
Regular Article

LYMPHOID NEOPLASIA

SOX11 promotes tumor protective microenvironment interactions
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Key Points

• SOX11 regulates MCL
homing and invasion via
direct regulation of CXCR4
and FAK expression and
PI3K/AKT and ERK1/2
signaling activation.

• SOX11 expression increases
CAM-DR, contributing to a
more aggressive MCL
phenotype.

SOX11 overexpression in mantle cell lymphoma (MCL) has been associated with more

aggressive behavior and worse outcome. However, SOX11 oncogenic pathways driving

MCL tumor progression are poorly understood. Here, we demonstrate that SOX11 binds

to regulatory regionsof 2 importantgenes formicroenvironmentsignals in cancer: (C-X-C

motif) chemokine receptor 4 (CXCR4) and PTK2 (encoding for focal adhesion kinase

[FAK]). Moreover, SOX111 xenograft and human primary MCL tumors overexpress

cell migration and stromal stimulation gene signatures compared with their SOX112

counterparts. We show that SOX11 directly upregulates CXCR4 and FAK expression,

activating PI3K/AKT and ERK1/2 FAK-downstream pathways in MCL. Concordantly,

SOX111 MCL cells have higher cell migration, transmigration through endothelial cells,

adhesion to stromal cells, and cell proliferation and display an increased resistance

to conventional drug therapies compared with SOX112 MCL cells. Specific FAK inhibition

blocks downstream PI3K/AKT- and ERK1/2-mediated phosphorylation. Additionally,

specific FAK and PI3K inhibitors reduce SOX11-enhanced MCL cell migration and

stromal interactions and revert cell adhesion–mediated drug resistance (CAM-DR) to the same levels as SOX112 MCL cells. In

intravenousMCL xenograft models, SOX111MCL cells display higher cell migration, invasion, and growth comparedwith SOX11-

knockdown cells, and specific FAK and CXCR4 inhibitors impair SOX11-enhanced MCL engraftment in bonemarrow. Overall, our

results suggest that SOX11 promotes MCL homing and invasion and increases CAM-DR through the direct regulation of CXCR4

and FAK expression and FAK/PI3K/AKT pathway activation, contributing to a more aggressive phenotype. Inhibition of this

pathway may represent an efficient strategy to overcome stromal-mediated chemotherapy refractoriness in aggressive MCL.

(Blood. 2017;130(4):501-513)

Introduction

Mantle cell lymphoma (MCL) is an aggressive lymphoid neoplasm
characterized by extensive dissemination of tumor cells to lymphoid
tissues, bone marrow (BM), peripheral blood (PB), and extranodal sites.
Patients have short responses to current therapies and frequent relapses.1,2

However, recent studies have identified a subset of MCL with indolent
clinical behavior that tends to present with leukemic disease instead of
extensive nodal infiltration, and patients may not need chemotherapy for
long periods of time.3-7 These cases have been recognized as “leukemic
nonnodal MCL.”2 Molecular studies have identified SOX11 (SRY [sex
determining region-Y]-box11) as one of the best characterized discrim-
inatory genes between these 2 clinicopathological subtypes of MCL.8-10

We recently proved that SOX11 silencing reduces tumor growth in
a MCL xenograft model, consistent with the indolent clinical course
of human SOX112 MCL.11 SOX11 acts as an oncogene in MCL by
promoting tumor angiogenesis through the PDGFA axis.12 Moreover,

we observed that the numbers of proangiogenic and prosurvival factors
upregulated in SOX111 tumor xenografts were much larger than in
their respective cell lines.12 These results highlight the relevance of the
crosstalk between MCL and accessory cells in the tumor microenvi-
ronment in the regulation of MCL aggressiveness and suggest that
SOX11 may play a role in modulating tumor microenvironment
prosurvival signals in MCL.

Although the mechanisms and signaling pathways of this tumor-
igenic event inMCL are poorly understood,13-15 promising therapeutic
approaches that disrupt crosstalk between the microenvironment and
tumor cells to prevent the development of drug resistance and chemo-
therapy refractoriness are currently in early clinical development in
patients withMCL.16-21 In this study,we searched for potential SOX11
direct target genes that may explain the relationship between SOX11
and tumor microenvironment protective interactions to find new
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Figure 1. SOX11 directly regulates CXCR4 and PTK2 gene expression. (A) GSEA analysis on gene expression profiling microarray data from SOX111 (Z138CT) and

SOX11KD (Z138KD) xenograft tumors and tissue SOX111 and SOX112 MCL primary cases, using microenvironment-related gene sets described in “Methods.” Normalized

enrichment score (NES), P value, and false-discovery rate (FDR) are shown. FDR ,0.2 indicates statistical significance. (B) ChIP-qPCR enrichment in Z138 and JVM2 MCL
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potential targets for novel therapeutic strategies to prevent chemo-
therapy refractoriness in patients with aggressive MCL.

