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TO THE EDITOR:
Mantle cell lymphoma is characterized by the primary CCND1
deregulation caused by the t(11;14)(q13;q32) translocation. In
addition, SOX11 had been described as one of the most relevant
oncogenes contributing to the pathogenesis of mantle cell
lymphoma (MCL) [1]. In particular, high SOX11 expression is
restricted to conventional MCL (cMCL) cases, and represents a
diagnostic biomarker to differentiate this MCL subtype from the
less aggressive leukemic non-nodal MCL (nnMCL) and other
lymphoproliferative disorders [2]. Although the consequences of
SOX11 overexpression are well described [1], its causes remain
widely unknown, as SOX11 is not targeted by any genetic
alteration [3]. From the epigenetic perspective, the SOX11
promoter is characterized by the expected presence of activating
histone modifications [4]. In 2016, we identified a distant super-
enhancer 624–653 kilobases (Kb) downstream SOX11 which
becomes activated and creates a three-dimensional (3D) loop
structure with the SOX11 locus [5]. Here, we have performed a
detailed epigenetic dissection of this distant super-enhancer to
shed additional light into the mechanisms underlying SOX11
expression in cMCL.
Although the proximity of SOX11 and its super-enhancer in the

3D space has been previously detected by chromosome
conformation capture experiments [5], we further explored it at
the single-allele level in individual cells by 3D fluorescence in situ
hybridization (FISH). We applied two differentially labeled DNA
probes spanning the SOX11 oncogene (in red) and the super-
enhancer (in green) (Fig. 1A). In SOX11-positive MCL cases signals
were fused in both alleles, whereas in SOX11-negative MCLs, the
distance between the labeled probes was significantly larger
(Fig. 1B, Supplementary Fig. 1). This finding indicates that the
physical proximity between SOX11 and its super-enhancer takes

place in a biallelic fashion in SOX11 expressing MCL cells. Next, we
wondered if the looping structure in SOX11-positive MCL cases
was associated with changes in topologically associating domains
(TADs). These structures are considered as regulatory units for
transcriptional activity, and alterations in TAD boundaries have
been described as a mechanism of aberrant oncogene activation
in cancer [6]. Hence, we defined the TAD structures in SOX11-
positive and negative MCLs. We generated in situ Hi–C data from
two MCL cell lines as disease models, Z-138 (SOX11-positive) and
JVM-2 (SOX11-negative) (Supplementary Table 1), and we mined
recently published in situ Hi–C data from 2 SOX11-positive and 3
SOX11-negative MCLs [7]. We observed that the TAD structure at
20 Kb resolution in the SOX11 locus and the distant super-
enhancer region was similar in SOX11 expressing and non-
expressing MCLs (Fig. 1C and Supplementary Fig. 2). Despite TAD
border conservation, we detected a significant overall increase of
3D interactions within this TAD (relative to the rest of chromo-
some 2) in SOX11-positive MCL (mean density of interactions=
1.2: SD= 0.084) as compared to SOX11-negative MCLs (mean
density of interactions= 0.94: SD= 0.091) (Fig. 1D). This increase
seemed to be mostly caused by a sharp increase in interactions in
the intraTAD region that contains SOX11 and its super-enhancer
(Supplementary Fig. 3). Overall, these results rule out the presence
of a large-scale structural disruption and favors a chromatin loop
reconfiguration between SOX11 and its super-enhancer as the
potential cause of SOX11 deregulation.
We next performed a multi-layer epigenomic profiling of the

SOX11 super-enhancer to elucidate its internal structure and
identify specific regulatory elements. We mined chromatin
states using ChIP-seq of six different histone marks, chromatin
accessibility maps by ATAC-seq and DNA methylation by
whole-genome bisulfite sequencing in MCL primary cases,
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MCL cell lines and normal B cells, as well as histone mark
profiling other B-cell neoplasms and cell lines from the
ENCODE Consortium [8, 9]. We initially analyzed chromatin

