
The EMT activator ZEB1 promotes tumor growth and
determines differential response to chemotherapy in
mantle cell lymphoma
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Mantle cell lymphoma (MCL) is a B-cell malignancy characterized by a poor response to treatment and prognosis. Constitutive
activation of different signaling pathways in subsets of MCLs, through genetic and/or nongenetic alterations, endows tumor cells
with enhanced proliferation and reduced apoptosis. The canonical Wnt pathway (b-catenin/TCF-LEF), implicated in the
pathogenesis of numerous cancers, is constitutively active in half of MCLs. Here, we show that ZEB1, a transcription factor better
known for promoting metastasis in carcinomas, is expressed in primary MCLs with active Wnt signaling. ZEB1 expression in
MCL cells depends on Wnt, being downregulated by b-catenin knockdown or blocking of Wnt signaling by salinomycin.
Knockdown of ZEB1 reduces in vitro cell viability and proliferation in MCL cells, and, importantly, tumor growth in mouse
xenograft models. ZEB1 activates proliferation-associated (HMGB2, UHRF1, CENPF, MYC, MKI67, and CCND1) and anti-
apoptotic (MCL1, BCL2, and BIRC5) genes and inhibits pro-apoptotic ones (TP53, BBC3, PMAIP1, and BAX). We show that ZEB1
expression in MCL cells determines differential resistance to chemotherapy drugs and regulates transporters involved in drug
influx/efflux. Downregulation of ZEB1 by salinomycin increases the sensitivity of MCL cells to the cytotoxic effect of doxorubicin,
cytarabine and gemcitabine. Lastly, salinomycin and doxorubicin display a synergistic effect in established and primary MCL
cells. These results identify ZEB1 in MCL where it promotes cell proliferation, enhanced tumor growth and a differential response
to chemotherapy drugs. ZEB1 could thus potentially become a predictive biomarker and therapeutic target in this lymphoma.
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Mantle cell lymphomas (MCLs) are characterized by a poor
response to chemotherapy, frequent relapse and the worst
prognosis among B-cell lymphomas.1 MCLs derive from naive
B cells displaying a mature phenotype similar to those in the
mantle zone of lymph node follicles. Evidence at multiple
levels indicates that MCL is a more heterogeneous entity than
previously thought.1

The genetic hallmark of MCLs is the t(11;14)(q13;q32)
translocation of cyclin D1 to the Ig heavy chain enhancer.
However, cyclin D1 overexpression is not sufficient to induce
MCL in mice, its knockdown has limited effect on the
proliferation or apoptosis of MCL cells and cyclin D1-negative
cases have also been identified.1,2 Clinical, pathological and
ontogenic heterogeneity among subsets of MCLs reflect the
involvement of additional signals in the genesis and evolution
of this lymphoma. In that regard, chromosomal alterations
and nongenetic modifications resulting in the constitutive

activation of pro-oncogenic signals (for example, NF-kB,
Notch, PI3K/AKT/mTOR, and Wnt) and/or deregulation of
DNA repair and apoptotic pathways and genes (for example,
AKT, BCL2, MCL1) have been found in subsets of MCLs,
providing additional levels of plasticity in the genesis and
progression of the disease.1,3–11

Of particular interest is the canonical Wnt pathway that has
a crucial role in normal hematopoiesis and whose aberrant
activation, long known to drive tumorigenesis in solid tumors,
has also been involved in a number of hematological
malignancies, including MCLs.3,5,6,12–19,20 In addition to
gain-of-function mutations of intracellular components of the
Wnt pathway, overexpression of Wnt receptors and ligands or
downregulation of Wnt inhibitors through nongenetic
modifications are also common.3,5–7,21

Short-lived response and development of resistance to
first-line immunochemotherapy are major challenges in MCL
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and new therapeutic strategies are being developed.1,22,23

Constitutive Wnt signaling associates to increased cellular
proliferation and higher resistance to apoptosis and
chemotherapy in subsets of leukemias and lymphomas
and established cell lines derived from them, including
MCLs.3,5,6,13,15–20 In turn, inhibitors of Wnt pathway induce
cytotoxicity in leukemia and lymphoma cells.5,16,17 The
characterization in MCLs of a subpopulation of stem-like cells
retaining the capacity for tumor initiation could help explaining
relapses and also offers new avenues in MCL treatment.24

High-throughput screenings have identified drugs preferen-
tially targeting stem-like cancer cells with some, like salino-
mycin, interfering Wnt signaling.16,25

Canonical Wnt signaling is triggered by the engagement of
cell surface receptors with soluble ligands prompting accu-
mulation of the oncoprotein b-catenin. At the nucleus,
b-catenin complexes with TCF-LEF transcription factors to
transcriptionally activate Wnt target genes.20,26 In solid
tumors, b-catenin colocalizes with the transcription
factor ZEB1 in the nuclei of undifferentiated cancer cells at
the invasive front.27–31 Depending on the target gene, ZEB1
could function as either a transcriptional repressor or an
activator through the recruitment of different cofactors.29,32–35

In malignant epithelial cells, ZEB1 triggers an epithelial-to-
mesenchymal transition (EMT), a process by which cancer
cells acquire a pro-invasive phenotype.36,37 Consequently, in
solid cancers, ZEB1 promotes tumor invasiveness and
metastasis and correlates with poorer clinical prognosis.38,39

However, the expression and role of ZEB1 in MCL remains
unexplored.