Methods

Cell lines and primary tumors

Two well-characterized SOX111 MCL cell lines (Z138 and Granta519) were
used for SOX11-silencing (Z138 knockdown [KD] and Granta519KD,
respectively).11 In addition, the SOX112MCL cell line (JVM2) and the chronic
lymphocytic leukemia (CLL) cell line (JVM13) were used for FLAG-tagged
SOX11 ectopical expression by stable lentiviral transduction (JVM2SOX111

and JVM13SOX111; supplemental Methods, available on the BloodWeb site).
All these cells were used for western blot, chromatin immunoprecipitation
quantitative polymerase chain reaction (ChIP-qPCR), in vitro experiments,
and/or immunohistochemical studies. Z138CTLuci and Z138KDLuci, obtained
by stable lentiviral transduction expressing the luciferase enzyme22 (supplemental
Methods) from Z138CT and Z138KD cell lines,11 respectively, were used for in
vivo experiments. Human embryonic kidney 293T (HEK293T) cells were used
for luciferase assays and lentiviral particle production. Human umbilical vein
endothelial cells (HUVECs) were used for in vitro transmigration experimental
studies. The BMmesenchymal cell line SNKT23 expressing green fluorescent
protein (SNKT-GFP1; supplemental Methods) was used for coculture in in
vitro system experiments.

Highlypurified tumor cells (.95%) from9primaryMCLs (5SOX111and4
SOX112) were used for in vitro experiments (supplemental Table 1). Details on
cell culture and human primary tumor information are provided in supplemental
Methods.

Gene expression profiling and GSEA analyses

To identify oncogenic pathways related to SOX11 expression in MCL, we
performed gene set enrichment analysis (GSEA) on gene expression data sets
derived from SOX111 vs SOX112 MCL primary tumors (GSE21452),24

SOX111 andSOX11KDMCLxenograft tumors (GSE52892),12 andChIP-chip
data (GSE3502).11 Experimental details on GSEA information are provided in
supplemental Methods.

ChIP-qPCR

In vitro SOX11 binding to CXCR4 and PTK2 regulatory regions was identified
by SOX11-specific ChIP-chip experiments11 (supplemental Figure 1) and val-
idated in Z138 and JVM2 MCL cell lines by ChIP-qPCR using specific primers
(supplemental Table 2) as previously described12 (supplemental Methods).

Luciferase assay

pGLA4.23-CXCR4 and pGLA4.23-PTK2 reporter constructs (supplemental
Figure 1) were generated by PCR using specific primers (supplemental Table 2).
Reporter constructs in cotransfections with SOX11 full-length (pcDNA3-HA-
SOX11) or the truncated SOX11 protein (pcDNA3-HA-SOX11DHMG)
expression vectors11 were used for luciferase assay experiments, performed as
previously described12 (supplemental Methods).

Western blot and FC analyses

Protein extract preparation and western blot analysis were performed as
previously described.12 Primary antibodies used were SOX11 (MRQ-58; Cell
Marque), phosphorylated FAKY397 (p-FAK; Cell Signaling Technology),
FAK(32855;Cell Signaling), p-AKTS473 (Cell Signaling),AKT(sc-1618; Santa
Cruz Biotechnology), p-MAPK T202/Y204 (p-ERK; 42/44; Cell Signaling),
ERK1/2 (sc-94; Santa Cruz Biotechnology), and b-actin (Sigma). Flow
cytometry (FC) analyses were performed as previously described.11 Primary
antibodies used were CXCR4 (anti-CD184 antibody; clone 12G5; BD
Biosciences) conjugatedwith phycoerythrin (PE), p-AKTS473 (Cell Signaling)
and p-MAPK T202/Y204 (p-ERK; 42/44; Cell Signaling) with the secondary
antibody Alexa Fluor 488 dye (Life Technologies; supplemental Methods).

In vitro inhibition experiments and BZM treatments

MCLcellswere pretreatedwith 10mMofFAK inhibitor PF-573228 (PF)25,26 for
6 hours, with 40 mM of CXCR4 antagonist AMD3100 octahydrochloride
hydrate (AMD)27 for 1 hour (both from Sigma-Aldrich) or with 1 mM of
idelalisib (IDEL)28 for 1 hour (Selleck Chemicals). Preteated MCL cells were
washed 1 time with phosphate-buffered saline (PBS) and treated with 10 nM of
bortezomib (BZM29; Janssen Pharmaceuticals) during 24 hours, when indicated.

CXCL12- or CXCL13-mediated chemotaxis

A total of 0.53 105 MCL cells in fetal bovine serum–free RPMI 1640 medium
were added on top of a 24-well plate containing chambers with nontreated
5-mm pore size inserts (Corning Life Sciences) and transwells pretreated
with 20mg/mLoffibronectin (FN; Sigma) for 2 hours or preincubated overnight
with 1 3 105 HUVECs. After overnight incubations, MCL-migrated cells
toward CXCL12 200 ng/mL or CXCL13 1mg/mL (both from Peprotech) were
counted by FC in an Attune acoustic focusing cytometer (Life Technologies).

Pseudoemperipolesis, cell proliferation, and death analyses

MCL cells untreated or pretreated with AMD, PF, or IDEL were washed
once with PBS and then added on top of a confluent SNKT-GFP1 cell layer
(1:5SNKT/MCLratio in case ofMCLcell linesor 1:10 forMCLprimary samples).
MCL cells that had migrated to the SNKT-GFP1 layer were distinguished
by GFP2 gating and cell size and counted by FC. MCL proliferation was
determined by FC every day up to 3 days of coculture with SNKT-GFP1 cells.
To analyze apoptosis, MCL cells growing alone or in coculture with SNKT-
GFP1 cells and treated with 10 nM of BZM were labeled with Annexin V-PE
(eBioscience), and cell death was analyzed by FC.

