fiancette et al. 2010) or in
animal models (Lovec et al. 1994; Bodrug et al. 1994). To gain insight into additional
mechanisms of MCL lymphomagenesis, we explored other possible consequences of
chromosomal translocations, e.g. changes in the genome architecture and epigenetic
marks.

Indeed, the position of a gene or a gene locus within the nucleus plays a critical role
in regulating its activity. Genes located in regions of euchromatin are generally more
active because the DNA is more accessible to transcription machinery. Conversely,
genes in heterochromatin are typically silenced or less active, as the dense packing
restricts access to transcription factors and RNA polymerase. In the nucleus,
euchromatin typically occupies a more interior position. The interior is generally
more euchromatic and rich in transcription factors and machinery, which facilitates
gene expression.

Therefore, we first examined whether the position of the 11q13 locus involved in the
translocation changed in the MCL cell lines and MCL patients’ cells. We observed that
the position of the translocated IGH locus was almost unaffected by the
translocation while the distribution of the translocated 11q13 allele was shifted to
the nuclear center when compared to the intact 1113 (Figure 7). Thus, in MCL cells,
the translocated allele relocated to the nuclear center, closer to the 1432
translocation partner locus, and not vice versa.

As centrally positioned euchromatic regions may have distinct transcription patterns,
chromatin marks and chromatin accessibility, we next used RNA-seq, ATAC-seq and
ChlIP-seq to examine the potential changes after the t(11;14) translocation in B cells
from MCL patients vs. the control naive B cells from healthy donors. We selected the
activating H3K27Ac mark, known to label active enhancers and promoters as a
landmark of epigenetic changes. More than 13000 sites with increased H3K27Ac
binding were identified in MCL cells compared to the control. Most of these sites
were located in gene promoters (Figure 8). We also identified over 1000 sites with
altered chromatin accessibility as revealed by ATAC-seq (Figure 8). We next applied
the activity by contact (ABC) model (Fulco et al. 2019) that infers the enhancer-gene
interactions from the ATAC-seq, H3K27Ac ChIP-seq, HiC and expression data (see
Materials and Methods). We identified almost 1000 enhancers that were more active
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in MCL cells compared to the control B cells. These enhancers potentially regulated
~370 genes including the MYCN oncogene, MECOM and SRC proto-oncogenes, and
several proliferation or growth-stimulating genes, such as CCNE1, RASGRF1 and
PIK3R2 (Figure 8).

Using the rank-ordering of super-enhancers (ROSE) algorithm on the H3K27Ac ChIP
data, we also identified 1121 superenhancers to be active in at least two MCL
patient samples, compared to 752 and 520 for control naive and germinal B cells
respectively. SEs unique for MCL were mainly involved in immune-response signaling
and lymphocyte activation and also regulated many lymphoma-related genes
including CD5, WEE1 and IL2RA implicated in MCL pathogenesis. We have also
observed an increase in the size of super-enhancers in MCL cells, suggesting the role
of superenhancers in this lymphoma. Indeed, a superenhancer regulating SOX11
oncogene expression was recently identified in MCL (Vilarrasa-Blasi et al. 2022).

We next focused our attention to local epigenetic changes in the translocation
breakpoint region and found that a new superenhancer (SE) emerges upstream and
inside of the CCNDT locus after the t(11;14). We tried to search for the potential
targets of this SE by mapping the genes differentially expressed in MCL vs. the
controls to their corresponding chromosomal locations. To our surprise,
chromosome 19, and not chromosomes 11 or 14, was most enriched in genes
upregulated in MCL (Figure 9). These genes included those involved in
immune-response signaling pathways and oncogenesis. Several of these genes were
already known to be associated with MCL, e.g. BAX and CD70 (Beltran et al. 2011;
Balsas et al. 2021).

Chromosome 19 is preferentially located in the nuclear center. As the derivative
chromosome 14 relocated to the nuclear center in MCL cells, we hypothesized that it
could develop an interaction with chromosome 19 in trans via the novel SE in the
11913 locus, which would explain the upregulation of gene expression on
chromosome 19. To check this hypothesis, we carried out HiC in the control and MCL
cell lines and observed an interaction between chromosomes 19 and 11 (Figure 10).
This interaction was confirmed by the analysis of published HiC data from five MCL
patients (Vilarrasa-Blasi et al. 2021) and by 3D-FISH experiments. It should be noted
that although this interaction was observed both in normal and MCL cells, the
superenhancer was presumably present only in the translocated 11q13 locus; thus
transcriptional upregulation on chromosome 19 could occur only upon the
interaction with the derivative chromosome 14 and not the intact chromosome 11.
To ascertain this, we carried out immuno-FISH analysis with probes covering specific
loci on chromosomes 11, 14 and 19 and the antibodies against the RNA pol Il CTD
phospho Ser5, an activated form of RNApol Il. We observed that in MCL cells the
chr11-chr19 interchromosomal contact formed predominantly with the derivative
11913 locus, and most of the chr19-der14 contacts also colocalized with the active
RNApol Il staining (Figure 11), suggesting the presence of the active transcription
hub around the interaction. The intact chr11-chr19 contacts also colocalized with the
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RNA-pol II, but with a lower frequency, and this frequency was even lower for the
chr19 signals non colocalized with either of the chr11 probes (Figure 11).

Superenhancer-targeting drugs emerge as a new class of anticancer compounds (see
section 1.2 for details). Treatment with I-BET151, a drug targeting a superenhancer
protein component BRD4, has already demonstrated an antiproliferative effect
against MCL cell lines in vitro (Tsukamoto et al. 2020). We thus decided to test the
effect of another SE-targeting drug, Minnelide, on the viability of MCL cells in vitro
and in vivo. Minnelide inhibits SE by targeting the XPB subunit of the TFIIH complex
(He et al. 2015; Noel et al. 2020) and has demonstrated cytotoxic activity in multiple
cancer cell lines (reviewed in (Shiwei Bao et al. 2024)). We also used Abemaciclib, a
CDK4/6-dependent kinase inhibitor reported to remodel the chromatin architecture
in breast cancer cells (Watt et al. 2021). In in vitro experiments, Minnelide has shown
a much higher cytotoxic activity against MCL cell lines vs. the controls (three
lymphoblastoid cell lines) compared to Abemaciclib (Figure 14). We thus chose this
drug for the subsequent in vivo experiment. In NSG mice xenografted with the
GRANTA-519 MCL cells, Minnelide significantly diminished or completely stopped the
tumor growth when injected at 0.5 mg/kg starting from day 24 or day 20 after tumor
inoculation (Figure 14).

To gain insight into the mechanisms of action of Minnelide, we carried out ATAC-seq
on the control and MCL cells treated with Minnelide and Abemaciclib. In contrast to
Abemaciclib, Minnelid significantly reduced chromatin accessibility in treated cells,
particularly in sites that were initially more accessible in MCL cells than in the
controls. This included the novel superenhancer in the breakpoint region, which
drastically reduced its accessibility following Minnelide treatment. We then used
RNA-seq to analyze transcriptional changes induced by Abemaciclib and Minnelide
in GRANTA-519 MCL cells, control lymphoblastoid cells and the PBMCs from an MCL
patient. Approximately 40% genes downregulated by Minnelide, were predicted to
be regulated by enhancers active in the MCL patients’ B cells (Figure 13), and many
of the downregulated genes were related to chromatin remodeling, DNA replication
and stability, confirming the epigenetics-mediated mechanism of action of the drug.
Importantly, Minnelide also decreased the expression of many immune-related
genes and proto-oncogenes highly relevant for MCL. When per chromosome
distribution of the genes downregulated by Minnelide and Abemaciclib was
analyzed, no consistent enrichment for any chromosome was found in the case of
Abemaciclib. For Minnelide, enrichment was found for chromosome 19, which was
top 1 chromosome by the number of downregulated genes in GRANTA-519 MCL
cells.

All together, our results demonstrated the role of a novel superenhancer on the

derivative chromosome 14 in the MCL pathogenesis and the potential utility of the
SE-targeting drugs as a new MCL treatment strategy.
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5. CoNcLuUsIONS AND PERSPECTIVES

In this work, we have shown that t(11;14) translocation, a landmark of MCL, brings
about large-scale changes in the 3D genome and the epigenome of MCL cells. In
particular, it leads to the appearance of a novel superenhancer on derivative
chromosome 14 that can activate the expression of lymphoma-related genes in
trans. Targeting this and other superenhancers with an SE-inhibiting drug Minnelide
significantly reduced the viability of MCL cells in vitro and in vivo, suggesting the
potential utility of this drug for MCL treatment.

Our work stresses the importance of epigenetics and 3D genome organization in the
oncogenesis of MCL and potentially other malignancies associated with large
chromosomal aberrations. It also highlights the potential of epigenetic drugs as
possible treatments for these malignancies.

In perspective, we will study other lymphomas (e.g. Burkitt lymphoma and follicular
lymphoma) to assess their 3D organization and epigenetic landscape with a special
focus on a potential in trans regulation of gene activity. Also, while demonstrating a
potent pre-clinical activity in our data, Minnelide was reported to induce several side
effects in clinics, including reversible leukopenia, neutropenia, and cerebellar
toxicities (Borazanci et al. 2024). In collaboration with our colleagues from the Lviv
Medical University, we are currently developing and testing less toxic Minnelide
analogs for potential future clinical applications.
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6. MATERIALS AND METHODS

6.1. Cells

MCL cell lines GRANTA-519, UPN1, UPN2, Jeko, Mino and NCEB, chronic
myelogenous leukemia cell line RPMI8866 and control cell lines BLAS, BLIT and
BLYaK were used in this study. BLAS, BLIT and BLYaK cells were freshly established
from the B cells of healthy donors collected in the laboratory with the donors’
informed consent; these cells were immortalized by the EBV (B95-8) transformation
and characterized by Genethon (Evry, France). All cells were maintained at 37 °C and
5% CO2 under high humidity and cultured in high-glucose RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 2% glucose, 2 mM L-Glutamine, 1
mM Pyruvate, 1000 units/mL of penicillin and 1000 pg/mL of streptomycin (all from
Gibco, Thermo Fisher Scientific).

6.2. Patients

Blood samples from hospitalized MCL patients who signed a written informed
consent for the study were collected in Gustave Roussy Institute, Villejuif, in
accordance with the French legislation. B cells from patients 1-4 were used in the
FISH experiments (see FISH and ImmunoFISH) and the RNA-seq experiment without
treatments (see RNA-seq library preparation and sequencing). B cells from patients 4-5
were used in the FISH experiments. B cells from patient 6 were used for the RNA-seq
experiment with Minnelide and Abemaciclib treatments (see RNA-seq library
preparation and sequencing).

6.3. Blood collection and primary B cell isolation

Peripheral blood mononuclear cells (PBMCs) were purified by Pancoll (PAN biotech)
density gradient centrifugation. PBMCs derived from the MCL patients in a leukemic
phase and containing >80% of B cells were used right away. Other samples were
subjected to the B cell enrichment by negative cell selection with the MagniSort
Human B cell Enrichment Kit (Thermo, cat. # 8804-6867-74) prior to downstream
applications.

6.4. FISH probe preparation

The probes for the fluorescent in situ hybridisation (FISH) were prepared from the
backmids ordered from BACPAC Genomics. The following backmids were used:
RP11-1021J3 (chr11, CCND1 locus), RP11-346120 (chr14, upstream of the IGH locus),
CTD-2589F14 (chr19) and RP11-1056016 (chr 21). The backmids were received as
stab cultures, amplified in the DH5a E.coli and purified using the QIAGEN
Large-Construct Kit (cat. no. 12462). After purification, the backmids were labeled
with fluorophore-dUTPs using the Nick Translation DNA Labeling System 2.0 (Enzo,
ENZ-GEN111) according to the manufacturer’s instructions. SEEBRIGHT® Orange 552
dUTPs (ENZ-42842), SEEBRIGHT® Green 496 dUTPs (ENZ-42831) and SEEBRIGHT®
Red 650 dUTPs (ENZ-42522) were used to label the chr11, chr14 and chr19/chr21
probes respectively.
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6.5. FISH and ImmunoFISH

The cells were pelleted and resuspended in the FBS-free RPMI-1640 medium to a
concentration of 8x106 cells/ml. 80pl of cell suspension was put onto the glass
coverslips covered with 0.25mg/ml Poly-L-lysine hydrobromide (Mol. Wt.:
150000-300000) (Merck P1399) and the cells were left to attach at 37°C for 30
minutes. The non-attached cells were washed with 0.3X PBS. The attached cells were
then fixed in 4% PFA in 0.3X for (10 min, RT), washed three times with PBS,
permeabilized in 2% Triton X-100 in PBS (10 min, RT) and left in 20% glycerol in PBS
overnight at 4°C . Next day, the coverslips with the cells were subjected to 3
freeze-defreeze cycles in liquid nitrogen, each cycle followed by incubation in the
20% glycerol. The coverslips were then washed 3 times with PBS, incubated in 0.1M
HCL (20 min, RT), washed 2 times with 2X SSC and incubated with RNAse (200ug/ml
in 2X SSC) for 1h at 37°C. Following the RNAse treatment, the coverslips were
washed 3 times in 2X SSC, equilibrated in 50% formamide/2X SSC and stored at 4°C
for up to 6 months before the hybridisation with the fluorescent probes.

For one hybridisation reaction (two coverslips), the nick-translated probes mixed
with 3pg of COT Human DNA (Roche 11581074001) were purified using ethanol
precipitation according to the instructions from the Nick Translation DNA Labeling
System 2.0 (Enzo, ENZ-GEN111). The probes of different colors intended to be used
in one hybridization reaction were mixed together at the precipitation step. The DNA
pellet was then resuspended in 10pl of the in situ hybridisation buffer (Empire
Genomics) to obtain the hybridisation mix.

For hybridisation, two coverslip with cells were put onto a glass slide into drops
(50pl) of 70% formamide in 2X SSC, cells oriented towards the drop. The slide and
the hybridisation mix were then incubated at 80°C for 5 min on the appropriate
worming plates. Immediately following the incubation, the hybridisation mix was
transferred on ice. Next, the hybridisation sandwich was prepared: one of the
coverslips was turned on the other side, so that the cells were facing up, 10pl of the
hybridisation mix was put onto this coverslip, and the second coverslip was put onto
the first one, so that the cells were between the coverslips, both touching the
hybridisation mixture. The edges of the sandwich were sealed with the silicon glue
and the sandwich was put into the humid chamber at 37 °C for three days.

Following this incubation, the glue was removed and the coverslips were detached
from each other and put into the wells of a 6-well plate, cells facing up. The
coverslips were then washed two times with 2X SSC for 5 min and three times with
PBS for 5 min. In case of regular FISH, this was the last step before the mounting. In
case of ImmunoFISH, the cells on the coverslips were further saturated in 0.5% BSA
in PBS, washed with PBS two times for 5 min and incubated with the antibodies
against RNA pol Il CTD phospho Ser5 (Active Motif, 39233) diluted 1:2000 in 0.5% BSA
for two hours at RT. The coverslips were than washed three times with PBS for 5 min,
and incubated with the secondary Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa FluorTM 405 (ThermoFisher, A31556) for one hour at RT,

98



followed by three washes in PBS for 5 min. At this step, the ImmunoFISH coverslips
were ready for mounting.