In this study, we show that ZEB1 is expressed in about half
of MCLs where it correlates with b-catenin. ZEB1 expression
in MCL cells is dependent on Wnt signaling, being upregulated
by further activation of the Wnt pathway and downregulated
by the knockdown of b-catenin or treatment with salinomycin,
which we show here blocks the binding of b-catenin/TCF4
complexes onto the ZEB1 promoter. ZEB1 expression
promotes enhanced proliferation in vitro and in vivo. Thus,
ZEB1 knockdown reduces cell viability and proliferation in
MCL cells and tumor growth in mouse xenograft models.
ZEB1 expression activates the expression of anti-apoptotic
(MCL1, BCL2, and BIRC5) and proliferation-associated
(HMGB2, UHRF1, CENPF, MYC, MKI67, and CCND1) genes
and represses the apoptotic ones (TP53, BBC3, PMAIP1, and
BAX). ZEB1 modulates the expression of cell-membrane
transporters that control the influx and efflux of chemotherapy
drugs used in MCL and determines differential response to
their cytotoxic effects. Thus, ZEB1 expression increases the
in vitro resistance of MCL cells to doxorubicin, cytarabine and
gemcitabine but not to vincristine. In an MCL xenograft murine
model, reduction in tumor growth by treatment with doxo-
rubicin was enhanced by the knockdown of ZEB1 expression.
Interestingly, salinomycin enhances the sensitivity of MCL
cells to doxorubicin, cytarabine and gemcitabine. Lastly,
salinomycin and doxorubicin display a synergistic cytotoxic
effect in established MCL cell lines and primary MCL cells.

Altogether, these results set ZEB1 as a new biomarker
in MCLs, where it determines enhanced cell proliferation
and resistance to apoptosis and, ultimately, MCL tumor
growth.

Results

ZEB1 is expressed in primary cases of MCL with active
Wnt signaling. Aberrant activation of the Wnt pathway and
expression of b-catenin occurs in about half of primary MCL
cases.5,8 Gene expression profile studies also revealed the
upregulation of Wnt ligands, their receptors and/or Wnt
downstream targets in primary MCLs.3,5,6,8 In carcinomas,
ZEB1 coexpresses with b-catenin in undifferentiated tumor
cells at their leading front, promoting invasiveness and
metastasis.27–31 We therefore decided to examine ZEB1
expression in a tissue microarray (TMA) of MCLs. ZEB1 was
expressed in 50.0% of the cases for about 43.4% that were
positive for b-catenin (Figure 1), (Supplementary Figures
S1A and S1B). Interestingly, there was a high correlation
between the expression of both proteins as nuclear ZEB1
was positive in MCL cases expressing nuclear b-catenin
(Wnt active) and absent in MCL cases, where there was no
b-catenin (Wnt inactive; Table 1). Correlation between
b-catenin and ZEB1 suggested that Wnt signaling may
regulate ZEB1 in MCLs.

We next examined whether ZEB1 expression associates to
prognosis in MCLs. Our analysis of two separate MCL
microarrays data sets40,41 revealed that MCL cases with the
highest expression of ZEB1 correlated with shorter overall
survival (Figures 1b and c).

Wnt signaling induces ZEB1 expression in MCL cells.
Although only about half of primary MCLs display aberrant
activation of Wnt, all of the established MCL cell lines
reported in the literature have constitutively active Wnt
signalings.5 We examined the potential regulation of ZEB1
by Wnt in two well-established and widely used MCL cell
lines, namely, Granta-519 and Jeko-1 cells, which harbor
nuclear expression of b-catenin (Gelebart et al.5 and
Supplementary Figure S2A). In line with our results in the
TMA, we found that both cell lines also expressed ZEB1
(Supplementary Figure S2B).

Next, we manipulated Wnt signaling to ascertain whether
ZEB1 expression in MCL cells is indeed dependent on this
pathway. Incubation of MCL cells with either leptomycin B
(LMB) – a drug that triggers Wnt signaling30,42 – or, more
dramatically, with conditioned medium containing Wnt3a
(Wnt3a-cm), but not control medium (Ctl-cm), increased
basal levels of both b-catenin and ZEB1 (Figures 2a and b).
The ability of Wnt3a-cm to activate canonical Wnt signaling in
MCL cells was confirmed by the increased transcriptional
activity of the TOPFLASH reporter, containing multimerized
TCF/LEF-binding sites and commonly utilized to assess Wnt
signaling26 (Supplementary Figure S2C).