states and corroborated that in SOX11-positive MCLs, the
super-enhancer was active and correlated with active chroma-
tin at the distant SOX11 locus. In contrast, in SOX11-negative
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MCLs and normal B cells the super-enhancer region was mostly
heterochromatic with two isolated weak enhancer regions, and
the SOX11 gene promoter was kept in a poised state (Fig. 1E).
We then analyzed the chromatin accessibility profile, which
marks nucleosome-free regions where transcription factors (TF)
bind. We defined five different accessible regions embedded
within the super-enhancer in SOX11-positive MCL cases,
named peaks 1–5 (Fig. 2A). Peak 1 was remarkably interesting
as it was active only in the SOX11-positive MCLs but not in
MCLs lacking SOX11, other B-cell neoplasias or normal B cells
(Supplementary Figs. 4 and 5). Moreover, in non-lymphoid cell
lines expressing SOX11 such as H1, HSMM, and NHLF, the
enhancer was inactive further supporting its cMCL specificity
(Supplementary Fig. 4). Peaks 2 and 5 were present in SOX11-
positive MCL cells and germinal center B cells (GCBC), being
peak 2 also present in plasma cells (PC). Besides, peaks 3 and 4
were detected in all samples regardless of their SOX11
expression status (Fig. 2A). Furthermore, analyzing the DNA
methylome we observed that the SOX11-positive MCLs with
accessible chromatin were in general demethylated as com-
pared to SOX11-negative MCLs (Supplementary Fig. 6). We
subsequently mined the TF ChIP-seq data obtained in multiple
cell lines (not including MCLs) by the ENCODE Consortium [9]
to identify candidate TF that might be involved in activating
the SOX11 super-enhancer (Fig. 2A). Peaks 2–5 were enriched in
a variety of TFs, in part related to B-cell differentiation, which is
in line with the fact that these peaks are also accessible in
normal B-cell subpopulations. Peak 1 lacked TF-binding sites in
cell lines from the ENCODE, supporting the finding that this
accessible site is highly specific for SOX11-positive MCLs. Thus,
this peak may contain clues to understand the mechanisms
triggering the SOX11 expression in aggressive MCLs. To obtain
insights into which proteins may be binding to peak 1, we
performed targeted mass spectrometry (MS) experiments. As
bait, we used biotinylated sequences both from the de novo
accessible peak 1 and the pan-B accessible peak 3, and we
incubated them with protein extracts of the SOX11-positive
MCL cell line Z-138. Among the proteins associated with peak
3, USF was detected, which is a regulator of transcription for
many genes during cell differentiation [10]. Furthermore, the
SOX11 protein was located in this peak 3 suggesting that
SOX11 might regulate itself in MCL by binding to this specific

chromatin accessible peak (Fig. 2B left and Supplementary
Table 2), suggesting the presence of a SOX11 positive feedback
loop [1]. In the case of peak 1, which is accessible in SOX11-
positive MCLs but not in normal B cells, we found the B-cell TF
PAX5 to be highly enriched (Fig. 2B right and Supplementary
Table 3). To further analyze this finding, we screened for
potential PAX5 binding motifs across all the accessible peaks of
the super-enhancer and detected potential binding motifs for
PAX5 both at peak 1 and peak 3, and at peak 4 as well
(Supplementary Table 4). Remarkably, the SOX11 locus itself
also contains PAX5 binding motifs (Supplementary Table 4).
Overall, these findings suggest that PAX5 may play a role in the
activation of SOX11 in MCL. Interestingly, PAX5 may not only
influence SOX11 gene expression, but SOX11 itself has been
shown to contribute to PAX5 expression regulation [11]. The
identification of PAX5-binding sites at the SOX11 gene and its
super-enhancer, and the PAX5 binding to the MCL-specific
peak 1, is indeed intriguing. PAX5 is a key TF for B-cell
commitment and identity [12], and SOX11 is not expressed at
any B-cell maturation state. How PAX5 contributes to activate
the SOX11 regulatory elements in MCL remains puzzling. We
speculate that PAX5 might aberrantly bind to peak 1 of the
super-enhancer leading to DNA demethylation and chromatin
activation [13], and eventually to SOX11 upregulation. This
process may occur in a pre-B stage where the initial oncogenic
event takes place, i.e., the t(11;14)(q13;32) leading to cyclin D1
overexpression. However, it is unlikely that cyclin D1 over-
expression itself induces SOX11 activation, as the CCND1-IGH
juxtaposition also takes place in SOX11-negative MCLs, and
cyclin D1 ChIP-seq data did not reveal binding to the SOX11-
positive MCL super-enhancer region [14]. In spite of these
evidences, a recent report proposed a link between CCND1 and
SOX11 in MCL suggesting that cyclin D1 might sequester
histone deacetylase 1 (HDAC1) or HDAC2 from the SOX11 locus,
resulting in SOX11 upregulation [15]. The same study identified
that pSTAT3 could repress SOX11 transcription [15]. However,
our detailed dissection of the SOX11 super-enhancer localized
STAT3 at the normal B cell-related peaks 3 and 5 but our MS
analyses of peak 1 did not reveal binding of any member of the
STAT family (Fig. 2). This result suggests that the described
function of STAT3 might be exerted at the chromatin accessible
regions present at the SOX11 positive and negative MCL cases