The prepared coverslips were mounted onto glass slides in the Vectashield mounting
medium (Eurobio scientific, H-1000-10). For regular FISH, the mounting medium was
pre-mixed with 1.5 pg/ml of DAPI (ThermoFisher, D1306) to stain the nuclei. For
ImmunoFISH, the mounting medium was non-stained as the fluorescent secondary
antibodies absorbing/emitting at the same wavelength as DAPI were used.

The FISH slides were observed on the Leica TCS SP8 Multiphoton Confocal
Microscope (Leica Microsystems). Ten random 291 x 291 pym (lower magnification) or
185 x 185 pm (higher magnification) fields per slide were acquired for each sample.
The Z-step size was set to 0.5 pm. All images within the experiment were captured
with the same laser intensity, gain and exposure settings.

6.6. Analysis of the FISH images
The 3D images from the Leica TCS SP8 Multiphoton Confocal Microscope were
analyzed in the Imaris software (Bitplane).

The colocalization of the FISH signals was analyzed as follows. The FISH signals in the
corresponding channel were first detected using the “Create spots” function with the
estimated spot diameter set to 1 ym. The debris wrongly classified as spots was
manually deleted. The procedure was repeated for all channels of interest. For
further analysis, only the “complete” cells with the two strong signals present in each
channel of interest were retained. The colocalization between the spots was
determined using the “Collocalize spots” function with the colocalization threshold
set to 1 uym. The percentage of cells with a certain colocalization was calculated
relative to all “complete” cells in the field. The procedure was performed separately
for each of the ten acquired fields in each experiment, and the numbers obtained
from one field were considered a technical replica if no less than 50 “complete” cells
were present. The statistical significance was determined on technical replicates
using ordinary one-way ANOVA with Dunnett's correction for multiple comparisons
or paired t-test, depending on the comparisons performed (specified in Figure
legends); pval <0.05%*, <0.01**, <0.001***, 0.0001***%*,

The distribution of the signals relative to the nuclear center was analyzed as follows.
The nuclei were detected in the DAPI channel using the “Add cells” function with the
filter width of 2 pm and the estimated diameter for nuclei splitting of 8-12 pm
depending on the cell line or patient sample. The FISH signals in the corresponding
channel were detected as described above. The non-complete nuclei and the debris
misclassified as nuclei or spots were manually deleted. The spots were next
imported inside the nuclei using the “Import spots to vesicles” function. For each
spot, the statistics “Distance to Cell Membrane” was exported and subtracted from
the mean radius of the nuclei in the field to get the estimated distance of the spot to
the nuclear center. In the set-ups where the der14 chromosome was analyzed, the
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chr11-chr14 colocalization was first detected as described above and the distance to
the nuclear center was measured relative to the colocalized chr11 allele. The
distances from the spots to the nuclear center from one field were then normalized
to the mean radius of the nuclei in the same field. No less than 100 cells were
analyzed for the MCL patients (range 100-500 depending on the material availability)
and no less than 200 cells for the MCL and control cell lines (range 200-500). The
distributions of the resulting values for each cell were plotted as density plots.
Kolmogorov-Smirnov test for the equality of the distributions was used to determine
whether the distributions were significantly different; pval <0.05%, <0.01%%,
<0.001***,0.0001 ****,

The colocalization of the FISH signals with the RNApol Il was analyzed as follows. The
regions occupied by RNApol Il were detected in the blue channel using the “Add new
surface” function with the surface detail set to 0.1 pm. The spots and their
colocalization were determined in the channels of interest as described above. The
spot was considered colocalized with the RNApol Il if it presented an overlap with the
RNApol Il surface. The analysis was performed for all the spots inside the “complete”
cells for each field. The percentage of colocalization relative to the “complete cells” in
each field was determined and considered a technical replica. Statistical analysis was
performed on the technical replicates using the ordinary one-way ANOVA with
Dunnett's correction for multiple comparisons; pval <0.05* <0.01**, <0.001***,
0.0001 ****,

6.7. MTT cell viability assay

The cells were seeded to 96-well plates (100ul per well) in a concentration of 0.5
million/ml (GRANTA, UPN2, RPMI8866) or 1 million/ml (UPN1, Jeko, NCEB, Mino,
BLAS, BLIT, BLYaK) and treated with 500nM Abemaciclib, 25nM, 50nM or 100nM
Minnelide for 1-7 days in three technical replicates. At the end of the treatment, the
cells were supplied with 0.1 mg of MTT reagent A (Merck Millipore, CT01-5) per well,
incubated for 2h at 37 °C and lysed in the MTT lysis buffer (25 mM HCI, 2% acetic
acid, 3% DMF, 5% SDS, pH 4.7; 100 pL per well) overnight. Next day the absorbance
at 570 nm was measured on a Tecan Infinite F200 PRO plate reader. The acquired
numerical data was analyzed using Excel software, wherein the average value of
three technical replicates was determined. To eliminate the background noise, the
value obtained by measuring the cells not supplemented with the MTT reagent was
subtracted. The average absorbance values at different time points were then
normalized to the average absorbance value of the non-treated control. The
experiment was performed in 3-6 biological replicates. Statistical significance was
determined using the ordinary one-way ANOVA with the Dunnett's multiple
comparisons test. The samples treated for 1-7 days were compared to the untreated
sample.

6.8. Annexin V - propidium iodide apoptosis test
0.5x10° cells were seeded to the 24-well plates and treated with 0, 500 or 1000nM of
Abemaciclib for 3 days or 0, 10, 25 or 50 nM of Minnelide for 7 days. After treatment,
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the cells were pelleted and resuspended in 300 pL of Annexin buffer (100 mM Hepes
(pH 7.4), 150 mM NacCl, and 2.5 mM CaCl2), incubated with 3 pL of APC-conjugated
Annexin-V (Biolegend, cat. #640920) and 3 pL of 1 mg/ml propidium iodide (PI,
#P4170-10MG, Sigma-Aldrich) for 5 minutes, and analyzed on the BD Accuri C6 Plus
Flow Cytometer (BD Biosciences, San Jose, CA, USA). Flow cytometry data were
analyzed using Flowjo software (BD Biosciences). The same gating was applied to all
the samples within one experiment. Annexin V-positive Pl-negative cells were
considered early apoptotic; Annexin V-positive Pl-positive cells were considered late
apoptotic; Annexin V-negative Pl-positive cells were considered necrotic. The
percentage of apoptotic cells was defined as the sum of the early apoptotic, late
apoptotic and necrotic cells divided by the total number of cells within a gate * 100%.
The experiment was performed in 3-6 biological replicates. Statistical significance
was determined using the ordinary one-way ANOVA with the Dunnett's multiple
comparisons test.

6.9. CFSE proliferation test

The cell proliferation was analyzed using 5- (and 6-) carboxyfluorescein diacetate
succinimidyl ester (CFSE) staining (CFSE Cell Division Tracker Kit, 423801; BioLegend,
San Diego, CA, USA) according to the manufacturer’s instructions. Briefly, 1x106 cells
were washed with PBS, resuspended in 1% FBS/PBS to a final concentration 1x106
cells/mL and labeled with 1 yL of 5 mM CFSE solution for 4 min at room temperature
under shading. After incubation, 9 mL of 5% FBS/PBS was added to stop the labeling
reaction. Cells were then washed once with 5% FBS/PBS and resuspended in a
regular growth medium to a final concentration of 5x10° cells/mL. Following the
labeling, the cells were treated with Abemaciclib (10, 25, 50, 100, 200, 500 and 1000
nM) or Minnelide (1, 5, 10, 25 and 50 nM) for 7 and 3 days respectively. After the
treatment, CFSE fluorescence was measured on the BD Accuri C6 Plus Flow
Cytometer (BD Biosciences, San Jose, CA, USA). Flow cytometry data were analyzed
using FlowJo software (BD Biosciences), the same gating was applied to all samples
within one experiment. The percentage of cells that have not undergone division
(EGFP+) was calculated and compared with that of an untreated sample. The
experiment was performed in 3-5 biological replicates. Statistical significance was

determined using the ordinary one-way ANOVA with the Dunnett's multiple
comparisons test.

6.10. Xenograft studies in NSG mice

GRANTA-519 MCL cells (1x10° were suspended in 200 pl of mixture
Dulbecco-modified phosphate buffered saline (DPBS, Sigma-Aldrich, Cat#: 59331C)
and BD Matrigel Matrix (BD Biosciences; Cat#: 356234) in a ratio of 1:1, and injected
subcutaneously into the right flanks of NSG mice. Tumor growth was monitored
every third day using digital calipers. Tumor size was calculated as: Tumor_volume =
(length x width?)/2. Treatment with Minnelide was started on day 20 or 24 following
the injection of the cells. Mice in the treatment groups (N = 5 for each group)
received daily intraperitoneal injections of a volume of 0.1 mg/mL Minnelide that
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achieved a final dose of 0.5 mg/kg of mouse weight. Minnelide was dissolved in PBS.
Control animals (N=6) were injected with the equivalent volume of PBS that mirrored
the volume of Minnelide per dose. All mice were euthanized on day 29 following the
cells injection, tumors were dissected and fixed in 10% formalin for subsequent
immunohistochemical analysis.

6.11. RNA-seq library preparation and sequencing

The RNA-seq samples were prepared for the two experimental set-ups. In the first
set-up, total RNA was extracted from the purified B cells from MCL patients 1-4 (N=1
for each patient) and the MCL cell line GRANTA-519 (N=3) without prior
manipulations. This data was used for the comparisons between the MCL cells and
the control B cell from healthy donors (EGAD00001002315).

In the second set-up, the cells from an MCL patient (patient 6), MCL cell line
(GRANTA-519) and control cell line (BLAS) were first treated with Minnelide (25nM,
50nM) for three days or Abemaciclib (500nM) for seven days in three technical
replicates and than subjected to the RNA extraction. This data was used to compare
the MCL cells with or without treatment .

In both set-ups, total RNA was extracted using a NucleoSpin RNA isolation kit
(Macherey-Nagel, Germany) following manufacturer’s instructions. The quantity and
quality of total RNA were measured using NanoDrop2000C Spectrophotometer
(Thermo Fisher Scientific). The cDNA libraries were constructed in Novogene, UK,
using the Novogene NGS RNA Library Prep Set (PT042) with the polyA mRNA
enrichment on the lllumina Novaseq6000 platform in the paired-end mode.

6.12. ATAC-seq library preparation and sequencing

Control (BLAS) and MCL (GRANTA-519) cells were treated or not with Minnelide
(50nM, 3 days) or Abemaciclib (500nM, 7 days). The ATAC libraries were prepared
using the ATAC-Seq Kit (Actif Motif, 53150) according to the manufacturer’s
instructions. The libraries were sequenced on the Novaseq6000 platform at the
sequencing facility of the Gustave Roussy Institut or in Novogene.

6.13. ChIP-seq library preparation and sequencing

Chromatin immunoprecipitation was performed on the control (BLAS) and MCL
(GRANTA-519) cells using the ChIP-IT Express kit (Active Motif, 53008) according to
the manufacturer’s instructions. Briefly, 50 million cells per condition were fixed with
formaldehyde. The nuclei were extracted and the chromatin was sheared via
sonication in the 12x24mm glass tubes (Covaris 520056) on the Covaris S220
instrument with the following programme: duty factor 2%, CPB 200, PIP 105, 10 min.
The sheared chromatin was immunoprecipitated with 5pg of antibodies against
H3K27Ac (Active Motif 39133). The antibodies against normal rabbit 1gG (Cell
Signaling, 2729) was used as a negative control. The target enrichment was verified
using real-time gPCR according to the instructions from the ChIP-IT Express kit
(Active Motif, 53008). The Human Negative Control Primer Set 1 (Active Motif, 71001),
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the Human Positive Control Primer Set GAPDH-2 (Active Motif, 71006) and the
PowerUp SYBR Green Master Mix (Thermo Fisher, A25741) were used in the gPCR
reaction.

The ChIP-seq libraries were prepared from the 5-10 ng of the immunoprecipitated
and input chromatin using the NEBnext Ultra Il DNA Library Prep Kit for Illumina
(NEB, E7645) with Multiplex Oligos for Illumina (NEB, E6440s) according to the
manufacturer’s instructions. 11 amplification cycles were used. The libraries were
sequenced in Novogene, Germany on the NovaSeq PE150 platform.

6.14. HiC library preparation and sequencing

Hi-C libraries were prepared as described elsewhere (Zakharova et al. 2022). In brief,
10’ of control (BLAS) or MCL (GRANTA-519) cells were crosslinked for 10 min at room
temperature by addition of formaldehyde (Sigma-Aldrich) to a final concentration of
1% followed by addition of glycine to a final concentration of 125 mM. Cells were
washed in PBS, snap-frozen in liquid nitrogen and then stored at -80°. Thawed cells
were washed and treated with the Dpnll restriction endonuclease (NEB) overnight.
After washing, DNA ends were biotinylated by addition of the Klenow enzyme (NEB)
and the nucleotide mixture containing biotin-14-dATP (Invitrogen). After washing,
DNA ends of chromatin fragments were ligated by addition of T4 DNA ligase
(Thermo Fisher). Then cross-links were reversed by incubation at 65°C in the
presence of Proteinase K (Sigma-Aldrich) and DNA was purified by
phenol-chloroform extraction. After ethanol precipitation, the samples were treated
with RNAse and purified on Agencourt AMPure XP beads (Beckman Coulter) and
AMICON Ultra Centrifugal Filter Units (Millipore). The samples were A-tailed using the
Klenow enzyme (NEB), then the ligation junctions were purified by biotin pulldown
and the lllumina TruSeq adapters were added using T4 DNA ligase. The obtained
libratiers were amplified by PCR and sequenced on an lllumina Novaseq 6000 in a
paired-end mode.

6.15. RNA-seq analysis

RNA-seq samples from MCL patients and the control and MCL cell lines (BLAS,
GRANTA-519), treated or not with Minnelide and Abemacilib, were prepared and
sequenced as described above. Additionally, raw transcriptomic data for five more
MCL patients and six control naive B cell samples from healthy donors were
downloaded from EGA (EGADO00001002336, EGAD00001002315) and processed
together with the other samples. Raw sequencing data was processed using the
nf-core/rnaseq pipeline (v3.10.1) (Patel et al. 2024) with default parameters unless
stated otherwise. Briefly, the fastq files were trimmed from the sequencing adapters
using TrimGalore (v 0.6.7) and aligned to the reference human genome (GRCh38)
using STAR (v 2.6.1d). The reads mapping to different genomic features were then
quantified by Salmon (v 1.9.0). The resulting count tables were used for the
downstream analysis in RStudio.
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Differential expression analysis was performed with DESeq2 (Love, Huber, and
Anders 2014). The threshold of adjusted p-value (padj) of less than 0.05 was used to
determine statistical significance. The genes with padj < 0.05 and | log2fold | > 1 were
considered deregulated. The plotting of the differentially expressed genes against
their chromosomal locations was performed using the karyoploteR package (v
1.26.0) (Gel and Serra 2017).

The enrichment analyses were performed on the significantly deregulated genes
using the over-representation test (ORA) against the Gene Ontology Database from
the clusterProfiler R package (v 4.8.2) (T. Wu et al. 2021). All the genes detected to be
expressed in the corresponding RNA-seq experiment were used as the universe. The
Benjamini-Hochberg correction was used to adjust the p-values. Top 10 enriched
categories by adjusted p-value are shown in the figures.