On the other hand, we also investigated the effect on ZEB1
of inhibiting the Wnt pathway. We found that knockdown of
b-catenin in MCL cells resulted in lower ZEB1 mRNA and
protein levels (Figures 2c and d). We also interfered canonical
Wnt signaling in MCL cells with salinomycin, a drug that
preferentially targets undifferentiated cancer cells of epithelial
and leukemic origin.16,25 As shown in Figures 3a and b,
treatment of MCL cells with salinomycin downregulated
ZEB1 and b-catenin at both protein and mRNA levels
(Figures 3a and b).
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The human ZEB1 promoter contains two consensus-
binding sites for TCF-LEF factors within its first kilobase, at
positions � 578 and � 161 bp. The binding of endogenous
b-catenin/TCF-LEF complexes to these sites in MCL cells was
confirmed through chromatin immunoprecipitation (ChIP)
assays. In MCL cells, antibodies against b-catenin and
TCF4, but not their respective control IgG, immunoprecipi-
tated regions of the ZEB1 promoter containing both TCF-LEF-
binding sites (Figure 3c). These antibodies failed to immuno-
precipitate a fragment of the GAPDH promoter, which lacks
TCF-LEF-binding sites (Figure 3c). We detected binding of
RNA polymerase II (Pol II), used as positive control, to the

GAPDH promoter. Figure 3a above shows that salinomycin
inhibits b-catenin expression. Therefore, we next investigated
whether inhibition of ZEB1 expression by salinomycin in MCL
cells involves, at least in part, reduced binding of b-catenin
and TCF-LEF to the ZEB1 promoter. As shown in Figure 3c,
exposure of MCL cells to salinomycin inhibited binding of both
b-catenin and TCF4 to the ZEB1 promoter but did not alter
binding of RNA Pol II to the GAPDH promoter.

Salinomycin not only repressed the activity of the
TOPFLASH reporter (Lu et al.16 and Supplementary Figure
S2D) but also inhibited the basal transcriptional activity of the
ZEB1 promoter (Figure 3d). Mutation of the TCF-LEF
sites at � 578 and � 161 bp reverted to large extent the
repressor effect of salinomycin on ZEB1 transcriptional
activity (Figure 3d). Along with ChIP experiments, Figure 3d
suggests that inhibition of ZEB1 by salinomycin requires
of intact TCF-LEF sites in its promoter. Altogether, these
results demonstrate that ZEB1 expression in MCL cells is
dependent on Wnt signaling and can be targeted by
salinomycin.

Figure 1 ZEB1 is expressed in MCL and correlates with b-catenin. Staining of representative MCL samples positive and negative for b-catenin. Paraffin-embedded
sections of a TMA of MCLs were examined by immunohistochemistry for b-catenin (C2206, same results for clone 14) or ZEB1 (Zfhep, same results for H-102) as described in
Supplementary Information. Magnification, � 400. (b) Higher ZEB1 expression associates to poorer prognosis. Kaplan Meier survival plot of MCL patients from the gene
microarray in Blenk et al.41 according to their level of expression. Patients with the highest expression of ZEB1 (cutoff: upper quartile, red line) had shorter survival than those
patients with lower ZEB1 expression (second, third and fourth quartiles, green line). n¼ 63, Hazard rate¼ 5.3, P¼ 7.7� 10� 7. (c) As in b, but using the gene microarray
data set of Rosenwald et al.40 n¼ 64, Hazard rate¼ 2.38; P¼ 0.0075

Table 1 Correlation between ZEB1 and b-catenin in MCL

ZEB1

Spearman’s r b-catenin Correlation coefficient r¼0.781
Significance (two-tailed) Po0.001

n 46
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249

Cell Death and Differentiation



ZEB1 expression regulates genes involved in
proliferation and apoptosis in MCL cells and promotes
MCL tumor growth in vivo. Beyond the translocation of
cyclin D1, cell cycle deregulation by secondary genetic
alterations of components of the p16INK4a/CDK4/Rb1 or
p14ARF/MDM2/p53 tumor suppressor pathways are frequent
in MCLs.1,40,43,44 ZEB1 is known to be repressed by Rb1 and
in turn to repress several cyclin-dependent kinase inhibitors
(for example, p15INK4b, p19ARF, and p21CIP/WAF1).45–47

In several hematological malignancies, including MCLs,
Wnt signaling enhances cell viability, whereas its inhibition
reduces it.5,15,17,18,20 We therefore questioned whether ZEB1
determines enhanced cell viability in MCL cells. As shown in
Figure 4a, knockdown of ZEB1 resulted in a partial decrease
of MCL basal cell viability that was similar to that obtained by
interference of b-catenin. Collectively, the results shown this
far indicate that ZEB1 expression regulates MCL cell viability.

Next, we questioned whether ZEB1-mediated enhanced
viability in MCLs involved greater cell proliferation. Knock-
down of ZEB1 (and b-catenin) reduced the proliferation of
MCL cells by over 40% respect to control cells as assessed by
3H-Thymidine and BrdU incorporation (Figures 4b and c).
Consistent with this finding, we found that ZEB1 was
expressed in proliferating B cells at the germinal centers of
tonsils but was almost absent in quiescent cells at the mantle
zone (Supplementary Figures S3A and B). Likewise, ZEB1
was upregulated in normal B cells following activation with
mitogenic stimuli (Supplementary Figure S3C).