In vivo MCL cell migration and engraftment assays in xenograft

mice models

With theuseof a protocol approvedby the animal testing ethical committee of the
University of Barcelona, CB17 severe combined immunodeficient (SCID) mice
(Janvier LABS, France) were intravenously (iv) inoculated into their tail veins
with Z138CTLuci or Z138KDLuci cells, 103106 cells permouse and 8mice in
eachgroup,generatingSOX111andSOX11KDxenograftmousemodels (Z138CT
and Z138KD, respectively). For in vivo inhibitory experiments, Z138CTLuci cells
were preincubated with 10 mM of PF for 6 hours or 40 mM of AMD for 1 hour
before being iv inoculated into SCIDmice. Then, Z138CTmicewere treated every
day for 28 days with 30 mg/kg of PF,30 10 mg/kg of AMD,31 or PBS as a control.
Tumor dissemination and growth in Z138CT and Z138KDmice were captured by

Figure 1 (continued) cell lines of the SOX11 pulldown in CXCR4 and PTK2 loci (peak 1 and peak 2; supplemental Figure 1). DNA enrichment is displayed as fold change

relative to their respective input chromatin. (C) Luciferase assays in transient cotransfections of CXCR4 and PTK2 enhancer GL4.23Luc (peak 1 and peak 2) with full-length

SOX11 (pcDNA3SOX11) and truncated SOX11 (pcDNA3 ΔHMGSOX11) in HEK293T cell line. Results are shown as percentage fold induction referred to luciferase activity in

cotransfection with the empty vector (pcDNA3-Ø). Red arrows indicate the most significant activated enhancers by SOX11 expression. (D) Western blot experiments showing

total cellular FAK and SOX11 protein levels in Z138CT, Z138KD, JVM2CT, and JVM2SOX111 MCL cell line models (“Methods”). Notice that the slight band shift of SOX11 in

JVM2SOX111 is a result of its expression with a FLAG tag. Actin was used as a loading control (left). Bar graph representing fold change differences in percentage of FAK

protein levels in MCL cell lines, corrected by quantification of actin expression levels. Relative fold enrichment is displayed in reference to FAK protein levels of the SOX111

Z138CT cell line (right). (E) Bar graph representing the mean fluorescence of FC experiments showing the expression levels of cellular surface CXCR4 protein levels in

Granta519 and Z138CT vs its KD counterparts and JVM2SOX111 vs JVM2CT MCL cell lines. Granta519 was used as a CXCR42 control cell line. Isotype immunoglobulin G

control antibody was used as a negative CXCR4 control staining. Average levels of the PTK2 (F) and CXCR4 (G) probe set signals obtained from the analysis of Affymetrix

HG-U133 2.0 plus microarrays from our 34 PB primary MCL tumors (14 SOX111 and 20 SOX112). Bar plot represents the mean percentage 6 standard deviation of

3 independent experiments. The significance of difference was determined by independent samples Student t test: *P , .05, **P , .01, ***P , .001. WT, wild type.
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luciferase bioimage (LBI) once a week for 4 weeks. Mice were euthanized at 24
hours for the in vivo migration and 28 days postinoculation (PI) for MCLFC
analysis. The number ofMCL cells was determined by FC analysis using a specific
anti-human CD19-PE antibody (Miltenyi Biotec) in PB, lymph nodes (LNs), BM,
and spleen. Percentage of recoveredMCL cells was normalized to the total number
of cells in each specific tissue analyzed and the total number of injected cells.Details
on mice in vivo experiments are provided in supplemental Methods.

Statistical analysis

Data are representedasmean6standarddeviationof3 independent experiments.
Statistical tests were performed using GraphPad Prism 5 software. Comparison
between2groups of sampleswas evaluatedby independent sampleStudent t test,
and results were considered statistically significant when P, .05.

Results

SOX11 directly controls CXCR4 and PTK2 gene expression

in MCL

To test the hypothesis that SOX11 could play a relevant role in MCL
tumor microenvironment interactions, we revisited our gene expres-
sion profiling and ChIP-chip data on MCL tumors. Reanalysis of
differentially expressed genes by GSEA showed that SOX111

xenograft tumors12 and primary MCLs,24 compared with their SOX112

counterparts, were significantly enriched in cell migration and stromal
stimulation signatures (Figure 1A). Integrating GSEA data with
SOX11-specific ChIP-chip data,11 we found CXCR4 and PTK2 genes
(encoding for FAK) to be the most significant SOX11-specific direct
target genes within these tumor microenvironment pathways.

We validated the binding of SOX11 to the corresponding CXCR4
and PTK2 regulatory regions, showing significant fold enrichment
of CXCR4 and PTK2 loci in the ChIP-qPCR experiments in Z138-
DNA compared with JVM2-DNA using a specific SOX11 antibody
over their inputs (Figure 1B; supplemental Figure 1A-C). Significant
luciferase activity induction was detected in the coexpression of
CXCR4 and PTK2 luciferase reporters with SOX11, predominantly at
peak 1 of both genes, but not with SOX11 protein lacking the HMG
domain (ΔHMGSOX11), which is required for its transcriptional
activity (Figure 1C). Next, we analyzed CXCR4 and FAK protein
levels in the Z138 MCL cell line upon SOX11 silencing (Z138KD)11

and in the SOX112 JVM2MCL cell line (JVM2CT) stably transduced
for FLAG-SOX11 expression (JVM2SOX111). FAK and CXCR4
protein levels were higher in SOX111 MCL cells (Z138CT and
JVM2SOX111) compared with their SOX112 counterparts (Z138KD
and JVM2CT, respectively;Figure1D-E). SOX11-regulatingFAKand
CXCR4 protein expression was validated in the JVM13 CLL cell line
stably transduced for FLAG-SOX11 expression (JVM13SOX111),
which expressed higher levels of these 2 proteins compared with
the JVM13CT cell line (supplemental Figure 2A-B). Accordingly,
messenger RNA quantification in human MCL primary tumors9

showed significantly higher PTK2 and CXCR4 messenger RNA
levels in SOX111 compared with SOX112MCL cells (Figure 1F-G).
Together these results suggest the direct transcriptional regulation of
CXCR4 and PTK2 by SOX11 in MCL.