6.16. ATAC-seq analysis

ATAC-seq samples from the control and MCL cell lines (BLAS, GRANTA-519) were
prepared and sequenced as described above. The sequencing data from MCL
patients and healthy donors was downloaded from EGA (EGAD00001002902,
EGAD00001002918). Raw sequencing data was processed using the nf-core/atacseq
pipeline (v 2.0) (Patel et al. 2023) with default parameters. Briefly, the files were
trimmed to get rid of the sequencing adapters using TrimGalore (v 0.6.7) and aligned
to the reference human genome (GRCh38) using BWA (v 0.7.17-r1188). The PCR
duplicates were marked using Picard MarkDuplicates function (v 2.27.4). The
alignments were filtered for duplicates, unmapped reads, reads not marked as
primary alignments, multi mapping reads, reads mapping to the GRCh38 blacklist
regions and mitochondrial DNA using SAMtools (v 1.16.1); for soft-clipped reads,
reads with more than 4 mismatches and reads with the insert size of >2kb using
BAMtools (v 2.5.2). The bigWig files with the ATAC-seq signal scaled to 1 million
mapped reads were generated using BEDtools (v 2.30.0) and UCSC
BedGraphToBigWig (v 377) and visualized in the IGV Genome Browser.

Peak calling was performed using MACS2 (v 2.2.7.1) with the default pipeline
parameters. The procedures post-filtering were performed separately for each file
and for the merged replicates. The bigWig tracks for the merged replicates are
shown in the figures. The matrices for profile plotting were generated from the
merged replicate files using the deepTools computeMatrix function in the reference
point mode.

The aligned reads and the peaks called by MACS2 separately on each sample were
subjected to the differential accessibility analysis in RStudio using DiffBind (v3.10.1)
(Stark and Brown, n.d.). The peaks with the false discovery rate (FDR) of less than
0.05 were considered differentially accessible. The differentially accessible peaks
were annotated to genomic features and the nearest genes using the ChiPseeker R
package (v1.36.0) (Yu, Wang, and He 2015). The genes associated with the
differentially accessible peaks were subjected to the enrichment analysis with the
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over-representation test (ORA) against the Gene Ontology Database from the
clusterProfiler R package (v4.8.2) (T. Wu et al. 2021). All the genes detected to be
expressed in the MCL and control naive B cells in the RNA-seq experiment were used
as the universe for the ORA test. The Benjamini-Hochberg correction was used to
adjust the p-values. Top 15 enriched categories by adjusted p-value are shown in the
figures.

6.17. ChiP-seq analysis

ChlIP-seq samples from the control and MCL cell lines (BLAS, GRANTA-519) were
prepared and sequenced as described above. The sequencing data from MCL
patients and healthy donors was downloaded from EGA (EGADO00001001502,
EGADO00001001519, EGAD00001002397). Raw sequencing data was processed using
the nf-core/chipseq pipeline (v2.0.0) (Ewels et al. 2022) with default parameters
unless mentioned otherwise. Briefly, the files were trimmed to get rid of the
sequencing adapters using TrimGalore (v 0.6.7) and aligned to the reference human
genome (GRCh38) using BWA (v 0.7.17-r1188). The PCR duplicates were marked
using Picard MarkDuplicates function (v 2.27.4). The alignments were filtered for
duplicates, unmapped reads, multi mapping reads, reads mapping to the GRCh38
blacklist regions and reads mapping for different chromosomes using SAMtools (v
1.15.1); for reads with more than 4 mismatches and the insert size of >2kb using
BAMtools (v 2.5.2). The bigWig files with the ChIP-seq signal scaled to 1 million
mapped reads were generated using BEDtools (v 2.30.0) and UCSC
BedGraphToBigWig (v 377) and visualized in the IGV Genome Browser.

Peak calling was performed using MACS2 (v 2.2.7.1) with the mappable genome size
set to ‘hs’, and g-value cutoff set to 0.05. NarrowPeak mode was used for the
H3K27Ac mark and broadPeak mode was used for the H3K4me1 mark. The peaks
consistent between the replicates/patient samples were identified using ChipR
(Newell et al. 2021) with the minimum peaks between replicates required to form an
intersection set to 2.

Differential H3K27Ac enrichment analysis was performed in RStudio using DiffBind
(v3.10.1) (Stark and Brown, n.d.) on the aligned reads and the peaks called by MACS2.
The peaks with the false discovery rate (FDR) of less than 0.05 were considered
differentially enriched. The differentially enriched peaks were annotated to genomic
features and the nearest genes using the ChiPseeker R package (v1.36.0) (Yu, Wang,
and He 2015). The genes associated with the differentially enriched peaks were
subjected to the enrichment analysis with the over-representation test (ORA) against
the Gene Ontology Database from the clusterProfiler R package (v4.8.2) (Wu et al.
2021). All the genes detected to be expressed in the MCL and control naive B cells
in a parallel RNA-seq experiment were used as the universe for the ORA test. The
Benjamini-Hochberg correction was used to adjust the p-values. Top 15 enriched
categories by adjusted p-value are shown in the figures.
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6.18. Identification of enhancers and their targets

Enhancers and their target genes were identified using the activity-by-contact model
of enhancer-promoter regulation (ABC) (Fulco et al. 2019), which integrates the
ATAC-seq, ChlIP-seq, RNA-seq and HiC data. First, the model identifies potential
enhancer elements by calling peaks on the aligned ATAC-seq data using MACS2.
Then, potential enhancer-gene pairs are formed: for a given element, all expressed
genes within the 5Mb of the enhancer are considered potential partners. For each
candidate enhancer (E) - gene (G) pair, the model calculates the ABC score which
equals the Activity of E x Contact frequency between E and G / Sum of (Activity x
Contact Frequency) over all candidate elements within 5 Mb. The activity A of an
element E is calculated as the geometric mean between the ATAC-seq and and
H3K27Ac ChIP-seq signals in this element. The contact frequency between E and the
promoter of G is inferred from the Knight-Ruiz normalized Hi-C contact map. The
element-gene pairs where the element is itself a promoter are excluded, and all the
remaining pairs passing the set ABC score threshold are considered valid
enhancer-gene interactions.

The ABC model was run on the aligned ATAC-seq and ChIP-seq files obtained as
described in the ChIP-seq analysis and ATAC-seq analysis sections of Materials and
Methods, the expression data given as DESeq2-normalized counts and obtained as
described in the RNA-seq analysis section, and the average HiC data for the
lymphoblastoid cell line GM12878 downloaded from
ftp://ftp.broadinstitute.org/outgoing/lincRNA/average_hic/average_hic.v2.191020.tar.
gz. The default threshold of 0.02 was used for the ABC score.

The enhancers that are more active in the MCL cells were defined as the ones that
overlap with the regions with the significantly (FDR < 0.05) increased H3K27Ac signal
(see Differential enrichment analysis) by at least 50%.

6.19. Super-enhancer identification

All consistent H3K27Ac peaks passing the MACS2 g-value threshold of 0.05 were
considered enhancers. As promoters can also act as enhancers, the regions within
the TSS were not excluded from the regular enhancer definition. Super-enhancers
were identified from the consistent H3K27Ac peaksets using rank ordering of
super-enhancers (ROSE) as described in (Whyte et al. 2013). Enhancers occurring
within 12.5kb of each other were stitched into a single larger enhancer domain to
accurately capture dense enhancer clusters. The regions within 2.5 kb of TSS were
excluded from the analysis this time to avoid the stitching in the dense regions with
the H3K27Ac signal within the TSS only. All enhancers (stitched and non stitched
except those within 2.5 kb of TSS) were then ranked by increasing total
input-subtracted H3K27Ac occupancy and for each enhancer the total
input-subtracted H3K27Ac in rpm/bp (reads per million per bp) was plotted to obtain
the enhancer-distribution curve. A geometric point where a line with a slope of 1 was
tangent to this curve marked the transition from low to increasingly high H3K27Ac
signal density and was used as a threshold for super-enhancer definition. For each

106


https://www.zotero.org/google-docs/?A62C9V
https://www.zotero.org/google-docs/?zB8omn

sample, all enhancers above this point on the x axis were considered
super-enhancers, and all the enhancers below this point were considered regular
enhancers.

Overlapping super-enhancer regions were identified using the ChlPeakAnno package
(Zhu et al. 2010). SEs with at least 80% region overlap in the samples within one
condition were considered consensus SEs. Consensus SEs were further compared
between the conditions with the same 80% overlap threshold to identify the SEs
unique for each condition.

The genomic features nearest to the center of an SE were assigned to the respective
SE and the enrichment analyses were performed on the assigned features using the
ChlPeakAnno package (v 3.34.1) (Zhu et al. 2010) with the default parameters.

6.20. HiC analysis

Raw sequencing reads were obtained as described above or downloaded from EGA
(EGADO0001006485). The raw fastq files were processed using the nf-core/hic
pipeline (v2.1.0) (Servant et al. 2023) with the default parameters and the -digestion
set to dpnii. The resulting contact maps in the mcool format were visualized using
HiGlass (Kerpedjiev et al. 2018).

6.21. Statistical analysis
Statistical analyses were performed using Graphpad Prism software (v9.0.0) and R.
Specific tests used to determine statistical significance are indicated in the
corresponding figure legends.

6.22. Code availability
All code used to analyze the data in this study is available on GitHub

(https://github.com/annaschwager/mcl_interchrom/).
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Supplementary figure 1. Functional enrichment analysis of
superenhancer-associated genes.
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a, The numbers of SEs detected by ROSE in each individual sample of MCL patients,
control naive and germinal B cells. The data is presented as mean + SD. b, The
Network of Cancer Gene enrichment for the genes associated with the
super-enhancers unique for MCL distance-wise. Top 10 enriched categories. c,
DisGeNET enrichment for the genes associated with the superenhancers unique for
MCL distance-wise. Top 10 enriched categories. d, Gene Ontology enrichment
analysis for the genes associated distant-wise with the super-enhancers common for
all the three groups of B cells. e, Gene Ontology enrichment analysis for the genes
associated distant-wise with the super-enhancers unique for MCL.
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Supplementary figure 2. Per-chromosome distributions of the upregulated
genes, up H3K27Ac peaks, overactive enhancers and unique super-enhancers in
MCL cells.

a, The numbers of upregulated genes per chromosome in MCL patients B cells vs
control naive B cells from healthy donors (padj <0.01, log2FC > 1), raw, normalized to
chromosome size or to the number of genes on each chromosome. b, The numbers
of up H3K27Ac per chromosome in MCL patients B cells vs control naive B cells from
healthy donors (FDR <0.05), raw, normalized to chromosome size or to the number
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of genes on each chromosome. ¢, The numbers of upregulated genes per
chromosome in MCL cell line GRANTA-519 vs control naive B cells from healthy
donors (padj <0.01, log2FC > 1), raw, normalized to chromosome size or to the
number of genes on each chromosome. d, The numbers of enhancers overlapping
with the up H3K27Ac peaks (FDR < 0.05) by at least 50% in MCL patients B cells vs
control naive B cells from healthy donors; raw, normalized to chromosome size or to
the number of genes on each chromosome. e, The numbers of super-enhancers (SEs)
unique for MCL per chromosome; raw, normalized to chromosome size or to the
number of genes on each chromosome.
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Supplementary figure 3. Minnelide and Abemaciclib titration.

a, MTT assay of the viability of MCL (red) and control (blue) cells treated with 0-100nM
of Minnelide for 3 days or 0-2000nM of Abemaciclib for 7 days. The data are shown as
means +/- SEM, N=3-6. Statistical significance is determined relative to the untreated
sample using the two-way ANOVA with Dunett's correction for multiple comparisons.
pval <0.05%, <0.01**, <0.001***, 0.0001****,
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Supplementary figure 4. Molecular function enrichment and per-chromosome
distributions of the genes downregulated by Minnelide and Abemacilib.

a,b, Gene Ontology enrichment analysis for the molecular function of the genes
upregulated (log2FC > 1, padj < 0.05) or downregulated (log2FC < -1, padj < 0.05)
following Minnelide (a) or Abemaciclib (b) treatment in the MCL cell line GRANTA-519.
¢,d, The numbers of genes downregulated by Abemaciclib (log2FC < -1, padj < 0.05)
per chromosome in the MCL cell line GRANTA-519 (c), and the PBMCs of an MCL
patient (d); raw, normalized to chromosome size or to the number of genes on each
chromosome. e,f, The numbers of genes downregulated by Minnelide (log2FC < -1,
padj < 0.05) per chromosome in the MCL cell line GRANTA-519 (e), and the PBMCs of
an MCL patient (f); raw, normalized to chromosome size or to the number of genes on
each chromosome.

114



Articles

Article 2. Breakage first drives generation of chromosomal translocations
upon targeted induction of double-stranded breaks in different cell types

Canoy R..", Shmakova A.", Karpukhina A., Lomov N., Tiukacheva E., André F.,
Germini D., Vassetzky Y. Breakage first drives generation of chromosomal
translocations upon targeted induction of double-stranded breaks in different
cell types. NAR Cancer. 2023. V. 5, Ne 3, P. zcad049. doi:
10.1093/narcan/zcad049.

Most cancer-related chromosomal translocations are specific to certain cell
types. It's not clear why different translocations happen in different cells. This
could be because specific translocations occur only in certain cell types or
because these translocations give a survival advantage only to specific cells.

We explored this question by inducing double-strand breaks (DSBs) at MYC,
IGH, AML, and ETO gene locations in the same cell, aiming to create
chromosomal translocations in different cell lineages. Our findings show that
any translocation can potentially occur in any cell type. We examined various
factors that could influence the frequency of these translocations and found
that only the spatial proximity of gene loci after DSB induction was correlated
with the frequency of resulting translocations, supporting the 'breakage-first'
model.

Additionally, after culturing cells with these induced chromosomal
translocations for 60 days, only the oncogenic MYC-IGH and AML-ETO
translocations persisted. Overall, our results suggest that while chromosomal
translocations can be generated in any type of cell after DSB induction, the
persistence of these translocations in a cell population depends on whether
the translocation confers a selective survival advantage to the specific cell

type.

In this research paper, | carried out some experiments, statistical,
bioinformatic and image analysis and also participated in writing and revision
of the manuscript.
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ABSTRACT

Most cancer-related chromosomal translocations ap-
pear to be cell type specific. It is currently unknown
why different chromosomal translocations occur in
different cells. This can be due to either the oc-
currence of particular translocations in specific cell
types or adaptive survival advantage conferred by
translocations only in specific cells. We experimen-
tally addressed this question by double-strand break
(DSB) induction at MYC, IGH, AML and ETOloci in the
same cell to generate chromosomal translocations
in different cell lineages. Our results show that any
translocation can potentially arise in any cell type.
We have analyzed different factors that could affect
the frequency of the translocations, and only the spa-
tial proximity between gene loci after the DSB induc-
tion correlated with the resulting translocation fre-
quency, supporting the ‘breakage-first’ model. Fur-
thermore, upon long-term culture of cells with the
generated chromosomal translocations, only onco-
genic MYC-IGH and AML-ETO translocations per-
sisted over a 60-day period. Overall, the results sug-
gest that chromosomal translocation can be gen-
erated after DSB induction in any type of cell, but
whether the cell with the translocation would persist
in a cell population depends on the cell type-specific
selective survival advantage that the chromosomal
translocation confers to the cell.

