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CCND3 in cyclin D1-negative mantle cell lymphoma
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KEY POINTS

1. Selective cryptic insertions of IG light chain enhancers activate CCND2 and

CCND3 in cyclin D1" mantle cell lymphomas

2. Most cyclin D1" mantle cell lymphomas had CCND2 or CCND3 rearrangements
whereas a small subset show upregulation of CCNE1 and CCNE2

ABSTRACT

Mantle cell lymphoma (MCL) is characterized by the t(11;14)(q13;932) translocation
resulting in overexpression of cyclin D1. However, a small subset of cyclin D1-negative
MCL (cyclin D1~ MCL) has been recognized, and approximately half of them harbor
CCND2 translocations while the primary oncogenic event in cyclin D1 /D2° MCL
remains elusive. To identify other potential mechanisms driving MCL pathogenesis we
investigated 56 cyclin D1 /SOX11* MCL by fluorescence in situ hybridization (FISH),
whole genome/exome sequencing, gene expression and copy number arrays. FISH with
break-apart probes identified CCND2 rearrangements in 39 (70%) cases but not CCND3
rearrangements. We analyzed 3 of these negative cases by whole-genome/exome
sequencing and identified IGK (n=2) and IGL (n=1) enhancer hijackings near CCND3
that were associated with cyclin D3 overexpression. By specific FISH probes, including
the IGK enhancer region, we detected 10 additional cryptic IGK juxtapositions to
CCND3 (6 cases) and CCND2 (4 cases) in MCL that overexpressed, respectively, these
cyclins. A minor subset of 4 cyclin D1™ MCL cases lacked cyclin D rearrangements and
showed upregulation of CCNE1 and CCNE2. These cases had blastoid morphology, high
genomic complexity, and CDKN2A and RB1 deletions. Both genomic and gene
expression profiles of cyclin D1° MCL cases were indistinguishable from cyclin D1*
MCL. In conclusion, virtually all cyclin D1 MCL carry CCND2/CCND3 rearrangements
with 1G genes, including a novel IGK/L enhancer hijacking mechanism. A subset of
cyclin D1 /D2 /D3~ MCL with aggressive features have cyclin E dysregulation. Specific

FISH probes may allow the molecular identification and diagnosis of cyclin D1~ MCL.
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INTRODUCTION

Mantle cell lymphoma (MCL) is a mature B-cell malignancy genetically
characterized by the primary translocation t(11;14)(g13;932) found in the vast majority
cases.” This translocation juxtaposes the CCND1 gene to an enhancer of the
immunoglobulin heavy chain gene (IGH) leading to constitutive cyclin D1 upregulation.
Nevertheless, a small subset of MCL lacks cyclin D1 overexpression and the t(11;14)
(cyclin D1 MCL).*™ These cases have similar morphology, phenotype, gene expression
profile, genomic alterations, and clinical behavior as conventional cyclin D1* MCL.>*"*?
SOX11 is a transcriptional factor constantly overexpressed in most MCL independently
of the expression of cyclin D1 and, therefore, it is a useful marker to recognize cyclin D1°
MCL cases.™

Interestingly, the first six cyclin D1° MCL identified in the Lymphoma/Leukemia
Molecular Profiling Project showed overexpression of cyclin D2 or cyclin D3, but
evidence of chromosomal rearrangements affecting these loci was not found by
fluorescence in situ hybridization (FISH) using break-apart probes.* However, different
reports have detected occasional cyclin D1° MCL cases with high levels of cyclin D2 due
to chromosomal translocations with IG genes i.e. t(2;12)(p11;p13) [IGK/CCND2]%®
t(12;22)(p13;921) [CCND2/IGL]," and a t(12;14)(p13;q32) [CCND2/IGH].? In the largest
series of cases analyzed, we identified 55% cases (22/40) with CCND2 rearrangement,
preferentially with IG light chains (68%), but CCND3 rearrangement was not identified
in the remaining cases using standard break-apart probes.” So far, only one single MCL

case with CCND3/IGH rearrangement has been reported.®

Overall, the potential role of CCND2 and CCND3 translocations as alternative
pathogenic mechanisms to CCNDL1 rearrangement in cyclin D1 MCL are not yet fully
understood, since not all reports of rearrangements were coupled with expression studies
of the rearranged cyclins or with SOX11 expression. In order to clarify the genetic
mechanisms behind cyclin D1 MCL we performed an integrative analysis including a
complete FISH panel, next-generation sequencing, gene expression, and copy number

arrays, in a large series of well characterized cyclin D1 MCL.
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METHODS

