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ABSTRACT

SRY-related HMG-box gene 11 (SOX11) is a transcription factor overexpressed in
mantle cell lymphoma (MCL), a subset of Burkitt lymphomas (BL) and precursor
lymphoid cell neoplasms but is absent in normal B-cells and other B-cell lymphomas.
SOX11 has an oncogenic role in MCL but its contribution to BL pathogenesis remains
uncertain. Here, we observed that the presence of Epstein-Barr virus (EBV) and SOX11
expression were mutually exclusive in BL. SOX11 expression in EBV- BL was
associated with an 1G::MYC translocation generated by aberrant class switch
recombination, while in EBV-/SOX11- tumors the 1G::MYC translocation was mediated
by mistaken somatic hypermutations. Interestingly, EBV- SOX11 expressing BL
showed higher frequency of SMARCA4 and ID3 mutations compared to EBV-/SOX11-
cases. By RNA-sequencing, we identified a SOX11-associated gene expression profile,
with functional annotations showed partial overlap with the SOX11 transcriptional
program of MCL. Contrary to MCL, no differences on cell migration or BCR signaling
were found between SOX11- and SOX11+ BL cells. However, SOX11+ BL showed
higher adhesion to VCAM-1 than SOX11- BL cell lines. Here we demonstrate that
EBV- BL comprises two subsets of cases based on SOX11 expression. The mutual
exclusion of SOX11 and EBV, and the association of SOX11 with a specific genetic

landscape suggest a role of SOX11 in the early pathogenesis of BL.
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INTRODUCTION

Burkitt lymphoma (BL) is a highly proliferative B-cell neoplasm that originates
from germinal center B-cells.” It is the most common B-cell lymphoma in children and
adolescents but also occurs in adults.>® Traditionally, three clinical variants are
distinguished: endemic BL (eBL), sporadic BL (sBL) and immunodeficiency-related
BL. eBL is usually positive for Epstein Bar virus (EBV), occurs mainly in countries of
central Africa in which malaria is endemic, and presents with jaw or facial bone
involvement in pediatric patients. Clinically sBL differs from eBL as it involves mostly
the abdomen (Peyer’s patches), head and neck lymph nodes, and in some cases, bone
marrow.>*> Moreover, sBL is less commonly positive for EBV. However, when
detected in sBL, EBV is more frequent in adult cases.®’

The genetic hallmark of BL is the chromosomal translocation that juxtaposes
MYC gene to one of the immunoglobulins (1G) loci, leading to the constitutive
overexpression of MYC.**® MYC dysregulation in B-cells is not sufficient for BL
development and additional genomic changes are required.""*? Interestingly, several
studies have revealed important genetic and molecular differences depending on the
EBV status of BL patients.’*?* Therefore, the recent WHO-HAEMS classification
suggests to subgroup BL tumors according to EBV status rather than in epidemiologic
variants, which is long known to suffer from some impreciseness.”*?*

BL is one of the few lymphoma entities that shows expression of the SRY-
related HMG-box gene 11 (SOX11).%%® SOX11 expression in BL occurs in 25-55%
and associates with the age of BL patients at diagnosis, showing expression
predominantly in pediatric cases.”?®*?" Moreover, SOX11 expression is included in the
transcriptional molecular signature used to classify BL.”® SOX11 expression in MCL is

characteristic of the conventional molecular subtype (cMCL) with worse outcome than
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the SOX11-negative leukemic non-nodal MCL subtype (nnMCL).?° In contrast, no
association between SOX11 expression and survival has been found in BL.?® Several in
vitro and in vivo studies have shown the oncogenic role of SOX11 in the pathogenesis
of MCL.***® However, the contribution of SOX11 expression to BL pathogenesis

remains unknown.

To understand the relevance of SOX11 in BL, we have investigated the
association of SOX11 expression with different molecular variables in BL patients
using previously published large cohorts. To shed light on the role of SOX11 in the
development of BL, we have analyzed changes in the gene expression profile (GEP) and
performed functional analysis upon SOX11 overexpression and knockout in BL cell

lines.
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METHODS

Cell lines

For in vitro studies we used the SOX11-negative BL cell lines Ramos and DG75
(ATCC CRL-1596 and ATCC CRL-2625, respectively); and the SOX11-positive BL
cell line BL2 (DSMZ ACC 625). Moreover, we used the stable transduced Z138-
SOX11knockout (KO) MCL cell lines, previously generated by our laboratory using the
CRISPR-CAS9 genome editing technology, and its control (Z138CT);* and the stable
lentiviral transduced JVM2 cell line ectopically overexpressing SOX11 (JVM2-
SOX11+) and its control IVM2CT.*® HEK-293T cell line (ATCC CRL-3216) was used
for lentivirus production. Cell line authentications were performed by gCell ldentity
(gGenomics) and Mycoplasma contamination was regularly tested.

Cells were cultured at 37 °C and 5% CO2 in RPMI 1640 with L-glutamine
(Corning) or DMEM with L-glutamine (Lonza) (only HEK-293T), supplemented with
10% of fetal bovine serum (FBS) (Gibco), 100 pg/ml streptomycin and 100 U/ml

penicillin (Gibco).

BL patient cohorts

Four previously published BL series were used to correlate SOX11 expression or
positivity with different BL molecular characteristics. Duplicated cases between series
have been considered and ruled out from one of the duplicated series. The BL Genome
Sequencing Project (BLGSP)* includes 117 pediatric BL (96 endemic and 21 sporadic)
with available RNA-sequencing (seq) and molecular data, including EBV status,
breakpoint of 1G::MYC and recurrently mutated genes, obtained by whole genome
sequencing (WGS). Richter et al. cohort’ includes 138 sBL patients (80 children and 58

adults) with available SOX11 immunohistochemistry (IHC), EBV-encoded small
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nuclear RNA (EBER) in situ hybridization (ISH) and targeted DNA-seq data (79 cases).
Burkhardt et al. cohort®” includes sBL cases with deep targeted DNA-seq data. ICGC
MMML-Seq cases™ includes 24 pediatric sBL cases with available SOX11 IHC and
molecular data, including EBV status, breakpoint of 1G::MYC and recurrently mutated
genes, obtained by WGS. All pediatric patients were aged <20 years, and the adults >20
years.

The study was approved by the Ethics Committee of the Medical Faculty of the
University of Kiel (D 429/13) and conducted in accordance with the Decla-ration of

Helsinki.

SOX11 status

IHC of SOX11 was performed for 51 pediatric BL cases with available FFPE
tissue®” on an automated strainer (Leica) by using a mouse monoclonal antibody against
SOX11 (Cell Marque, MRQ-58) and a pH6 antigen retrieval solution, as previously
described.®®% SOX11 IHC was previously obtained for ICGC MMML-Seq™ and
Richter et al. cohort.” SOX11 was scored positive when at least 10% of lymphoma cells
showed unambiguous nuclear staining. In BLGSP cases for which no IHC was
possible,”* SOX11-positive expression was defined as >10.5 log, transformed value,

obtained by RNA-seq data.