GRAPHICAL ABSTRACT
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INTRODUCTION

Chromosomal translocations are hallmarks of many can-
cers (1). More than 50% of leukemias and almost all lym-
phomas exhibit or are directly caused by chromosomal
translocations (2-5). Functional consequences of chromo-
somal translocations include aberrant expression of other-
wise normal genes, expression of fusion genes and/or large-
scale changes in the nuclear organization (6-9).

Many of the known chromosomal translocations appear
to be cell type specific (3). For example, the MYC-IGH
translocation has only been observed in B cells and not in
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other cell types. Why do different chromosomal transloca-
tions occur in different cells? Is this due to the fact that
some translocations are more likely to occur in specific cell
types due to cell-specific characteristics or do transloca-
tions occur in a similar manner in all cells, but they con-
fer a selective advantage in a specific cell type? The gen-
eration of chromosomal translocation involves two ma-
jor steps: the formation of specific double-strand breaks
(DSBs) and their erroneous repair via nonhomologous end
joining (NHEJ) (10). Cell-specific traits that may poten-
tially affect translocation formation include preferential oc-
currence of DSBs at specific loci in specific cell types [e.g.
due to chromatin state or the activity of intrinsic DNA-
cutting enzymes (9,11)] and/or predetermined factors that
affect DNA repair [e.g. transcriptional activity, loci spatial
proximity, the activity of specific repair factors or even cell-
specific expression of chromosomal aberrations stimulat-
ing long noncoding RNAs (IncRNAs) (12)]. While previ-
ous studies have extensively explored the occurrence of cell-
specific DSBs, less is known about the risk factors that inter-
fere with translocation-prone DSB repair once they are al-
ready formed in a particular cell type. Chromatin state, DSB
movement and DNA damage sensing and repair mecha-
nisms influence the generation of chromosomal transloca-
tions at this step (9). The presence of specific transcripts [e.g.
IncRNAs that share homology regions for two different loci
(12,13)] or certain drugs (14) can also affect the formation
of chromosomal rearrangements. Understanding these risk
factors is crucial for developing targeted interventions to
prevent the occurrence of translocations and the develop-
ment of related diseases such as cancer.

Studying randomly induced and/or naturally occurring
chromosomal translocations poses challenges and serious
limitations. First, translocations are rare events, for certain
types of translocations literally a single event occurs in the
whole organism, and cells with translocations can survive
and proliferate only if translocation provides a prolifera-
tive advantage in a cell population. Second, the localiza-
tion of breakpoints in naturally occurring translocations
varies from kilobases to hundreds of kilobases, which re-
quires sophisticated techniques to detect them [e.g. long-
range polymerase chain reaction (PCR), fluorescence in situ
hybridization (FISH), deep sequencing, etc.] (15,16). With
the advancement of gene-editing tools that can produce
DSBs at specific loci, the generation of cell lines with spe-
cific chromosomal translocations became possible (14,17—
22). The CRISPR/Cas9 tool generates DSBs in both eu-
chromatin and heterochromatin regions (23-27), which fa-
cilitates the study of factors that affect the formation of
translocations across different cell types. Here, we devised
a CRISPR/Cas9-based experimental strategy to induce
DSBs in one cell within several specific loci that are com-
monly involved in oncogenic chromosomal rearrangements
(MYC,IGH, AML, ETO) with the aim to stimulate the for-
mation of chromosomal translocations between these loci.
Using this strategy, we investigated different factors associ-
ated with the frequency of generated chromosomal translo-
cations in human cells of different developmental origins.
We analyzed the translocation frequencies with respect to
the transcription activity, nuclear radial position and spa-
tial proximity of the gene loci targeted by CRISPR/Cas9

and demonstrated that in all of the considered cell types the
most prominent factor affecting the chromosomal translo-
cations was the spatial proximity between the potential
partner loci after the DSB induction. The colocalization of
potential partner loci after the DSB induction was depen-
dent on DNA-dependent protein kinase (DNA-Pk) activity.
Our results demonstrated that virtually any type of chro-
mosomal translocation can arise in any cell type after the
induction of DSBs, but the persistence of cells with these
translocations is dependent on the specific survival advan-
tage conferred by the translocation in that cell type. This
highlights the complexity of chromosomal translocations in
cancer cells and underscores the importance of considering
the selective survival advantage of chromosomal transloca-
tions in different cell types, adding a new dimension to our
understanding of the process.

MATERIALS AND METHODS
Cell culture

All cells were handled in aseptic techniques and were kept
in a humidified incubator at 37°C with 5% CQO, until use.
They were maintained in their respective cell culture growth
medium and were passed at least once a week. For the
recipes of the growth medium, see Supplementary Data.
Cell treatments are listed in Supplementary Table S1.

gRNA design, cloning and testing

All guide RNA (gRNA) binding sites were generated from
CRISPOR gRNA design online tool (http://crispor.tefor.
net/) (28) and were inserted into the phU6 gRNA plasmids
(Addgene #53188). gRNA and Cas9 plasmids (Addgene
#57818) were transformed into DHS5a competent cells via
heat shock and were then subsequently clonally expanded
for plasmid extraction (Machery-Nagel NucleoBond Xtra
Midi or Maxi kit). gRNA efficiency was tested following the
procedures provided in TIDE (29) and ENIT (30) protocols.
For the sequences of the gRNA binding sites, see Supple-
mentary Table S2.

Electrotransfection

Cells were electrotransfected following the protocol for
hard-to-transfect cells in (31). Briefly, 4-8 x 10° cells were
electrotransfected with 50 pg total plasmid, 60% of which
1s Cas9 and the remaining 40% consists of gRNA plasmids.
After 2 days, electrotransfection efficiency was checked us-
ing Accuri™ C6 Flow Cytometer (BD Biosciences). De-
pending on the intended number of electrotransfected cells,
the electrotransfection reactions were scaled up.

Western blot

Western blot analysis was performed following the protocol
in (32) using the following antibodies: Cas9 antibody (7A9-
3A3) (anti-mouse, Santa Cruz Biotechnology, sc-517386),
GAPDH (anti-mouse, Cell Signaling Technology, 2118)
and anti-mouse peroxidase-conjugated secondary antibod-
ies (Jackson ImmunoResearch, 315035003).
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PCR and ¢PCR

Total DNA was extracted using NucleoSpin Tissue DNA
purification kit (Macherey-Nagel) following the man-
ufacturer’s protocol. Total RNA was extracted using
NucleoSpin RNA II purification kit (Macherey-Nagel) and
was then converted to complementary DNA (cDNA) using
Maxima H Minus cDNA Synthesis Master Mix (Thermo
Fisher Scientific) following the manufacturer’s protocol.
PCR amplification was performed using PowerUp SYBR
Green Master Mix (Thermo Scientific) following the man-
ufacturer’s protocol. For the PCR primers used, see Supple-
mentary Tables S3 and S4.

Translocation frequency was calculated using the Pfaffl
method (33) to correct for the observed varying amplifica-
tion efficiencies of each primer pair (Supplementary Fig-
ure S2F). The calculated frequencies were then adjusted to
the respective transfection efficiencies measured 2 days af-
ter electrotransfection, right before cell collection, using the
Accuri™ C6 Flow Cytometer (BD Biosciences).

3D-FISH

3D-FISH was performed following the protocols in (18) us-
ing the following probes: AML (Empire Genomics, RP11-
1056016 blue), ETO (Empire Genomics, RP11-643011 or-
ange), MYC (Empire Genomics, RP11-440N18 red) and
IGH (Empire Genomics, RP11-346120 green). For image
acquisition and analysis, see Supplementary Data.

Statistical analysis

All experiments were performed with at least two bio-
logical replicates and two technical replicates. Statistical
analyses were performed using GraphPad Prism 9.1.0.221
and R Studio. For comparisons between the two groups,
an unpaired z-test was done. For comparisons involv-
ing more than two groups, one-way analysis of variance
(ANOVA) and Tukey’s honest significant difference as the
post-hoc test were performed. For the correlation analy-
sis, the Spearman correlation between the translocation fre-
quency and the predictors (gene expression/loci proximity
before DSB/loci proximity after DSB) was performed.

RESULTS

Experimental strategy for analysis of CRISPR/Cas9-
induced chromosomal translocations

With the aim to identify factors affecting the generation
of chromosomal translocations across cell types, we de-
veloped a CRISPR /Cas9-based strategy to induce DSBs
in one cell within several chromosomes. This would po-
tentially generate several different chromosomal translo-
cations upon erroneous repair of these DSBs via NHEJ
(Figure 1A and Supplementary Figure S1A). The frequen-
cies of induced chromosomal translocations were measured
by quantitative PCR (qPCR) and compared in one cell
type and between different cell types. We selected four loci
for DSB induction: the RUNXITI (formerly known as
ETO) gene on chromosome 8q21, the upstream region of
the M YC gene on chromosome 8q24, the immunoglobulin
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heavy chain (JGH) gene locus on chromosome 1432 and
the RUNXI (formerly known as AML) gene on chromo-
some 21q22. These gene loci are involved in clinically rel-
evant oncogenic translocations: t(8:;21) between A ML and
ETO in acute myeloid leukemia and t(8;14) between M YC
and /G H in Burkitt’s lymphoma.

The gRNAs were designed (Supplementary Table S2) to
target the above loci and cloned into phU6 plasmids. gRNA
efficiency was tested by TIDE (29) as described in the ‘Mate-
rials and Methods’ section and gRNAs with similar efficien-
cies were chosen to avoid a bias of different CRISPR /Cas9
cutting efficiencies (Supplementary Figure S2A). The cells
were then electrotransfected with the Cas9-expressing plas-
mid to determine the Cas9 expression kinetics. The Cas9
expression started to peak 48 h after the electrotransfection
(Supplementary Figure S2B). We then tested the cell sur-
vival and apoptosis after electrotransfection (Supplemen-
tary Figure S2C and D).

We designed PCR primers (Supplementary Tables S3
and S4) to detect resulting translocations. Supplementary
Figure S2E shows a representative image of an agarose
gel electrophoresis of PCR-amplified M YC-IGH translo-
cations after electrotransfection with Cas9 and gRNAs tar-
geting the MYC and IGH, AML-ETO translocations af-
ter electrotransfection with Cas9 and gRNAs targeting the
AML and ETO, IGH-ETO translocations after electro-
transfection with Cas9 and gRNAs targeting the /GH and
ETO, and AML-IGH translocations after electrotransfec-
tion with Cas9 and gRNAs targeting the AML and IGH.
The amplification efficiencies of each primer pair (Supple-
mentary Figure S2F) were taken into account when cal-
culating the translocation frequency (see the ‘Materials
and Methods’ section). The translocation frequency started
peaking 48 h post-transfection (Supplementary Figure S3);
therefore, we selected the 48 h post-electrotransfection as
the collection time point for the next experiments to avoid
the effect of positive or negative selection of translocations
upon subsequent cell divisions.

We used inhibitors of specific repair pathways to deter-
mine the pathway of the translocation formation in our
model. We added the inhibitors of either MREI11 involved
in both classical and alternative NHEJ (mirin) or DNA-
Pk involved in the canonical NHEJ pathway (NU7026). We
observed that treatment with NU7026 led to a 2.4-fold in-
crease (P = 0.0056) in the translocation rate (Figure 1B),
suggesting that translocations are mainly due to the alter-
native NHEJ repair as already proposed by others (34).

Simultaneous induction of DSBs results in cell type-specific
translocation frequencies

To analyze the appearance of chromosomal transloca-
tions in different cell types, we induced DSBs in cell lines
of different developmental origin and ploidy: RPMIS866
(lymphoid, B cell, diploid with three to four copies of
chromosome 8), Jurkat (lymphoid, T cell, diploid), K562
[myeloid, nearly triploid (35)], MRC5 (lung fibroblast,
diploid) and Hek-293 (embryonic kidney, epithelial, hy-
potriploid). These cell lines were electrotransfected with
plasmids encoding for Cas9 and gRNA combinations tar-
geting two sets of gene loci: M YC, IGH and AML (MIA) or
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Figure 1. Translocations generated in different cells after the simultaneous induction of three DSBs on chromosomes 8, 14 and 21. (A) Positions of
sites targeted by gRNA in the £T0 (8q21.3), MYC (8q24.12), IGH (14932.33) and AML (21g22.12) gene loci (left panel) and the resulting potential
unicentric chromosomal translocations after targeting MYC, IGH and AML loci (MIA) or AML, ETO and IGH loci (AEI) (right panel). (B) MYC-
IGH translocation frequency after inhibition of NHEJ repair components. Six hours after electrotransfection with gRNA and Cas9 plasmids, cells were
treated with either mirin (an inhibitor of MRE11) or NU7026 (an inhibitor of DNA-Pk). The number of biological replicates n = 4-5. (C) Ratio of
the combined translocation frequencies of the two monocentric derivative chromosomes with respect to the combined translocation frequencies of the
dicentric and acentric derivative chromosomes. The data are shown on a log scale. Translocations were induced in RPMI8866, Jurkat, K562, MRCS and
Hek-293 cells via electrotransfection with gRNA and Cas9 plasmids, targeting M YC, IGH and AML loci or AML, ETO and IGH loci and the resulting
translocation frequencies were measured 2 days later by qPCR with a subset of primers that target monocentric (two pairs for each translocation), dicentric
or acentric derivative chromosomes. Then, the frequencies of monocentric chromosomes were added and divided by the sum of frequencies of the dicentric
and acentric derivative chromosomes, providing the resulting ratio. In almost all cases, the ratio was > 1, indicating that the generation of monocentric
derivative chromosomes was favored over dicentric and acentric ones. The number of biological replicates n = 2-7. (D, E) Frequencies of translocations
induced by DSBs. RPMI8866, Jurkat, K562, MRCS and Hek-293 cells were electrotransfected with gRNA and Cas9 plasmids, targeting MIA (D) or AEI
(E). After 2 days, electrotransfected cells were collected for DNA extraction and translocations were detected using gPCR with translocation-specific PCR
primers. The translocation frequencies were calculated as described in the *Materials and Methods’ section. Only the unicentric derivative chromosomes
with the highest frequency compared to their reciprocal counterparts are shown in the graphs. Means = standard errors of the mean (SEMs) of at least two
biological and two technical replicates are shown. One-way ANOVA with Tukey’s honest significant difference post-hoc test was performed to compare
the translocation frequencies within each cell type: **P < 0.01, ***P < (0.001 and ****P < 0.0001.
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AML, ETO and IGH (AEI). DNA was collected 48 h later
and all possible resulting translocations were quantified us-
ing qPCR as described in the ‘Materials and Methods’ sec-
tion. In theory, each chromosome pair can form three types
of translocations: unicentric (with one centromere; most
cancer-related translocations are unicentric), dicentric (with
two centromeres) and acentric (without centromeres). The
latter two types of translocations are usually lost in the
course of cell divisions; therefore, we concentrated on uni-
centric translocations.