Patients and samples

A total of 56 cyclin D1° MCL cases (28 partially investigated in previous
studies)*® were included in the current project based on i) morphology and phenotype
consistent with MCL (CD5+ and CD23-); ii) absence of cyclin D1 expression and
t(11;14)(q13;932); and iii) SOX11 expression. The main clinicopathological and
molecular features of the patients are described in Table 1. DNA/RNA extraction was
performed from formalin-fixed and paraffin-embedded (FFPE) tissue blocks in 52
samples, fresh-frozen material in 7 samples, and Carnoy fixed cells in 2 samples. The
study was approved by the Institutional Review Board of the Hospital Clinic of

Barcelona.
Cytogenetic analyses

FISH analyses were performed on FFPE tissue sections or fixed cells from
cytogenetic cultures. The FISH panel used to interrogate breaks and juxtapositions of the
loci CCND2, CCND3, CCNE1, CCNEZ2, IGH, IGL, and IGK including both commercial
and BAC-labeled probes is detailed in Supplemental Table S1. The extraction and
labeling of BAC and PAC DNA, preparation of slides and hybridization was performed
according to standard procedures.”* Each clone was first tested individually by
hybridization on normal metaphases. Hybridizations were analyzed using standard
fluorescence microscopes (Nikon Eclipse 50i or Zeiss) equipped with appropriate filter
sets. Acquisition and processing of digital images were performed using the ISIS FISH
Imaging System (MetaSystems, Altlussheim, Germany). For the detection of IGK cryptic
insertions 2 overlapping BAC clones covering the IGK enhancer region were selected,
labeled, and hybridized together with CCND2, CCND3, CCNE1, or CCNE2 specific
probes with different fluorochromes. Negative tissue controls for these FISH experiments
included 1 reactive lymph node, four chronic lymphocytic leukemias (CLL), 6 diffuse
large B-cell lymphomas (DLBCL), 1 follicular lymphoma (FL), and 1 splenic marginal
zone lymphoma (SMZL). To verify CCNE2 gain we used simultaneously CCNE2 (8q22)
and chr8 centromeric probes. Conventional cytogenetics was performed on G-banded
chromosomes and results were described according to An International System for

Human Cytogenomic Nomenclature (ISCN).*
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Next-generation sequencing (NGS) analyses

Somatic structural variants (SVs) were analyzed by different NGS approaches in 5
MCL cases: long-insert-size (7-10Kb) paired-end mapping whole-genome sequencing
(MP-WGS) of 4 tumors and 10 normal unmatched DNA; paired-end whole-genome
sequencing (WGS) of tumor and matched normal sample of 1 patient; and whole-exome
sequencing (WES) in 3 tumors (Supplemental Figure S1). Libraries were
constructed according to standard protocols (lllumina) and sequencing was performed
with an Hlumina HiSeq 2000 instrument.'® Reads were mapped to hg19 human reference
genome using the Burrows-Wheeler Aligner (BWA-MEM version 0.7.5a-r405). PCR
duplicates were removed using MarkDuplicates algorithm from Picard tools. SVs were
analyzed using different pipelines: i) BWA with the samse option was used for MP-WGS
analysis in combination with custom scripts to detect interchromosomal translocations
supported by at least four reads, followed by visual inspection; ii) Smufin'” and Lumpy*®
were used to detect SVs in the WGS of case ID73; and iii) custom scripts were used to
analyze/confirm potential interchnromosomal SVs in the WES data. We excluded SVs in
repetitive or ambiguously aligned regions in the MP-WGS analysis. Due to the lack of
germline DNA for most samples, SVs present both in 2 or more of the 4 MP-WGS and 1
or more of 10 normal samples were removed as potential germline variants/artifacts. In
case ID73, copy number alterations (CNA) from WGS were analyzed using FREEC"® and
ASCAT algorithms, whereas single nucleotide variants (SNV) and indels were analyzed
using 3 different pipelines: Smufin,*” Sidrén,? and Mutect2,?* and annotated by Annovar.
Sanger sequencing for breakpoints detected by MP-WGS and/or WES data was
performed using the primers detailed in Supplemental Table S2.

Gene expression and copy number analyses

Total RNA from 14 cyclin D1° MCL and 7 cyclin D1* MCL was extracted from
FFPE tissue biopsies, processed using SensationPlus™ FFPE Amplification and 3’ IVT
Labelling Kit, and hybridized on GeneChip Human Genome U133 Plus 2.0 Arrays
(Thermo Fisher Scientific, Waltham, MA, USA). Arrays were washed and stained using
GeneChip Fluidics Station 450 (Thermo Fisher Scientific) and GeneChip Scanner.
Limma?? was used to detect differentially expressed probesets and P-values were adjusted
by the Benjamini-Hochberg method. In 38 cyclin D1 MCL, 4 CLL, and 16 normal
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samples gene expression levels of CCND2, CCND3, CCNE1, and CCNE2 were
investigated by quantitative PCR (QPCR) as previously described,” using GUSB as
endogenous control and Universal Human Reference RNA as a calibrator (Supplemental
Table S3). Cyclin E1 protein expression was analyzed by immunohistochemistry (Santa
Cruz Biotechnology, antibody clone sc-247, dilution 1:100) in 12 cyclin D1 MCL, 1
CLL, 2 SMZL, and in control tissues (testis as positive control and tonsil and reactive
lymph node as negative controls). CNA were evaluated in 42 cyclin D1" cases (47
samples) with different approaches including: CGH-array Agilent 1M (Agilent, Santa
Clara, CA), and SNP-arrays 500K, SNP6.0, or Oncoscan CNV (Thermo Fisher
Scientific). CNA analysis was performed using Nexus Biodiscovery version 9.0 software
(Biodiscovery, Hawthorne, CA, USA) as previously described.>*® All cases were visually

inspected by at least two independent observers.