SOX11 promotes in vitro cell migration through the activation of

the CXCR4 and FAK signaling pathways

To determine the role of SOX11 in MCL cell migration in a CXCR4-
andFAK-dependentmanner,32-34wefirst testedwhether the expression
of SOX11 affectsCXCL12- andCXCL13-mediated chemotaxis of our

MCL cell lines in in vitro models. In comparison with SOX112 cells
(Z138KD and JVM2CT), SOX11-expressing cells (Z138CT and
JVM2SOX111, respectively) displayed higher chemotaxis indices
only toward CXCL12 but not toward CXCL13, through noncoated
(supplemental Figure 3) or FN-coated transwells (Figure 2A), aswell as
higher transendothelial migration through HUVEC-coated transwells
(Figure 2B). These results suggest that SOX11-induced MCL cell
migration is largely dependent on the CXCR4/CXCL12 axis.

In in vitro inhibitory experiments, we observed that the CXCR4
antagonist (AMD)27 inhibited CXCL12-mediated chemotaxis and
transendothelialmigration in bothSOX111 andSOX112MCLcell lines.
On the contrary, theFAK inhibitor (PF)25 onlydecreasedchemotaxis and
transendothelial migration in SOX111 but not in SOX112 MCL cells
(Figure 2A-B). MCL cell proliferation and viability were not affected
by either of these 2 compounds under same dosage and time conditions
(supplemental Table 3). Same results were obtained in JVM13CT vs
JVM13SOX111CLLcellchemotaxis (supplementalFigure4).Consistent
with chemotaxis experiments, actin polymerization was impaired upon
SOX11 KD in the Z138 MCL cell line (Z138KD) or when SOX111

(Z138CT) MCL cells were pretreated with AMD or PF (supplemental
Figure 5). SOX11 expression also promoted CXCL12-mediated
chemotaxis through FN-coated and HUVEC-coated transwells in human
MCL primary tumor cells (Figure 2C-D, respectively). Moreover, the
treatment with CXCR4 and FAK inhibitors eliminated differences in cell
migration between SOX111 and SOX112 MCL primary tumor cells
(Figure2C).These results suggestacritical roleofFAKinSOX11-induced
MCL cell migration and show that SOX11 together with other factors
may contribute to CXCR4/CXCL12-mediated chemotaxis in MCL.

SOX11 promotes crosstalk between MCL cells and stromal cells

through the activation of the CXCR4 and FAK

signaling pathways

To elucidate the role of SOX11 in promoting crosstalk between MCL
and stromal cells, we studied spontaneous migration of our MCL
cells beneath stromal cells (pseudoemperipolesis).35 We observed that
cocultures betweenMCLcells and theCXCL12-secretingBMstromal-
cell line (SNKT) inducedhigherSOX111 tumor-cellmigrationbeneath
SNKT cells compared with SOX112 MCL counterpart cells, both in
our MCL cell line models and primary tumor cells. Interestingly,
both PF and AMD treatments blocked pseudoemperipolesis in
SOX111 but not in SOX112 MCL cells (Figure 3A-B). Similar results
were observed in JVM13CT vs JVM13SOX111 cell lines (supplemental
Figure6).These results suggest thatcontactbetweenMCLcells andstromal
cells mediated by SOX11 expression is dependent on FAK and the
CXCR4/CXCL12 axis. Intriguingly, coculture between MCL cells and
stromal cells induced the expression ofCXCR4 in the tumor cells indepen-
dently of SOX11 expression (Figure 3C), suggesting that additionalmicro-
environmental factorsmay influenceCXCR4expression inMCL.Previous
studies inhematopoieticprogenitorshaveshownthat theCXCR4/CXCL12
axis induces FAK activation.36 Accordingly, we observed that re-
combinantCXCL12 inducedp-FAKatY397 inSOX111MCLcell lines
without increasing total FAK (Figure 3D). Moreover, coculture between
MCLcells and stromal cells also inducedp-FAK in SOX111 but not in
SOX112 MCL cells (Figure 3E; supplemental Figure 7A).