EBER ISH
We performed EBER ISH in 51 pediatric BL cases with available FFPE biopsy
specimens®’ using Leica Bond-MAX staining systems and reagents (Leica). EBV-

positivity was defined as most tumor cells being positive.
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Molecular profiling

The IG region involved and the mechanism leading to the IG::MYC translocation
were evaluated in 89 BL cases from BLGSP?! and 24 BL cases from ICGC MMML-
Seq.’® IG::MYC translocations with breakpoints on the 1G loci localized inside or near
(<500 base-pairs) of class switch regions of IGH were classified as translocations
mediated by class switch recombination (CSR), while those inside V(D)J regions but far
from recombination signal sites (RSS) (>15 base-pairs) were classified as mediated by
somatic hypermutation (SHM). Translocations with breakpoints localized close to RSS

(<15 base-pairs) were classified as mediated by RAG during V(D)J recombination.

For mutational analysis in BL patients, lists of mutated driver genes were
obtained from the different publications for a total of 267 patients after excluding
overlapped cases.”*®?*3" Some of the data was obtained by WGS and other by targeted
mutational analysis. For targeted mutational analysis, only mutations with a variant
allele frequency (VAF) >10% were considered. Only genes that were mutated in >10%

of the BL cases were used for oncoprint analysis and comparisons between groups.

ddPCR assay for EBV traces

Presence of EBV traces were investigated by droplet digital PCR (ddPCR) for
EBNAL and BamHI in a cohort of 37 BL specimens negative for EBER (n=12 SOX11+

and n=25 SOX11-) as previously described (supplemental methods).****

RNAscope for EBNA1 and CD10 IHC

Combined IHC for CD10 and the RNAscope for EBNAL was performed using
Leica Bond Ill automated system (Leica, Germany) in FFPE BL samples EBER-ISH
40,41

negative but positive by ddPCR (supplemental methods).

8
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Generation of stable BL cell lines
Plasmid and stable BL cell lines generation are described in supplemental

methods.

RNA-seq and RT-gPCR

RNA was obtained using the RNeasy® Mini RNA extraction kit (Qiagen)
following manufacturer instructions. RNA quality was checked using a Bioanalyzer
(Agilent) and mRNA libraries were prepared using the TruSeq stranded mRNA kit for
DG75 cell lines or the TruSeq RNA Library Prep Kit v2 for Ramos and BL2 cell lines
(IMlumina). Samples were sequenced on NovaSeq or NextSeq2000 sequencers. For each
condition, three technical replicates were analyzed.

RNA-seq data from DG75 cell lines were analyzed using the open source web-
based Galaxy.** Paired-end fastq files were aligned to the human genome (GRCh38)
using HISAT2. Counts files were generated with featureCounts using GRCh38.102.gtf
as gene annotation file. For Ramos and BL2 cell lines, single-end sequencing reads
were processed and aligned as previously described.*® Gene count matrix was obtained
for BLGSP? BL primary cases. RNA-seq data analyses are detailed in supplemental
methods.

For RT-gPCR, cDNA was generated using qgScript cDNA Synthesis Kit
(Quantabio) and analyzed using Fast SYBR Green Master Mix (Applied Biosystems)
and specific primers (Supplemental Table S1) following manufacturer’s

recommendations.

Statistics

Methods are described in the supplemental methods.
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RESULTS

SOX11 expression and EBV infection are mutually exclusive in BL

To understand the clinical relevance of SOX11 in BL, we investigated the
association between SOX11 gene expression and different molecular characteristics of
the tumors and clinical features of the patients. Using previously published RNA-seq
and clinical data from 117 pediatric BLs,* we observed significant higher SOX11
MRNA levels in EBV- than EBV+ tumors (Figure 1A-B, respectively). To confirm this
observation we used 189 cases of two independent series of pediatric and adult sBL
patients,”*” performing SOX11 IHC and EBER ISH in the FFPE tissue sections of
tumors in which these data were not available (Supplemental Table S2 and
Supplemental Figure S1A-F). None of the 17 EBV+ BL (0% with CI95% = 0%,
19.5%), whereas 81 of the 172 EBV- BL were positive for SOX11 (47.1% with C195%
= 39.5%, 54.8%), showing mutual exclusivity between SOX11+ and EBV+ (p-
value=0.003) (Figure 1C). SOX11 expression was significantly associated with sBL, but
not exclusively since 3 BL from endemic areas showed high SOX11 mRNA expression,
all of them EBV-, comparable to those observed in SOX11+ sBL cases (Figure 1B, red
circle). Unfortunately, SOX11 IHC was not available for these cases.?

Together these results suggest that SOX11 expression delineates a different
molecular subtype of EBV- BL. To analyze this hypothesis, we established three
different groups of patients according to their EBV and SOX11 status: EBV+ (all
SOX11-), EBV-/SOX11- “double negative” and EBV-/SOX11+ and analyzed its

association with different molecular BL features.

10
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IG::MYC translocation is predominantly generated by CSR in EBV-/SOX11+ BL

and by SHM in EBV-/SOX11- BL

To study the IG partners and the mechanisms involved in the generation of
IG::MYC translocation according to EBV and SOX11 status in BL cases, we used the
breakpoints of the 1G::MYC translocation in 24 and 89 pediatric BL patients from the
ICGC MMML-Seq'® and BLGSP?, respectively, for which these data was available.
The SOX11 status was determined by IHC in ICGC MMML-Seq BL cases, and by
RNA-seq data in the BLGSP BL cases (Supplemental Figure S1G). We observed that
56/69 (81%) EBV+, 25/26 (96%) EBV-/SOX11+ and 12/18 (67%) EBV-/SOX11-
“double-negative” BL carried an IGH::MYC translocation, and in lower proportion,
IGL::MYC or IGK::MYC translocations with IG partner frequencies being significantly
different in EBV-/SOX11- “double-negative” and EBV-/SOX11+ cases (p-

value=0.0134) (Figure 2A, and Supplemental Table S3)

The potential mechanism mediating the translocation, considering the three 1G
loci, were determined in 105 of the total 113 BL cases for which these data was
available, finding significant differences between the three groups (p-value=0.0002).
We found the breakpoint in a class switch region of the IGH, in 87% of the EBV-
/SOX11+ (21/24) but only in 47% of the EBV-/SOX11- “double-negative” (7/15) BL
and 38% of the EBV+ BL (25/66). At the same time, 12.5% of the EBV-/SOX11+
(3/24), 53% of the EBV-/SOX11- “double-negative” (8/15), and 61% of the EBV+
(40/66) BL cases had the breakpoint located in the V(D)J region as a result of SHM
process. Only one case showed evidence of acquisition of the translocation by aberrant
V(D)J recombination mediated by RAG in the group of EBV+ BLs (Figure 2B and
Supplemental Table S3). Pairwise comparisons showed significant differences in the

mechanism mediating the translocation between EBV-/SOX11+ and EBV-/SOX11-

11
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“double-negative” (p-value=0.005), and between EBV-/SOX11+ and EBV+ BLs (p-
value=4.6e-05). These data suggest that among EBV-negative BL SOX11 status is

associated with the early pathogenetic event of the MYC-translocation.