RESULTS

Identification of cryptic rearrangements of IGK and IGL enhancer regions and
cyclin D genes in cyclin D1° MCL

To understand the molecular alterations present in cyclin D1 MCL cases, we
initially performed FISH analysis using CCND2, IGH, IGK, and IGL break-apart probes
in 56 cyclin D1" MCL and identified 39 (70%) cases with CCND2 rearrangements (cyclin
D2" MCL), preferentially involving light chains IGK (55%) and IGL (13%)
(Supplemental Figure S1). The remaining 17 patients (30%) without CCND2
rearrangements were analyzed using a CCND3 break-apart FISH probe but none of them
showed rearrangements. Detailed FISH results of all cases are listed in Supplemental
Table S4.

To investigate the presence of potential rearrangements that might have been
undetectable by standard FISH approaches we performed MP-WGS in 2 cases that were
negative for FISH rearrangements of CCND2 and CCND3 (ID3 and 1D6). We detected
several somatic interchromosomal SVs (4 in ID3 and 7 in ID6) (Figure 1A and
Supplemental Table S5). Strikingly, both cases showed a similar rearrangement
involving IGK in chromosome 2 and CCND3 in chromosome 6, which consisted of a
small insertion (26.6 Kb for ID3 and 27.3 Kb for ID6) including the IGK enhancer.

Virtually the entire IGK enhancer (26.4 Kb), as defined by chromatin states in normal

7
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mature B-cells,?® was integrated upstream of the CCND3 gene (8.4 kb upstream in case
ID6 and 65 kb in case 1D3). We confirmed these cryptic insertions by Sanger sequencing
in both cases and we could identify the breakpoint at single nucleotide resolution (Figure
1B). This insertion was also observed by WES in case ID3. In addition, we validated
these findings by FISH in case ID3 using a new combination of fusion probes, one
covering the CCND3 gene and the other including the enhancer of IGK (IGK-enh)
(Figure 1C). Additionally, WES analysis of case ID5 (also negative for FISH with
CCND3 break-apart probe) revealed a similar cryptic insertion of the IGL enhancer
region in chromosome 22 near the 3' of CCND3 gene, which was further verified by
Sanger sequencing (Figure 1B). Interestingly, those 3 cases (ID3, ID5, and 1D6) in which
we identified the cryptic IGK/L enhancer and CCND3 rearrangement (enhancer
hijacking) were initially reported to have cyclin D3 overexpression by microarray
expression analysis,* highlighting the functional impact of the cryptic rearrangement at
mRNA level, and the potential utility of cyclin D2/D3 expression to help to identify these
tumors with cryptic rearrangements in the absence of conventional translocation of the

cyclins.

In addition, we performed MP-WGS of case 1D76, positive for the IGK/CCND2
rearrangement by FISH and also by karyotype. We detected 23 interchromosomal SVs,
including two which confirmed the IGK/CCND2 reciprocal translocation. Interestingly,
the MP-WGS coupled with SNP6.0 array data allowed to refine several alterations of the
karyotype (Figure 2 and Supplemental Table S5).

Identification of additional cryptic IGK/CCND3 and IGK/CCND2 by FISH

The finding of this enhancer hijacking phenomenon in cyclin D1° MCL leading to
overexpression of CCND3 prompted us to explore the expression of all cyclins of the G1
phase of cell cycle (CCND2, CCND3, CCNE1, and CCNEZ2) in cyclin D1" MCL, CLL,
and non-neoplastic samples (reactive lymph nodes and tonsils) by gPCR. As expected, all
CCND2-rearranged cases tested (n=24) (cyclin D2* MCL) showed elevated levels of
CCND2 (median CCND2 expression=127.5) compared to non-rearranged CCND2 MCL
cases (median 7.0)(P<.001) (Figure 3). Interestingly, among the 14 cases tested without
CCND2 or CCND3 rearrangements, 6 cases overexpressed CCND3 (median 18.9), 4

cases overexpressed CCND2 (median 66.2), and the remaining 4 cases overexpressed
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concomitantly CCNE1 along with CCNE2 (median 7.6 and 3.8, respectively) (Table 1,
Figure 3, and Supplemental Figure S1).