Together, these results suggest that SOX11 stimulates CXCR4 and
FAK expression in MCL cells. Contact between MCL cells and
CXCL12-secreting stromal cells reinforces p-FAK in the neoplastic
cells, inducingmigration and strong adhesion of theMCL cells beneath
the stromal cells in a SOX-dependent manner. AMD and PF can block
pseudoemperipolesis in SOX111 MCL cells, suggesting that their
migration and adhesion depend on the CXCR4/FAK axis.
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Figure 2. SOX11 promotes in vitro CXCL12-mediated chemotaxis through CXCR4/FAK signaling activation in MCL. (A-B) 5 3 105 SOX111 MCL cells in in vitro

models (Z138CT and JVM2SOX111) and their SOX112 counterparts (Z138KD and JVM2CT MCL cell lines, respectively) untreated (Ø) or pretreated for 6 hours with 10 mM

of specific FAK inhibitor (PF) or for 1 hour with 40 mM of the CXCR4 antagonist (AMD) were seeded in the upper chamber of FN-coated transwells (A) or transwells coated

with HUVEC cells (B). After overnight incubation, Z138CT- and Z138KD-migrated (left) and JVM2SOX111 and JVM2CT-migrated (right) cells toward recombinant CXCL12 at

the bottom chamber of the transwells were quantified by FC. (C) Same CXCL12-mediated chemotaxis assays as in panel A were performed using MCL cells derived from PB

(.95% purified) of human primary MCL (5 SOX111 and 4 SOX112 MCL primary cells). (D) 5 3 105 MCL cells from MCL primary tumors (5 SOX111 and 3 SOX112 MCL

cases) were seeded on the upper chamber of transwells coated with HUVEC cells. After overnight incubation, migrated cells toward recombinant CXCL12 at the bottom

chamber of the transwell were quantified by FC. Migration index was calculated as number of MCL cells that migrated in the presence of the chemoattractant (CXCL12-

dependent migration) divided by the number of migrated cells in the absence of the chemokine (unspecific migration). Bar plot represents the mean percentage 6 standard

deviation of 3 independent experiments. The significance of difference was determined by independent samples Student t test: *P , .05, **P , .01, ***P , .001.
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SOX112 (n 5 4) MCL primary samples were cocultured with SNKT-GFP1 cells. After overnight incubations, cocultures described in panels A and B were washed several

times, and MCL cells that had migrated toward the stromal layer were trypsinized and counted by FC; MCL cells were distinguished by GFP2 gating and cell size. Results in
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SOX11/FAK/ERK axis promotes stromal

microenvironment–mediated MCL cell proliferation

FAK activation demonstrated by phosphorylation at Y397 (p-FAK)
can stimulate several downstream signaling pathways to promote
tumor-cell survival and proliferation, including PI3K/AKT and
ERK1/2 pathways.26,37-39 Concordantly, we observed that recombi-
nant CXCL12 or in vitro interactions with stromal cells increased
FAK activation (p-FAK), causing downstream p-AKT and p-ERK in
SOX111 but not, or at low levels, in SOX11KDMCL,whereas basal
levels of these proteins did not change (Figure 3D-F; supplemental
Figure 7A-B).

Accordingly, in in vitro cocultures, SOX11-expressing MCL cells
acquired advantages in cell proliferation compared with the SOX112

MCL counterparts (Figure 4A), whereas no differences in proliferation
were observed when they were cultured alone (data not shown).11 We
also observed that only direct contact between MCL and SNKT cells
promoted rapid cell proliferation in Z138CT but not in Z138KD cells
(Figure 4B). PF treatments impaired FAK activation and downstream
p-AKT and p-ERK1/2 (Figure 3D-F; supplemental Figure 7A-B) and
significantly inhibited tumor-cell proliferation in SOX111 but not in
SOX112 MCL cell lines in contact with stromal cells (Figure 4A).
Together, these results suggest that SOX11-increased FAK expression
and its phosphorylation by chemokines or adhesion molecules activate
downstream PI3K/AKT and ERK1/2 signaling pathways in MCL that
promote stromal-cell contact–dependent MCL proliferation.

SOX11/FAK/PI3K axis mediates CAM-DR in MCL

Adhesion to stromal cells in microenvironment niches protects ma-
lignant B cells from apoptosis induced by drugs in a process called
stromal CAM-DR.14 To determine the role of SOX11 expression in
CAM-DR, we analyzed BZM-induced cell death in SOX111 and
SOX112 MCL cells in cocultures with vs without the SNKT-BM
stromal-cell line. We observed that SOX111 MCL cell lines and
primary tumor cells in coculture with SNKT were more protected
from BZM-induced cell death than their SOX112 counterparts
(Figure 5A-B).Moreover,weobserved that only in coculture conditions,
but not in MCL monocultures, did PF or AMD in combination with
BZM treatment significantly increase MCL cell death compared with
individualBZM treatment (supplemental Figure 8A-B). The protective
effect of SNKT cells was reduced after specific inhibition of FAKonly
in SOX111 MCL cell lines and primary MCL cases, with survival
levels similar to those of their SOX112 counterparts (Figure 5A-B).
Additionally, a specific PI3K inhibitor, IDEL, overcame SOX11-
mediated CAM-DR to BZM in SOX111 but not in SOX112 MCL
cells, with inhibitory effects similar to those obtained with PF
pretreatments (Figure 5A). Together, these results reinforce the idea
that close contact betweenMCLand stromal cells is required forCAM-
DR inMCL and that this is mediated by SOX11 through the activation
of the FAK/PI3K signaling pathway.

FAK- and CXCR4-specific inhibitors block in vivo

SOX11-induced MCL cell homing and engraftment in

intravenous xenograft mouse models

To test whether SOX11 expression in MCL affects migration and
invasion in vivo, 10 million SOX111 and SOX112 Z138 MCL cells
stably transduced to express the luciferase enzyme (Z138CTLuci and
Z138KDLuci, respectively) were injected iv into immune-depressed
SCID mice.

