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Abstract

Mutations in genes encoding subunits of the SWI/SNF chromatin remodeling complex are frequently found in different
human cancers. While the tumor suppressor function of this complex is widely established in solid tumors, its role in
hematologic malignancies is largely unknown. Recurrent point mutations in BCL7A gene, encoding a subunit of the SWI/
SNF complex, have been reported in diffuse large B-cell lymphoma (DLBCL), but their functional impact remains to be
elucidated. Here we show that BCL7A often undergoes biallelic inactivation, including a previously unnoticed mutational
hotspot in the splice donor site of intron one. The splice site mutations render a truncated BCL7A protein, lacking a portion
of the amino-terminal domain. Moreover, restoration of wild-type BCL7A expression elicits a tumor suppressor-like
phenotype in vitro and in vivo. In contrast, splice site mutations block the tumor suppressor function of BCL7A by
preventing its binding to the SWI/SNF complex. We also show that BCL7A restoration induces transcriptomic changes in
genes involved in B-cell activation. In addition, we report that SWI/SNF complex subunits harbor mutations in more than
half of patients with germinal center B-cell (GCB)-DLBCL. Overall, this work demonstrates the tumor suppressor function
of BCL7A in DLBCL, and highlights that the SWI/SNF complex plays a relevant role in DLBCL pathogenesis.

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common
lymphoma, with an annual incidence of over 100,000 cases
worldwide. Although most DLBCL patients achieve complete
remission with frontline R-CHOP immunochemotherapy,
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about 40% patients relapse and die of the disease [1]. Current
limitations for effective treatment are related at least in part to
the genetic heterogeneity of the tumors, which drives varied
clinical presentations and therapeutic responses [2-5]. Gene
expression analyses have provided further insights into the
biological heterogeneity of DLBCL tumors by defining three
major subgroups corresponding to the potential cells of origin:
germinal center B-cell-like (GCB), activated B-cell-like
(ABC) DLBCL, and primary mediastinal B-cell lymphoma
[6, 7]. Risk stratification based on cell of origin classification
holds prognostic significance and shows different therapeutic
outcomes with current therapies [8, 9].

Next-generation sequencing (NGS) studies have revealed
unique mutation patterns in GCB and ABC-DLBCL sub-
groups [5]. Mutations in gene components of the B-cell
receptor and the NF-kB signaling pathways are pre-
dominantly found in the ABC subtype, whereas mutations
involving chromatin modifiers are typically found in the
GCB-DLBCL subtype, as well as in other germinal center
(GC)-derived lymphomas including follicular lymphoma
(FL) [10]. Among these epigenetic agents, the SWI/SNF
chromatin remodeling complex is one of the most fre-
quently altered in tumors [11]. This complex uses the
energy released upon hydrolysis of ATP to alter the inter-
actions between DNA and histones [12]. This process
modifies the accessibility of DNA for the transcription
machinery, altering gene expression [13]. Importantly, gene
components of the SWI/SNF complex are frequently
mutated in solid tumors [14, 15] as well as in hematologic
malignancies [16], with an overall mutation rate of 20%
across all cancers [17]. It has been widely established that
the SWI/SNF complex has a tumor suppressor role in dif-
ferent solid tumors [11, 18-21]. However, despite their high
prevalence, the functional role of SWI/SNF mutations in
hematological malignancies including DLBCL is poorly
understood.

The SWI/SNF complex was first discovered in yeast
[22], where it has been extensively studied. However, new
subunits, not found in yeast, have been recently identified as
stable subunits in mammalian SWI/SNF complexes
[17, 23]. These subunits include the BCL7A protein, whose
specific biological role is largely unknown. BCL7A protein
is highly expressed in the nuclei of GC B lymphocytes, but
not in mature plasma cells [24]. Mutations in the BCL7A
gene are recurrently found in DLBCL [25, 26] and in FL
[27], but whether BCL7A mutations play a role in the
pathogenesis of these GC-derived lymphomas remains to be
determined.

Here we show that BCL7A often undergoes biallelic
inactivation in DLBCL, including a previously unnoticed
mutational hotspot in the splice donor site of intron one.
We further show that BCL7A has tumor suppressor activity
in DLBCL cells in vivo and in vitro, which is lost by splice
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site mutations that impede its binding to the SWI/SNF
complex. Gene ontology (GO) enrichment analysis upon
wild-type BCL7A restoration indicate that BCL7A plays a
role on B-cell activation processes, and some of the altered
genes, including CDNKIA, TP63, or TRIB2 could explain
the observed tumor suppressor phenotype.

Materials and methods
BCL7A mutation analysis

BCL7A was sequenced at the genomic DNA level in 41
DLBCL cell lines and 38 DLBCL primary tumors with the
approval of Consejo Superior de Investigaciones Cientifi-
cas, University of Salamanca, and University of Navarra
Institutional Research Ethics Committees. Sets of primers
were designed to amplify the coding region of BCL7A,
including all splice sites. PCR products were analyzed by
Sanger sequencing. Furthermore, whole-exome sequencing
(WES) data from external datasets comprising a total of
1575 DLBCL patients were reanalyzed to include splice
site mutations. See supplementary methods for additional
information regarding human samples, cell lines, and the
external datasets reanalyzed in this study.