Highly proliferative MCLs tend to have a poorer clinical
outcome.40,48,49 In addition to Ki-67, traditionally used in
clinical applications,48 gene and protein expression analyses
in primary MCLs have identified different markers associated
to proliferation that independently or jointly serve as predictors
of worse prognosis in MCL.40,48,49 We therefore explored

Figure 2 ZEB1 is induced by Wnt signaling in MCL cells. (a) Activation of Wnt signaling upregulates ZEB1. Granta-519 and Jeko-1 cells were incubated for 1 h with 10
ng/ml of LMB or the same volume amount of LMB solvent (70% methanol, MeOH). Cell lysates were assessed for ZEB1 (H-102), b-catenin (clone 14) and a-tubulin (B5-1-2).
(b) As in a, but cells were incubated for 24 h with 50% (v/v) L-cell control- and L-cell-Wnt3a-conditioned media (Ctl-cm and Wnt3a-cm, respectively). (c) ZEB1 mRNA
expression in MCL cells depends on b-catenin. Granta-519 and Jeko-1 MCL cells knocked down with specific shRNAs for ZEB1 (shZEB1) or b-catenin (shbcat) or transfected
with shRNA control (shCtl) were assessed for ZEB1 and b-catenin mRNA levels by qRT-PCR with respect to GAPDH. Statistical significance was assessed by
a Mann–Whitney U-test: **Po0.01 and ***Po0.001. (d) As in c, but assessed in Granta-519 cells by western blot for ZEB1 (H-102) along with a-tubulin (B5-1-2) as the
loading control
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whether ZEB1 expression associates to proliferation-
associated genes. Indeed, ZEB1 was positively correlated
with the proliferation signature average defined by Rosenwald
et al.40, a number of genes included in that signature (HMGB2,
UHRF1, and CENPF), as well as well-known proliferation-
related genes like MYC and MKI67 (Supplementary Table
S1). Such correlation was then validated in MCL cells by
quantitative real-time PCR (qRT-PCR). As shown in
Figure 4d, knockdown of ZEB1 in MCL cells resulted in the
downregulation of HMGB2, UHRF1, CENPF, MYC and
MKI67 mRNA. Interference of ZEB1 also caused a down-
regulation of CCND1/cyclin D1 mRNA and protein in MCL
cells (Figure 4d and Supplementary Figure S3D).

The above results indicate that ZEB1 promotes proliferation
in MCL cells and suggest that ZEB1 could have a role in

progression of MCLs. To test that hypothesis, MCL cells
interfered with a shRNA control (shCtl) or a specific shRNA
against ZEB1 (shZEB1) were inoculated in severe-combined
immunodeficient (SCID) mice. As shown and discussed below
(Figure 6b), knockdown of ZEB1 resulted in a dramatic
reduction in tumor volume.

In addition to altered cell cycle and enhanced proliferation,
MCL cells display deregulated apoptosis.1 Thus, anti-apoptotic
genes such as MCL1, BCL2, and BICR5/Survivin have been
found overexpressed in MCLs, frequently correlating with higher
proliferation.1,10,11,50 To determine whether the reduced viability
of ZEB1 knockdown MCL cells also involves increased
apoptosis, we examined caspase 3 and 7 activities. As shown
in Supplementary Figure S3E, and relative to DMSO that was
used as control, knockdown of ZEB1 increased by around 20%

Figure 3 Salinomycin inhibits ZEB1 expression. (a) Granta-519 and Jeko-1 MCL cells infected with shCtl or shZEB1 were treated with 5 mM of salinomycin for 48 h or an
equal volume amount of its solvent (methanol, MeOH). Lysates were immunoblotted for ZEB1 (H-102) and b-catenin (clone 14) using a-tubulin (B5-1-2) as the loading control.
(b) Salinomycin inhibits ZEB1 mRNA expression. As in a, but assessing relative ZEB1 and b-catenin mRNA by qRT-PCR with respect to GAPDH. Statistical significance was
assessed by a t-test: ***Po1� 10� 5. (c) Salinomycin inhibits binding of b-catenin and TCF4 to TCF-LEF sites at � 578 and � 161 bp of the ZEB1 promoter. qRT-PCR
amplification of fragments of the ZEB1 and GAPDH promoters immunoprecipitated in ChIP assays from Granta-519 cells treated for 48 h with either MeOH or 5 mM

salinomycin. The GAPDH promoter, lacking TCF-LEF sites, was included as negative control. qRT-PCR of the GAPDH promoter from a ChIP with an Ab against RNA Pol II
was included as the positive control. Values represent relative binding versus input. Statistical significance was assessed by a Mann–Whitney U-test: *Po0.05; ***Po0.001;
NS, not significant, P40.05. (d) Salinomycin inhibits TCF/LEF-mediated ZEB1 transcription. 293T cells exposed to 5 mM salinomycin were transfected with 0.5mg of a
luciferase reporter for the human ZEB1 promoter either wild type or mutated for TCF/LEF-binding sites at � 161 and � 578 bp. Relative luciferase units (RLU) were
determined as described in Materials and Methods. Statistical significance was assessed by a t-test as follows: *Po1� 10� 3; ***Po1� 10� 5; NS, P41� 10� 3
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the activity of these caspases. Accordingly, and compared with
control cells, interference of ZEB1 in MCL cells reduced the
expression of anti-apoptotic genes MCL1, BCL2 and BIRC5 and
increased levels of pro-apoptotic TP53, BBC3/Puma, PMAIP1/
Noxa and BAX (Figure 4e; Supplementary Figure S3D). Data
shown this far indicate that ZEB1 promotes proliferation and
activates anti-apoptosis and proliferation-associated genes.