In almost all translocations in all cell types, the com-
bined translocation frequencies of the monocentric deriva-
tive chromosomes were higher compared to the com-
bined dicentric and acentric derivative chromosomes af-
ter induction of three DSBs (Figure 1C), suggesting that
the formation of monocentric derivative chromosomes is
already favored early on. The MYC-IGH translocation
had the highest frequency after MIA DSB induction (2—
5 x 1072 translocations/cell) compared to the M YC-AML
and AML-IGH translocations (1-2 x 1073 and 0.01
0.2 x 1073 translocations/cell, respectively) (Figure 1D
and Supplementary Figure S4A-E). After AEI DSB induc-
tion, the ETO-IG H translocation had the highest frequency
(0.4-1 x 1073 translocations/cell) compared to the A ML~
IGH and AML-ETO translocations (0.01-0.2 x 10~ and
0.008-0.1 x 102 translocations/cell, respectively) (Figure
1E and Supplementary Figure S4F-J). Of the five cell types,
Jurkat exhibited the highest translocation frequencies af-
ter induction of either MIA or AEI DSBs. The oncogenic
M YC-IGH translocation had the highest frequency after
MIA DSB induction (Figure 1D), while another onco-
genic AML-ETO translocation had the lowest frequency
after AEI DSB induction (Figure 1E), although it was rela-
tively high in the myeloid K562 and epithelial Hek-293 cells
(0.01 x 1073 and 0.1 x 1073, respectively). Interestingly,
the translocation frequencies involving the M YC locus were
two to four times higher than those of the other transloca-
tions in all cell types. Another important conclusion is that
while the studied cell lines had different ploidies, relative fre-
quencies of translocations were similar across the cell lines
with few exceptions.

Transcriptional activity and nuclear radial distribution of
gene loci do not correlate with the translocation formation
after DSB induction

We next tried to identify factors that could account for
the observed translocation frequencies. Actively transcribed
loct, loci with an open chromatin configuration or loci lo-
cated close to each other may have higher propensities to
form translocations (36-39). MYC-IGH and AML-ETO
translocations will now serve as examples of our results, but
all the described analyses were performed for all possible
translocations.

We first correlated the frequencics of the MYC-IGH and
AML-ETO translocations in different cell types (Figure 2A
and B) with the transcriptional activity of the involved genes
determined by quantitative reverse transcription PCR (Fig-
ure 2C) and no positive correlation was observed (R, = 0.24,
Figure 2D). Higher transcriptional activity did not always
mean higher translocation rate. For example, both MYC
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and /GH were actively transcribed in the RPMI8866 cells,
and IGH was minimally or not transcribed in other cell
types, but this did not affect the frequency of the MYC-
IGH translocation that remained high. On the contrary, the
AML-ETO translocation was generated at a very low fre-
quency in K562 cells (Figure 2B) even though the AML
and ETO genes were actively transcribed (Figure 2C). The
ETO-IGH translocation in Jurkat was still generated (Fig-
ure 1E) though neither ETO nor IGH was actively tran-
scribed (Figure 2C).

Radial positions reflect the localization of gene loci
within the nucleus. Peripheral regions of the nucleus are
often heterochromatin-rich and transcriptionally repressed,
while central regions are transcriptionally active. We deter-
mined the nuclear radial positions of the four gene loci be-
fore the DSB induction using 3D-FISH. The MYC, IGH,
AML and ETO loci were positioned near the center of the
nucleus and had a roughly similar radial distribution before
(Figure 2E) and after DSB induction (Figure 2F). Thus,
this factor could not solely account for the variability of
translocation frequencies between different gene loci across
the studied cell lines in our system.

The breakage-first model accounts for translocation forma-
tion after DSB induction

As translocations are produced by NHEIJ, a proximity-
based mechanism (40), we next studied whether the loci in-
volved in the translocations were proximal in the cell nuclei.
We have measured the distance between fluorescent signals
corresponding to the studied loci. As each 3D-FISH sig-
nal was ~1 wm in diameter, two signals were considered to
be proximal (colocalized) when the distance between their
centers was no more than 1 wm, since at this distance, spots
partially or completely overlapped. The spatial proximity
between the gene loci was expressed as the percentage of
cells where the two loci were colocalized. Surprisingly, be-
fore the occurrence of DSB, we did not observe a positive
correlation between gene proximity and translocation rate
(Rs=0.32; P=0.0331) (Figure 3C). As DSBs are known to
induce mobility of the damaged gene loci [reviewed in (41)],
we also measured gene proximity after the DSB induction.
We observed a significant increase of gene loci proximity af-
ter DSB induction in the case of MYC-IGH and ETO-IGH
pairs in all considered cell types (Figure 3A and D, and Sup-
plementary Figure SSA-F) and the translocations between
these very gene loci were also the most frequent (Figure 3B
and E). A representative image shows the positions of MYC
and /GH loci before and after the DSB induction (Figure
3G). It is noteworthy that colocalization of gene loci was a
predisposing factor for their translocation but did not nec-
essarily mean that they were translocated (e.g. AML-ETO
were colocalized in 4.4 £ 0.3% of RPMISB66 cells after
DSBs, but no translocations between these loci were ob-
served; Figure 3D and E). Overall, we observe colocaliza-
tion between loci at a much higher rate than translocations;
this shows that colocalization alone is not sufficient to in-
duce translocations. The inverse is also true, as in the case
of MYC-AML translocation, where the loci were not found
to colocalize at a detectable rate and vet the translocation
was still formed (Figure 3A and B). When we took into
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Figure 2. Transcriptional activity and nuclear radial position of gene loci do not correlate with their translocation frequency. Frequencies of the M YC-
IGH (A) and AML-ETO (B) translocations across the cell lines. RPMI8866, Jurkat, K562 and MRCS cells were electrotransfected with gRNAs and
Cas9 plasmids targeting MIA (A) or AEI (B). Forty-eight hours after electrotransfection, cells were collected for DNA extraction and translocations were
detected using gPCR with translocation-specific PCR primers. The translocation frequencies were calculated. Means 4+ SEMs are shown representing the
results of two to four biological and two technical replicates. (C) Transcriptional activity of the M YC, IGH, AML and ETO genes in the studied cell lines.
RNA was extracted from cells and relative fold gene expression with respect to the housekeeping gene GAPDH was calculated from Ct values obtained from
the qPCR results as described in the “Materials and Methods’ section. Means = SEMs of two to three biological and two technical replicates are shown. (D)
Correlation plot for the gene expression and observed translocation frequencies. The Spearman correlation coefficient (Ry = 0.24) and its corresponding P-
value (0.003878) are shown. The green line represents the linear regression fit and the gray area represents the 95% confidence intervals. (E) Radial position
of the gene loci in the nuclear space of RPMI8866, Jurkat, K562 and MRC3 cells analyzed by 3D-FISH. (F) Radial position in the nuclear space of M YC,
IGH, AML and ETO before and after DSB induction in RPMI8866. For the nuclear radial position before DSB induction, non-electrotransfected cells
were collected and processed for 3D-FISH. For the nuclear radial position after DSB induction, RPMI8866 (16 x 10° cells) were electrotransfected with
Cas9 and gRNA-expressing plasmids targeting either MIA or AEL Two days after electrotransfection, cells were sorted for GFP, as the electrotransfected
Cas9 plasmid also codes for GFP. The sorted cells were then processed for 3D-FISH. The images were acquired using a confocal microscope and analyzed
using the Bitplane Imaris software. Each gene locus was mapped within the nucleus with respect to the 10 concentric compartments with the equal volume
numbered from the center to the periphery of the nucleus. Data are presented as means + SEMs of three to four biological replicates. For each technical
replicate, at least 100 cells were analyzed.

consideration all detected translocations in all studied cell
types, we could reveal a positive correlation (R, = 0.55;
P = 0.0001) between the proximity after the DSB and
the translocation frequency (Figure 3F), indicating that
translocation formation was affected by the spatial prox-
imity between gene loci after the DSB induction. In mul-
tiple linear regression of different factors that could af-
fect translocation frequency, which also took into account
the cell type, only the proximity after the DSB showed
a significant association with the translocation frequency
(P =0.012, Table 1).

To identify factors that affected loci movement after
DSB induction, we used several inhibitors: NU7026 (an

inhibitor of DNA-Pk), L67 (a DNA ligase I and III in-
hibitor) and KU-55933 (ATM inhibitor). We found that loci
proximity after the DSB induction increased significantly in
the presence of NU7026 (Figure 3H), which indicates that
DNA-Pk-dependent signaling prevents loci relocation upon
DSB.

Different survival outcomes of cells with chromosomal
translocations

Our results show that any translocation can potentially
arise in all types of cells; at the same time, the major-
ity of described cancer-related chromosomal translocations
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Figure 3. Spatial proximity between gene loci before and after DSB induction in RPMI8866. Spatial proximity between gene loci before and after DSB
induction in MIA (A) and AEI (D) in RPMI8866. Non-electrotransfected cells (1-2 x 10%) (before DSB) and sorted cells (after DSB) (1-2 x 10°) that
were electrotransfected with gRNAs and Cas9 plasmids 2 days prior were collected and processed for 3D-FISH. The slides were scanned using a confocal
microscope and 3D-FISH images were analyzed in Bitplane Imaris software. The percentage of cells with the target gene loci pair located at 1 pm or less
(colocalized) was calculated. The number of replicates # = 2-8. Translocation frequencies after DSB induction in MIA (B) and AEI (E) in RPMI8866.
Only the unicentric derivative chromosomes with the highest frequency are shown. The number of replicates n = 3. Scatter plots of translocation frequency
versus before DSB proximity (C) and after DSB proximity (F). The Spearman correlation coefficient (Rs) and its corresponding P-value are shown. (G)
Representative 3D-FISH image of RPMI8866 cells before (left column) and after DSB induction (right column). The nuclei were stained with To-Pro-3
and are represented in the images as gray. Meanwhile, the M YC and IGH loci were stained with specific fluorescent probes and are represented in red and
green, respectively. Colocalization between M YC and /GH is pointed out in the merged image by a white arrow. Scale bar = 3 pm. (H) Spatial proximity
between gene loci before and after DSB induction in M YC and /GH (MI) in RPMI8866; cells were treated with NU7026 (an inhibitor of DNA-Pk), L67
(a DNA ligase I and I1I inhibitor), KU-55933 (ATM inhibitor) or left untreated (control). The number of replicates n = 3-7. For each replicate, at least
100 cells were analyzed. For all plotted values of each graph, one-way ANOVA was performed. For each comparison, the statistical significance is shown:
*¥5P < 0.01 and ¥***P < 0.0001.
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Table 1. Multiple linear regression of different factors involved in
translocation formation. P-value < 0.05 is denoted in bold

Translocation frequency

Predictors Estimates 95% CI P-value
Cell type
Jurkat —0.00 —0.07 to 0.06 0.968
K562 —0.03 —0.10 to 0.04 0.385
MRC5 0.00 —0.05 to 0.06 0.869
RPMIB866 —0.01 —0.06 to 0.04 0.620
Loci proximity before DSB 0.00 —0.01 to 0.02 0.586
Loci proximity after DSB 0.01 0.00-0.01 0.012
Gene | expression 0.33 —0.24 t0 0.89 0.251
Gene 2 expression 0.89 —0.36to 2.14 0.156

Number of observations = 44;: R*/ Rfdjumd = 0.621/0.537; genes | and

2, genes involved in chromosomal translocation; 95% CI, 95% confidence
intervals.

are cell type specific (3,42). This may be due to the se-
lective advantage the translocation provides to only spe-
cific types of cells. To test this, we analyzed how the gener-
ated chromosomal translocations would be retained in dif-
ferent cell lines upon long-term culture. Cells transfected
with CRISPR /Cas9 and gRNAs were cultured for 60 days
with regular weekly passages. Translocation persistence was
different in different cell types (Figure 4A-E and Supple-
mentary Figure S6A-J). The proportion of cells bearing
MYC-IGH translocation increased >50 times on Day 60
and attained over 10% of the total cell population as com-
pared to Day 2 in RPMIBR66 cells suggesting that M YC-
IGH translocation could be a subject of positive selection
in RPMI8866 cells. In other cell lines, M YC-IGH translo-
cation either did not increase significantly or eventually de-
creased by Day 60. It should be noted that /GH is actively
transcribed only in B cells and its translocation with M YC
can lead to MYC overexpression in B cells (43). In addi-
tion, M YC expression was much lower in RPMI8866 cells
prior to translocations as compared to other cell types (Fig-
ure 2C). On the other hand, the A MI-ETQO translocation
was found to persist after long-term culture in MRCS cells
only (Supplementary Figure S6F-J) although still at a low
frequency. These results point out that the generated chro-
mosomal translocations either confer cell type-dependent
survival advantages or are progressively eliminated from the
cell population.

DISCUSSION

Why are certain chromosomal translocations observed in
specific cell types? Several studies addressed this question
before. They found that genes that are proximally posi-
tioned in the nuclear space, have a higher transcriptional
activity or have an accessible chromatin configuration tend
to have a higher propensity to form translocations in a spe-
cific cell type (22,44-52). Initial studies on chromosomal
translocation formation utilized naturally occurring chro-
mosomal translocations, as in the case of B-cell lymphomas,
and then correlated their formation with the nuclear spa-
tial position and transcription activity of the involved genes
in normal cells (44,45). Naturally occurring chromoso-
mal translocations are, however, significantly dependent on

DSBs that occur in specific gene loci in these cells. More re-
cently, stimulated chromosomal translocations were inves-
tigated after experimental induction of DSBs, either by pro-
grammed nucleases or by ionizing radiation. The resulting
chromosomal translocations were tracked using live cell mi-
croscopy to characterize the spatial and dynamic properties
of translocation formation (46). Variants of massively par-
allel sequencing (47.48) in combination with chromosome
capture techniques (4C or Hi-C) (49-52) were also used to
detect the generated translocations genome-wide to demon-
strate the role of spatial proximity between gene loci and
DSBs, gene transcription activity, chromatin configuration
and nuclear organization in translocation formation. From
these studies, the factors that appear to contribute signif-
icantly to translocation formation are the spatial proxim-
ity between the gene loci and their transcription activity
(46-49,51). Translocation breakpoints were also found to
be close to the transcription start sites (47-49).

Chromosomal translocations are products of erroncous
repair of DSBs (9,53). The error-prone NHEJ repair path-
way illegitimately joins two broken chromosomal ends
from nonhomologous chromosomes (54). As NHEJ is a
proximity-based repair, the physical proximity of the part-
ner loci is a prerequisite to translocation formation (37). In
this context, two models are proposed to explain the for-
mation of chromosomal translocations (55). The ‘contact-
first’ model proposes that the broken chromosomal ends are
immobile or have limited movement in the nuclear space
and that translocation occurs to those that are initially
close to each other (colocalize prior to and at the time of
DSB) (55). This is supported by the occurrence of chromo-
somal translocations involving gene loci that were already
proximal, such as RET and H4 (56), ABL and BCR (57),
and PML and RARA (58) loci, or gene loci that have moved
closer to each other before the chromosomal breakage oc-
curred, e.g. MYC and IGH loci upon B-lymphocyte acti-
vation (18,22,44,45,59). The ‘breakage-first” model postu-
lates that broken chromosomal ends can freely move around
the nuclear space and that the meeting of the two ends may
lead to translocation formation. In this scenario, there is a
higher likelihood for translocation to occur if DSB move-
ment and colocalization increase. This DSB movement can
be directed, stochastic or both [reviewed in (41)]. DSB mo-
bility was observed in the case of multiple DSBs induced by
alpha particles or ionizing radiation (60,61).