SOX11+ cases have a distinct mutational landscape among EBV- BL

Several genes are recurrently mutated in BL, promoting oncogenic mechanisms
responsible for the development of tumor cells.**** We combined previously published
data on recurrently mutated genes obtained by WGS from 117 pediatric eBL and sBL
patients from the BLGSP,?! and from 24 pediatric sBL cases from the ICGC MMML-
Seq,'® and targeted mutational data on driver BL genes of two different series with 79
pediatric and adults,” and 47 pediatric®” sBL cases. We identified 17 coding genes

mutated in >10% of BL cases (Figure 3A and Supplemental Table S4).

Then, we analyzed the frequency of mutations of these 17 genes in the three
groups of BL patients previously established: EBV+ (all SOX11-), EBV-/SOX11- and
EBV-/SOX11+. We observed significant differences in the frequency of CCNDS3,
DDX3X, FBXO11, FOXO01, ID3, MYC, SIN3A, SMARCA4 and TP53 mutations between
these groups of patients (g-value<0.1) (Figure 3B and Supplemental Table S5). Pairwise
comparisons showed that EBV-/SOX11- “double negative” and EBV-/SOX11+ BLs
share a higher frequency of mutations in CCND3, ID3 and TP53 genes, and lower in
FOXOL1 gene relative to EBV+ BLs (g-value<0.1). However, EBV+ cases showed a
significant higher frequency of mutations in DDX3X and SIN3A, and fewer in MYC
compared to EBV-/SOX11+, but not to EBV-/SOX11- “double negative” BL (Q-
value<0.05), suggesting that these differences cannot be attributed to the EBV status
alone. In addition, among EBV- cases, EBV-/SOX11+ BL had a significantly higher

frequency of mutations in SMARCA4 and ID3 (43% and 80%, respectively) compared
12
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to EBV-/SOX11- “double negative” (18% and 63%, respectively; g-value=0.14 in both
comparisons). As expected SMARCA4 and ID3 were also less frequently mutated in
EBV+ compared to EBV-/SOX11+ cases (9% and 35%, respectively; g-values<0.001)
(Figure 3B and Supplemental Table S6). Thus, both EBV infection”?** and SOX11

expression in BL are associated with a distinct mutational pattern.

Highly sensitive detection of EBV in SOX11/EBER “double negative” BL

Since SOX11 expression and EBV detected by the gold standard method EBER
ISH leaves a third group of BL, being negative for both features (“double negative”),
more common in adult patients (Figure 3A), we asked if EBER ISH may miss the
detection of EBV in these BL. Thus, a cohort of 37 BL samples that were negative for
EBER (n=14 SOX11+ and n=23 SOX11-) were blindly tested for traces of EBV by
ddPCR for both EBNAL1 and BamHI-W conserved regions of the EBV genome as
previously described.* Twelve cases (32.4%) were positive for BamHI-W (0.19-18
copies/pl) of which nine were also positive for EBNAL1 (0.19-2.7 copies/ul). In six cases
the presence of EBV sequences in tumor cells were confirmed by dual staining with
RNAscope for EBNA1 and IHC for CD10, showing colocalization of EBV specific
signals in CD10+ lymphoma cells. The vast majority of BLs with traces of EBV were
SOX11- (10/12; 83.3%), while only two (2/12; 16.7%) were SOX11+ (Table 1),
reinforcing that SOX11 and EBV positivity are mutually exclusive in BL. For cases
tested for traces of EBV, limited molecular data were available. However, traces of
EBV “corrected” the EBV-status of BL almost exclusively among SOX11- but not

among SOX11+ BL.

13
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Oncogenic pathways regulated by SOX11 in BL cell lines

In order to identify oncogenic pathways regulated by SOX11 in BL cells, we
used the 4-Hydroxytamoxifen (4-OHT) inducible system, that allowed the ectopically
overexpressed SOX11 protein fused to the hormone binding domain of the estrogen
receptor (ER-SOX11) (Figure 4A) to enter the nucleus when DG75 ER-SOX11 cells
were treated with 4-OHT (Figure 4B). As we found weak background nuclear
expression in absence of 4-OHT, we decided to compare RNA-seq GEPs of DG75 ER-

SOX11 and control DG75 ER cells, both treated with 4-OHT for 8 or 24 hours.

Principal component analysis (PCA) showed that the variability between
samples was significantly higher due to SOX11 overexpression (85% of the variance,
PC1) than by time of induction (8 or 24 hours) (4% of the variance, PC2) (Supplemental
Figure S2A), showing that more than 65% of differential expressed genes (DEG)
overlapped upon SOX11 expression between 8h and 24h of 4-OHT treatment

(Supplemental Figure S2B).

SOX11-specific GEP in DG75 BL cell line, grouping two-time point samples,
showed 866 upregulated and 828 downregulated genes in 4-OHT treated DG75 ER-
SOX11 compared to control cells (Figure 4C-D and Supplemental Table S7). Pathway
enrichment analysis showed that upregulated genes in DG75 ER-SOX11 were enriched
in angiogenesis, integrins and G-protein signaling pathways, whereas downregulated
genes were enriched in genes related to cadherin and Wnt signaling, among other

regulatory pathways (Figure 4E).

SOX11-associated BL signature

14
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We also generated the Ramos BL cell line overexpressing FLAG-SOX11
protein (RAMOS-SOX11) and knocked out SOX11 in BL2 SOX11+ cells, using the
CRISPR-Cas9 gene editing system, generating the BL2-SOX11KO BL cell line (Figure
5A). Using RNA-seq we overlapped the DEGs obtained between Ramos-SOX11+ and
Ramos-CT (Supplemental Figure S3A-B and Supplemental Table S8); between BL2 CT
and BL2-SOX11KO cell lines (Supplemental Figure S3C-D and Supplemental Table
S9), and between DG75 ER-SOX11 and DG75 ER (Supplemental Table S7). 79 genes
commonly regulated by SOX11 in at least two different BL cell lines were considered

to define a SOX11-associated BL signature (Figure 5B and Supplemental Table S10).

We performed k-means clustering analysis in the previously published 117
pediatric BL primary cases from the BLGSP?* with RNA-seq data available, using the
SOX11-associated BL signature. We observed that BL cases clustered separately
according to SOX11 high and low expression levels (Figure 5C). Moreover, most of the
genes included in the SOX11-associated BL signature significantly correlated between

them and with SOX11 expression in this BL series (Figure 5D).

SOX11 functional role in MCL and BL

SOX11 directly regulates the transcription of genes involved in MCL oncogenic
pathways.?® Interestingly, gene set enrichment analysis (GSEA) using customized gene
sets showed that SOX11-direct target genes found in Z138 MCL cell line by ChIP-
chip®* and genes upregulated in cMCL/SOX11+ vs nnMCL/SOX11- primary cases, and
in Z138CT (SOX11+) vs SOX11 knockout (Z138-SOX11K0) MCL cell lines®, were
enriched in 4-OHT-treated DG75 ER-SOX11+, and in Ramos-SOX11+ and BL2 CT
cells compared to their SOX11- respective control cell lines (DG75 ER, Ramos CT and

BL2-SOX11KO, respectively). Besides, the downregulated genes in cMCL/SOX11+ vs
15
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nNMCL/SOX11- primary tumors and in Z138 CT vs Z138-SOX11KO MCL cell lines

were enriched in the SOX11- BL cell lines (Figure 6A and Supplemental Table S11).