Given the high levels of CCND3 in these additional 6 cyclin D1° MCL cases, we
explored the presence of similar cryptic IGK and CCND3 juxtapositions by FISH using
the IGK-enh and CCND3 fusion probe. We detected fusion IGK/CCND3 signals in all 6
cases (Supplemental Figure S2A and Supplemental Table S4), but not in any of the 9
control samples tested. The presence of these cryptic IG insertions near CCND3 gene
leading to CCND3 overexpression prompted us to hypothesize that the remaining 4 cases
with high levels of CCND2 expression (and negative for CCND2 breaks using break-
apart FISH probes) could present similar cryptic aberrations. Thus, we performed FISH
using IGK-enh and CCND2 probes and we could detect the juxtaposition of both signals
in all 4 cases (Supplemental Figure S2B-C and Supplemental Table S4), but not in the
9 controls tested. Together, these data show that 13 out of the 17 (76%) MCL negative
for CCND2/D3 rearrangements using break-apart probes had IGK/L-enhancer hijacking
into either CCND3 (9 cases) or CCND2 (4 cases).

Absence of detectable primary genetic events in a small subset of cyclin D1 MCL

After the identification of the cryptic IGK enhancer rearrangements with CCND3
and CCND2 in MCL negative for the CCND2/D3 break-apart by FISH, only 4 of the 56
cyclin D1I" MCL remained without an identified primary genetic event. All 4 cases
overexpressed concomitantly CCNE1 and CCNE2 mRNA but not the remaining cyclin D
genes. We performed cyclin E1 immunohistochemistry and the 3 cases tested (ID26,
ID73, and ID77) were strongly positive in most of the cells (~65%) (Figure 4A) as
compared to only 1 out of 9 cyclin D2" or cyclin D3* MCL, 1 out of 3 B-cell lymphomas
(a SMZL sample), and none of the 2 non-malignant lymphoid tissues tested. These
findings confirmed the cyclin E1 ovexpression also at protein level in these cases. To
determine whether the mRNA and protein overexpression could be due to a genomic
rearrangement, we performed FISH using a CCNE1 break-apart probe in 3 cases but none
of them showed a signal constellation suggestive of CCNEL1 reorganization. Furthermore,
these cases showed no evidence of IGK, IGL, and IGH rearrangement by FISH. In order

to test for potential cryptic insertion of IGK enhancer in CCNE1 or CCNE2 loci, we
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performed FISH in the 3 cases and none of them showed a rearrangement or gain in
CCNE1 or CCNE2 (Supplemental Table S4).

We then performed MP-WGS (tumor) and WGS (tumor and normal) of the
remaining case with CCNE1/E2 overexpression and lack of FISH analysis (case 1D73)
(Figure 4B and Supplemental Table S6). We could not find any genetic rearrangement
involving IG, cyclin D or cyclin E genes. Of note, we detected a 8q21.2-g23 high-level
gain (around 6 copies estimated by WGS) which included the CCNE2 locus (Figure 4C),
this was confirmed by FISH, that showed at least CCNE2 4 signals per cell (Figure 4D).
In addition, we observed 32 intrachromosomal and 35 interchromosomal rearrangements
(12 only detected by the MP-WGS strategy), and 2 homozygous deletions, one truncating
RB1 at 13914 and one affecting CDKN2A at 9p21. We also analyzed the genes truncated
by SVs and found disruption of 50 genes, including cancer-associated genes such as
NBN, BCL2L11 (BIM), and ARID1B among others. We detected 32 somatic protein-
coding mutations by WGS analysis, none of them previously reported in MCL samples
(Figure 4B and Supplemental Table S7)."*?* The tumor purity of the case inferred by
ASCAT was 78.2% and the ploidy 2.13 (diploid).

Global expression, genomic profiles, and overall survival in cyclin D1 MCL

In order to compare the global gene expression profile of 14 cyclin D1° MCL with
7 conventional cyclin D1* MCL we performed unsupervised clustering analysis and
observed that the cases did not segregate into different clusters. Moreover, principal
component analysis showed that the main source of variability (45.3% of the variability)
was not related to the absence of cyclin D1 expression (Supplemental Figure S3). As
expected, CCND1 was the only significant differentially expressed gene (adjusted
P=2.3x10™), and besides occasional cases with CCND2 overexpression (10 cases),
CCND3 overexpression (one case), or concomitant CCNE1/CCNE2 (2 cases), no other
overexpressed genes were found, including those recurrently translocated and

upregulated in other B-cell neoplasms.