In vivo bioluminescence imaging of murine
xenograft

A27-BCL7A-expressing OCI-LY1 cell line expressing
luciferase and transduced with BCL7A variants was intra-
venously tail vein injected in NSG mice (n =10 mice/
group). All animal care and procedures were performed in
strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the Bioethical
Committee of the University of Granada and the study was
approved by the Committee on the Ethics of Animal
Experiments at the University of Granada. See Supple-
mentary Methods for detailed information.

Competition cell growth assays and RNA-seq
analysis

A27-BCL7A-expressing cell lines were transduced with
lentiviral vectors expressing BCL7A variants and the
fluorochrome ZsGreenl. The rate at which the percentage of
Zsgreenl declined over time was used to infer the relative
growth disadvantage conferred by the transgene expression
relative to the uninfected cells in the same culture. The
percentage of ZsGreenl™ cells was evaluated by FACS at
different time points and normalized versus the percentage
of ZsGreen1™ cells at an initial time. Transduced cells were
subjected to RNA-seq analysis. Libraries from mRNA were
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prepared using 1pg of RNA starting material and the
TruSeq Stranded mRNA Library Prep Kit (Illumina).
mRNA libraries were sequenced on the NextSeq 500 sys-
tem (Illumina) using the highest output mode and paired-
end 75bp read lengths. See Supplementary Methods for
detailed information.

Immunoprecipitation and LC-MS/MS analysis

Immunoprecipitates were digested with Lys-C/trypsin using
the FASP protocol, and peptides were desalted with stage-
tips. Samples were analyzed by LC-MS/MS on a Q Exac-
tive Plus instrument coupled to an Ultimate 3000 nanoL.C
system. The mass spectrometer was operated in data-
dependent mode and peptides were fragmented using
higher-energy collisional dissociation. Protein identification
and label-free quantification was done with MaxQuant
using the standard settings. Statistical analysis was
done with ProStar (v 1.12.12) using Limma, and FDR was
estimated using the Benjamini—-Hochberg method. Only
proteins with a p value <0.05 and log2 ratio >3 were con-
sidered as potential interactors.

Statistical analyses

Unless specified otherwise, all statistical analyses were
performed using R (version 3.6.1). Normality of continuous
data was assessed using Q—Q plots and Shapiro—Wilk tests
and the subsequent statistical tests were chosen accordingly.

Results

BCL7A splice site mutations represent a major
hotspot in DLBCL samples

To study the potential impact of mutations in BCL7A
function, we first screened for BCL7A mutations in a
collection of 41 DLBCL cell lines. The BCL7A gene is
located on chromosome 12q24.31 and its mature tran-
script is composed of six exons. BCL7A has two alter-
native isoforms that are co-expressed due to an extended
exon variant located in the exon 5 (Fig. la). Missense
mutations, mapping within the first exon, were found in
the DB, OCI-LY7, ROS-50, and VAL cell lines at amino
acid positions 8, 11, and 29, while the OCI-LY1 cell line
exhibited a start-loss mutation (Supplementary Table 1).
In addition, three different mutations in the splice donor
site of intron 1 were found in Karpas-1106, OCI-LY 1, and
VAL cell lines (Fig. 1b and Supplementary Table 1).
Further, the BCL7A gene was homozygously deleted in
HBLI cells, which was confirmed by a TagMan copy
number assay (Supplementary Fig. 1).

Detailed study of the mRNAs derived from splice site
mutant BCL7A revealed that the splicing machinery uses a
cryptic splice site donor sequence within the first exon
(Fig. 1a and Supplementary Fig. 2a, b). As a consequence,
the resulting mature mRNA is 81 nucleotides shorter
(Fig. 1a and Supplementary Fig. 2c, d), but remains in-
frame and the resultant protein loses 27 amino acids
(S5_W3ldel) at the amino-terminal region (A27-BCL7A).
In addition, along with the splice site mutations, OCI-LY1,
Karpas-1106, and VAL cells harbor a second hit in the other
allele. First, OCI-LY1 and VAL cell lines have mutations in
the start codon and R11 respectively (Supplementary
Fig. 3). Second, Karpas-1106 has a chromosomal rearran-
gement that creates a tandem duplication, characterized at
the mRNA level, affecting exons 2 and 3 (Supplementary
Fig. 4). These second hits observed in different alleles in
cell lines harboring splice site mutations imply BCL7A
biallelic loss, that results in the absence of wild-type
BCL7A expression. Therefore, cell lines harboring splice
site mutations only express a truncated A27-BCL7A, as was
validated by western blot analyses (Supplementary Fig. 5).

To determine whether such findings in DLBCL cell lines
were also observed in primary tumors, genomic DNA from
38 DLBCL patient samples was sequenced for the presence
of BCL7A gene changes. Mutations were found in two
samples (5.3%) (Fig. 1b and Supplementary Table 1). To
extend our results to additional patient cohorts, we focused
on the two largest DLBCL WES datasets from Reddy et al.
[25] (1001 DLBCL patients) and from Schmitz et al. [26]
(574 DLBCL patients). However, we realized that the
analyses performed in the original articles were not suited to
study BCL7A splice site mutations, as Reddy et al
restricted their analysis to exonic mutations, and Schmitz
et al. filtered out most BCL7A splice site mutations by
heuristic filtering criteria. Reanalysis of both datasets
allowed the discovery of 28 and 7 BCL7A splice site
mutations in patients from Reddy et al. and Schmitz et al.,
respectively (Fig. 1c and Supplementary Table 2). In
addition, detailed inspection in Integrative Genomics
Viewer suggested a potential overfiltering of start-loss and
R11 mutations in BCL7A in the dataset from Reddy et al.
[25] (Supplementary Table 2). To determine whether these
mutations were somatic, we noted that mutations in the start
codon or R11 in BCL7A are not found in cohorts of
over 100,000 subjects without cancer from gnomAD
(https://gnomad.broadinstitute.org), and that heterozygous
mutations in the first splice site of BCL7A are present
in gnomAD at allele frequencies below 1/10° (N=
145,172 sequenced alleles at c.92 + 1). Further, we found
external evidence of somatic mutations at c¢.92 41 of
BCL7A in three COSMIC B-cell lymphoma samples and
one TCGA-DLBC sample (Supplementary Table 3). In
addition, the two ¢.92 + 2 mutations in the data from
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Fig. 1 Mutational patterns in
BCL7A in DLBCL samples.