Moreover, we observed that 11% (185/1660) of the DEG in DG75 ER-SOX11
BL cell line overlapped with those differentially expressed in 2138 SOX11+ vs Z138-
SOX11KO MCL cell line. An 8% (134/1660) of the DEG in DG75 ER-SOX11 BL cell
line overlapped with SOX11-direct target genes in Z138 MCL cell line. Furthermore, 22
genes overlapped between the three comparisons. Together, these 297 genes (Figure 6B,
red circle) were involved in oxidative stress, heterotrimeric G-proteins, chemokines, and

cytokines, integrins, angiogenesis and PDGF signaling pathways (Figure 6C).

We validated the deregulation of some of the overlapped genes, specifically
PLXNB1, CD24 and MEX3A, upon SOX11 overexpression and knockout, at mMRNA and
protein levels in both, MCL and BL transduced cell lines (Figure 6D-F, respectively),
suggesting that SOX11 regulates genes involved in similar signaling pathways in BL

and MCL.

In BL cells, we observed that CXCR5, CCR7 and ITGB7 were significantly
upregulated in 4-OHT treated DG75 ER-SOX11 compared to DG75 ER control cells
(Figure 6G). However, contrary to MCL,** we did not observe a significant higher
tumor cell migration towards CXCL13 or adhesion to SNKT stromal cells, nor an
increase in the activation of BCR signaling pathway comparing SOX11+ and SOX11-
BL cell line models (data not shown). Interestingly, we observed a significantly higher
adhesion of SOX11+ to VCAM-1, glycoprotein that interacts with integrin o4p7

(ITGA4 and ITGB7), compared to SOX11- BL cells (Figure 6H).

16
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DISCUSION

EBV infection is considered a crucial and early event in BL development,
particularly in eBL. EBV- and EBV+ BLs exhibit distinct molecular characteristics
whereas the clinical features of both groups are variable.***%%! SOX11 is expressed in a

242 with a higher frequency in pediatric patients.” Several studies

broad range of BLs,
have described oncogenic functions of SOX11 in MCL.%** However, the functional

role of SOX11 in BL and its relation to EBV remains unknown.

Our results have revealed a clear negative association between SOX11
expression and EBV infection. The absence of SOX11 in EBV+ BL seems to be a
feature associated with the presence of the virus rather than the historical epidemiologic
subtype as we also observed high SOX11 expression in the few EBV- BL from the
region of Africa, reinforcing the concept of molecular subtypes of BL to be associated

with EBV.

The 1G::MYC translocation is considered the genetic hallmark of BL. EBV+ BLs
mainly acquire the translocation during SHM, whereas the EBV- BLs acquire it through
CSR.’®18% Here we add another layer of information. Among EBV- BL, we found
differences in 1G partners according to SOX11 expression. We observed significant
differences between IG partner in MY C translocations among the three different groups
analyzed, detecting lower proportion of IGH and higher of IGL in EBV-/SOX11+ cases.
EBV-/SOX11+ BLs acquired the 1G::MYC translocation during the CSR process. These
data suggest that among EBV- BL SOX11-expression is associated with one of the
earliest events in the pathogenesis of the tumor, the occurrence of the MYC
translocation. Recently, Roco et al suggested that CSR occurs outside the germinal
center earlier in the B-cell differentiation process than SHM.** One might speculate, that
in EBV-/SOX11+ BL predominant CSR-mediated IG::MYC translocations reflect this
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situation arising before the cell enters the germinal center. SOX11 represses BCL6
expression in conventional MCL possibly preventing the entrance of the tumor cell in
the germinal center.® However, the expression levels of SOX11 in MCL are
significantly higher than in BL cases,”® suggesting that its levels in SOX11+ BL are not
sufficient to fully block the entrance into the germinal center. However, to confirm this

idea needs further functional studies.

EBV+ BL cells have fewer driver gene mutations than EBV-, indicating that
EBV infection may relieve the pressure towards selection of mutagenic
mechanism.”*>*®1%2! Differences in the genetic profile between EBV+ and EBV- BL
cases have been previously described,***" however we have observed that EBV-
/SOX11+ BLs display a distinctive mutational landscape, with significant higher
frequency of mutations in SMARCA4 and ID3, compared to EBV-/SOX11- and EBV+
cases. ID3 mutations are more frequently altered in EBV- than EBV+ BL, but we have
also found them significantly higher in EBV-/SOX11+ than in EBV-/SOX11-.
Interestingly, concomitant SMARCA4 mutations and SOX11 expression has been also
observed in MCL cases.” In addition, EBV+ BLs exhibited significant higher frequency
of mutations in DDX3X and SIN3A, and fewer in MYC compared to SOX11+ but not to
SOX11- BLs. These findings suggest that EBV+, EBV-/SOX11- and EBV-/SOX11+

cases might have different oncogenic mechanisms driving their pathogenesis.

By the overlap of SOX11-mediated DEG in three different BL cell lines, we
obtained a SOX11-associated BL signature that consistently grouped separately
SOX11+ and SOX11- BL cases. Furthermore, SOX11 overexpression in BL
recapitulated in part the SOX11-associated transcriptional program found in MCL cells,
overlapping with some of the validated pathways directly regulated by SOX11 in

MCL?® exemplified by the overexpression of PLXNB1 and CD24 involved in tumor
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4748 and MEXS3A involved in the chemoresistance of colorectal cancer

cell migration,
quiescent cells.”® Despite similar transcriptional programs of SOX11, in vitro
experiments suggest that the activation of tumor cell migration or BCR pathways

observed in MCL may not be so relevant in BL.

ITGB7 integrin controls the cell homing to Peyer’s patches through the binding
to VCAM-1.°%°! We observed a significant upregulation of ITGB7 gene expression and
significantly higher adhesion to VCAM-1 in SOX11+ compared to SOX11- BL cell
lines. sBL, the clinical subtype that contains more SOX11+ cases, shows predominantly

abdominal tumor presentation and class switch to IgA isotype,***®

specifically seen in
mucosal tissues,>® such as Peyer’s patches. Together these results suggest that BL
SOX11+ cells might have a higher migration to Peyer’s patches, through the
upregulation of ITGB7, than SOX11- BL cells. However, further studies are needed to

validate this last hypothesis.

In conclusion, SOX11 expression and EBV infection occur in alternative subsets
of BL with different profile of somatic mutations and different mechanism generating
MYC translocations. The predominance of IGH class switch mediated MYC
translocation in SOX11-positive BL suggests an earlier development than in SOX11-
negative tumors. Further studies are required to define the functional role of SOX11 in

BL.
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TABLES

Table 1. Detection of EBV genome traces obtained by ddPCR of BamHI-W and

EBNAL, and RNAscope of EBNAL, in a cohort of 37 BL specimens.

