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Combination of lenalidomide with vitamin D3 induces
apoptosis in mantle cell lymphoma via demethylation
of BIK

C Brosseau1,2,3,4, C Dousset1,2,3,4,5, C Touzeau1,2,3,4, S Maı̈ga1,2,3,4, P Moreau1,2,3,4, M Amiot1,2,3,4, S Le Gouill*,1,2,3,4,5,6

and C Pellat-Deceunynck*,1,2,3,4,6

Mantle cell lymphoma (MCL) is a currently incurable B-cell malignancy. Lenalidomide (Len) has been demonstrated to be one of
the most efficient new treatment options. Because Len and 1a,25-dihydroxyvitamin (VD3) synergize to kill breast cancer cells, we
investigated whether VD3 could increase the ability of Len to induce MCL cell death. While MCL cells were weakly sensitive to
Len (1 lM), the addition of VD3 at physiological dose (100 nM) strongly increased cell death, accompanied by slowdown in cell
cycle progression in MCL cell lines (n¼ 4 out of 6) and primary samples (n¼ 5 out of 7). The Len/VD3 treatment markedly
increased the expression of the BH3-only BCL2-interacting killer (Bik) without affecting the expression of other Bcl-2 molecules.
Immunoprecipitation assays demonstrated that Bik was free from anti-apoptotic partners, Bcl-2 and Bcl-xL, in treated cells.
Moreover, silencing of BIK prevented apoptosis induced by Len/VD3, confirming the direct involvement of Bik in cell death. Bik
accumulation induced by Len/VD3 was related to an increase in BIK mRNA levels, which resulted from a demethylation of BIK
CpG islands. The sensitivity of MCL cells to Len/VD3 was similar to the response to 5-azacytidine, which also induced
demethylation of BIK CpG islands. These preclinical data provide the rationale to investigate the role of VD3 in vivo in the
response to Len.
Cell Death and Disease (2014) 5, e1389; doi:10.1038/cddis.2014.346; published online 28 August 2014

Mantle cell lymphoma (MCL) is an aggressive non-Hodgkin’s
lymphoma (NHL) that accounts for B5–8% of all NHLs in
adults.1,2 Intensive chemotherapy regimens combined with
anti-CD20 antibodies with or without autologous stem cell
transplantation have significantly improved patients’ out-
comes, but most patients relapse and survive only an average
of B5 years from the time of diagnosis.3 Moreover, this
intensive regimen is not applicable to all patients, especially to
elderly patients. As in other type of cancers, there is an
obvious need for new therapies in MCL. Immunomodulatory
drugs such as lenalidomide (Len) were first introduced to treat
multiple myeloma, where Len has proven benefits. More
recently, Len has also been successfully used for relapsed
and refractory patients with MCL.4–9 Several phase III trials
comparing Len (with or without chemotherapy) versus
standard treatment options are ongoing in MCL. Despite a
proven efficacy in MCL, B60% of MCL patients remain
resistant to Len. Len exhibits direct antitumor efficacy and
modulates the tumor environment, especially the immune
environment, but the mechanisms of resistance to Len remain
partially unknown.10,11 1a,25-dihydroxyvitamin D3 (VD3) has
a well-described function as an endocrine steroid hormone

that regulates calcium metabolism, but its physiological role is
not limited to this function.12 The effects of VD3 in cancer have
been under investigation for over a decade.13,14 In NHL
patients, the level of VD3 in the serum was recently evaluated
as a prognostic marker, where a deficiency in VD3 predicts
worse overall survival.15 In contrast, Rosen et al.12 who
performed a large systematic review concluded that there is
no evidence that VD3 could reduce the risk of cancer
development or mortality.12 While the relationship between
VD3 and the incidence of cancer remains unresolved, some
authors suggest that VD3 could act as an anticancer agent
through its anti-proliferative, pro-differentiation, anti-inflam-
matory and anti-angiogenic properties by modulating the
activity of transduction pathways or altering the transcriptional
regulation of genes.12,16 Indeed, VD3 modulates 4900 genes
involved in differentiation, cell cycle control, apoptosis,
immune response and migration.14,17 Because VD3 is safe
and well tolerated, the combination of VD3 plus anticancer
agent(s) is as an attractive treatment option. Recently, the
combination of VD3 and Len was demonstrated to synergisti-
cally induce cell death through the modulation of Bcl-2
expression in breast cancer cells.18 In the present work, we
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assessed the efficacy of VD3 combined with a low dose of Len
in modulating the apoptosis of MCL cell lines and primary cells.