ZEB1 determines differential response to chemotherapy
drugs. MCL is characterized by a poor response to
chemotherapy.22,23 Current first-line strategies in
MCL comprise combinations of anti-CD20 antibody with
doxorubicin, vincristine, cyclophosphamide and prednisone
or with a hyperfractionated treatment of the above alternated
with methotrexate and cytarabine.1,22,23 Gemcitabine is also

Figure 4 ZEB1 promotes increased viability and proliferation in MCL cells. (a) Granta-519 cells and Jeko-1 MCL cells knocked down for ZEB1, b-catenin, or infected with a
control shRNA were assessed for cell viability by MTT assays. Values are represented relative to shCtl cells. Statistical significance was assessed by a Mann–Whitney U-test
with ***Po0.001. (b) Knockdown of ZEB1 reduces MCL cell proliferation. As in a, Granta-519 MCL cells knocked down for ZEB1 or b-catenin or infected with a control shRNA
were assessed for 3H-Thymidine incorporation. Statistical significance was assessed by a t-test with the following key: ***Po1� 10� 5. (c) As in b, but cell proliferation was
assessed by BrdU incorporation. Statistical significance was assessed by a Mann–Whitney U-test with ***Po0.001. (d) ZEB1 positively regulates proliferation-associated
genes. ZEB1 knockdown downregulates the expression of proliferation-associated genes HMGB2, UHRF1, CENPF, MYC, MKI67/Ki-67 and CCND1/cyclin D1. MCL cells
were interfered with either shCtl or shZEB1 and mRNA levels of were assessed by qRT-PCR. ND, non-detectable expression of HMGB2 in Jeko-1 cells. Statistical significance
was assessed by a t-test with the following key: ***Po1� 10� 5, **Po1� 10� 4. (e) Knockdown of ZEB1 in MCL cells upregulates pro-apoptotic genes (TP53, BBC3/Puma,
PMAIP1/Noxa, and BAX) and downregulates anti-apoptotic ones (MCL1, BCL2, and BIRC5/Survivin). MCL cells interfered with shCtl or shZEB1 were assessed for relative
mRNA expression of the indicated genes by qRT-PCR. Relative mRNA levels in shZEB1 cells are expressed relative to shCtl cells. ND, not detectable expression of p53 in
Jeko-1 cells. Statistical significance of the expression of each gene in MCL cells knocked down for ZEB1 (shZEB1) versus those interfered with shCtl was assessed by a
Mann–Whitney U-test with the following key: **Po0.01, ***Po0.001
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used in second-line treatment of relapsed and refractory
MCLs.22

An important mechanism in the resistance of tumors to
chemotherapy is the deregulated expression of proteins
involved in the transport of anticancer drugs into/from
malignant cells.51 Thus, expression of a number of efflux
transporters such as MDR1 (also referred as ABCB1/P-
glycoprotein), MRP1 (ABCC1), MRP2 (ABCC2), MRP5
(ABCC5) and MXR (ABCG2) determines increased resistance
to doxorubicin. In the meantime, resistance to cytarabine
and gemcitabine could result from a decrease in their cellular
uptake by the influx transporters ENT1 (SLC29A1) and CNT1
(SLC28A1). MDR1 has been found overexpressed in primary
MCL, while ENT1 expression correlates with the sensitivity of
MCL cells to gemcitabine.52,53

We therefore explored whether ZEB1 could regulate any of
these drug transporters in two MCL cell lines. MDR1, MRP1,
MRP5 and ENT1 mRNAs were expressed at higher levels
compared with MRP2, MXR and CNT1 in MCL cells.
Interference of ZEB1 resulted in the differential regulation of
these genes, displaying some degree of cell line-dependent
variability (Figures 5a and b).

Regulation by ZEB1 of some of these efflux and influx drug
transporters was also examined in the TMA of MCLs used in
Figure 1a. In line with the results in cell lines of Figures 5a and b,
we found that ZEB1 was positively correlated with MRP1 and
MXR and inversely correlated with CNT1 (Figure 5c and Table 2).

In light of the regulation of drug transporters by ZEB1,
we next investigated whether ZEB1 expression could
modulate the dose response of MCL cells to chemotherapy

Figure 5 ZEB1 regulates the expression of drug transporters in MCL cells. (a) ZEB1 regulates the expression of efflux drug transporters in MCL cells. MCL cells interfered
with shCtl or shZEB1 were assessed for relative mRNAs of efflux transporters MDR1, MRP1, MRP2, MXR and MRP5 by qRT-PCR. Statistical significance in a and b was
assessed by a Mann–Whitney U-test with the following key: *Po0.05; ***Po0.001; NS, not significant, P40.05. ND, not detectable levels. (b) As in a, but for influx drug
transporters ENT1 and CNT1. (c) As in Figure 1a, representative cases of MCL active or inactive for Wnt, as defined by the expression of b-catenin, were immunostained
for MRP1 (QCRL-1), MXR (B-25), and CNT1 (H-70). Magnification of � 200. Statistical significance of the correlation between ZEB1 and these drug transporters is shown
in Table 2
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drugs. We found that knockdown of ZEB1 increased the
sensitivity of MCL cells to doxorubicin, cytarabine and
gemcitabine (Figure 6a in Granta-519 cells and data not
shown for Jeko-1 cells). Interference of ZEB1 expression did
not alter the response of MCL cells to vincristine (Figure 6a).