a Structure of the BCL7A gene.
Exons are colored in green and
untranslated regions are colored
in gray. The differential region
in exon 5 between the short and
long isoforms is highlighted in
light green. b Lolliplot of
BCL7A mutations at the protein
level in a collection of 41
DLBCL cell lines and 38
DLBCL patients. Each circle
represents one mutated sample.
¢ Lolliplot of BCL7A mutations
at the DNA level in exon 1 and
first splice donor site in Reddy
et al. [25] and in Schmitz et al.
[26] cohorts. Outlined circles
represent the novel mutations
found in our reanalysis. Deleted
amino acids in the A27-mutant
BCL7A (S5_W31del) are
outlined by a red dashed box.

d Distribution of mutations in
the BCL7A gene after combining
the datasets from Reddy et al.
[25] and Schmitz et al. [26]. The
three significant mutational
hotspots according to our
analysis are shown in red.

e BCL7A biallelic inactivation
findings in DLBCL patients.
Patient IDs from Schmitz and
Reddy datasets are shown in the
y-axis. For every patient, each
allele is represented as an
individual row and the different
amino acids + splice donor site
(spl) are depicted in the x-axis.
Asterisks are shown at the right
edge to indicate those patients
that show a biallelic inactivation
pattern, where there is a
coexistence in different alleles of
inactivating or R11 mutations
(colored in red). Other missense
mutations different from R11
mutations are colored in blue.

Schmitz et al. [26] were already confirmed to be somatic in
the original study. Taken together, these facts indicate that
despite the lack of germline information from most
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mutations, or stop gain mutations in BCL7A together as
“inactivating mutations”, as supported by further evidence
that will be discussed in the next sections.

BCL7A amino-terminal domain undergoes tumor
suppressor-like inactivation in DLBCL

When we combined both external datasets, the inclusion of
our newly identified mutations increased the mutation fre-
quency of BCL7A by 30%, from 5.1% (80/1575) to 6.6%
(104/1575) mutated patients. Most BCL7A mutations are
located at the first exon or at the splice donor site of intron 1
(133/135). In addition, the mutations preferentially affected
a highly significant mutational hotspot in the first splice
donor (p=8.24x107%), as well as two less significant
hotspots at R11 (p=1.20x 10~* and at the start codon
(p=120x10"% (Fig. 1d). Overall, inactivating mutations
and missense mutations at the R11 hotspot were more than
half (73/135) of all BCL7A mutations. We found 15
patients affected by more than one inactivating mutation
and/or R11 mutation (Supplementary Table 4). In all of
these cases but two, these mutations were present in dif-
ferent alleles (Fig. 1e). We did not observe allelic exclusion
patterns with missense mutations other than R11 and M22L,
but only two cases were affected by M22L mutations.
The mutant allele frequencies were 230% in more than half
(43/73) of the inactivating or R11 mutations and they were
>70% for three of the splice site mutations, even without
accounting for tumor purity or heterogeneity. High allele
frequencies are characteristic of early drivers. Taken toge-
ther, these results suggest that BCL7A recurrently under-
goes biallelic loss in a significant fraction of cases, a typical
feature of tumor suppressor genes.

Activation-induced deaminase (AID) targeting does
not fully explain BCL7A mutational landscape

Previous studies have shown that BCL7A is an AID target
[28] and that BCL7A mutations follow an AID signature in
GC-derived lymphomas [29, 30]. In normal GC B cells,
AID generates mutations in immunoglobulin genes at a high
rate in a process known as somatic hypermutation (SHM)
[31]. However, aberrant SHM can be identified in non-
immunoglobulin gene loci, potentially generating mutations
that contribute to genome instability and B-cell lympho-
magenesis [32]. In this work, we have applied NGS to
analyze AlID-induced mutations in Bcl7a in GC B cells
from mouse Peyer’s Patches [33]. The frequency of tran-
sition mutations in cytosine/guanine (C/G) pairs in GC B
cells from Aicda knockout mice, and from Ung™'"Msh2™'~
mice were compared. UNG and MSH2 back up each other
to faithfully repair AID-induced lesions [34], but in the
absence of UNG and MSH2, AID-induced deaminations