To experimentally test these conclusions, we induced sev-
eral DSBs in specific loci of one cell and compared the fre-
quency of resulting chromosomal translocations between
these loci in different cell types using the CRISPR /Cas9
system (Figure 1). The advantage of this system is that
CRISPR/Cas9 induces DSBs in both euchromatin and
heterochromatin regions (although Cas9 can be less effi-
cient in heterochromatin regions) (23,24,26,27). Addition-
ally, the repair of DSBs after Cas9 cleavage is error-prone,
which prevents recutting of the same locus (62). The ob-
served translocations were likely produced by the alter-
native NHEJ pathway as inhibition of DNA-Pk, an im-
portant component of the canonical NHEJ, resulted in
a significant increase of translocation frequency (Figure
1B). This result is in agreement with previous studics
that reported that in rodent and human cells chromosome
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Figure 4. M YC-IGH translocation frequency after long-term culture. RPMI8866 (A), Jurkat (B), K562 (C), MRCS5 (D) and Hek-293 (E) cells (24-32 x
10°) were electrotransfected with gRNA, targeting M YC, IGH and AML, and Cas9 plasmids. Two days later, the electrotransfected cells were split into
two parts. The first part was collected to determine the M YC-IGH translocation frequency. The second part was sorted and then cultured for 60 days
with regular weekly passage. Cells were collected 30 and 60 days after electrotransfection to determine the M YC-IGH translocation frequency. Both of the
reciprocal (der8, red line; der14, blue line) M YC—IGH translocations are shown. Data represent means + SEMs of two independent biological experiments

and two technical replicates.

translocations are mainly formed by the alternative NHEJ
pathway (46,63—67). Nonetheless, a subset of chromoso-
mal translocations may be generated through the canonical
NHEJ pathway (68,69). The increased frequency of translo-
cations when canonical NHE] is abrogated can be explained
by the slow kinetics of DNA repair via alternative NHEJ,
which is ~10-fold slower than canonical NHEI; this per-
mits the free movement of unrepaired DNA ends, increasing
the chance to meet their translocation partner in the nuclear
space (70). Likewise, we observed that inhibiting DNA-Pk
increased M YC-IGH colocalization after the DSB (Figure
3H). The accumulation of DSB clustering upon DNA-Pk
inhibition was also recently described by Zagelbaum er al.
(68).

Interestingly, all possible combinations of translocations
can be generated in almost any cell type, albeit with differ-
ent frequencies (Supplementary Figure S4A-J), although
the generation of monocentric derivative chromosomes
was favored over dicentric and acentric ones (Figure 1C).
The mechanism of this preferential formation of unicen-
tric derivative chromosomes early after DNA repair de-
serves a separate study. It can be noted that MYC-IGH
translocation frequency was higher compared to the M YC-

AML translocation frequency in all cell lines (Figure 1D),
while the ratio of monocentric versus dicentric and acentric
chromosomes was much lower for M YC-IGH compared to
MYC-AML in these cells (Figure 1C). From these data,
it seems that pro-oncogenic M YC and /GH breaks tend
to be ‘incorrectly’ repaired to a greater extent than oth-
ers, i.e. more often form translocated and dicentric/acentric
derivatives. We hypothesize that the DSB in /GH loci, lo-
cated in the subtelomeric region of chromosome 14, pro-
duces a relatively small and motile chromosomal fragment
of 1 Mb that can migrate larger distances more readily to
meet its translocation partner compared to a larger AML
fragment (12 Mb): both M YC-IGH (t8;14) and ETO-IGH
(t8:;14) translocation frequencies are higher than M YC-
AML (18;21) and ETO-AML (18;21) translocation frequen-
cies (Figure 1D and Supplementary Figure S1E).

The cell lines that we used were diploid, except for K562
(nearly triploid) and Hek-293 (hypotriploid). Although the
cell lines had different numbers of induced DSBs, the re-
sulting translocation frequency profiles were similar among
them (Table 1), indicating that the ploidy did not play a sig-
nificant role in the pattern of chromosomal translocations
after simultaneous induction of DSBs.
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Once DSBs are formed, shared transcription factories
(71), as well as spatial positioning (72), are the potential
factors influencing DSB repair and thus they could affect
translocation frequency. In our system, however, the fre-
quency of translocations was not affected by the nuclear ra-
dial position or transcription activity of the participating
gene loci (Figure 2 and Table 1), but rather by their spa-
tial proximity after the DSB induction (Figure 3 and Ta-
ble 1). This favors the ‘breakage-first” hypothesis of translo-
cation formation. An increase in MYC-IGH and ETO-
IGH colocalization frequencies, but not in M YC-AML or
ETO-AML colocalization frequencies, after the respective
DSBs (Figure 3A and D) corroborates the higher motil-
ity of a shorter chromosomal fragment (/GH) proposed
above. Different loci, however, may behave differently re-
garding translocation frequency and colocalization after
DSB induction; e.g. colocalizing AML and ETO loci did
not translocate in RPMI88066 cells (Figure 3D and E), while
MYC and AML were not found to colocalize at a de-
tectable rate and yet the translocation was still formed (Fig-
ure 3A and B). The mobility of DSBs was previously de-
scribed (41,61,73), and it may serve either to facilitate the
search of a recombination partner (39,74) or to join com-
mon DNA repair centers (60,75). DSBs were found to clus-
ter in DNA damage repair foci in yeasts and mammalian
cells (60,75,76). However, in mammalian cells DSB cluster-
ing was mostly observed for multiple DSBs (67.68,75). An
increase in chromatin movement following DSBs can result
in chromosomal translocations (46).

Regarding the role of transcription, it is important to ac-
knowledge that while we observe no significant positive cor-
relation between basal transcriptional activity and translo-
cation frequency in between cell line comparisons, this may
not concern the changes in gene expression within one
cell line and their potential influence on translocation fre-
quency. Whether changes in gene transcriptional activity or
distance from DSB to transcription start sites might affect
translocation frequencies requires further exploration. Sim-
ilarly, while our data did not show a significant effect of
nuclear radial position on translocation frequency, we ac-
knowledge that this may be influenced by other factors and
may vary depending on the specific loci and cell types.

We next tested the persistence of the observed chromoso-
mal translocations upon long-term culture and found that it
was different in different cell types (Figure 4A—E and Sup-
plementary Figure S6A-J). Two months after DSB induc-
tion, the proportion of cells bearing M YC-IGH transloca-
tion continued to increase only in RPMI&866 cells (Fig-
ure 4A), while the A ML-ETO translocation was found to
persist after long-term culture in MRCS5 cells only (Sup-
plementary Figure S61). These results point out that the
generated oncogenic chromosomal translocations confer
cell type-dependent survival advantages. The persistence of
chromosomal translocations may also depend on whether
both derivative chromosomes are present and no genetic
material is lost. That is what we supposedly observed in the
case of the M YC-IGH translocation in RPMI8866 cells,
where both derivative chromosomes were present (Figure
4A). A more precise evaluation of potential genetic mate-
rial loss during such selection requires further investigation.
This finding adds to the ongoing discussion on the role of

selection in the formation of cancer cells (77) and provides
new evidence for the importance of considering the selec-
tive survival advantage of chromosomal translocations in
different cell types.

We should also mention the limitations of our system,
which provides a valid approximation but does not fully re-
capitulate all aspects of natural carcinogenesis in primary
cells. With CRISPR/Cas9, we deliberately create several
simultaneous DSBs; however, ‘naturally occurring” DSBs
can arise spontaneously and not necessarily at the same
time, and their origins are diverse, encompassing exter-
nal factors, e.g. irradiation, and various cellular activities,
such as gene transcription, DNA replication and oxidative
metabolism (31). Certain chromosomal translocations are
caused by DNA-damaging enzymes (RAGs, AID, topoiso-
merases | and II). These enzymes are sensitive to chromatin
organization, transcription and/or DNA sequence. Other
chromosomal translocations are induced by random fac-
tors that are less strongly dependent on the chromatin con-
text. These include ionizing radiation, oxidative stress, etc.
As CRISPR /Cas9 is less sensitive to chromatin structure,
it better reproduces the latter situation, although this does
not invalidate our conclusions on translocation formation.
A potential contributor to the choice of repair pathway, and
thus translocation formation, is the cell cycle (78,79), which
was not directly addressed in the current study. Further use
of our experimental model will allow us to unravel other
patterns in the generation of chromosomal translocations.
The results on the persistence of the observed chromosomal
translocations upon long-term culture might be limited by
the fact that we used already proliferating cells; thus, the
potential survival or growth rate advantages of chromoso-
mal translocations on different cell types might not be fully
estimated.

To conclude, we devised an experimental system to
study the factors that drive the formation of chromosomal
translocations between four distinct gene loci and five cell
types; all the possible combinations of translocations can
be generated in almost any cell type, albeit with different
frequencies. The frequency of translocations correlates only
with the spatial proximity of the partner loci after the DSB
induction supporting the ‘breakage-first” model for translo-
cation formation. Upon long-term culture, only oncogenic
MYC-IGH and AML-ETO chromosomal translocations
conferred cell type-dependent survival advantages.
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In this review, we discuss how chromosomal translocations are formed, their
mechanisms and consequences.

My role was writing a chapter on the natural sources of double strand breaks
and the experimental systems for modeling translocations.
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Simple Summary: Chromosomal translocations are products of the erroneous repair of DNA double-
strand breaks that result in the illegitimate joining of the two broken chromosomal ends from non-
homologous chromosomes. Chromosomal translocations have been linked to aneuploidy, infertility,
mental retardation, cancer and other diseases. Here we discuss how chromosomal translocations are
formed and explore how different cellular factors contribute to their formation.

Abstract: Chromosomal translocations are products of the illegitimate repair of DNA double-strand
breaks (DSBs). Their formation can bring about significant structural and molecular changes in the
cell that can be physiologically and pathologically relevant. The induced changes may lead to serious
and life-threatening diseases such as cancer. As a growing body of evidence suggests, the formation
of chromosomal translocation is not only affected by the mere close spatial proximity of gene loci as
potential translocation partners. Several factors may affect formation of chromosomal translocations,
including chromatin motion to the potential sources of DSBs in the cell. While these can be apparently
random events, certain chromosomal translocations appear to be cell-type-specific. In this review,
we discuss how chromosomal translocations are formed and explore how different cellular factors
contribute to their formation.

Keywords: chromosomal translocation; cancer; translocation formation; spatial proximity

1. Introduction

Chromosomal translocations are the products of an illegitimate proximity-based repair
of DNA double-strand breaks (DSBs), where the proximity of DNA ends from different
non-homologous chromosomes can result in their erroneous joining. The appearance of a
chromosomal translocation results in substantial structural and molecular alterations in the
cell and may have perilous pathological consequences. The mechanisms of chromosomal
translocation generation, as well as their contribution to human diseases, were extensively
reviewed before (e.g., [1-4]). Still, it is currently unknown why certain chromosomal
translocations are observed in specific cell types. In the current review we aim to summarize
cellular factors that contribute to the formation of chromosomal translocations and that,
among other things, could explain the specificity of the occurrence of certain chromosomal
translocations.

1.1. History of Chromosomal Translocations in Cancer

The link between an aberrant number of chromosomes and cancer was first described
by Theodor Boveri, who postulated that “growth stimulatory chromosomes” triggered
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the unlimited growth of tumor cells [5,6]. Then, in 1960, the Philadelphia chromosome,
which appeared to be smaller than chromosomes 21 and 22, was described in patients with
chronic myeloid leukemia (CML) [7]. However, it was not until 1973 that Janet Rowley
showed that this chromosome is the truncated derivative of chromosome 22 fused to the
fragment of chromosome 9 [8-10]. This report was the first to demonstrate that the novel
chromosomes, which were usually reported to be present in tumor cells, were actually the
products of chromosomal translocations.

1.2. Types of Chromosomal Translocations

Chromosomal translocations are generated when non-homologous chromosomes
exchange their parts with each other. A few types of chromosomal translocations have
been described [11,12]. Chromosomal translocations are considered reciprocal (Figure 1A)
if the exchange between chromosomes is bidirectional. Non-reciprocal chromosomal
translocations result from the unidirectional transfer of one chromosomal part to another
chromosome (Figure 1B). Chromosomal translocations can also be classified as balanced (no
net loss or gain of genomic material) or unbalanced if genetic material is lost or amplified.
In reciprocal translocations, one of the three sets of possible derivative chromosomes can
be produced [13]:

(1) Two chromosomes produce monocentric derivative chromosomes with one cen-
tromere (Figure 1A);

(2) Two chromosomes produce a derivative chromosome with two centromeres (dicen-
tric) and a derivative chromosome without a centromere (acentric) (Figure 1A);

(3) Two acrocentric chromosomes fuse at the centromere (Figure 1C) (Robertsonian
translocation; [14,15]). The remnants of the short p arms of the two chromosomes also fuse
and the small reciprocal product are usually lost, which may not be deleterious for the
cell [16].

A. Reciprocal translocation

p arm \
centromere DSBs
> E— or acentic fragment
< lly lost
qarm repair in cis iy lost)
‘ ' dicentic

chromosome

B. Nonreciprocal translocation C. Robertsonian translocation

4
— ‘ puay A el JN |
‘ I
fragment
' (usually lost)

Figure 1. Types of chromosomal translocations. The illegitimate repair of the two DSBs in two
non-homologous chromosomes can produce (A) reciprocal translocations if the exchange between
two translocating chromosomes is bidirectional or (B) non-reciprocal translocations if the exchange is
unidirectional. (C) Robertsonian translocations occur between two acrocentric chromosomes that are
fused at the centromere.
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The dicentric and acentric chromosomes are often lost after several rounds of cell
divisions as they are either lethal or unstable [11], while Robertsonian translocations may
persist in meiosis and even produce gametes [12].

1.3. Chromosomal Translocations Affect the Normal Cell Functions

The mere rearrangement of chromosome parts can cause significant consequences in
the cell. Chromosomal translocations have been linked to aneuploidy, infertility, mental
retardation, cancer, and other diseases [17-22]. Chromosomal translocations may result in
the formation of fusion proteins (Figure 2A) with unique or atypical functions or activity,
as in the case of the BCR-ABL fusion protein in CML [23-25]. In addition, they can
result in the aberrant expression (upregulation or downregulation) of an otherwise normal
gene if it is positioned next to the new cis-regulatory elements (Figure 2B). Usually these
aberrantly expressed genes are proto-oncogenes that are controlled by a potent gene
promoter or enhancer after the translocation. Either of these two can significantly affect
the cell and can lead to its transformation and malignancy. This is exemplified by Burkitt’s
lymphoma, where the MYC gene on chromosome 8 is translocated next to the IGH locus on
chromosome 14; this triggers its overexpression [26-30]. Recently, large-scale changes in
the nuclear organization have also been attributed to chromosomal translocations, further
expanding our understanding of the consequences of chromosomal translocations for the
cell [11,31-36].

A. Fusion protein expression C. Large-scale nuclear

I_; reorganization

Figure 2. Molecular and functional consequences of chromosomal translocations. Chromosomal
translocations can bring about the formation of fusion protein (A) or the (B) aberrant expression of
an otherwise normal gene as well as (C) large-scale changes in the nuclear organization have also
been attributed to chromosomal translocations.