First, we analyzed in vivo MCL cell migration 24 hours PI. We
observed a significantly higher number of MCL cells recovered from
BM of Z138CT compared with Z138KD mice (Figure 6A; supple-
mental Figure 9), suggesting that SOX11 expression promotes MCL
cell migration to BM in vivo. Then, tumor engraftment was monitored
every week by LBI.31 LBI signals in BM and LNs were already
detected in a majority of the Z138CTmice 2 to 3 weeks PI, whereas
in Z138KD mice, LBI signals were undetectable until week 4 PI,
showing significant differences at the final time (Figure 6B-C;
supplemental Figure 10A-B). Accordingly, 28 days PI, a significantly
higher number of MCL cells were recovered from BM and LNs of
Z138CT compared with Z138KD mice, whereas no differences
were observed in spleen (supplemental Figure 9C). On the contrary,
we found a significantly lower number of MCL cells in PB of
Z138CT compared with Z138KD mice (Figure 6D; supplemental
Figure 9C), suggesting that SOX11KD impairsMCL cell migration
to BM and LNs.

At day 40 PI, some Z138KD mice presented high LBI signals,
similar to those of Z138CT. However, immunohistological analysis
showed that these BM Z138KD tumors were mainly composed of
SOX111cells, suggesting that the subset of SOX111cells remaining in
the Z138KD pool, because the silencing is not 100% (Figure 1D), may
takeover andgrow in theBMandLNsafter prolongedperiods (data not
shown).

To confirm the role of CXCR4 and FAK inSOX11-mediatedMCL
dissemination in vivo, we treated Z138CT mice with AMD and PF,
which significantly reduced tumor dissemination and growth to the
same levels as in Z138KD mice (Figure 6B-C). Concordantly, we
found a significant decrease in the number of MCL cells recovered
from BM of Z138CT-treated mice, reaching numbers similar to those
in Z138KD mice. The number of MCL cells recovered from LNs in
Z138CTmice significantly decreased onlywhen theywere treatedwith
PF but not withAMD, suggesting that the CXCR4/CXCL12 axis plays
a critical role in the homing of MCL cells toward BM, whereas other
factors may play a role in attraction toward LNs in in vivo xenograft
MCL models. Moreover, Z138CT mice treated with AMD or PF
displayed higher numbers ofMCL cells in PB than controlmice treated
with vehicle PBS and similar numbers to those ofMCL cells recovered
from the PBofZ138KDmice (Figure 6D). Together, our in vivo results
suggest that the SOX11/CXCR4/FAK axis plays an important role
in MCL tumorigenesis, promoting in vivo organ dissemination and

Figure 3 (continued) panel A are shown as relative to the corresponding untreated SOX111 MCL cell line (Z138CTØ and JVM2SOX11Ø, respectively). (C) Bar graph

representing the mean fluorescence of FC experiments showing the expression levels of cellular surface CXCR4 protein levels in Granta519 and Z138CT vs their KD MCL cell

lines counterparts, and JVM2SOX111 vs JVM2CT MCL cell lines growing alone (2CC) or in coculture with the human BM stromal-cell line (SNKT; 1CC). Granta519 was

used as a CXCR42 control cell line. Isotype immunoglobulin G control antibody was used as a negative CXCR4 control staining. (D) Western blot experiments showing

expression levels of basal forms of FAK, AKT, and ERK1/2 proteins and p-FAK, p-AKT, and p-ERK in Z138CT and Z138KD pretreated with PBS (2) or with PF (1) and

cultured 30 minutes in RPMI plus 10% fetal bovine serum with PBS (2) or with CXCL12 (1). Actin was used as a loading control. (E) FAK Tyr397 phosphorylation was

determined by confocal microscopy. Z138CT and Z138KD cells untreated (Ø) or pretreated with PF (1PF) were seeded over covered glasses growing alone (2CC) or in

coculture with SNKT-GFP1 layers (green cells; 1CC). After overnight incubation, nonadhered cells were removed by several washes. Adhered cells above covered glasses

were fixed, permeabilized, and labeled with a specific rabbit anti-Tyr397 p-FAK primary antibody and with PE secondary antibody (red signals). 49,6-diamidino-2-phenylindole

(DAPI) was used to determine cellular nuclei (blue cell nuclei). Bar, 10 mm. (F) Bar graph representing the mean fluorescence of FC experiments showing expression levels of p-AKT and

p-ERK1/2 proteins in Z138CT and Z138KD cultured overnight alone (2CC) or in cocultures with SNKT-GFP1 cells (1CC) and pretreated with PBS (Ø) or with the FAK inhibitor (1PF).

Results are shown as mean fluorescence expression relative to Z138CT cultured overnight alone and pretreated with PBS (Z138CT2CC Ø). Bar plot represents the mean percentage6

standard deviation of 3 independent experiments. The significance of difference was determined by independent samples Student t test: *P , .05, **P , .01, ***P , .001.
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growth. Furthermore, CXCR4 antagonist and FAK inhibitors represent
promising therapeutic strategies to block MCL dissemination by
retaining or allowing the recirculation of the tumor cells from the
protectiveBMandLNmicroenvironments to the PB,whereMCL cells
would bemore easily targeted by conventional treatments, such as anti-
CD20 or BZM.