Study EBER SOX11 BamHI-W EBNA1 EBNAL1 mRNA
ID ISH IHC (copies/ul) (copies/ul) (score)
BL-42 EBV- SOX11- 1.01 0 NA
BL-53 EBV- SOX11- 6.3 1.7 9
BL-48 EBV- SOX11- 0 0 NA
BL-54 EBV- SOX11- 0.19 0 NA
BL-3 EBV- SOX11- 15 2.6 9
BL-34 EBV- SOX11- 0 0 NA
BL-17 EBV- SOX11- 15 1.42 7
BL-1 EBV- SOX11- 0 0 NA
BL-29 EBV- SOX11- 18 1.25 6
BL-10 EBV- SOX11- 0.2 0.2 NA
BL-7 EBV- SOX11- 0 0 NA
BL-31 EBV- SOX11- 0 0 NA
BL-56 EBV- SOX11- 0 0 NA
BL-51 EBV- SOX11- 0.31 0 NA
BL-46 EBV- SOX11- 0 0 NA
BL-43 EBV- SOX11- 0.62 0.25 6
BL-15 EBV- SOX11- 0 0 NA
BL-89 EBV- SOX11- 0 0 NA
BL-2 EBV- SOX11- 0 0 NA
BL-18 EBV- SOX11- 0 0 NA
BL-113 | EBV- SOX11- 1.31 0.5 NA
BL-119 EBV- SOX11- 0 0 NA
BL-38 EBV- SOX11- 0 0 NA
BL-143 EBV- SOX11+ 0 0 NA
BL-144 | EBV- SOX11+ 0 0 NA
BL-41 EBV- SOX11+ 0 0 NA
BL-105 | EBV- SOX11+ 0.66 0.19 NA
BL-25 EBV- SOX11+ 0 0 NA
BL-12 EBV- SOX11+ 15.9 2.7 11
BL-32 EBV- SOX11+ 0 0 NA
BL-50 EBV- SOX11+ 0 0 NA
BL-116 EBV- SOX11+ 0 0 NA
BL-72 EBV- SOX11+ 0 0 NA
BL-145 EBV- SOX11+ 0 0 NA
BL-146 | EBV- SOX11+ 0 0 NA
BL-147 EBV- SOX11+ 0 0 NA
BL-148 | EBV- SOX11+ 0 0 NA
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FIGURE LEGEND

Figure 1. SOX11 is exclusively expressed in EBV- BL cases. (A-B) SOX11 mRNA
expression (log, transformed values) according to EBV status (EBV- and EBV+) (A)
and epidemiological variant (eBL and sBL) (B) of 117 pediatric BL cases. Red circle
highlights high SOX11 expression in 3 BL from endemic areas. Wilcoxon text was
performed to test differences between groups. (C) Frequency of SOX11+ and SOX11-
patients (by IHC) in an independent series of pediatric and adult sBLs (n=189),
according to EBV status. The Cochran-Mantel-Haenszel test was performed to test
differences between the frequency in EBV- and in EBV+, while adjusting for cohort

and group.

Figure 2. 1G::MYC translocation in BL primary cases according to SOX11
expression levels and EBV status. (A-B) Frequency of IGH::MYC, IGK::MYC and
IGL::MYC translocations (A), and frequency of translocations generated by CSR, SHM
or V(D)J processes (B), in the total group of EBV+, EBV-/SOX11- and EBV-/SOX11+

BLs. Fisher test was performed to evaluate differences between group frequencies.

Figure 3. Mutational profile of BL primary cases according to EBV status and
SOX11 expression. (A) Mutational analysis in recurrently mutated driver genes
(mutated in >10% of cases) of 267 BL. Mutations, EBV and SOX11 status, age group
(pediatric or adult) and epidemiological variant (endemic or sporadic) are shown. (B)
Frequencies of mutated cases in EBV+ (n=110), EBV-/SOX11- (n=76) and EBV-
/SOX11+ (n=81) for each gene are shown. Fisher’s exact test with FDR correction was
performed to evaluate differences in the frequencies between groups. **** g-value

<0.0001, *** g-value <0.001, ** g-value <0.01, * g-value <0.15.
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Figure 4. Gene expression analysis upon SOX11 overexpression in DG75-ER-
SOX11 BL cell line. (A) Western blot experiment showing the levels of ER-SOX11
protein in DG75 ER-SOX11 BL cell line. DG75-ER was used as negative SOX11
expressing cell line and tubulin as loading control. (B) Immunofluorescence
experiments showing the nuclear localization of the SOX11 protein in DG75 ER-
SOX11 cells, induced (+) or not induced (-) with 4-OHT for 24h. DG75 ER cell line
was used as SOX11 negative control. DAPI mark the cellular nucleus, and merge of the
two immunofluorescences images (DAPI and SOX11) was done. (C) Heatmap
illustrating the scaled expression (Z-score) of 1694 DEG (866 upregulated and 828
downregulated genes; Supplementary Table S7) in DG75 ER-SOX11 compared to
DG75 ER cell lines induced with 4-OHT for 8 and 24h, obtained by RNA-seq. Genes
with an adjusted P-value <0.1 and absolute log2-transformed fold change >0.65 were
considered. (D) Volcano plot showing genes differentially expressed, obtained by RNA-
seq, upon SOX11 overexpression in DG75 ER-SOX11 compared to DG75 ER BL cell
lines treated with 4-OHT. The graph shows on the y-axis —log10(P-value) and on the x-
axis the log2-transformed fold change. Genes upregulated and downregulated in DG75
ER-SOX11 vs DG75 ER with an adjusted P-value <0.1 and log,-transformed fold
change >0.65 or <-0.65 are colored in red and blue, respectively, and genes with an
adjusted P-value < 0.00005 and absolute log2-transformed fold change >3 are labeled
with their Gene Symbol. (E-F) Panther pathway enrichment analysis using DEG
upregulated (E) and downregulated (F) between DG75 ER-SOX11 and DG75 ER after
4-OHT treatment. Number of genes, fold enrichment and —log10(P-value) for each

pathway are shown. Only pathways with a p-value <0.05 were considered.
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Figure 5. SOX11-associated BL signature found in transduced cell lines is also
detected in BL primary cases. (A) Western blot experiment showing the SOX11
protein levels in Ramos SOX11 (SOX11 is FLAG-tagged) cell line, Ramos CT, BL2
CT and BL2-SOX11KO BL cell lines. Tubulin protein was used as loading control. (B)
Overlap between DEG (adjusted P-value <0.1 and absolute log, transformed fold
change >0.65) in DG75 ER-SOX11 vs DG75 ER (in purple, 1694 genes, Supplemental
Table S7), BL2 CT vs BL2-SOX11KO (in red, 107 genes, Supplemental Table S9) and
Ramos SOX11+ vs Ramos CT (in green, 151 genes, Supplemental Table S8). (C) Row
scaled expression (Z-score) of genes from the SOX11-associated BL signature (79 DEG
overlapping between at least two comparisons in Figure 5B) in RNA-seq data of 117
pediatric endemic and sporadic BLs. K-means clustering was performed to separate
samples in k=3 groups. SOX11 expression, EBV status and BL epidemiological variant
are shown at the top panel. (D) Correlation plot between genes from the SOX11-
associated BL signature in RNA-seq data of 117 pediatric endemic and sporadic BLs.
Blue and red showed positive and negative Pearson correlation coefficients,
respectively. P-values from Pearson correlation are shown: * <0.05, ** <0.01, ***

<0.001.