Chromosomal translocations are characteristic for many types of cancer [37,38], includ-
ing carcinomas [39,40], lymphomas, leukemias [19,37], and soft tissue sarcomas [20,41,42].
The Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer (https:
/ /mitelmandatabase.isb-cgc.org/ (accessed on 27 September 2022)) contains exhaustive
data related to chromosomal aberrations, including translocations and cancer [43].
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2. Sources of DSBs In Vivo and Their Experimental Modeling for Studying
Translocations

2.1. Sources of DSBs

The sources of DSBs can be grouped into extrinsic and intrinsic ones. The former
include environmental factors such as the ionizing radiation of X-rays and alpha par-
ticles [44-49], UV light, or exposure to genotoxic chemical agents (e.g., chemotherapy).
Cellular activities that involve DNA-cutting enzymes or produce nonspecific DNA damage,
are the potential intrinsic sources of DSBs. In meiotic recombination, DSBs are induced
mainly by SPO11 [50,51] during the segregation of chromosomes to convert the cell from
diploid to haploid [52,53]. DSBs are consequently produced in lymphocytes during the
V(D)] recombination in maturing B and T cells [54-56]. Furthermore, DSBs are also formed
during the somatic hypermutation (SHM) and the immunoglobulin class switching or class
switch recombination (CSR) in mature B cells [57,58]. The breaks in V(D)] recombination are
initiated by the recombination-activating gene (RAG) 1/2 complex [59], while the breaks
in SHM and CSR are initiated by the activation-induced deaminase (AID) [60]. Although
AID has a special affinity for immunoglobulin genes, it is able to target a large number of
other genes (~25% of all expressed genes in B cells) [61]. This programmed DNA damage
is considered as a major contributing factor to the susceptibility of B-cells to chromosomal
translocations [1]. On the other hand, there are cellular activities that unintentionally
produce DSBs such as gene transcription [62-67], DNA replication [68,69] and oxidative
metabolism [70,71].

Apparently, different sources of DSB and the chromosome regions targeted by these
DSBs differently affect the formation of chromosomal translocations; different sources of
DSBs might also determine which factors influence the formation of translocations and
thus, translocation specificity, which is discussed below. For instance, CRISPR/Cas9 mostly
induce DSBs independently of the chromatin context, which makes the generation of
CRISPR/Cas%-induced translocations dependent on the spatial proximity of DNA ends
and the choice of DSB repair pathway [72-74]. This should also be taken into account when
modeling chromosomal translocations by various methods of DSB induction.

2.2. Experimental Models of Chromosomal Translocations

Translocations can be induced either randomly (e.g., by treatment with y-rays or HO;)
or specifically (e.g., by engineered programmed nucleases) [75]. The advent of engineered
nucleases provided a new opportunity to precisely study translocations by introducing
DSBs in the regions of interest. Specific chromosomal translocations can now be generated
from precisely induced DSBs using programmed nucleases such as zinc finger nucleases
(ZFN), transcription activator-like effector nucleases (TALEN), and clustered regularly
interspaced short palindromic repeats (CRISPR) [76-84]. A more sophisticated way to
induce chromosomal translocations in cells would be to use proteins that naturally induce
DNA damage and are known to be implicated in chromosomal translocations, reviewed
in [85,86]. In B cells, the chromosome breaks are usually caused by either AID, involved in
class switch recombination and somatic hypermutation, or RAG endonuclease, essential
for V(D)] recombination together with its RAG2 cofactor. Consequently, physiological
or aberrant activation of these genes may induce DSBs and chromosomal translocations.
These translocations can then be identified by next-generation sequencing [87,88]. A
subset of chromosomal translocations in hematological and solid tumors are driven by
DNA topoisomerse II (TOP2) [89]. TOP2 poisons, such as the anticancer agent etoposide,
which trap DNA-TOP2 complexes, can be used to induce and identify chromosomal
translocations [90]. The factors favoring chromosomal translocations (Figure 3) identified
in these and other studies are considered below.

133



Cancers 2022, 14, 5110

50f19

Translocation steps:

Chromatin
motion

\

induction W k |

DSB movement >—S
|1 q | 1|

and clustering

DSB

. HR SSA c-NHEJ a-NHEJ
repair

Translocation frequency

Influencing factors:

Cell cycle stage
Chromatin state
Transcriptional activity

Extrinsic factors:
lonizing radiation
UV-light

Chemical agents

Intrinsic factors:
Replication errors
Mechanical stress
ROS

RAG1/2, AID

Common repair center

Shared transcription factory

Transcriptional activity
DNA damage response

Cell cycle stage
Spatial proximity

Accurate repair Transclocation

|| %@% l|

T

Figure 3. Different factors affect the formation of chromosomal translocations. These cellular factors

are not mutually exclusive and can influence each other to affect the multiple stages of chromosomal

translocation formation.

3. How Do the Different Factors Affect the Formation of Chromosomal Translocations?

3.1. Spatial Proximity

The erroneous repair of DSBs on different non-homologous chromosomes can result
in their joining; this mechanism of chromosomal translocation generation largely relies on
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the spatial proximity of DNA ends. However, whether the potential translocation partners
should be initially proximally close when the breaks occur or they can move in the nuclear
space after the break to get closer is still an open question. In this regard, the “contact first”
and “break first” models of translocation formation have been proposed, which assume
that the movement of intact chromatin or the movement of DSBs, respectively, contribute
to the eventual proximity of DNA ends and translocation [3,75,91,92].

In the nuclear landscape of mammalian cells, chromosomes are organized into spa-
tially distinct territories where they interact with each other more than with those belonging
to the other different territories [93]. The term chromosome territory (CT) was actually
first introduced by Boveri in the early 1900s in his studies on the blastomere stages of
horse roundworms [94,95]. These CTs are composed of chromatin fibers [96]. Different
types of cells and tissues have been observed to have different patterns of CTs in their
nuclei [97,98]. The proximity of translocation-prone loci (e.g., MYC/IGH or IGH/BCL6) is
largely determined by the higher order chromosome territory positioning [99]. In contrast
to higher eukaryotes, yeasts do not exhibit this manner of organization of their chromo-
somes [100].

The nuclear genome architecture can be visualized using fluorescence in situ hybridiza-
tion (FISH) using conventional or high-resolution microscopy, or it can be inferred using
chromosome conformation structure (3C) and its spin-offs [101,102]. Using FISH, it was
found that the gene loci that are commonly involved in oncogenic chromosomal transloca-
tion are already proximal to each other in pre-cancerous cells, supporting the “contact first”
model of translocation formation. This was the case of the ABL-BCR translocation involving
chromosomes 9 and 22 in CML [103], the PML-RARA translocation involving chromosomes
15 and 17 in acute promyelocytic leukemia [104], and the translocations of MYC in chromo-
some 8 with either of the three of the immunoglobulin genes: IGH in chromosome 14, IGL in
chromosome 22, and IGK in chromosome 2 in Burkitt’s lymphoma [99]. The MYC gene has
been often found to be close to the IGH gene locus compared with the IGL and IGK gene loci,
which may explain why the MYC-IGH translocation is observed in around 80% of Burkitt’s
lymphoma cases while the remaining MYC-IGK and MYC-IGL translocations occupy the
rest [105]. Interestingly, the specific chromosomal position of the MYC gene, but not its
sequence, was proven to affect its involvement in translocations, since the replacement
with MYCN sequence does not affect its role as a translocation partner [106].

With the advent of advanced staining and imaging technologies, the preservation of
the overall 3D structure of the nucleus and the 3D imaging of the whole chromosome have
become possible. Using the technology of 3D structured illumination microscopy (3D-SIM)
with pan-chromosome-specific paints, Sathitruangsak et al. investigated the positioning
of chromosomes 4, 9, 11, 14, 16, 18, 19, and 22 in normal lymphocytes and myeloma cells
from treatment-naive patients with monoclonal gammopathy of undetermined significance
or multiple myeloma [107]. They calculated the overlap between five chromosomal pairs
and found out that the pair of chromosomes 18 and 19, which does not usually engage in
chromosomal translocation in multiple myeloma, has up to 50% less overlap compared
to the remaining pairs, which are usually involved in translocations, both in normal and
malignant nuclei. The chromosomal pair which has less overlap has fewer chances of
physical interaction or proximity, which can then negatively affect translocation formation.

FISH methods examine the distance between and the relative position of specific gene
loci in the nucleus while Hi-C methods determine the interactions of the gene loci with
each other on the genome-wide scale. In this line, Zhang et al. demonstrated the positive
correlation between inter-chromosomal contacts and translocation frequency [108]. They
built a high resolution Hi-C spatial organization map of Gl-arrested mouse pro-B cells
and used high-throughput translocation sequencing to detect the translocations after DSB
induction by ionizing radiation. They found that in the condition when DNA damage is
random (i.e., DSBs happen with the same frequency in different sites), the spatial proximity
between loci is the main factor contributing to translocation formation (Figure 3).
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To further demonstrate the role of spatial proximity in oncogenic translocations, the
publicly available Hi-C datasets on genome-wide interaction maps of a lymphoblastoid
cell line (GM06990) and an erythroleukemic cell line (K562) were analyzed along with the
collections of 1533 chromosomal translocations from cancer and germline genomes [91].
They observed that the gene loci that are usually involved in oncogenic translocations, such
as MYC-IGH and BCR-ABL, have high Hi-C contact frequencies in normal cells. With these
findings, the authors were able to show that the high contact interaction between any two
gene loci can influence translocation formation if DSBs are formed in them.

To conclude, the overall nuclear genome architecture has been shown to have a
significant influence on the formation of chromosomal translocation by virtue of spatial
proximity, which can be analyzed by measuring the physical distance or calculating the
contact frequency between potential translocation partners.

3.2. Transcriptional Activity

Transcriptional activity can influence the genome’s vulnerability to DNA damage and
its access to the cellular repair machinery. Endogenous DSBs or DSBs caused by DNA repli-
cation inhibitors favorably occur in transcriptionally active genomic regions [87,109,110],
which could be explained by transcription-induced DNA damage or the collision of tran-
scriptional and replication forks in S phase. Transcriptionally active chromatin is also more
vulnerable to DSB formation induced by ionizing radiation [111]. Consistently, it was
observed that genetic rearrangements such as chromosomal translocations preferentially
occur in coding regions and in actively transcribed genes compared to the intergenic regions
and transcriptionally silent genes [88]. Active gene transcription can cause DNA damage
in several ways. Transcription produces short DNA-RNA hybrids called R loops that
leave the non-template DNA single strand susceptible to mutagenic activities, including
DSBs [63,64,112-115]. In B cells, AID was observed to bind R loops formed at the MYC and
IGH gene loci and to produce DSBs [116-118]. Moreover, AID, through its interaction with
Spt5, can be recruited to gene promoters occupied by stalled RNA polymerase II, which
explains the prevalence of AID-mediated damages within transcription start sites [119,120].

DNA topoisomerase III beta (TOPB3) has been found to relax the negative super-
coiled DNA, reducing the transcription-generated R loops and MYC-IGH translocation
in mammalian cells [121]. Recent studies have shown that other repair factors suppress
chromosomal translocations by modulating the R loop formation [115]. In particular, ATM
is a known suppressor of the MYC-IGH translocation in vivo [122], and it can also prevent
the formation of R loops in proliferating cells [123]. BRCA2, which plays a key role in
the HR pathway by recruiting Rad51 to the DSBs, has also been found to prevent R loop
formation [124]. The R loop suppression activity of BRCA2 could be part of the coordinated
roles between BRCA1 and BRCA?2 in the HR pathway, or it could be part of the Fanconi
anemia pathway to protect the replication fork [115,125].

However, in the study of mutations in different cancers, euchromatin had a lower
mutation rate due to transcription-coupled repair, while heterochromatin and nucleosomal
DNA were less accessible to repair machinery and had a higher cancer mutation rate [126].
Meanwhile, a relationship between transcriptional activity and chromatin movement was
observed in HelLa cells, where inhibition of transcription with actinomycin D abolished
increased transcriptional chromatin mobility and configurational changes during early S
phase [127]. Moreover, actively transcribed genes are recruited into shared transcription
factories, which increases their spatial proximity and promotes translocation in case DSBs
occur among them [128]. This was shown for the genes that are usually involved in
chromosomal translocations that cause Burkitt's lymphoma: MYC, IGH, IGL, and IGK,
where they share a common translocation factory [129]. The correlation between high
gene transcription, their spatial proximity within the nuclear space, and chromosomal
translocation appearance have also been observed in diffuse large B-cell lymphoma [130],
anaplastic cell lymphoma [131], and prostate cancer [132].
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3.3. DNA Damage Response

Eukaryotic cells have evolved complex and tightly regulated mechanisms that co-
ordinate the detection, signaling, and repair of DNA damage [133]. These mechanisms
are not always efficient, and the formation of chromosomal translocations is one example
when the DNA repair machinery incorrectly repairs DSBs. Chromosome translocations are
normally found in peripheral blood cells and the non-neoplastic tissues of healthy individ-
uals [134-139], which indicates that their formation should not be seen as a pathological
cellular event but rather as an inevitable outcome of DNA repair activities. Only when
the chromosomal translocation results in molecular and functional consequences that can
disrupt the normal physiological processes and then confer selective survival advantage to
the cell does it become pathologically relevant.

DNA breaks are repaired either by homologous recombination (HR) or the non-
homologous end joining (NHE]). The HR pathway is mostly used during S phase of the cell
cycle. HR uses the homologous template from the unbroken strand to repair the breakage
with high fidelity [140,141]. The NHE] pathway is cell cycle-independent; it ligates the
broken ends together and does not require an extended homology template [142,143]. The
DNA ends can be either resected during S/G2 stages or suppressed in the G1 stage; this
affects the choice of the repair pathway [144]. The resected DNA produces 3’ overhangs
coated with Rad51, forming the nucleoprotein filament that is essential in the strand
invasion of a homologous template to start the repair [145]. If the homologous template is
provided by the sister chromatid, then faithful repair is performed by the HR pathway as
opposed to the protected ends in NHE] [144]. In the absence of a homologous template
from a sister chromatid, the resected DNA end can then be repaired by the alternative
NHE] pathway (a-NHE]) that uses a microhomology of around less than 100 bp, thus
requiring limited resection [146]. Additionally, resected DINA ends can be repaired by
single-strand annealing (SSA), but this needs annealing of repeats that are more than
100 bp, thus requiring extensive resection [147,148]. Because of the absence of a repair
template, the NHE] pathway results in erroneous repair, ranging from the small indels
or mutations at the broken ends up to the relocation of the broken segments leading
to chromosomal rearrangements [149]. Whichever pathway the cell utilizes, the repair
usually takes from minutes to hours [150]. Both the HR and NHE]J pathways can compete
for or even collaborate in DSB repair [151]. DNA repair initiated by the HR pathway
can be completed by the NHE] pathway in some cases [152-154], but when it comes to
translocation formation, NHE] is the most proficient, followed by the SSA pathway [149].

Translocations result from erroneous DNA repair mediated by one of the three dif-
ferent DNA damage response and repair (DDR) pathways: the classical NHE] (cNHEJ;
mediated by DNA-PKcs and Lig4); alternative NHE] (aNHE]; mediated by CtIP, Parpl and
Lig1/Lig3); and the single-strand annealing (SSA; mediated by Rad-52) pathway. Chromo-
some translocations in rodent and human cells are mainly formed by the alternative NHE]
pathway [155-158]. SSA-mediated translocations occur predominantly within repetitive
DNA elements [159]. The choice of these pathways depends on several factors.