Finally, we compared the global profile of CNA of 42 cyclin D1° MCL with those
of 116 previously published cyclin D1*/SOX11* MCL cases.***** The profiles of CNA
were indistinguishable, and cyclin D1° MCL cases had a high complex profile of
alterations with a median 10 CNA/case, frequent deletions of 9p21/CDKN2A (48%),

10
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11922/ATM (33%), and 17p13/TP53 (19%) (Table 1, Figure 5, and Supplemental
Figure S4A, and Supplemental Table S8). No statistical differences were found
between cyclin D2 (n=29) vs cyclin D3* (n=9) MCL subgroups (Supplemental Figure
S4B). Interestingly, all 4 cases with CCNE1/E2 overexpression showed alterations in cell
cycle and apoptosis related-genes, such as focal homozygous deletions of 9p21
(CDKN2A), 13q14 deletions (RB1), and large high-copy gains of 18q (BCL2). These 4
cases also had a higher number of CNA (median 17 CNA/case) than cyclin D2* MCL and
cyclin D3" MCL (median 9 CNA/case) (Table 1).

We also analyzed the CNA of 2 different tumor samples of the same patient in 5
cases (1 synchronous and 4 sequential) and they showed both common and unique
alterations, suggesting the presence of genetically heterogeneous subpopulations and
clonal evolution in each case (Supplemental Figure S4C).

The cyclin D1" MCL patients had a similar overall survival (OS) than cyclin
D1*/SOX11" MCL (Supplemental Figure S5A).”® Noteworthy, although the 3-year OS
was higher in patients with cyclin D3" than patients with cyclin D2 or cyclin E* (100%,
59% and 75%, respectively), these differences were not statistically significant (Table 1

and Supplemental Figure S5B).
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DISCUSSION

MCL is a well characterized lymphoid neoplasm with the t(11;14) leading to
cyclin D1 overexpression as the primary genetic event. However, a particular subset of
cases with the same histology and phenotype but lacking cyclin D1 expression has been
recognized." We previously reported balanced chromosomal translocations of CCND2
locus with IG genes in approximately half of these cases and emphasized the value of this
approach for the recognition of a proportion of cyclin D1 MCL.> Nevertheless, the
primary rearrangement in the remaining cases could not be established. We document
here a deep comprehensive analysis of the largest series of cyclin D1° MCL cases ever
reported, integrating molecular and genetic data with NGS technologies, which allowed
us to unveil for the first time selective cryptic insertions of IGK/L enhancer regions
(enhancer hijacking) into cyclin D genes in the majority of the cases that lacked a

CCND2 conventional rearrangement.

With our integrative study we found that 16% of cyclin D1° MCL had CCND3
rearrangements, all of them consisting of a cryptic insertion of the IGK/L enhancer.
These rearrangements led to CCND3 overexpression and may be considered as an
alternative molecular mechanism to CCND1 or CCND2 primary translocations.
Interestingly, a CCND3/IGH translocation has been previously reported in one MCL,®
one low grade B-cell lymphoma, 3 splenic lymphomas, and 7 aggressive B-cell
lymphomas.?’ Notably, in all these cases the CCND3 rearrangement was with IGH and
detectable by conventional cytogenetics. Intriguingly, some of these cases expressed
CD5, had blastoid morphology and unmutated-IGHV with splenic and leukemic
involvement. Although SOX11 expression was not studied, these features suggest that at
least some of these cases could correspond to MCL. In multiple myeloma, 15-25% cases
have CCND1/IGH rearrangement or CCND1 gain/amplification coupled with CCND1
overexpression, 3-5% have CCND3/IGH rearrangement associated with CCND3
overexpression, whereas CCND2 overexpression has been detected in a subset of 5%
cases without apparent genomic alterations.®>* Interestingly, no CCND3 rearrangement
with IGK has been previously detected in human lymphomas, but the application of
RNA-seq analyses of a canine DLBCL showed the presence of an IGK/CCND3

rearrangement associated with overexpression of CCND3.*®

12
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In our series of cyclin D1" MCL a large proportion of cases harbor conventional
CCND?2 rearrangements (70%), a higher frequency than the previously reported (55%).”
We have now identified an additional subset of 7% cases with cryptic IGK/CCND2, thus,
increasing the overall frequency of CCND?2 rearrangement to 77%. Interestingly, CCND2
is preferentially rearranged with 1G light chains genes instead of IGH, being IGK more
frequent than IGL (83% and 17%). Similarly, 8 CCND3 rearrangements were with IGK,
only one with IGL, and none with IGH. Of note, both CCND2 and CCND3 chromosomal
breaks occur in a large region (including the 5' or 3' of CCND3) whereas the IGK breaks

occur in a restricted region which contained the enhancer element.