remain unprocessed and lead to C — T and G — A transi-
tions, the footprint of AID events [35, 36]. First, genomic
DNA from GC B cells was used to amplify a 790 bp region
and the PCR product was analyzed by NGS. Subsequent
Bcl7a sequencing analysis was restricted to a 312 bp region
that was covered by more than 100 high quality reads rather
than the original 790 bp amplicon. The 312bp region
includes the Bcl7a 5’-UTR and the first exon (Fig. 2a).
Then, we analyzed the C/G transition frequency within
WRCY/RGYW sequences, which are the most highly
mutated AID hotspots [37]. These sequences were highly
mutated in Bcl7a in AID-proficient B cells in comparison
with AID-deficient B cells (Fig. 2b). We next evaluated the
correlation between Bcl7a mutations found in our mouse
model and BCL7A mutations identified in DLBCL patients.
Nucleotides with the highest net transition frequency in
AID-proficient mice are usually mutated in human DLBCL
samples (Fig. 2c). However, high transition frequency in
our mouse model does not correlate with high BCL7A
mutation prevalence in human DLBCL samples. On the one
hand, start codon and R11 mutations do not overlap with
AID hotspots and have null transition frequency in our
mouse model. On the other hand, the RGYW motif in the
first splice site is highly mutated in DLBCL patients but has
relatively low transition frequency in our mouse model.
Taken together, these observations suggest that AID tar-
geting does not fully explain the BCL7A mutational pattern
in DLBCL primary tumors. Our data also support that splice
site mutations provide a growth advantage in tumoral cells
since they are overrepresented compared with the wide
spectrum of AlID-induce mutations observed in non-
transformed GC B cells.

The BCL7A amino-terminal domain is critical for its
interaction with the SWI/SNF complex

The BCL7A amino-terminal domain (BCL7_Nt) harbors
most BCL7A mutations, suggesting that BCL7_Nt is cri-
tical for the tumor suppressor phenotype. This BCL7_Nt
domain is evolutionarily conserved and shared with the
other two members of the BCL7 gene family: BCL7B and
BCL7C [38]. Because BCL7A is a subunit of the SWI/SNF
complex, we postulated that splice site mutations are posi-
tively selected in order to prevent BCL7A from binding to
the SWI/SNF complex by removing the BCL7_Nt domain.
To evaluate this hypothesis, we performed BCL7A immu-
noprecipitation studies in HBL1 cells completely lacking
BCL7A expression (Supplementary Fig. 5b), which were
transduced with wild-type BCL7A or mutant A27-BCL7A.
Then, we analyzed whether SMARCAA4, the catalytic sub-
unit of the SWI/SNF complex, was pulled down with
BCL7A. Whereas wild-type BCL7A bound to SMARCAA4,
A27-BCL7A did not (Fig. 3a). To further investigate the
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Fig. 2 BCL7A is targeted by AID. a A genomic region covering the
5’-UTR and the first exon of Bcl7a was PCR-amplified and subse-
quently sequenced by NGS. The genomic coordinates of the full
amplicon (790 bp) and the region subjected to mutation analysis after
quality filtering (312 bp, see Supplementary Methods) are indicated.
b Transition frequency in total C/G nucleotides and in C/G within
WRC(Y)/(R)GYW hotspots (W =A/T; R=G/A; Y=C/T) at the
indicated Bcl7a locus in Ung ™ Msh2™~ and Aicda™~ Peyer’s
Patches GC B cells. Two-tailed Fisher test; ***p <107*. ¢ Correlation
between AID targeting in our mouse models and mutations in
DLBCL patients. Upper panel Base per base analysis over the 312 bp
amplicon whose genome coordinates are shown. The graphic shows
the net transition frequency (TS_freq) in C/G (net TS_freq = TS_freq
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Ung/Msh2 dKO—TS_freq Aicda KO). Those nucleotide positions that
correlate with mutations found in DLBCL samples have been colored
in blue and asterisks have been placed in C/G nucleotides within
WRCY/RGYW hotspots. Nucleotide positions relative to mutational
hotspots (Start codon, R11, and splice site) in human DLBCL samples
have been indicated in the bottom edge of the upper panel. Lower
panel Lolliplot of BCL7A mutations at the DNA level in the region
extending from the BCL7A start codon to the first splice donor site in
Reddy et al. [25] and in Schmitz et al. [26] cohorts. Blue circles
indicate those mutations that match with blue peaks from the upper
panel. WRCY/RGYW hotspots, highlighted in blue, as well as the
protein sequence are shown.



Frequent mutations in the amino-terminal domain of BCL7A impair its tumor suppressor role in DLBCL

A Wild-type BCL7A A27-BCL7A

[ — - a—

| SMARCA4

Imput 19G P Imput 19G P
(BCL7A) (BCL7A)
B Wild-type BCL7A A27-BCL7A
I
P 19G P 19G.
DPF1 1 [ [=

SMARCD1
DPF2 [
PRBM1 | E @ 7]
SMARCA4 E
- SMARCE1
SMARCD2
BRD9
ACTL6
SMARCC1
SMARCB1
PHF10
SMARCA2
ss18
ARID1B
DPF3
GLTSCR1
GLTSCRIL
ARID2
SS18L1 ~
SMARCC2
[ BRD7
ARID1A
L—  AcTB |
— BCL7A T