Figure 6. SOX11 shares similar transcriptional roles in MCL and BL. (A) Bubble
plot showing the normalized enrichment score (NES, x-axis), FDR (y-axis) and size
(number of genes) of SOX11-specific MCL gene sets in DG75 ER-SOX11 vs DG75 ER
(left), Ramos-SOX11+ vs Ramos CT (middle), and BL2 CT vs BL2-SOX11KO (right)
GSEA comparisons. (B) Overlap between DEG in 4-OHT treated DG75 ER-SOX11 BL
cell line (in yellow, 1660 genes with Gene Symbol), upon SOX11 KO in Z138 MCL

cell line (in green, 686 genes with Gene Symbol), and SOX11-direct target genes in
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MCL found by ChlIP on chip in Z138 cell line (in blue, 1909 genes with Gene Symbol).
(C) Pathway enrichment analysis on common genes between DEG in DG75 ER-SOX11
BL cells, and upon SOX11 KO in Z138 MCL cells and SOX11 targets genes obtained
by ChIP on chip in Z138 MCL cells (red circle). Number of genes, fold enrichment and
—log10(p-value) for each pathway are shown. (D) PLXNB1, CD24 and MEX3A relative
MRNA expression (normalized to GUSB endogenous control) in BL and MCL SOX11-
overexpressing cell lines (left, Ramos-SOX11+, DG75 ER-SOX11 and JVM2-
SOX11+), and in SOX11-KO BL and MCL cell lines (right, BL2-SOX11KO and Z138-
SOX11KO). Data is shown as mean + standard deviation of the fold change between
SOX11-overexpressing or SOX11-KO and its respective control cell values, obtained in
3 independent experiments. Statistical significance was obtained by unpaired two-tailed
Student t-test. (E) Western blot experiments showing MEX3A and SOX11 protein
levels (ER-SOX11, SOX11-FLAG or endogenous SOX11) in BL2-SOX11KO, DG75
ER-SOX11, and Ramos-SOX11+ and their control cell lines BL2 CT, DG75 ER and
Ramos CT. Tubulin was used as a loading control. (F) Histograms showing CD24
protein levels analyzed by flow cytometry in Z138- and BL2-SOX11KO MCL and BL
cell line models and their respective controls. CD24 staining is shown in filled dark blue
histograms for SOX11+ cells and in filled light blue histograms for SOX11- cells,
whereas isotype controls are shown in non-filled and long dashed histograms. (G)
CXCR5, CCR7 and ITGB7 mRNA expression levels (log, transformed values) in DG75
ER and DG75 ER-SOX11, obtained by RNA-seq. (H) Relative adhesion to VCAM-1
measured as the ratio of fluorescence emission of calcein-labeled cells between those
that have been attached to untreated microplate wells precoated with VCAM-1 and

those attached in an unspecific way (VCAM-1 adhesion/unspecific cell adhesion in
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BSA 0.5%). Statistical significance was obtained by unpaired two-tailed Student t-test.

* P-value <0.05, ** P-value < 0.01, *** P-value <0.001, **** P-value < 0.0001.

DIGITAL IMAGE
Model of the molecular dichotomy between EBV and SOX11 in BL.

SOX11 expression is exclusive of EBV- BLs. In addition, the 1G::MYC translocation is
mainly acquired by CSR in EBV-/SOX11+ BLs, and by SHM in the EBV-/SOX11- and
EBV+ BL cases. Finally, the three BL subgroups show different mutational landscapes,
with higher frequency of SMARCA4 and ID3 and lower of DDX3X mutations in EBV-
/SOX11+ compared to EBV-/SOX11- and EBV+ BL cases, and higher frequency of
TP53, CCND3, FBXO11 and MYC mutations, and lower of FOXO1 and SIN3A in EBV-

compared to EBV+ BLs.
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SUPPLEMENTAL DATA

SOX11 expression is restricted to EBV-negative Burkitt lymphoma and associates
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SUPPLEMENTAL METHODS

Cell lines

For in vitro studies we used the SOX11- BL cell lines Ramos and DG75 (ATCC
CRL-1596 and ATCC CRL-2625, respectively); and the SOX11-positive (SOX11+) BL
cell line BL2 (DSMZ ACC 625). Moreover, we used the stable transduced Z138-
SOX11knockout (KO) MCL cell lines, previously generated by our laboratory using the
CRISPR-CAS9 genome editing technology, and its control (Z138CT);! and the stable
lentiviral transduced JVM2 cell line ectopically overexpressing SOX11 (JVM2-SOX11+)
and its control JVM2CT.2 HEK-293T cell line (ATCC CRL-3216) was used for lentivirus
production. Cell line authentications were performed by qCell Identity (gGenomics) and
Mycoplasma contamination was regularly tested.

Cells were cultured at 37 °C and 5% CO2 in RPMI 1640 with L-glutamine
(Corning) or DMEM with L-glutamine (Lonza) (only HEK-293T), supplemented with
10% of fetal bovine serum (FBS) (Gibco), 100 pg/ml streptomycin and 100 U/ml

penicillin (Gibco).

ddPCR assay for EBV traces

Droplet digital PCR (ddPCR) was performed using 200ng of DNA,
1 x ddPCRSupermix for Probes (BioRad, Hercules, CA, USA), 900 nM of each primer
(Life Technologies, Italy), and 250 nM of the probe (Life Technologies, Italy) in a total
volume of 22 pL. Among the fragments of the EBV genome, BamHI-W and EBNAL are
the most conserved region of EBV genome. After droplet generation using QX200TM
Droplet Generator instrument (BioRad), the generated microdroplets were put into a 96-
well plate for amplification. Cycling conditions included preheating at 95 °C for 10 min

followed by 40 cycles of denaturation at 94 °C for 30 s, annealing at 58 °C for 60 s, and
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final heating at 98 °C for 10 min. Then, the PCR plate was transferred to a QX200 droplet
reader (BioRad), and fluorescence amplitude data were obtained by QuantaSoft software
(BioRad). The absolute copy number of each viral assays was calculated by Bio-Rad
software and showed as number of copies/ul. As previously reported, we used as
biological negative controls a sample of Hair Cell Leukemia (HCL), whom has never

been associated with EBV.

RNAscope for EBNA1 and CD10 IHC

After immunohistochemistry (IHC) for CD10 (anti-human murine CD10,
PA0270, Leica, Germany) associated with BOND Polymere Refine Red Detection Kit
(Leica, Germany), RNAScope for EBNAL (LS Probe V-EBV-EBNAL, Cat# 485388,
Bio-Techne, Italy) was performed on the same slides using the BOND RNAscope Brown
Detection reagent kit (Leica, Germany) according to manufacturer instructions. EBNA1
mMRNA staining signals were identified as brown punctuate dots, while CD10+ cells were
identified as red and counterstaining with hematoxylin. Each sample was quality-
controlled for RNA integrity with a probe specific to the housekeeping Cyclophilin B
(PPIB) mRNA used as positive control. Background staining was evaluated using a
negative control probe specific for bacterial dihydrodipicolinate reductase (dapB); all

Burkitt lymphoma (BL) cases analyzed did not show any dots for the dapB in any cells.