One of the most remarkable findings in our study was the restricted small
insertion of the IGK/L enhancer close to the CCND2/D3 genes leading to their respective
overexpression, a finding not previously detected in lymphoid neoplasms. We could
resolve the breakpoints at single nucleotide resolution identifying 1-3 identical
nucleotides on both sides of the breakpoints. These special enhancer rearrangements
seem to parallel the mechanism of enhancer hijacking activating known oncogenes
recently identified in solid tumors and some lymphoid neoplasms. In solid tumors,
recurrent SVs bring together a distal active enhancer to an oncogene promoting its
expression. This mechanism has been identified for MYC and MYCN in high-risk
pediatric neuroblastoma,®* TERT in neuroblastoma,® PRDM6,*® GFI1, GFI1B and
DDX31%"*® in medulloblastoma, and IGF2 in colorectal cancer.®* MYC rearrangements
with super-enhancers from non-1G genes (i.e. NSMCE2, TXNDC5, FAM46C, FOXO3,
PRDM1) have been frequently found in multiple myeloma.* In addition to translocations,
lymphoid neoplasms may have other small-scale SV involving active enhancers such as
amplifications of enhancer regions close to oncogenes or selective deletions and
inversions that reposition candidate enhancer elements in the vicinity of oncogenes.***
All these findings emphasize that SVs targeting active enhancer regions may be a
mechanism of activating oncogenes more prevalent than initially thought and present
across different cancer types. It will be interesting to explore whether the “IG enhancer
insertions” identified here may also affect other oncogenes such as MYC, BCL2 or
CCND1 in B-cell lymphomas with high mRNA or protein expression but not carrying the

canonical translocations.

13



IGK/L enhancer hijacking in MCL | Martin-Garcia et al

In the present study we demonstrated that 93% of cyclin D1" MCL have CCND2
or CCND3 rearrangements. However, a small number of cases (n=4), representing 7% of
cyclin D1" MCL, lacked a genetic alteration and overexpression of these cyclins, despite
having the morphology and phenotype of MCL. In this minority of cases we observed
overexpression of CCNE1 and CCNE2 but without a primary structural rearrangement.
The expression levels of these cyclins, although significantly higher than in other MCL
and controls, were relatively moderate, not suggestive of being triggered by a
translocation. In addition, all 4 cases showed concomitantly similar levels of both CCNE1
and CCNE2 genes, located in different chromosomes. The mechanism/s leading to their
concomitant upregulation in these cases are unclear. Only one of the cases had a high-
copy gain of CCNE2 gene (located at 8g22.1) but no concomitant gain of CCNE1
(located at 19q12), and these 2 genomic regions were not gained/amplified in the
remaining cases. A potential explanation could be that these cases may have an upstream
common dysregulation mechanism. In contrast to cyclin D genes, the rearrangement of
CCNEL1 in B-cell neoplasms is exceptionally rare with only a single reported case of
DLBCL with IGH/CCNE1 rearrangement and cyclin E1 protein overexpression.*®
Another feature of the 4 cyclin E* MCL was a high genomic complexity, which is in line
with previously reported CCNE1 dysregulation (by locus amplification and/or
overexpression) in solid tumors, associated with chromosome instability and aggressive
behavior.***” The lack of overexpression of classic cyclin Ds in these 4 cases may make
their classification as MCL debatable. However, the pathological features with classical
or blastoid morphology, CD5 and SOX11 expression, deletions of CDKN2A and RB1,
and aggressive clinical course, suggest that these tumors are closer to MCL than to other
mature B-cell neoplasms. Further studies are needed to confirm the most appropriate
taxonomy of these uncommon cases.

Overall, we show that cyclin D1" and cyclin D1* MCL share a common
expression and genomic profile as well as clinical outcome.?®*® Qur results highlight that
CCND2, CCND3, and possibly also CCNE1 and CCNE2, may be bona fide alternative
alterations to CCND1 in MCL pathogenesis, that, together with SOX11 overxpression,
may represent the main oncogenic initial hits in MCL.“ However, among the 3
subgroups of cyclin D1° MCL there are some peculiarities: i) the levels of CCND2 in
CCND2-rearranged cases were very high and comparable to those of CCND1 in MCL
with the t(11;14), whereas the levels of CCND3 in the CCND3-rearranged cases were

moderate (one order of magnitude lower). The differences in levels of expression of
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cyclin genes may have biologic and clinical implications, similar to what occurs in the
conventional MCL cases with high or low CCND1 levels, where high levels of CCND1
have been associated with high proliferation and worse survival;>>** ii) MCL with
CCND3 gene rearrangements lacked high-risk genetic alterations such as TP53 deletions
and showed low frequency of CDKN2A deletion; iii) CCNE1/E2 expression, although
moderate, was associated with blastoid morphology, high genomic complexity, high
proliferation, and short survival, consistent with the role of these cyclins as potent
oncogenes,** compared to the weak oncogenic potential of cyclin D genes.