Z-socre

Fig. 3 Loss of BCL7A_Nt domain abolishes BCL7A binding to the
SWI/SNF complex. a Immunoprecipitation of BCL7A using total
protein extracts from HBL1 cells transduced with wild-type BCL7A or
A27-BCL7A was performed. Co-immunoprecipitation of BCL7A and
SMARCA4 subunits of the SWI/SNF complex was assessed by
immunoblotting. Displayed gel is a representative image after per-
forming the experiment twice. b Mass spectrometry analysis of mSWI/
SNF complex subunits. BCL7A immunoprecipitation was used to
purify complexes in HBL1 cells transduced with wild-type BCL7A or
A27-BCL7A. Two biological replicates were performed for each
condition (IP and IgG) and each replicate was run twice. Label-free
quantification (LFQ) values are represented after Z-score normal-
ization. All the subunits depicted in the heatmap were detected as a

composition of the residual SWI/SNF complex and which
subunits could remain attached to BCL7A or A27-BCL7A,
we carried out liquid chromatography tandem mass spec-
trometry (LC-MS/MS). As expected, all SWI/SNF subunits
were detected in the wild-type BCL7A pull-downs. How-
ever, none of the SWI/SNF subunits remained attached
when A27-BCL7A was pulled down (Fig. 3b). We then
asked whether BCL7A exclusion from the SWI/SNF com-
plex modifies the interactions between SMARCA4 and core
SWI/SNF complex subunits. BCL7A status did not affect
the binding of SMARCA4 to core SWI/SNF complex
subunits as they co-immunoprecipitated with SMARCA4
immune complexes in wild-type and A27-BCL7A-expres-
sing cells (Fig. 3c). Altogether, these results show that the
BCL7_Nt domain, which is lost due to splice site mutations,
is necessary for BCL7A to bind to the SWI/SNF complex,
but BCL7A absence does not affect the integrity of the
residual complex (Fig. 3d).

Wild-type BCL7A A27-BCL7A

E SMARCA4

| ] [ == | swarcct
7 | [ = | smarcc2
- <4
Q
I [ o | 8
[T
<
m
| - |- | SMARCE1
swARe!
B ) Pt 19C ukkong)

(A27-BCL7A]
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BCL7A interactors; p <0.05 and log2FC > 3. DPF1 and ACTB were
the only two subunits with a 10g2FC <3 (1.4 and 1.8, respectively). ¢
Immunoprecipitation of SMARCA4 immune complexes using total
protein extracts from HBL1 cells transduced with wild-type BCL7A or
A27-BCL7A. Co-immunoprecipitation of BCL7A, SMARCA4,
SMARCA?2, and BAF core subunits of the SWI/SNF complex was
assessed by immunoblotting. d Schematic representation of BAF SWI/
SNF residual complex. BCL7A is no longer able to bind to the SWI/
SNF complex after BCL7A_Nt domain loss due to a splice site
mutation. SWI/SNF complex subunits are abbreviated. Letters A4/
2, B, C1, C2, D, and E represent the different “SMARC” subunits.
A6A = ACTL6A; ARIDI = ARID1A/B; DPF =DPF1/2/3; SS18 =
SS18 or SS18L1.

BCL7A expression restoration has a tumor
suppressor role in vitro and in vivo

Next, we assessed the functional role of BCL7A variants in
B-cell lymphomagenesis. To evaluate the effect of restoring
BCL7A expression, we focused on DLBCL cell lines that
do not express wild-type BCL7A protein. To this end, we
developed a growth competition assay in OCI-LY1 cells,
which exclusively express A27-BCL7A, and VAL cells,
which express truncated A27-BCL7A and mutant R11T
BCL7A. We transduced both cell lines with different len-
tiviral constructions stably co-expressing BCL7A variants
along with the fluorochrome ZsGreenl. In order to validate
our models, BCL7A variants expression and protein levels
were measured by RT-qPCR and western blot respectively
(Supplementary Fig. 6a, b). Restoration of wild-type
BCL7A resulted in growth impairment in OCI-LY1 and
VAL cell lines in comparison with cells transduced with the
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empty vector and with A27-BCL7A (Fig. 4a). Independent
expression of short or long wild-type and A27-BCL7A
induced equivalent growth impairment phenotype (Supple-
mentary Fig. 6¢). Of note, the phenotype induced by A27-
BCL7A expression was not significantly different from the
phenotype induced by the empty vector (end point #-test, P
>0.05). These data suggest that BCL7A plays a tumor
suppressor role in DLBCL cells, which is lost by splice site
mutant A27-BCL7A.

SPRINGER NATURE
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To further evaluate the tumor suppressor activity of
BCL7A, we used in vivo image technologies (IVIS Spec-
trum) in the A27-BCL7A-expressing OCI-LY1 cell line.
Stable OCI-LY1 cell lines expressing luciferase and trans-
duced with BCL7A variants or empty vector were gener-
ated. Then, 5 x 10° cells were intravenously injected in three
different cohorts of ten immunodeficient mice each, and
monitored for in vivo luminescence for 3 weeks. The
changes in bioluminescence over the time were different
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Fig. 4 In vitro and in vivo analyses show that restoration of BCL7A
drives a tumor suppressor-like phenotype. a In vitro competitive
growth assay in A27-BCL7A-expressing DLBCL cell lines transduced
with either (i) empty vector, (ii) A27-BCL7A, or (iii) wild-type BCL7A.
ZsGreenl™ cells were sorted 5 days after transduction and cells were
grown until obtaining ~5 x 10° total cells. Then, ZsGreenl ™" cells were
mixed with sorted ZsGreen  cells to obtain three independent cultures
per condition with 1 x 10° total cells per culture and an initial ~60% of
ZsGreenl™ cells. The mean %ZsGreenl™ cells at each time point was
normalized against the mean %ZsGreen1" cells at day 1. The start points
(day 1) for competition cell growth analysis were 8 and 15 days after
transduction for OCI-LY1 and VAL cell lines, respectively. The
ANOVA p values for the comparisons at the end point of the experiment
are shown. b, ¢, d Mice were injected with the A27-BCL7A-expressing
OCI-LY1 cell line transduced with either (i) empty vector, (i) A27-
BCL7A, or (iii) wild-type BCL7A. Injected cells at day 0 (12 days after
transduction with BCL7A constructs) were only reporter positive cells
after sorting of ZsGreenl" cells. Ten mice per group were used. Mice
were imaged at 0, 7, 14, and 21 days post injection using an IVIS
spectrum imaging system. b Ventral pictures at day 21 of the top five
mice with the highest bioluminescence signal per group. ¢ Log-
transformed bioluminescence signal at day 21 (10 mice per group in
ventral position). Pairwise comparisons were performed using a Wil-
coxon rank-sum test. d Quantification of the total photon flux in mice
over the time (10 mice per group in ventral position). The error bars
represent the interquartile range.