Differential expression analysis using RNA-seq data

Gene-level counts were imported to R (version 3.6.3, https://www.r-project.org)
for analysis. Differential gene expression was conducted using R/Bioconductor DESeq?2
package (version 1.24.0), shrinking the size factor with apeglm method. Genes were

considered as differentially expressed when adjusted P-value <0.1 and absolute log2-
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transformed fold change >0.65. Lists of differential expressed genes were used for
functional annotation analysis using Panther Software. Variance stabilized expression
matrix were obtained for gene set enrichment analysis (GSEA), clustering and gene

expression analysis.

RT-PCR
For RT-gPCR, cDNA was generated using gScript cDNA Synthesis Kit
(Quantabio) and analyzed using Fast SYBR Green Master Mix (Applied Biosystems) and

specific primers (Supplemental Table S11) following manufacturer’s recommendations.

Plasmid generation

ER-SOX11 expression was achieved using the pEFla-IRES-AcGFP1 vector
(Clontech). Both SOX11 ORF and the sequence of the hormone-binding domain of the
mouse Estrogen Receptor (ER) carrying mutations that increase its affinity for the
synthetic drug 4-hydroxytamoxifen (4-OHT),® was amplified by PCR and cloned in the
vector using unique restriction sites. The ER™ sequence was amplified from a plasmid
expressing the MycER gene fusion* with primers adding the unique restriction sites Nhel
and HindlIl and an improved Kozak sequence. SOX11 sequence was amplified by PCR
from the plasmid pcDNA3 SOX11-HA® with primers removing the starting ATG and

adding the unique restriction sites Hindlll and BamHlI.

Generation of SOX11-KO
BL2 cells with targeted deletions in the SOX11 gene were produced using a
CRISPR/Cas9 strategy. Cas9 ribonucleoprotein (RNP) complexes were formed by

combining 50 pmol of EnGen Cas9 NLS protein (New England Biolabs) with 100 pmol
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each of two SOX11-targeting gRNAs: gRNA_U3 (GGAGAGCAACCTGCCCCGGG)
and gRNA_D (GAAGATCCCGTTCATCCGGG). gRNAs were synthetized in vitro
using the GeneArt™ Precision gRNA Synthesis Kit (Invitrogen), according to the
manufacturer. Following RNP assembly 10 min at RT, the gRNA-Cas9 complexes were
elecroporated by Nucleofection (Lonza) in 5x10° pre-warmed BL2 cells resuspended in
Nuceleofector kit V using program C-O9. Cells were left to recover in normal growth
medium (RPMI + 10% FBS) for 72 hours and then diluted to 10 cells per ml. Cells were
plated in 96 well plates to select single cell clones. Genotyping of expanded single cell
clones was performed by PCR wusing the following primers: SOX11_fw9
(AGCCGCGAAAGCGGGGTGCCGAG) and SOX11_rev8
(CGCGCTCTTCTCTGGGCTCTGG). Presence or absence of small deletions in the
SOX11 gene were evaluated by agarose gel electrophoresis and validated by Sanger

sequencing of the PCR product.

Western Blot

For western blot, 50-70 pg of total protein was separated by 6-9% SDS-PAGE,
transferring them to a 0.45 um nitrocellulose membrane. Membranes were blocked with
5% of milk powder, in TBS-T for 1 h and incubated overnight at 4 °C with specific
antibodies to detect SOX11 (Cell Marque, MRQ-58, 1/1000 dilution), MEX-3A (Abcam,
ab-79046, 1/1000 dilution) or a-Tubulin (Sigma-Aldrich, CP06, 1/5000 dilution). After
incubation, washed membranes were incubated 1 h with the corresponding secondary
antibody HRP conjugated (DAKO, 1/5000). Washed membrane was incubated with
Pierce ECL reagent (Thermo Fisher Scientific) to detect proteins in ImageQuant

LAS4000 (Fujifilm).
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SOX11 immunofluorescence

DG75 ER and DG75 ER-SOX11 cells induced or not with 150 nM of 4-OHT
(H7904, Sigma-Aldrich) for 24 h were incubated for 30 min into a coverslip pre-treated
with poly-L-lysine (Sigma-Aldrich). Cells were fixed with 4% of paraformaldehyde for
15 min, washed twice with PBS, permeabilized for 20 min with blocking solution (PBS
with 5% FBS and 0.5% Triton), and incubated for 1 h with SOX11 antibody (Abcam,
ab170916, 1/100 dilution). Cells were washed twice with PBS, incubated for 1 h with
secondary antibody anti-rabbit IgG A488 conjugated (ThermoScientific, A21206, 1/400
dilution), washed twice with PBS and once with MiliQ water, and then dried. A minimal
volume of Mounting Medium with DAPI (DUO82040) was added, and samples were

observed in Nikon Eclipse 50i microscope.

GSEA

GSEA was performed in variance stabilized expression matrices from RNA-seq
data with GSEA v4.0.3. Data was randomized by 1000 permutations gene_set and
SOX11-specific MCL customized gene sets previously obtained®® were used for

enrichment analysis.

Cell cytometry staining

For extracellular staining of CD24, 2x10° growing BL and MCL cells were
washed with PBS and FBS 5% and stained with 2.5 ul of CD24-PE (BD, 555428) or
IgG2a kappa isotype-PE (eBioscience, 12-4732-42) for 20-30 min at 4 °C. Cells were
washed with PBS and analyzed in FACS CANTO Il (BD). To plot the results, mean

fluorescence intensity (MFI) was used.
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Adhesion assay

Untreated wells of a 96-well microplate were coated with 500 ng/ml of VCAM-1
or with BSA 0.5% in RPMI medium overnight at 4°C. Next day, BL cells (SOX11-
overexpressing and control DG75 (induced with 150 nM of 4-OHT during 24 h) and
Ramos cells) were stained with 1 uM of Calcein AM Viability dye (eBioscience) for 30
min. Then, cells were centrifuged and 2x10° BL cells were plated in wells coated with
VCAM-1 or BSA 0.5% and incubated during 1 h. After incubation, wells were washed
three times with PBS and cells were incubated in 50 pl of RPMI + 50 pl of Triton 2% for
30 minutes. Finally, cells were transferred to a black 96-well microplate and fluorescence
emitted by calcein (A535 nm) was measured in Synergy HT spectrophotometer (Biotek).
Relative adhesion was measured as the calcein emitted fluorescence by cells coated with
VCAM-1 divided by the fluorescence emitted by calcein-labelled cells adhered in an

unspecific way to the well (with BSA 0.5%).
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SUPPLEMENTAL FIGURES AND FIGURE LEGENDS

A B
C D
E F
G

SOX11 mRNA expression
(log2 transformed values)