Fig. 1 Chromosome conformation and chromatin activity at the SOX11 locus in MCL cases. A Scheme of the 3D FISH experiment (top). Two
BAC clones were used, one for the SOX11 locus (red) and another for the SOX11 super-enhancer region (green). Two representative 3D FISH
images (bottom) from SOX11-positive (left) and SOX11-negative (right) MCL cases are shown. Nuclei, which are highlighted with a dashed
white line, were stained with DAPI. B Mean distances between SOX11 locus and super-enhancer region were analyzed for 50 different signal
pairs per each case (mean ± SD, t test for independent samples) (5 SOX11-positive and 5 SOX11-negative MCLs) C Top: Hi–C contact matrices
for one conventional MCL case (SOX11-positive, cMCL2, left) and one leukemic non-nodal MCL cases (SOX11-negative, nnMCL1, right).
Bottom: Hi–C contact matrices for the SOX11-positive MCL cell line Z-138 (left), and the SOX11-negative MCL cell line JVM-2 (right). Color code
indicated the Hi–C interactions. The topologically associating domain (TAD) contacting SOX11 locus and the SOX11-positive MCL super-
enhancer are marked with a line. Below, TAD borders and the location of the SOX11 locus (light blue) and the super-enhancer in SOX11-
positive MCL cases (dark blue) were indicated per sample. The coordinates of the represented region are chr2:3,500,000-8,120,000 (GRCh38).
D Density of interactions calculated at the TAD containing SOX11 locus and SOX11-positive MCL super-enhancer among SOX11-positive MCL
(two primary cases and one cell line) and SOX11-negative MCL (three primary cases and one cell line) samples (t test for independent
samples). E Chromatin states related to the SOX11 locus and the SOX11 positive MCL super-enhancer in SOX11-positive (two cMCL cases and
one cell line, Z-138) and SOX11-negative (three nnMCL cases, one cell line, JVM-2, and five normal B cells; a representative B-cell
subpopulation was chosen from the three replicates) samples. cMCL conventional MCL, nnMCL leukemic non-nodal MCL, NBC naive B cell,
GCBC germinal center B cell, PC plasma cell, MBC memory B cell, PB peripheral blood. ActProm Active Promoter, WkProm Weak Promoter,
StrEnh1 Strong Enhancer 1, StrEnh2 Strong Enhancer 2, WkEnh Weak Enhancer, TxnTrans Transcription Transition, TxnElong Transcription
Elongation, WkTxn Weak Transcription, PoisProm Poised promoter, PolycombRepr Polycomb repressed, Het;Repr Heterochromatin-
Repressed, Het;LowSign Heterochromatin-Low Signal. The coordinates of the whole represented region are chr2:5,550,000-6,550,000, being
the SOX11 region located at chr2:5,683,948-5,710,104, and the super-enhancer at chr2:6,314,751-6,381,194. All coordinates are given in
GRCh38.
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as well as normal B cells, and therefore, may not be directly
involved in the de novo overexpression of SOX11.
Overall, our study dissects the SOX11 super-enhancer and identifies

a small accessible region exclusively active in SOX11-positive MCL.

These findings represent an additional step in the path toward
understanding the causes underlying SOX11 upregulation in MCL,
although further studies are required to completely elucidate the
factors and chain of events associated with this oncogenic activation.
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Fig. 2 Multi-omic dissection of the SOX11 super-enhancer region. A For both SOX11-positive and negative samples (including normal and
neoplastic samples) the following tracks are shown, from up to bottom: chromatin states and chromatin accessibility (based on ATAC-seq
signals, y-axis signal from 0 to 100). The chromatin accessibility signal shown from each B-cell subpopulation is the median from three
different replicates. Below, transcription factor ChIP-seq clusters from ENCODE with the factorbook motifs track. ChIP-seq peaks derived from
the ENCODE TFBS data, which contains data from 161 transcription factors in 91 different cell types. The transcription factors highlighted are
USF2 in blue, PAX5 in orange, and STAT3 in green. ActProm Active Promoter, WkProm Weak Promoter, StrEnh1 Strong Enhancer 1, StrEnh2
Strong Enhancer 2, WkEnh Weak Enhancer, TxnTrans Transcription Transition, TxnElong Transcription Elongation, WkTxn Weak Transcription,
PoisProm Poised promoter, PolycombRepr Polycomb repressed, Het;Repr Heterochromatin-Repressed, Het;LowSign Heterochromatin-Low
Signal. The coordinates of the represented region are chr2:6,325,427-6,356,576 (GRCh38). B Results of the targeted MS experiments showing
the proteins potentially binding to specific chromatin accessible peaks. Peptide spectrum matches (PSM), which is the total number of
identified peptide sequences for each protein is shown at the x-axis, and the percentage of the protein sequence identified in the analysis or
coverage is shown at the y-axis. Specific proteins in peak 3 are shown on the left, whereas specific proteins in peak 1 are displayed on the
right. The names of the top ten protein genes are ordered from higher to lower PSM and coverage is listed. A protein can be estimated to be
more abundant if the sequence coverage is high and the peptide is abundant at the sample (high PSM).
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