Kinetic aspect. The cINHE] pathway proceeds very fast (within 2—4 h) [160,161], which
makes it the cellular “first-line therapy” of DSBs. Fast kinetics explains the low frequency
of translocation formation with cNHE] [156]: right after the lesion, DSBs are situated close
to each other and their direct joining is favored. Consistently, when cNHE] is slowed down
in G1 (a related process known as Artemis- or resection-dependent cNHE]), the probability
of translocation formation is increased [160,162]. An impairment or slow progression of
cNHE] allows aNHE] to manifest as a backup process [156,161]. The HR pathway proceeds
slower than the NHE] pathway [163] and has a priority over NHE] in G2 in repairing
DSBs situated in heterochromatin regions, complex, or slow-to-repair lesions [163-165].
Abrogated or stalled HR can be rescued by the aNHE] pathway [161].

Spatial aspect. Different types of DNA repair have a spatial selectivity as well, which is
influenced by the chromatin context. In the study of CRISPR/Cas9-induced DSBs, cNHE]
was found to largely comprise the main DNA repair mechanism both for euchromatin and
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heterochromatin, while aNHE] participates in a small proportion of DSBs repair, although
its contribution to DSB repair increases in heterochromatin regions [74]. Another study has
shown that the DSBs induced by CRISPR /Cas9 in pericentric heterochromatin are immobile
and repaired by NHE] in G1, while in S/G2 they move to the periphery of heterochromatin
and are repaired by HR [166]. In addition, the centromeric DSBs that are majorly peripheral
recruit both NHE] and HR factors throughout the cell cycle [166].

Cell type aspect. The demand for sister chromatids as repair templates restricts HR
to S/ G2 phase; thus, NHE] is considered as the dominant repair pathway in most of the
human cells. There are, however, some notable exceptions. DSB repair in human embryonic
stem cells is largely dependent on HR due to the prolonged S phase, which facilitates the
accurate repair of DNA breaks [167]. The differentiation of human embryonic stem cells
decreases DNA repair through HR [168]. In some cases, cell differentiation accompanied
by chromatin condensation may even completely suppress DSB repair response [169].
Cancer cells often grow in hypoxic conditions, which may also preferentially inhibit HR
and contribute to increased rates of mutation [170].

3.4. Chromatin State and Mobility

The DNA in eukaryotic cells is packaged into nucleosomes and then further com-
pacted into denser chromatin [171]. Each nucleosome is composed of around 150 bp DNA
that is wrapped around a set of histone octamer [172] containing two copies of H2A, H2B,
H3, and H4 [173,174]. The realization of the highly dynamic nature of chromatin has
uncovered various regulatory mechanisms that affect different cellular activities such as
cell division, DNA replication, DNA repair, and gene expression [175,176]. Chromatin
contains epigenetic marks which consist of histone modifications, histone variants, and
regions of open chromatin whose distribution and activity are shown to be different in
different cell types and diseases [177,178]. The combination of these marks in their spa-
tial context constitutes the chromatin state that encompasses genomic elements such as
promoters, enhancers and different regions which are either transcribed, repressed or
repetitive [179,180]. Using live cell tracking of chromosome loci tagged with either GFP
or fluorescent topoisomerase 11, scientists were able to show in yeasts and in Drosophila
that the chromatin moves in a suggestive Brownian motion, right into a confined subregion
of the nucleus [181]. This constrained motion of chromatin was also observed in bacteria
and mammalian cells whose chromatin movement ranges from 10* to 1072 um? /s [182].
However, chromatin movement does not fully follow the Brownian motion. Chromatin
movement has been shown to be dependent on ATP levels and is affected by tempera-
ture [183-185]. It was also shown that movement of the intact chromatin can be affected by
the cell cycle [127,186-190], transcription activity [184,191-193], and chromatin condensa-
tion [184,194,195]. Physiological chromatin movements occurring within the cell nucleus
many times a day can predispose to the chromosomal translocation formation; however,
other events should take place to produce translocations.

The chromatin state was shown to affect the chromatin mobility as chromatin de-
condensation without changes in transcription activity resulted in the repositioning of
genes [195] in a manner similar to that of the transcription-induced chromosomal reposi-
tioning [191]. In yeasts, actin-dependent increase of chromatin mobility [194] was observed
after targeting the nucleosome remodeling complex INO80 and INO80-dependent nucleo-
some remodeling [184]. On the other hand, a 30-40% reduction in chromatin density in
mammalian cells was observed after DSB induction [196]. In Drosophila, the DSBs located
in the heterochromatic region move out from their original domain to be repaired [197].
Specifically, the DSBs in yeasts and mammalian cells were found to move out into the
periphery of the heterochromatin [198,199], and this was independent of chromatin state,
at least in mammalian cells [166]. However, DSBs associated with the nuclear lamina were
observed be repaired differently compared to relocated DSBs [200]. On the other hand, an
increase in condensin II activity was found to promote chromatin condensation, spatial
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separation of CTs, decreased CT contacts and intermixing, and, as a result, decreased
translocation frequency after DSBs induction in Drosophila cells [201].

3.5. DSB Movement and Clustering

Upon DNA damage, repair factors flock the sites of breakage and form the microscopically-
detectable DNA repair foci [202]. The movement of DSBs is usually investigated using
time-lapse microscopy on fluorescently tagged DNA repair foci. Upon DSB induction, the
resulting chromosomal breaks in yeast and mammals were observed to remain physically
close to each other and were positionally stable over time [203-205].

In yeasts, DSBs were observed to group together in common repair centers [206]. In
contrast in mammalian cells, live cell tracking of several DSBs revealed that DSBs did
not group together or form clusters, although there were instances when they did, but
they were only transient and were observed to be reversible [196,207]. The DNA repair
foci after induction of up to four DSBs were also tracked and were found to remain sepa-
rated [92,205]; they only came together or clustered to a common repair focus if they were
to be translocated [92]. The DSBs in mammalian cells were only observed to cluster in
common repair foci in case of induction of multiple DSBs (around 100 per cell) [208]. The
clustering of multiple DSBs in common repair foci in mammalian cells could be due to the
random motion of the breaks, increasing the probability that they meet and group together,
or it could be due to the overall control mechanism, as placing the DSBs together in com-
mon repair foci can increase the chances that they be illegitimately joined and produce
oncogenic translocations [182]. Another possibility is that there are just a limited number
of repair foci which the cell can form, thus DSBs are driven to these repair foci similarly to
genes recruited into shared transcription factories [128]. The nucleolus is a hub for many
nuclear functions [209] formed by rDNA genes located on acrocentric chromosomes. Acro-
centric chromosomes are actively involved in chromosomal translocations [210] and several
derivative chromosomes remain associated with the nucleolus; this affects expression of
proto-oncogenes [31]. Recently, genes whose transcription was inhibited by DSBs were
shown to cluster in the vicinity of the nucleolus [211,212]; this potentially increases the
probability of translocation, including those with the acrocentric chromosomes.

In mammalian cells, DSBs exhibit similar mobility with that of intact chromatin with
a mean displacement of around 1 pmz /h [182,196,207]. This includes DSBs formed after
exposure to ultrasoft X-rays [213] and DSBs induced by endonucleases [205]. On the
other hand, large-scale DNA damage from exposure to &-particles resulted in an extensive
movement and clustering of DSB-containing chromosome domains [214]. This was also the
case after exposure to y irradiation, where DSB mobility was observed to be at least twice
as high as that of the intact loci [186]. v Irradiation was shown to induce repositioning of
ABL and BCR genes in the nuclear center of lymphocytes [103]. When breaks were induced
by I-Scel endonuclease, the translocating DSBs were observed to exhibit higher mobility
compared to the non-translocating DSBs; 5% of the translocating DSBs were capable of
traveling long distance (up to 5 um) [92]. This observation supported the notion that DSBs
do search and move to find their respective translocation partner, supporting the “breakage
first” model of translocation formation.

In yeasts, breakage induced by I-Scel resulted in the increased mobility of both
the induced DSBs and the intact chromatin [215-218]. The increased DSB mobility in
yeasts was shown to be dependent on the homologous recombination factors such as
Rad51 [215,217,219-222] as yeasts do not have other repair pathways than the HR pathway
and DSBs need to search the entire nucleus for homology [140].

3.6. Cell Cycle

Cell cycle stage determines the state of cellular chromatin and how it is repaired when
DSBs occur. As such, it can potentially affect translocation formation. Chromatin mobility
has been observed to be different across cell stages, with the highest mobility observed
during the early G1 phase and thereafter, the chromosome territories remain quite stable
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from mid G1 to late G2 [187,189]. During the S phase, the highest mobility can be observed
in the early S phase [127]. However in a study where the entire cell cycle phases were
considered, no significant differences in chromatin movement were observed between cells
in G1, S, and G2 [190]. Nonetheless, the chromatin movement can lead to distancing or
approaching of specific gene loci during the cell cycle. Namely, it was shown that the
spatial proximity between ABL-BCR and PML-RARA pairs increases in the period from late
S to G2 in hematopoietic precursors and lymphoid cells [104]. The “natural” mobility of
intact chromatin does not always reflect the mobility of DSBs that occurs throughout the
cell cycle. It was shown that DSBs, induced by ionizing radiation, had decreased mobility
during S phase compared with G1/G2 [186]. In contrast, DSBs induced by CRISPR/Cas9
in pericentric heterochromatic regions were shown to be positionally stable in G1 and then
move towards the periphery in G2 [166].

How the cell decides which DNA repair pathway to utilize to repair DSBs can be
affected by its cell cycle stage: the accurate HR pathway takes place in late S and G2, while
the NHE] pathway is active throughout the cell cycle [140,164]. However in centromeric
heterochromatin regions, it was shown that the HR pathway is active both in G1 and
S/G2 [166]. Surprisingly, the HR pathway does not have a priority over NHE] in repairing
DSBs during G2 and only accounts for the repair of ~15% of ionizing radiation-induced
DSBs [163]. The NHE] pathway has the highest activity observed in the G1 phase, while
the HR pathway has its highest activity in S phase [223]. Although the S/G2 phase requires
accurate DNA repair to maintain genomic stability, chromosomal translocations can still be
generated at any time as the NHE] pathway is active all throughout the cell cycle. However,
experimentally, no changes in DSB pairing and translocation formation were detected
at different cell cycle stages after IScel-induced DSBs in NIH3T3duo cells [92]. Perhaps
this observation could be due to site- and cell-specific conditions, and extrapolating this
to the general conclusion about the role of cell cycle stage on translocation formation is
still premature.

4, Conclusions

Spatial proximity of the potential translation partners primarily affects translocation
formation, perhaps largely because chromosomal translocation is a product of a proximity-
based DSB misrepair. However, several other factors come into play and influence each
other to affect multiple stages in chromosomal translocation formation (Figure 3), high-
lighting the sheer complexity of this potentially serious and life-threatening occurrence.
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Title: Epigenomic and 3D-genomic changes in Mantle Cell Lymphoma

Keywords: MCL, chromosomal translocations, 3D genome, epigenome.

Abstract: Mantle cell lymphoma is an aggressive B cell
malignancy with poor prognosis. More than 90% of MCL
cases are associated with a recurrent chromosomal
translocation t(11;14) that results in the overexpression
of cyclin D1 (CCND1), a potent cell-cycle regulator.
Nevertheless, CCND1 overexpression alone does not
lead to malignancies in animal models. Thus, the
development of MCL should be triggered by additional
factors, which may guide the development of new
therapies once discovered.

A chromosomal translocation can trigger large-scale
changes in the 3D genome organization, as well as the
transcriptional and epigenetic changes in the
translocated loci. Here we demonstrated that the
translocated CCND1 locus on derivative chr14 is
relocated to the nuclear center in MCL cells. This is
accompanied by the appearance of a new
super-enhancer (SE) inside this locus. Surprisingly, the
region around the novel SE was not significantly
enriched for the genes upregulated in MCL. Instead,
most of the overexpressed genes were located on chr19
in both the MCL cell lines and the B cells from MCL
patients.

Among these genes, there were many related to
lymphoma or other cancers. Using HiC, we detected
the presence of an interchromosomal contact between
chr11 and chr19, which was further confirmed by
3D-FISH. The contact colocalized with the active
RNApolll and formed predominantly with the derivative
CCND1 locus.

We hypothesize that the deregulated chr19 genes
contribute to the MCL oncogenesis, and their
upregulation is at least partially explained by the action
of an MCL-specific SE inside the CCND17 locus. Thus,
inhibiting super-enhancer activity may represent a new
treatment strategy for MCL. We tested two substances
with such properties, Abemaciclib and Minnelide, in
MCL cell lines and the B cells from MCL patients.
Minnelide had a strong inhibitory effect on the
chromatin landscape of MCL cells, including the novel
SE, and was effective against mantle cell lymphoma
cells in vitro and in vivo. Our results provide valuable
preclinical data and novel insights into the mechanisms
of MCL pathogenesis.

Title: Changements épigénomiques et 3D-génomiques dans le lymphome a cellules du manteau

Keywords: Lymphome a cellules du manteau, translocations chromosomiques, génome 3D, épigénome.

Abstract: Le lymphome a cellules du manteau (LM) est
une tumeur maligne agressive a cellules B, caractérisée
par un mauvais pronostic. Plus de 90 % des cas de LM
sont associés a une translocation chromosomique
récurrente t(11;14) qui entraine la surexpression de la
cycline D1 (CCND1), un puissant régulateur du cycle
cellulaire. Néanmoins, la surexpression de la CCND1
seule ne suffit pas a provoquer des tumeurs malignes
dans les modéles animaux. Par conséquent, le
développement du LM doit étre déclenché par d'autres
facteurs, ce qui pourrait guider le développement de
nouvelles thérapies une fois ces facteurs découverts.

Une translocation chromosomique peut entrainer des
modifications a grande échelle dans I'organisation 3D du
génome, ainsi que des changements transcriptionnels et
épigénétiques dans les loci transloqués. Nous avons
démontré que le locus CCNDT participant a la
translocation est déplacé vers le centre nucléaire dans
les cellules de LM. Cela s'accompagne de l|'apparition
d'un nouveau super-enhancer (SE) a l'intérieur de ce
locus. De maniere surprenante, la région autour du
nouveau SE n'était pas enrichie avec des genes
surexprimés dans les cellules de LM.

En revanche, la plupart des genes surexprimés dans
les cellules de LM étaient situés sur chr19. Parmi ces
génes, beaucoup étaient liés au lymphome ou a
d'autres cancers. En utilisant le Hi-C, nous avons
détecté la présence d'un contact interchromosomique
entre chr11 et chr19, confirmé par 3D-FISH. Ce contact
se colocalise avec I'ARN polymérase Il active et se
forme principalement avec le locus CCND1 dérivé.

Nous émettons I'hypothése que les genes dérégulés
sur chr19 contribuent a lI'oncogenése du LM et que leur
régulation est influencée par I'action d'un SE spécifique
au LM a l'intérieur du locus CCND1. Ainsi, l'inhibition de
I'activité du super-enhancer pourrait représenter une
nouvelle stratégie thérapeutique pour le LM. Nous
avons testé deux substances possédant de telles
propriétés, I'Abemaciclib et le Minnelide, sur des
lignées cellulaires de LM et sur les cellules B de
patients atteints de LM. Le Minnelide a eu un fort effet
inhibiteur sur le chromatine des cellules de LM, y
compris le nouveau SE, et a été efficace contre les
cellules de lymphome a cellules du manteau in vitro et
in vivo. Nos résultats fournissent des données
précliniques précieuses et de nouvelles perspectives
sur les mécanismes de la pathogenése du LM.
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