The increased resistance to doxorubicin imposed by ZEB1
was then tested in vivo using a mouse xenograft model of
MCL. SCID mice inoculated with Granta-519 MCL cells
interfered for either shZEB1 or shCtl were later treated with
either doxorubicin or vehicle alone. The response of the

xenografted MCL tumors to doxorubicin was followed over
time. Tumor growth was decreased by treatment of mice with
doxorubicin and was further reduced by ZEB1 knockdown
(Figure 6b). Salinomycin also reduced the growth of
MCL tumors in this mouse xenograft model (Supplementary
Figure S4B). Altogether, these results indicate that ZEB1
determines a differential response to chemotherapy drugs
and that its knockdown enhances the cytotoxic effect of
doxorubicin, cytarabine and gemcitabine in established MCL
cells and tumor growth reduction by doxorubicin in a MCL
xenograft model in mice.

Salinomycin enhances sensitivity to MCL chemotherapy
drugs and synergizes with doxorubicin. In light of our
findings that salinomycin inhibited ZEB1 expression and that
ZEB1 expression determined increased resistance to doxo-
rubicin, cytarabine and gemcitabine, we questioned whether
salinomycin could sensitize MCL cells to these three drugs.
To test this hypothesis, we examined the effect of combining
suboptimal doses (reducing MCL cell viability to 80% as
determined in Figure 6a and Supplementary Figure S4a) of
salinomycin and either doxorubicin, cytarabine or gemcitabine.

Figure 6 ZEB1 determines differential response to chemotherapy drugs in MCL, which is modulated by salinomycin. (a) Granta-519 MCL cells interfered with shCtl or
shZEB1 were assessed by MTT for their dose response to doxorubicin, vincristine, cytarabine or gemcitabine. Values in the presence of drugs were normalized to the untreated
condition. Statistical significance in panels a, b and c was assessed by a paired t-test. (b) Doxorubicin decreases tumor growth, which further declines after ZEB1 knockdown.
Granta-519 shCtl or Granta-519 shZEB1 cells were injected subcutaneously in CB17-SCID mice. Mice were then treated twice a week with 1.25 mg/kg of doxorubicin or the
vehicle solvent (PBS) and tumor volume measured at the indicated time points. Statistical significance was assessed by a Mann–Whitney U-test with **Po0.01. (c) Salinomycin
increases sensitivity to chemotherapy drugs in MCL cells. Granta-519 MCL cells were treated during 48 h with suboptimal doses (killing 80% of cells by MTT, see Figure 6a and
Supplementary Figure S4a) of salinomycin (1mM) and either doxorubicin (50 nM), cytarabine (250mg/ml) or gemcitabine (5mg/ml). (d) Salinomycin synergizes with doxorubicin in
their cytotoxic effect in an established MCL cell line. Granta-519 MCL cells were exposed during 48 h to different combinations of salinomycin and doxorubicin. In panels d and e,
the existence of a synergistic effect between both drugs was assessed by the Chou–Talalay CI method54 as described in Supplementary Materials and Materials and Methods. CI
values below 1.0 indicate synergism. Statistical significance between each dose of salinomycin plus doxorubicin (10 nM, 25 nM or 50 nM) with respect to same dose without
doxorubicin was assessed by a Mann–Whitney U-test with the following key: *Po0.05; **Po0.01; ***Po0.001; NS, not significant, P40.05. (e) As in d, but using primary MCL
cells from three patients. Note that doses in primary MCL cells were modified from those used in established cell lines

Table 2 Correlation between ZEB1 and drug transporters in MCL

ZEB1

Spearman’s r MRP1 Correlation coefficient r¼ 0.790
Significance (two-tailed) Po0.001

n 32
MXR Correlation coefficient r¼ 0.672

Significance (two-tailed) Po0.001
n 31

CNT1 Correlation coefficient r¼ � 0.423
Significance (two-tailed) P¼ 0.016

n 32
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Interestingly, as shown in Figure 6c, salinomycin increased
the cytotoxic effect of these three drugs in MCL cells.

As the sensitizing effect of salinomycin was larger for
doxorubicin, we explored whether there is a synergistic effect
between both drugs in MCL cells as determined by a Chou–
Talalay combination index (CI) analysis.54,55 Using a range of
doses for salinomycin and doxorubicin, we found that their
combination displayed a pharmacological synergistic effect
(CI values below 1) on both Granta-519 MCL cells (Figure 6d)
and primary cells from MCL patients (Figure 6e). These
results indicate that the combination of salinomycin with
conventional MCL chemotherapy drugs potentiate the effect
of the latter.

Discussion

MCL ranks as one of the most aggressive lymphomas.
Clinical, pathological and ontogenic evidence suggest the
existence of significant heterogeneity within MCLs.1 In this
regard, several classical transduction pathways involved in
cancer (for example, NF-kB, Notch, PI3K/AKT/mTOR,
and Wnt) are constitutively active in different subsets of
MCLs.1,3–6 Here, we show that ZEB1, a transcription factor
that has a key role in EMT and carcinoma progression, is
found in the same subset of primary MCLs that express b-
catenin. ZEB1 expression in MCL cells is dependent on Wnt
as further activation of Wnt signaling upregulates ZEB1,
whereas interference of the pathway – either by knockdown of
b-catenin or treatment with Wnt inhibitor salinomycin – down-
regulates it. ZEB1 knockdown in MCL cells decreases cell
viability and proliferation, downregulates anti-apoptotic and
proliferation-associated genes and upregulates pro-apoptotic
ones. Accordingly, knockdown of ZEB1 determined reduced
MCL tumor growth in xenografted mice. ZEB1 regulates the
expression of proteins involved in the transport into/out of MCL
cells of chemotherapy drugs, and we showed that ZEB1
expression in MCL cells determines resistance to doxorubicin,
cytarabine and gemcitabine but not to vincristine. Lastly, we
found that downregulation of ZEB1 by salinomycin increases
sensitivity of MCL cells to the cytotoxic effect of these three
drugs, and that salinomycin and doxorubicin display a
synergistic effect in established and primary MCL cells.