In conclusion, using an integrative molecular and genetic analysis we have
identified IG light chain enhancer hijacking next to CCND2 or CCND3 genes as a novel
oncogenic driver in 23% of cyclin D1° MCL. We also recognized a small subset of
aggressive cyclin D1° MCL carrying cyclin E dysregulation. In addition to the pathogenic
significance of these findings, the approach used here may be useful for the diagnosis of

these tumors.
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Table 1. Clinicopathological and molecular features of the 56 cyclin D1" MCL.
Cl: confidence interval; CNA: copy number alterations; IHC: immunohistochemistry; gPCR:

Parameter Total cyclin D2°  cyclin D3*  c¢yclin E* P-
n=56 (%) n=43 (%) n=9 (%) n=4 (%) value
Median age (years) 65 66 60 75 0.161
Ratio male/female 2.4/1 3.2/1 2/1 0/1 0.029*
Growth pattern 1
Nodular and/or diffuse 50/52 (96%) 40/42 (95%) 6/6 (100%) 4/4 (100%)
Mantle zone 2/52 (4%) 2/42 (5%) 0/6 (0%) 0/4 (0%)
Morphology 0.029*
Classical 43 (81%) 34/40 (85%)  8/9 (89%)  1/4 (25%)
Blastoid 10 (19%)  6/40 (15%)  1/9 (11%)  3/4 (75%)
Expression (IHC)
SOX11 positive 56 (100%) (Lllgé)%;:) 9/9 (100%) 4/4 (100%) 1
CD5 positive 54/55 (98%) (‘1‘36‘})2) 7/8 (88%)  4/4 (100%) 0.218
CD23 negative (‘1‘(7)8‘(‘,2) (fgg%z) 707 (100%)  4/4 (100%) 1
CD10 negative (fggf,z) (5(1)6%/})) 414 (100%) 414 (100%) 1
Ki67 (>30%) 24142 (57%) 18/33 (55%)  2/5(40%)  4/4 (100%) 0.153
Median expression (QPCR)
CCND2 17.0 124.8 7.0 4.8 <0.001
CCND3 2.0 1.8 18.9 2.6 <0.001
CCNE1 1.0 1.1 0.9 7.6 0.009
CCNE2 0.8 0.8 0.6 3.8 0.077
Molecular
Median CNA/case 10 9 9 17 0.098
Chromothripsis 10/42 (24%)  6/29 (21%)  3/9 (33%)  1/4 (25%)  0.847
-17p13/TP53 8/42 (19%)  8/29 (28%) 0/9 (0%) 0/4 (0%) 0.144
-11¢22/ATM 14/42 (33%)  9/29 (31%)  5/9 (55%)  0/4 (0%)  0.140
-9p21/CDKN2A 20/42 (48%)  14/29 (48%)  2/9 (22%)  4/4 (100%) 0.033*
-13q14/RB1 17/42 (40%)  9/29 (31%)  4/9 (44%)  4/4 (100%) 0.030*
+18q 15/42 (36%)  8/29 (28%)  3/9 (33%)  4/4 (100%) 0.025*
+3q 23/42 (55%)  18/29 (62%)  3/9 (33%)  2/4 (50%)  0.378
-1p 16/42 (38%) 10/29 (34%)  6/9 (67%) 0/4 (0%)  0.049*
Clinical data
Treated at diagnosis® 38/41 (93%) 27/29 (93%) 7/8 (88%)  4/4 (100%) 0.589
High-dose therapy (%) 2/41 (5%) 2129 (7%) - -
Immunochemotherapy (%) 25/41 (61%) 18/29 (62%)  3/8 (38%)  4/4 (100%)
Other (%) 11/41 (27%)  7/29 (24%)  4/8 (50%) -
Observation (%) 3/41 (7%) 2129 (1%)  1/8 (13%) -
0, 0 0, 0,
3-yr overall survival (95 Cl%) (564%%?]6) ( 452?%?3) (138?1/(())0) ( 4;?1/80) 0.424

guantitative PCR. *P-values below 0.05 were considered significant. P-values were calculated using
the Fisher’s exact and Kruskal-Wallis tests for categorical or continuous variables between the 3
groups, respectively. *High-dose therapy includes Cytarabine-based immunochemotherapy:;
Immunochemotherapy includes R-CHOP and R-CHOP-like regimens; and Other includes low-dose
therapy (alkylating agents alone or in combination) and radiotherapy.
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FIGURE LEGENDS

Figure 1. Cryptic insertions of 1G light chain enhancer regions near CCND3 gene in
3 cyclin D1" MCL. (A) Circos plots with interchromosomal SVs detected by MP-WGS
(black lines) and CNA detected by copy number arrays (blue for gains and red for losses)
in cases ID6 and 1D3. The rearrangement between chr2 (IGK-enh) and chr6 (CCND3) in
both cases is indicated with a discontinuous line. (B) Schematic representation of the 6p
region around CCND3 locus showing the location of the cryptic insertion of the IGK
enhancer (chr2) close to the 5' of CCND3 gene in cases ID6 and ID3 (the length of the
inserted fragments is indicated), and the location of the cryptic insertion of IGL enhancer
(chr22) near the 3' of CCND3 gene in case ID5. The breakpoints were detected by MP-
WGS (cases ID3 and 1D6), and whole-exome sequencing (case 1D5), and further verified
and refined to base pair resolution by Sanger sequencing in the 3 cases. There were 1, 2,
and 3 base pair homology at the breakpoint junctions, respectively. (C) Verification of
the cryptic IGK/CCND3 insertion by FISH in case ID3 using the fusion probe IGK-enh
(labeled in green) with CCND3 (labeled in red). FISH analysis shows 2 red and 2 green
signals in normal cells and the yellow arrows highlight cells with one red and one small
green signal juxtaposed, indicating the presence of the IGK insertion. Magnifications of
cells with the rearrangement were shown at the right side. (enh: enhancer). *Breakpoints
estimated from MP-WGS data.