between the groups, so that log-luciferase expression at day
21 post injection was significantly lower in the wild-type
BCL7A group in comparison with the A27-BCL7A and the
empty vector groups (Fig. 4b—d). These results, together
with data from the competitive cell growth assays, indicate
the BCL7A plays a suppressor role in DLBCL, which is
abolished by mutations in the splice donor site.

BCL7A is involved in B-cell activation

To gain further insights into the functional consequences of
wild-type BCL7A expression restoration, we performed RNA
sequencing in the OCI-LY1 and VAL cell lines under three
conditions: wild-type BCL7A overexpression, A27-BCL7A
overexpression and transduction with the empty vector. Two
biological replicates were obtained for each condition. Dif-
ferential expression analysis validated our model confirming
that BCL7A was the top overexpressed gene when comparing
wild-type BCL7A overexpression vs. the empty vector (fold
change (FC) =3.71 for OCI-LY1 and 1.61 for VAL), as well
as for A27-BCL7A overexpression vs. empty vector (FC =
3.76 for OCI-LY1 and 1.70 for VAL), but not when com-
paring the overexpression of wild-type BCL7A vs. A27-
BCL7A (FC =0.99 for OCI-LY1 and 0.95 for VAL).
Focusing on the comparison between the wild-type
BCL7A and A27-BCL7A expression models, we identified
320 differentially expressed genes in OCI-LY1 and 978 in
VAL (adjusted p value <0.05) (Fig. 5a). Remarkably, 162 of
the differentially expressed genes, more than half of the
altered genes in OCI-LY 1, were in common between both cell

lines (Supplementary Fig. 7a). To determine whether these
common altered genes group in any functional pathways, we
performed a GO enrichment analysis using Metascape [39].
The top enriched pathways were related to B-cell biology
(Fig. 5b) and include: regulation of B-cell activation, leuko-
cyte cell-to-cell adhesion, cytokine mediated signaling path-
way, and lymphocyte differentiation. Among them,
“regulation of B-cell activation” (GO: 00508064) stands out
with the highest significance (p = 1.14 x 10~'") and includes
31 genes that were differentially expressed in both VAL and
OCI-LY1 cell lines (Supplementary Fig. 7b). Among these
genes, CDNKI1A (p21) expression is known to be regulated
during B-cell differentiation, allowing a permissive pro-
liferation state needed for B-cell clonal expansion [40, 41].
Western blot analysis showed that CDNK1A was upregulated
upon wild-type BCL7A expression restoration (Supplemen-
tary Fig. 5c). Other genes related to proliferation that were
differentially expressed after wild-type BCL7A expression
restoration were TP63 or TRIB2 (Fig. 5c). On the one hand,
the tumor suppressor gene TP63, which is known to modulate
CDNKI1A transcription [42], was upregulated in wild-type
BCL7A-expressing cells. On the other hand, we found
downregulation of TRIB2, which acts as an oncogene in
hematological malignancies [43] and that has been recently
found to promote tumorigenesis by blocking the AP4/
CDKNIA signaling pathway [44]. Taken together, our results
suggest that BCL7A modulates the expression of key B-cell
genes that can be linked to a tumor suppressor phenotype.

Gene components of the SWI/SNF complex are
commonly mutated in GCB-DLBCLs

We next determined whether, in addition to BCL7A, other
members of the SWI/SNF complex showed genetic changes
in DLBCL. For this purpose, we reanalyzed the cohorts used
by Reddy et al. [25] and Schmitz et al. [26]. We considered
all known members of human BAF, pBAF, and ncBAF SWI/
SNF complexes, a total of 31 [45, 46], and we included the
newly found BCL7A mutations in our analysis. A total of 290
of 1001 patients (29%) from Reddy et al. and 238 of 574
patients (41.5%) from Schmitz et al. showed mutations in at
least one SWI/SNF gene (Supplementary Table 5 and Sup-
plementary Fig. 8). BCL7A was among the most frequently
mutated SWI/SNF genes in DLBCL patients, together with
ARIDIA, ARIDIB, SMARCA4, and ACTB. We found no
significant co-occurrence or mutual exclusion of mutations
between any pair of SWI/SNF subunits (Fisher’s exact test,
P> 0.05). Mutations in the SWI/SNF complex preferentially
affected GCB-DLBCL samples when compared with ABC-
DLBCLs (34.1-51.8% vs. 24.0-36.6% of mutant DLBCL
patients) (Supplementary Table 5). Although this trend was
observed for several SWI/SNF genes, it was only statistically
significant for BCL7A, which was mutated in 8.8-13.4%
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Fig. 5 RNA-seq differential expression analyses on the OCI-LY1
and VAL cell lines after overexpression of wild-type BCL7A vs.
overexpression of A27-BCL7A. a Volcano plots highlighting the
differentially expressed genes in OCI-LY1 (left) and VAL (right) cell
lines. Genes belonging to the “regulation of B-cell activation” pathway
family according to our GO enrichment analysis are shown in a darker
red and their names are shown. b Enriched terms across the 162