Discussion

SOX11 is overexpressed in a majority of MCLs, and its expression
has been associated with more aggressive behavior and worse

outcome.5,8,40 Patients with SOX112 MCL present with leukemic
non-nodal disease, whereas SOX111 tumors involve LNs and have
extensive extranodal infiltration.3-6,41 This suggests a higher invasive
capacity of the SOX111 MCL cells toward tissue niches that may
critically contribute to MCL progression and resistance to
treatment.16,42 Concordantly, here we found that SOX111 MCL
xenograft and human primary MCL are enriched in protective
microenvironment-related signatures, compared with SOX112

tumors. We demonstrate that CXCR4 and PTK2 are the most
significant target genes within these tumor microenvironment
pathways directly regulated by SOX11.

Activation of CXCR4 expression by SOX11 has been previously
described in mesenchymal stem cells.43 Here, our results show that
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Figure 4. SOX11/FAK axis promotes proliferation of MCL

in contact with marrow stromal cells. (A) Z138CT, Z138KD,

JVM2CT, and JVM2SOX111 MCL cell lines untreated (Ø) or

pretreated with PF were cocultured with BM stromal SNKT-

GFP1 cells. The number of MCL cells was counted by FC

after 3 days of coculture. (B) Z138CT and Z138KD MCL cells

(solid circle) were seeded in a 5:1 ratio: (1) with SNKT-GFP1

cells (shown in green) on a transwell insert, (2) with a

coculture of SNKT-GFP1 and MCL cells on the transwell

insert, and (3) in direct coculture with SNKT-GFP1 cells. The

number of MCL cells was counted by FC after 48 hours of

coculture. Values are represented as percentage of increment

in the number of MCL cells relative to the number of cells at

day 0. Bar plot represents the mean percentage 6 standard

deviation of 3 independent experiments. The significance of

difference was determined by independent samples Student t

test: *P , .05, ***P , .001.
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SOX11 directly binds to regulatory regions, promoting CXCR4 and
FAK expression in MCL. FAK is a cytoplasmic nonreceptor tyrosine
kinase activated by growth factor receptors or integrins that is essential

in tumor microenvironment to facilitate cell migration,44 invasion,45

cancer progression, and metastasis.33 Unlike solid tumors, the role of
FAK in proliferation and dissemination of B-cell tumors is largely
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Figure 5. CAM-DR is regulated by SOX11 through

activation of the FAK/PI3K signaling pathway. (A)

Z138CT/Z138KD (upper) and JVM2SOX111/JVM2CT cells

(lower), untreated (Ø) or pretreated with PF or IDEL, were

seeded in coculture with stromal SNKT-GFP1 cells and

incubated with BZM. After overnight coculture and BZM

incubation, adherent MCL cells were labeled with Annexin

V-PE and analyzed by FC. MCL cells were distinguished

by GFP2 gating and cell size. Bar graphs correspond to

the relative percentage of MCL cells cocultured with SNKTs

that survived (Annexin V2 cells) relative to the correspond-

ing SOX111 untreated Annexin V2 MCL cells (Z138CTØ

or JVM2SOX111Ø, respectively). (B) SOX111 MCL cells

derived from PB (.95% purified) of primary MCLs (n 5 5)

untreated (Ø) or pretreated with PF and untreated SOX112

(n 5 4) MCL cells derived from primary MCL samples were

seeded alone (2CC) or in coculture with stromal SNKT-

GFP1 cells (1CC) and then incubated with BZM for

24 hours. The pool (supernatant and adhered) of MCL cells

was labeled with Annexin V-PE and analyzed by FC. Bar

graphs correspond to the relative percentage of MCL cell

cocultured with SNKTs (1CC) that survived (Annexin V2

cells) relative to the corresponding Annexin V2 MCL cells

in 2CC. Bar plot represents the mean percentage 6

standard deviation of 3 independent experiments. The

significance of difference was determined by independent

samples Student t test: *P , .05, **P , .01, ***P , .001.
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Figure 6. SOX11 expression promotes in vivo cell migration and specific BM and LN infiltration and engraftment through the activation of CXCR4 and FAK

pathways in intravenous MCL xenograft models. Some 10 3 106 SOX111 and SOX112 Z138 MCL cell lines stably transfected to express a luciferase enzyme

(Z138CTLuci and Z138KDLuci, respectively) were iv inoculated into SCID mice generating Z138CT and Z138KD mice, respectively. (A) In vivo MCL cell migration toward BM

in Z138CT (n 5 8) and Z138KD (n 5 8) mice 24 hours PI was analyzed using a specific human anti-CD19–PE antibody to determine number of MCL cells in BM by FC. (B)

Z138CT mice were randomly assigned and treated every day with 30 mg/kg PF (n5 8) or 10 mg/kg AMD (n5 6) for 28 days and compared with Z138CT and Z138KD control

PBS-treated mice (n 5 8 each). Graph showing tumor engraftment by quantification of the LBI signals (IntDen) at the indicated days PI. (C) Representative pictures showing

MCL engraftment in nodal and extranodal sites 28 days PI by LBI signals of Z138CT mice intraperitoneally (ip) injected with vehicle PBS, PF, or AMD and Z138KD mice

injected with vehicle PBS (i). Quantification of the LBI signals (IntDen) in individual Z138CT animals ip injected with vehicle PBS, PF, or AMD and Z138KD mice injected with

vehicle PBS at day 28 PI (ii). (D) Graph displaying the number of recovered MCL cells (%) normalized to the total number of cells in PB, BM, and LNs, labeled with a specific

human anti-CD19–PE antibody and analyzed by FC. The significance of difference was determined by independent samples Student t test: *P , .05, **P , .01, ***P , .001.
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unknown, although positive expression has been detected in several
B-cell lymphomas, including MCL.46