Results

Addition of VD3 increased Len-induced cell death in
MCL cells. We first assessed the sensitivity of six MCL cell
lines to Len and VD3 at varying concentrations, respectively,
ranging from 0.001 to 10 mM and from 1 to 150 nM. After 6
days of treatment, the JEKO-1, MINO, REC-1 and Z-138
cells were weakly sensitive to Len (black color), whereas the
GRANTA-519 and UPN-1 cells were resistant (480% of
viability at 10 mM, gray color; Figure 1a). The GRANTA-519,
UPN-1 and REC-1 cells were resistant to VD3 (480% of
viability at 150 nM), whereas the JEKO-1, MINO and Z-138
cells were weakly sensitive with a maximum of loss viability
of 32% for Z-138 cells (Figure 1b). In contrast to the
sensitivity of MCL cells to Len, which increased linearly with
concentration, the sensitivity to VD3 reached a plateau (e.g.,

75 nM in Z-138 cells). Because cereblon (CRBN) is the
receptor for Len, we investigated whether the resistance of
MCL cell lines could be related to lack of CRBN expres-
sion.24,25 All of MCL cell lines expressed CRBN, and there
was no correlation between the level of CRBN expression
and the sensitivity of MCL cell lines (Supplementary Figure
S1A). MCL cell lines expressed VD3 receptor (VDR) and
VDR expression was further increased by VD3 in both
sensitive and resistant MCL cell lines, indicating that
resistance to VD3 was not related to the lack of VDR
expression (Supplementary Figures S1B and C).

We next investigated the efficacy of the combined 1 mM Len
and 100 nM VD3 treatment for 6 days. The addition of VD3 did
not overcome the resistance of GRANTA-519 and UPN-1 to
Len (Figure 1c). However, the Len/VD3 treatment decreased
the viability to 68±5%, 56±8%, 52±6% and 14±7%,
respectively, with a combination index of 0.88, 0.52, 0.62
and 0.52 in the MINO, JEKO-1, REC-1 and Z-138 cells,
respectively. To determine whether the loss of viability was
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Figure 1 The combined Len/VD3 treatment induced apoptosis and inhibited cell cycle progression in MCL cells. (a–c) Dose–response of cells to Len and VD3. Cells
(2� 105 cells/ml) were incubated with or without increasing concentrations of Len (a), VD3 (b) or combined Len/VD3 (c) for 6 days, and viability was assessed using MTT
assay. The data represent the mean±S.E. of three independent experiments. (d) Len/VD3 induced apoptosis and inhibited cell cycle progression. Cells (2� 105 cells/ml)
were incubated with or without 1 mM Len, 100 nM VD3 or Len/VD3 (1 mM and 100 nM) for 6 days and were then stained with Annexin V or PI. A representative experiment out
of three is shown. (e) The Len/VD3 treatment induced apoptosis in primary MCL cells. Primary cells (1� 106 cells/ml) from seven independent patients were incubated with or
without 10mM Len, 100 nM VD3 or Len/VD3 for 6 days and were stained with Annexin V. *Po0.05
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related or not to the induction of apoptosis, we performed
Annexin V staining and cell cycle analysis in JEKO-1, Z-138
and GRANTA-519. In the presence of Len/VD3, 46±11% of
JEKO-1 cells and 84±9% of Z-138 cells were Annexin V
positive and 19±7% of JEKO-1 cells and 39±9% of Z-138
cells contained subG1 DNA content (Figure 1d). Moreover,
the Len/VD3 treatment decreased the proportion of cells in the
S and G2 phases in the sensitive cell lines. In contrast, Len/
VD3 treatment did not induce any significant Annexin V
staining or modifications in the cell cycle in the resistant
GRANTA-519 cells.

We investigated the effect of Len/VD3 in primary cells from
patients with MCL (Figure 1e and Table 1). Seven peripheral
blood samples collected from patients at the time of diagnosis
were purified using anti-CD19 immunomagnetic beads. The
CD19þ MCL cells were incubated for 6 days with 10 mM Len
and with or without 100 nM VD3. Cell death induced by Len
(median value 9%) was enhanced by the addition of VD3, with
a median value of 21% (P¼ 0.016, Wilcoxon matched-pairs
signed rank test). As observed in cell lines, the combined Len/
VD3 treatment increased the percentage of cell death in all
samples sensitive to Len but not in those resistant to Len
(samples 1 and 2, Table 1).