Supplemental Figure S1. SOX11 status in BL cases. SOX11 immunohistochemistry illustrating
two cases of negative BL (A-B) and the spectrum of SOX11 expression in SOX11+ BL (four
independent cases, C-F). BL negative for SOX11 showed no nuclear staining at all (A-B). In
SOX11 was scored positive when at least 10% of lymphoma cells showed unambiguous nuclear
staining (low positive score in C). However, positive cases usually showed much higher scores
with at least 50% positive nuclei (D-F). Bar in B corresponds to 100um. Original magnification
400x. (G) Hlustration of SOX11 mRNA cut-off (10.5 log, transformed values, dashed line)
obtained from RNA-seq data of 117 BL cases from the BLGSP. SOX11+ status >10.5, SOX11-

status <10.5.
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2.4e-09

—
s
Il

0.052

0.21

—
[ ]
L

—
%
L

—
—
1

AICDA mRNA expression
(log2 transformed values)
o

9+ @

EBV+

EBV-/SOX11- EBV-/SOX11+

Supplemental Figure S2. AICDA mRNA expression levels (log transformed values) in

EBV+ (n=93), EBV-/SOX11- (n=7) and EBV-/SOX11+ (n=17) BL cases. To test

differences Kruskall-wallis was performed, and to evaluate pairwise differences,

Wilcoxon test was used.
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Supplemental Figure S3: Analysis of SOX11 expression in EBV- and EBV+ BL cell
lines. (A) SOX11 immunohistochemistry of 11 formalin fixed, and paraffin embedded
BL cell lines (cytoblocks) derived into EBV- and EBV+. EBV status according to
https://www.dsmz.de. SOX11 immunohistochemistry in a cytoblock of the MCL cell line
Z138 is shown as a positive control. (B) Western blot analysis of SOX11 expression in a
subset of the above cell lines in comparison with the MCL cell lines Granta-519 and Jeko-

1. The expression of GAPDH is shown as a loading control.
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Supplemental Figure S4. Gene expression profile of DG75-ER-SOX11 BL cell line.
(A) Principal component analysis on RNA-seq data from DG75-ER-SOX11 and -CT BL
cell lines upon 4-OHT induction for 8h and 24h. Principal components 1 and 2 are shown.
Only the 500 first more variable genes were considered to do the analysis. (B) Overlap
between differential expressed genes after 8h (in red, 1315 genes) and 24h (in yellow,
1217 genes) of ER-SOX11 induction in DG75 ER-SOX11 BL cell line compared to

DG75 CT at 8h and 24h 4-OHT induction.
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Supplemental Figure S5. Gene expression analysis upon SOX11 overexpression in
Ramos SOX11+ and knockout in BL2 BL cell lines. (A and C) Heatmap illustrating
the scaled expression (Z-score) of differential expressed genes in (A) Ramos SOX11+

compared to Ramos CT cell lines (85 upregulated and 66 downregulated genes)
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(Supplemental Table S7), and (C) BL2 CT compared to BL2-SOX11KO cell lines (76
upregulated and 31 downregulated genes) (Supplemental Table S8), obtained by RNA-
seq. Genes with an adjusted P-value <0.1 and absolute log2-transformed fold change
>0.65 were considered. (B and D) Volcano plot showing genes differentially expressed,
obtained by RNA-seq, upon SOX11 overexpression in (B) Ramos SOX11+ compared to
Ramos CT cell lines, and (D) BL2 CT compared to BL2-SOX11KO cell lines. The graph
shows on the y-axis -log (P-value) and on the x-axis the log2-transformed fold change.
Genes upregulated and downregulated with an adjusted P-value <0.1 and log2-
transformed fold change >0.65 or <-0.65 are colored in red and blue, respectively, and
genes with an adjusted P-value < 0.00005 and absolute log2-transformed fold change >3
are labeled with their Gene Symbol. (E) Panther pathway enrichment analysis using DEG
between RAMOS SOX11+ and RAMOS CT cell lines. Number of genes and —log10(P-

value) for each pathway are shown.

13



Sureda-Gémez M. et al., February. 2024

Enrichment plot: SOX11-Associated BL signature
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Figure S6. Similar SOX11 transcriptional activity in BL cell lines and primary
samples. GSEA showing the enrichment of the SOX11-associated BL signature
(Supplemental Table S9) in SOX11"9" compared to SOX11-*" BL primary samples
(SOX11 mRNA cut-0ff=10.5 log. transformed values; see Figure S1G). Normalized
enrichment score (NES), P value, and false-discovery rate (FDR) are shown. FDR<0.1

indicates statistical significance.
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Supplemental Figure S7. Overlap between the expression of a SOX11-specific
signature in BL and MCL. GSEA analysis showing enrichment of the SOX11-
associated BL signature (Supplemental table S9) in SOX11+ compared to SOX11- (A)
MCL cell lines (Z138CT vs Z138SOX11KO) and (B) cases (cMCL vs nnMCL).
Normalized enrichment score (NES), P value, and false-discovery rate (FDR) are shown.

FDR<O0.1 indicates statistical significance.

15



Sureda-Gémez M. et al., February. 2024
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Supplemental Figure S8. Dependency on 4-OHT for SOX11-associated gene
expression. DG75-ER-SOX11 cells were cultured for 24 hours in presence of either
ethanol (Et-OH) or 4-hydroxytamoxifen (4-OHT). After harvesting of cells for gene
expression analysis the rest of the cells were washed in complete medium and let them
grow for another 24 hours. RNA was extracted from the cells in the above-mentioned
conditions and the expression of three SOX11-target genes was analyzed by gqPCR.
GUSB was used as housekeeping gene. Asterisks indicate a p-value <0.005 in the

comparison 4-OHT vs 4-OHT Wash.
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SUPPLEMENTAL TABLES
Supplemental Tables are placed in the Supplemental Tables Excel file.
Supplemental Table S1. SOX11 and EBV association (SOX11 status by IHC and
EBV status by EBER ISH) in BL pediatric and adult patients.
Supplemental Table S2. IG partner and mechanism leading to 1G::MYC
translocation in BL pediatric cases.
Supplemental Table S3. Mutational status in BL recurrently mutated genes in BL
cases.
Supplemental Table S4. Frequency of mutations in BL recurrently mutated genes
in EBV+, EBV-/SOX11- and EBV-/SOX11+ BL cases and comparisons between
groups.
Supplemental Table S5. Frequency of mutations in BL recurrently mutated genes
that shown differences between EBV+, EBV-/SOX11- and EBV-/SOX11+ BL cases.
Pairwise comparisons without and with correction (by FDR) are shown.
Supplemental Table S6. Differentially expressed genes upon SOX11 overexpression
in DG75 BL cell line with adjusted P-value <0.1 and absolute log2-transformed fold
change >0.65.
Supplemental Table S7. Differentially expressed genes upon SOX11 overexpression
in Ramos BL cell line with adjusted P-value <0.1 and absolute log2-transformed fold
change >0.65.
Supplemental Table S8. Differentially expressed genes upon SOX11 knockout in
BL2 BL cell line with adjusted P-value <0.1 and absolute log2-transformed fold

change >0.65.
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Supplemental Table S9. Genes overlapping between differential expression analysis
in DG75 and Ramos SOX11-overexpressing, and BL-SOX11KO cell lines,
composing the SOX11-associated signature in BL.

Supplemental Table S10. Customized gene sets SOX11-specific found in MCL used
for GSEA in BL cell line models.

Supplemental Table S11. Primers used for qRT-PCR.
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