GCB patients, 3.8-4.4% of ABC patients, and 5.3-6.1% of
unclassified patients depending on the study. In addition, the
top 50 most mutated genes in the dataset from Reddy et al.
[25] were significantly enriched in chromatin remodeling
functions and SWI/SNF genes, as we assessed by a GO
analysis using enrichR [47] (Supplementary Table 6).
Overall, our results point to a major role of the SWI/SNF
chromatin remodeling complex in DLBCL, especially in
GCB-DLBCL.

Discussion

Our study demonstrates for the first time that BCL7A plays
a tumor suppressor role in DLBCL. BCL7A undergoes
biallelic inactivation and, more importantly, it has a highly

frequent mutational hotspot in the splice donor site of intron
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one. These mutations render a truncated BCL7A (A27-
BCL7A) that is no longer able to bind to the SWI/SNF
complex. Restoration of the expression of BCL7A, but not
of A27-BCL7A, has a tumor suppressor-like phenotype both
in vitro and in vivo. The tumor suppressor role of wild-type
BCL7A and its functional differences with A27-BCL7A
may be linked to a role of BCL7A in regulating the
expression of genes related to B-cell activation processes,
such as CDKNIA, TP63, and TRIB2.

BCL7A was first described when studying a three-way
translocation involving MYC, IGH [48], and an unknown
gene on chromosome 12q24.31 in the Burkitt lymphoma-
derived Wien 133 cell line [49]. The authors named the
unknown gene BCL7A using the acronym “BCL” (B-cell
lymphoma) in the same way as other genes, such as BCL2
and BCL6, that have been found to be involved in trans-
locations in hematologic neoplasms [50]. However, BCL7A
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has been less profusely studied than other “BCL” genes and
its biological function remains largely unknown. Interest-
ingly, the BCL7A/MYC/IGH three-way translocation
resulted in the loss of the BCL7A amino-terminal region,
which resembles the effect of the splice site mutations that
we have characterized in our work.

The application of NGS to DLBCL tumors have served to
unveil a huge heterogeneity at molecular and clinical levels
[3-5, 16], but sample size limitations of pioneer studies pre-
vented the discovery of mutations that could be pathogeni-
cally relevant. More recent sequencing studies, with larger
sample sizes, showed that BCL7A is recurrently mutated in
DLBCL [25, 26]. However, as we have addressed, the ori-
ginal articles excluded the most recurrent BCL7A mutations in
the splice donor site. When we reanalyzed raw data from
Reddy et al. [25] and Schmitz et al. [26] to include splice site
alterations, we found an increase of BCL7A mutations by
274% and 17%, respectively. Germline information from
most of these patients was unavailable, but we have provided
external evidence from DLBCL samples and from healthy
cohorts of over 100,000 individuals supporting that our newly
identified splice site mutations are unlikely to affect the
germline. Furthermore, we have shown that BCL7A recur-
rently suffers biallelic loss in DLBCL cell lines and patients, a
characteristic pattern of tumor suppressor genes [51]. In
addition, the high allele frequencies of the majority of BCL7A
inactivating mutations suggest that these mutations may be
early drivers [52], which make BCL7A an attractive target for
future research on clinical applications.

Importantly, our study has brought to light that the splice
site mutations are the most frequent BCL7A mutations in
DLBCL and, in addition, we have proven that they have a
functional impact. These mutations render a shorter BCL7A
protein (A27-BCL7A) that is no longer able to bind to the
SWI/SNF complex in agreement with the need of BCL7_Nt
domain to associate to other SWI/SNF complex subunits
[53]. Although we have focused on the functional con-
sequences of BCL7A splice site mutations, mutations in R11
are likely to have an important impact on BCL7A function.
These mutations often coexist with mutations that are
known to inactivate BCL7A (splicing, start loss, stop gain,
and frameshift), but they are never present in the same
allele. These patterns, together with the fact that R11 is the
only significant hotspot of missense mutations in BCL7A,
suggest a putative driver role of R11 mutations. In future
work, it may be of interest to assess whether and how R11
mutations affect BCL7A function.

Mutations in BCL7A, clustering within the conserved
BCL7-Nt domain, have been attributed to SHM. BCL7A
mutations in coding and noncoding regions are more fre-
quent in the endemic subtype in comparison with sporadic
and immunodeficiency-associated Burkitt lymphomas and
these differences have been associated to a higher AID

activity [54]. AID-mediated mutations in genes including
BCL7A have been linked to transformation of FL to DLBCL
[55]. AID footprint could also explain BCL7A mutations in
post-GC B cell derived lymphomas such as multiple mye-
loma, where BCL7A mutations are mainly found in non-
coding regions [56]. Therefore, aberrant SHM seems to be a
source of BCL7A mutations in B-cell malignancies while
other mechanism such as promoter hypermethylation have
been described to inactivate BCL7A in cutaneous T-cell
lymphomas [57]. Overall, ongoing SHM could explain why
BCL7A mutations seem to be restricted to GC-derived
B-cell lymphomas, unlike other SWI/SNF genes that are
mutated in a wide spectrum of tumors [17]. However, as we
have addressed, although splice site mutations of BCL7A
fall within an AID motif, their high frequency suggests a
further mechanism of positive selection to provide a growth
advantage in tumoral cells. In addition, the rest of the
mutational hotspots or inactivating mutations of BCL7A in
our analyses did not overlap with AID motifs. Taken
together, these observations suggest that SHM is not the
only mechanism of BCL7A mutagenesis.