Here, our in vivo experiments in mice receiving intravenous MCL
xenotransplants demonstrate that SOX111MCLcells display higher in
vivo cell migration and invasion compared with the SOX11KDMCL
cells. The delay of tumor onset in Z138KDmice and the higher number
of MCL cells in BM and LNs in Z138CT mice also demonstrate that
SOX11 expression provides advantages to MCL cells in crossing the
endothelial vein barrier and invading nodal and extranodal tissues in
vivo. On the contrary, SOX11KD impairs MCL cell tissue infiltration,
retaining MCL cells in the blood stream. These results are consistent
with the leukemic non-nodal clinical presentation of human primary
SOX112 cells and highlight the implication of SOX11 in MCL
dissemination, invasion, and aggressive progression.

Our in vitro results in MCL cell lines and primary patient cases
confirm the role of CXCR4/CXCL12 axis in the homing of MCL
cells.14,19 Although additional microenvironmental factors seem to
influence CXCR4 expression, its expression is further induced upon
SOX11 upregulation, and the CXCR4/CXCL12 axis reinforces
p-FAK at Y39736 only in SOX111 MCL cell lines. Moreover, PF
inhibits CXCL12-mediated cell migration in SOX111 but not in
SOX112 MCL cell lines, suggesting that SOX11-mediated MCL cell
migration is largely dependent on FAK, and the CXCR4/CXCL12
axis contributes to its activation in a SOX-dependent manner.

We observed that MCL cell adhesion and migration beneath the
SNKT cells (pseudoemperipolesis) are higher in SOX111 compared
with SOX112 cell lines. Moreover, PF and AMD reduced pseudoem-
peripolesis only in SOX111MCLcells, achieving levels similar to those
of their SOX112 counterparts. These results suggest that SOX11 plays a
key role in the interactions and crosstalk betweenMCLcells and stromal
cells through the activation of CXCR4 and FAK signaling pathways. In
agreement with other cell models,38,47 we observed that p-FAK at Y397
and activatedERK1/2 andPI3K/AKTdownstreampathways increase in
SOX111 MCL cells by CXCL12 stimulation or by its contact with
SNKT cells, promoting MCL cell proliferation and survival.26,37,38

Contact between MCL cells and stromal cells protects MCL
cells from BZM-induced cell death, a drug currently used in MCL
therapy.48,49 In coculture conditions, we observed that survival indices
after BZM treatments were significantly higher in SOX111 compared
with SOX112MCLcells adhered to SNKTcells. These results suggest
that SOX11 expression enhances the close contact and crosstalk of
MCL cells with stromal cells, which in turn confer drug resistance
and tumor-cell growth. Specific in vitro CAM-DR inhibition in SOX111

but not in SOX112 MCL cells by AMD, PF, and IDEL treatments
reinforces the relevance of the SOX11/CXCR4/FAK/PI3Kaxis in human
MCL pathogenesis.21,50,51 Notably, our in vivo inhibitory experiments
show that PF and AMD treatments significantly reduced the dissemi-
nation and development of SOX111 MCL in intravenous xenograft
mouse models. We observed that engraftment reduction in SOX111

MCLmice is accompanied by a significant decrease of MCL cells in
BM and LNs and a simultaneous increase of MCL cells in PB.

Overall, our results suggest a hypotheticalmodel for the clinical and
biological heterogeneity of SOX111 and SOX112 MCLs (Figure 7).
SOX11 overexpression in MCL directly activates CXCR4 and FAK
transcription. CXCR4 overexpression in SOX111 MCL cells and
CXCL12 secreted by BM stromal cells enhance FAK activation,
promotingMCLcellmigration and adhesion toLNsandBM, facilitating
crosstalk with the tissue stromal cells that confers survival and drug
resistance signals to MCL cells. PI3K/AKT and ERK1/2 FAK-
downstream pathways are activated in a SOX11-dependent manner,
contributing to stromal-induced cell proliferation, survival, and drug
resistance. Target inhibition of these pathways provides new strategies

for disruption of the tumor-stromal protective interactions, facilitating
the mobilization ofMCL cells from their protective microenvironment
to the PB and making them more accessible to conventional drugs,
which may help to overcome minimal residual disease and relapse
commonly seen in aggressive MCL.
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tigacions Biomèdiques August Pi i Sunyer Biobank Tumor Bank and
Hematopathology Collection for sample procurement and the Geno-
mics Core Facility for technical help. This work was developed at the
Centro Esther Koplowitz, Barcelona, Spain.

This work was supported by grants from the Ministerio de
Economı́a y Competitividad (BFU2015-64879-R to V.A., SAF2015-
64885-R to E.C., and SAF2014-57708-R to M.C.C.), Fundació La
Marató de TV3 (TV3-Cancer-I3/20130110 to V.A.), Generalitat de
Catalunya Suport Grups de Recerca (AGAUR 2014-SGR-2014 to
V.A. and AGAUR 2014-SGR-795 to E.C.), and ISCIII project PIE13/
00033, which is part of Plan Nacional de I1D1I and is cofinanced by
the Subdirectorate General for Evaluation and the European Regional
Development Fund (Fondo Europeo de Desarrollo Regional).

Authorship

Contribution: P.B. and J.P. performed all in vitro experiments; P.B.
and M.L.R. performed all in vivo experiments; Á.E. and M.S.-G.
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