Figure 2. Conventional CCND2 rearrangement in a cyclin D2* MCL. (A) Circos plot
with interchromosomal SVs detected by MP-WGS (black lines) and CNA detected by
copy number arrays (blue for gains and red for losses) in case ID76. The conventional
IGK/CCND2 reciprocal translocation is indicated with two discontinuous lines for both
derivative chromosomes. Among other SV, 12 clustered rearrangements were found
between chromosomes 3 and 13 (at both regions of high copy gain). (B) A representative
metaphase and the karyotype with the IGK/CCND2 rearrangement (black discontinuous
arrows) and other numerical and structural aberrations concordant with the results of MP-
WGS and copy-number array: trisomy 7; loss of chromosome 9; and 2 marker
chromosomes consistent with some of the rearranged chromosomes. (C) Schematic
representation of the derivative chromosomes resulting from the translocation and

zoomed image of CCND2 locus. *All breakpoints were estimated from MP-WGS
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analysis (chr2 in orange, containing the IGK enhancer and chrl2 in blue containing
CCND2 gene).

Figure 3. Expression of G1 phase cyclins by quantitative PCR. The expression of
CCND2, CCND3, CCNEL1, and CCNE2 was represented according to 4 categories: MCL
positive or negative for the CCND2 break-apart FISH test (CCND2 BAP+ and CCND2
BAP-, respectively), chronic lymphocytic leukemia (CLL), and non-neoplastic lymphoid
samples. Colored dots highlight cases with overexpression of CCND2 (dark blue),
CCND3 (light blue), CCNE1 and CCNE2 (both in orange). The overexpression cut-off
values were calculated as the mean plus 3 standard deviations in non-rearranged cases:
15.1 for CCND2, 6.2 for CCND3, 3 for CCNE1, and 2.4 for CCNE2.

Figure 4. Comprehensive genetic characterization of a MCL negative for CCND1,
CCND2, and CCND3 (ID73). (A) Tumor cells from the skin lesion had a blastoid
morphology (Hematoxilin & Eosin; 40x), nuclear positivity for SOX11 (40x), and cyclin
E1 (40x). (B) Circos plot representing from inner to outer circles: SVs detected by WGS
(black lines for interchromosomal and red for intrachromosomal rearrangements) or
detected only by MP-WGS (grey lines), CNA are represented in blue (gains and high
copy gains) and red (losses and homozygous losses) palettes. In the outer circle the genes
altered by mutations (green), genes disrupted by SVs (black), genes affected by
homozygous deletions (red), and CCNE2 gene with high-level gain (dark blue). No
rearrangements of any cyclin or immunoglulin genes could be detected. There were 2
dense clusters of interchromosomal rearrangements: i) one between chromosomes 3 and
6, at the regions of copy number loss; and ii) between chromosomes 8 and 18 at the
regions of high copy gain. The gain of chromosome 19 and the loss of chromosome 22
were also supported as a reciprocal rearrangement by MP-WGS. (C) Chromosome 8
profile showing a partial 8q high-level gain (including the CCNE2 gene locus, indicated
by the red line) by two different techniques; SNP6.0 copy number arrays (top) and WGS
analysis (bottom). (D) FISH with a locus specific CCNE2 probe (green) and a
centromeric chromosome 8 probe (orange) confirming that most tumors cells had at least

2 extra copies of CCNE2 gene.
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Figure 5. Global genetic landscape of the 56 cyclin D1° MCL. Each MCL case is
represented in a column and several specific molecular analysis in different rows. From
top to bottom: 3 plots showing cyclin expression levels detected by qPCR (and by gene
expression arrays in 3 cases, indicated with "X"); FISH results using break-apart or
specific IGK-enh and CCND2 or CCND3 probes to detect cryptic rearrangements
(rearranged cases in dark and light blue, respectively, and cryptic rearrangements are
indicated with "C"); deletions of 9p21, 11922, and 17p13 by copy number arrays
(deletion in red, homozygous deletion in bordeaux); and presence of chromothripsis
(green). The bar graph indicates the number of CNA detected in each case (NA, not

available).
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Figure 4
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Figure 5
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