Aberrant activation of Wnt is considered a key step in the
pathogenesis and progression of many solid tumors,26 but
mounting evidence indicates that Wnt also has important roles
in hematological malignancies, including MCL.20 ZEB1 is
expressed in cancer cells at the invasive front of carcinomas
where it triggers a mesenchymal and pro-invasive pheno-
type.36,37,39 We showed here that ZEB1 expression in MCL
cells is dependent on Wnt signaling. It is noteworthy that other
signaling pathways constitutively active in subsets of MCLs
(for example, NFkB, Notch, PI3K/AKT, and TGF-b)1 are also
upstream inducers of ZEB1.37 In addition, there is also
significant cross talk among many of these pathways. PI3K/
AKT is constitutively active, whereas GSK-3b is inactivated in
subsets of MCLs.5,9 Inhibition of AKT downregulates cyclin D1
in MCL cells by promoting GSK-3b-dependent degradation.9

GSK-3b has opposing functions over Wnt as it activates
signaling at the receptor level but promotes degradation
of b-catenin.26 In sum, it cannot be excluded that expression

of ZEB1 in MCL cells is modulated by additional signals
beyond Wnt.

Sustained proliferative signaling and resistance to apoptosis
are classical cancer cell hallmarks crucially involved in the
pathogenesis of malignant neoplasias. In addition to the
translocation and overexpression of cyclin D1, a number of
other genetic and nongenetic alterations resulting in deregu-
lated cell cycle progression and/or reduced apoptosis have
been reported in MCLs.1,10,11,40,43,44,48,49 In that line, phar-
macological inhibitors of Wnt signaling or knockdown of
components of the pathway reduce proliferation and trigger
apoptosis in MCL cells.5,6

Our data show that ZEB1 could have a role in the regulation
of proliferation and apoptosis in MCL. On the one hand, ZEB1
correlated with well-established proliferation-associated
genes in primary MCL (HMGB2, UHRF1, CENPF, MYC,
MKI67, and CCND1), and ZEB1 knockdown downregulated
expression of these genes. Consistent with these observa-
tions, ZEB1 interference reduces cell proliferation in MCL
cells and MCL tumor growth in xenograft models. Likewise,
ZEB1 is expressed in proliferating B cells at the germinal
center and is upregulated upon mitogenic stimulation of
peripheral blood B cells. In this line, it is worth noting that
mesenchymal and neural progenitors display decreased
proliferation in mice deficient for ZEB1,47 and that, in
fibroblasts and epithelial cells, ZEB1 is repressed by the
p16/Rb1 tumor suppressor pathway, while, in turn, ZEB1
represses p15INK4b, p19ARF and p21CIP/WAF1.45–47

At the same time, our results here show that ZEB1
expression in MCL cells determines resistance to apoptosis.
ZEB1 knockdown increased caspase 3/7 activity along with
the downregulation of anti-apoptotic MCL1, BCL2 and BIRC5
and the upregulation of the pro-apoptotic genes TP53, BBC3,
PMAIP1 and BAX. The Bcl2 pathway is often deregulated in
MCLs and several of its members (for example, Bcl2 and
Mcl1) are frequently overexpressed.1,10,56 BIRC5/Survivin is
also frequently overexpressed in MCLs with higher prolife-
ration.50 By promoting enhanced viability and proliferation and
reduced apoptosis in MCL cells, ZEB1 could potentially have
a role in the pathogenesis of MCLs.

Although originally selected for its cytotoxicity in undiffer-
entiated epithelial cells, salinomycin has been recently shown
to induce apoptosis in leukemic cells through inhibition of Wnt
signaling.16 Our data indicate that salinomycin also kills MCL
cells, inhibits Wnt signaling and represses ZEB1 at the
transcriptional level through a TCF-LEF-dependent mecha-
nism. It is noteworthy that salinomycin inhibits the efflux drug
transporter MDR157 that we reported here to be under positive
regulation by ZEB1. Exposure of MCL cells to salinomycin
increased their sensitivity to several MCL chemotherapy
drugs. Interestingly, at some dose combinations, salinomycin
and doxorubicin display a synergistic cytotoxic effect in
established and primary MCL cells. These results highlight
the potential use of selective Wnt inhibitors in MCL treatment.
By downregulating ZEB1, Wnt inhibitors would increase
sensitivity of MCL cells to conventional chemotherapy
regimes. Recent progress in the discovery of specific Wnt
inhibitors that reduce the tumorigenicity and growth of solid
tumors also opens new avenues for interfering Wnt signaling
in hematological malignancies.58,59
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255

Cell Death and Differentiation



In sum, this study has identified ZEB1 as a new biomarker in
MCLs, where it promotes cell proliferation, resistance to
apoptosis and enhanced tumor growth, possibly participating
in the progression of MCLs. At the same time, ZEB1
expression defines a differential response to chemotherapy
drugs, thus also setting ZEB1 as a potential predictive
biomarker and therapeutic target in this lymphoma.