Mutations in genes that encode for histone and chromatin
modifiers are consistently found in DLBCL and other GC-
derived lymphomas [10, 58]. The chromatin epigenome and
hence transcriptional deregulation seem to play important
roles in lymphomagenesis. In this sense, maintenance of a
transcriptional repression state has been found to suppress B-
cell differentiation to plasma cell, allowing B-cell affinity
maturation within the GC. BCL6 and EZH2, a subunit of
PRC2 complex, cooperate to maintain the transcriptional
repression [59] and block B-cell differentiation to plasma
cells. However, constitutive expression of BCL6 as well as
gain-of-function mutations in EZH?2 derive in GC hyperplasia
[60, 61]. Although data about SWI/SNF function in hema-
tologic cancers is yet missing, recent research in solid tumors
has shown that loss of SWI/SNF complex integrity impairs
SWI/SNF binding to typical enhancers, particularly those
required for differentiation [13, 62]. Furthermore, the SWI/
SNF complex opposes the activity of PRC complexes by
their direct eviction [63]. In the context of lymphomagenesis,
dysfunctional SWI/SNF complex could damage the eviction
of PRC complexes and impair the regulation of the expres-
sion of genes required for B-cell differentiation, therefore
allowing a continuous and exacerbated repressive state dic-
tated by PRC complexes to avoid terminal differentiation.

EZH2 gain-of-function mutations (EZH2Y%*!) are a
hallmark of GC-derived lymphomas including GCB-
DLBCL [64]. Mutant EZH2 is not sufficient for B-cell
transformation into DLBCL but EZH2Y**! in combination
with overexpression of the oncogenes Bcl2 or Myc leads to
an accelerated lymphoma onset in mouse models [61, 65].
Similarly, SWI/SNF complex inactivation and EZH2Y®*!
gain-of-function mutations could synergize to maintain the
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B-cell program and limit plasma cell differentiation, leading
to tumorigenesis. In fact, BCL7A and EZH2 mutations tend
to coexist in GCB-DLBCL, and more precisely in the
“EZB” subtype described by Schmitz et al. [26], char-
acterized by EZH2 mutations and BCL2 translocations.
Interestingly, we have seen that BCL7A mutations only
overlap with EZH2Y**! gain-of-function mutations, and not
with any other EZH2 mutation in both external datasets
analyzed in this study (Supplementary Table 7). SWI/SNF
mutant cancers have been shown to depend on the activity
of EZH2 and EZH?2 inhibition is a promising therapeutic
tool against SWI/SNF mutant tumors [66, 67]. In early
2020, the EZH2 inhibitor Tazemetostat was approved by
the FDA to treat epithelioid sarcomas lacking SMARCBI1
expression. Currently, there are ongoing clinical trials to
treat relapsed Non-Hodgkin Lymphoma patients bearing
gain-of-function mutations in EZH2, or loss-of-function
mutations in SMARCA4 or SMARCBI [68]. Given the
mutational burden of other SWI/SNF subunits such as
BCL7A in GC-derived lymphomas it would be interesting
to include BCL7A mutant patients in future clinical trials
testing EZH?2 inhibitors.

Additional evidence supports the involvement of BCL7A
in the GC. BCL7A expression levels are modulated through
the GC reaction [6, 24] and BCL6 activity has been shown
to regulate BCL7A expression levels [69]. The need of
BCL7A and, therefore, of the SWI/SNF complex in gene
expression regulation during the GC reaction is supported
by our RNA-seq analysis showing that wild-type BCL7A
expression restoration is involved in B-cell activity path-
ways including lymphocyte differentiation and adhesion.
CDKNIA, which is silenced by EZH2 to enable GC for-
mation [61], was upregulated after we restored BCL7A
expression in two DLBCL cell line models. These results
agree with an opposing role of the SWI/SNF complex to
PRC2 complex activity.

To summarize, we report the first experimental evi-
dence of the tumor suppressor role of BCL7A in DLBCL.
BCL7A mutations cluster within its conserved amino-
terminal domain and loss of this domain has a functional
impact on the ability of BCL7A to bind to the SWI/SNF
complex. BCL7A inactivation impairs the regulation of
the expression of genes related with B-cell biology and
could contribute to lymphomagenesis. Overall, these
discoveries remark the relevance of BCL7A in DLBCL,
especially in the GCB subtype, and reveals new prog-
nostic and/or therapeutic opportunities for the treatment of
DLBCL patients.

Data availability

RNA-seq data discussed in this publication is accessible
through Gene Expression Omnibus under accession number

SPRINGER NATURE

GSE149277. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier
PXDO014795. Data will be available immediately
following publication, no end date. All other data and
processing code are available from the corresponding author
upon reasonable request.
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