Materials and Methods
Antibodies, plasmids, oligonucleotides and shRNAs. Description
and source of antibodies, plasmids, oligonucleotides and shRNA lentivirus used in
the study are detailed in Supplementary Information.

Human samples. A series of 46 MCL cases was obtained from the Tissue
Bank of the National Cancer Center (CNIO, Madrid, Spain). All diagnostic samples
were histologically classified as MCL according to the World Health Organization
criteria and representative areas were used to construct a TMA. Tonsillar and
peripheral blood B cells were obtained from samples donated by the Tissue Bank at
Hospital Sant Joan de Deu (Barcelona, Spain) and the Catalan Blood and Tissue
Bank (Barcelona, Spain), respectively, and their purification is detailed in
Supplementary Information. Primary MCL cells originated from three untreated
MCL patients diagnosed according to the World Health Organization criteria and
isolated from peripheral blood as detailed in Supplementary Information. Procurement
and use of human samples had the informed consent of patients and donors and
conformed with the principles set out in the World Medical Association’s Declaration
of Helsinki and had the approval of the respective local ethics research committees.

Gene microarray data sets for survival data. Two published data sets
of MCLs were used to calculate overall survival associated to ZEB1. In the data
set GEO ID GSE10793, corresponding to Blenk et al.,41 survival for up to 8 years
was available for 66 untreated cyclin D1-positive MCL patients, 63 of whom also
have ZEB1 expression data. Gene chip measurements were performed using NCI/
Staudt human 15K v13 arrays. The probe 33032_1 was used for ZEB1. The data
set corresponding to Rosenwald et al.40 has been published at http://
www.llmpp.nih.gov/ MCL/ and contains 92 untreated MCL patients, 64 of whom
were cyclin D1 positive. Gene chip measurements in these cyclin D1-positive
cases were performed using lymphochip DNA microarrays.60 Probe 16935 was
used for ZEB1.

Cells and cell culture. Granta-519, Jeko-1, 293T and primary MCL cells
were cultured in DMEM or RPMI (Lonza, Verviers, Belgium) supplemented with 10%
FCS (Sigma-Aldrich, St Louis, MO, USA). L-cells stably expressing Wnt3a cDNA (L-
Wnt3a cells) or its corresponding empty vector (L-Ctl cells) were cultured in DMEM
plus 10% FCS under selection with 0.4 mg/ml of G418 (Fisher Scientific, Fair Lawn,
NJ, USA). Where indicated, cells were treated with 100 nM of PMA (Sigma-Aldrich) for
72 h, 10 ng/ml LMB (Sigma-Aldrich, in 70% methanol) for 1 h, with 50% (v/v) of either
L-Ctl- or L-Wnt3a cells-conditioned media for 24–48 h. For chemotherapy drug
response experiments, MCL cells were treated with different drugs in time course
experiments as described in Supplementary Information. Cell transfections were
performed as described in Supplementary Information.

Determination of protein and RNA expression and transcriptional
assays. Analysis of protein expression by immunohistochemistry or western blot is
described in Supplementary Information. qRT-PCR, transcriptional assays and ChIP
assays were performed as described in the Supplementary Information.

Cell viability and proliferation assays. Cell viability in basal conditions
and in response to drugs was determined by conventional MTT assays as detailed
in Supplementary Information. Assessment of caspase 3/7 activity was determined
using the Caspase-Glo 3/7 kit (Promega, Madison, WI, USA) as per
manufacturer’s instructions and further detailed in Supplementary Data. Cell
proliferation was assessed by incorporation of either 3H-Thymidine or BrdU as
described in Supplementary Information.

Mouse xenograft model. A total of 1� 107 Granta-519 shCtl or Granta-519
shZEB1 cells resuspended in 100ml of PBS and 100ml Matrigel basement
membrane matrix (Becton Dickinson Biosciences, Bedford, MA, USA) were

inoculated subcutaneously into the right lower dorsum of 7-week-old CB17-SCID
female mice (Janvier) according to a protocol approved by the Animal
Experimentation Committee of the University of Barcelona. Sixteen days after
the injection of MCL cells, mice were randomly assigned into several cohorts of
five each and were administered intraperitoneally with either 1.25 mg/kg twice a
week of doxorubicin (Pfizer Inc, New York, NY, USA), 2.0 mg/kg of salinomycin
monosodium salt hydrate Vetranal daily (Sigma-Aldrich) or the equal volume
amount of vehicle (PBS). Tumor growth was followed up as by measuring the
shortest and longest diameter of tumors with calipers at 2- to 5-day intervals.
Tumor volumes in mm3 were calculated according to the following formula: (the
shortest diameter)2� (the longest diameter)� 0.5. Drug treatment lasted for 30
days and mice were euthanized 24 h after the last drug administration.

Statistical analysis. Statistical analysis of the data was conducted
independently by two experts (GCB/RE and BG) with identical results.
Determination of normal distribution of data and statistical test used is detailed
in Supplementary Materials and Materials and Methods. Synergistic effect
between chemotherapy drugs was determined by the CI method54 as indicated in
Supplementary Information.
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