Combined Len/VD3 treatment induced intrinsic pathway
of apoptosis and accumulation of BH3-only BIK protein.
Len/VD3 treatment induced cleavage of caspase 9 in sensitive
JEKO-1 cells but not in resistant GRANTA-519 cells (Figure 2a),
suggesting the involvement of the intrinsic pathway of apoptosis,
which was confirmed by the induction of mitochondrial
depolarization, as assessed using JC-1 staining (Figure 2b).
To confirm the role of the intrinsic pathway, we performed Bax
silencing experiments (Figure 2c). Indeed, the transfection with
siBAX prevented by 78±21% the Len/VD3-induced decrease in
cell number (Po0.01, paired t-test): the mean cell number
(millions cells/ml) was 3.3±0.2 and 1.5±0.4 in untreated and
Len/VD3-treated siCt cells, respectively, versus 3.3±0.3 and
2.9±0.3 in untreated and Len/VD3-treated siBAX cells,
respectively (Figure 2d).

Similarly, the transfection with siBAX reduced by 68±4%
the Len/VD3-induced cell death (P¼ 0.01), but it did not
significantly induced cell death in untreated cells (P¼ 0.25):

the mean cell death was 11±2% and 28±6% in untreated
and Len/VD3-treated siCt cells, respectively, versus 12±3%
and 18±5% in untreated and Len/VD3-treated siBAX cells,
respectively (Figure 2e).

To further characterize the Len/VD3-induced apoptosis, we
then assessed changes in the expression of pro- and anti-
apoptotic proteins by western blotting. Len/VD3 weakly
increased the expression of the BH3-only Noxa in the
sensitive JEKO-1 and Z-138 cell lines, and Puma proteins in
JEKO-1 cells. By contrast, Len/VD3 markedly increased that
of Bik in the four sensitive cell lines (JEKO-1, Z-138, MINO
and REC-1) and not in the two resistant (GRANTA-519 and
UPN-1) cell lines (Figure 3). Furthermore, the expression of
the other BH3-only proteins (i.e., Bid, Bad, Bim, Bax and Bak)
and of the anti-apoptotic proteins (i.e., Bcl-2, Bcl-xL and Mcl-1)
was not affected by the treatment.

Bik is known to interact with anti-apoptotic proteins, mainly
Bcl-2 and Bcl-xL.19,22,26 We performed an IP assay to evaluate
the binding of Bik in control and Len/VD3-treated JEKO-1
cells. As shown in Figure 4a, the Bik IP assay confirmed that
Bik was bound to Bcl-2 but not to Bcl-xL or Mcl-1. In Len/VD3-
treated cells, Bik was strongly associated with Bcl-2, weakly
with Bcl-xL and not at all with Mcl-1, and a proportion was
found free from Bcl-2 and Bcl-xL (Figure 4b).

Silencing of BIK inhibited the apoptosis induced by
Len/VD3. To directly investigate the implication of Bik in
Len/VD3-induced apoptosis, we transiently transfected
JEKO-1 and MINO cells with siBIK RNA to prevent an
increase in Bik expression. To this end, cell transfection was
performed at day 2 after the addition of Len/VD3. At day 5,
the induction of Bik expression in Len/VD3-treated cells was
reduced by 80±5% in JEKO-1 cells and 90±10% in MINO
cells in the presence of siBIK RNA (Figure 5a).

The transfection with siBIK prevented by 88±13% and
72±25% the Len/VD3-induced decrease in cell number in
JEKO-1 and MINO cells, respectively, (Po0.01 and o0.01,
respectively, paired t-test): the mean Len/VD3-induced
decrease in cell number was 60±9% and 55±7% in siCt
JEKO-1 and MINO cells, respectively, versus 6±8% and
16±15% in siBIK JEKO-1 and MINO cells, respectively
(Figure 5b).

Similarly, the transfection with siBAX reduced by 38±19%
and 37±10% the Len/VD3-induced cell death in JEKO-1 and
MINO cells, respectively, (Po0.01 and P¼ 0.02, respec-
tively), but it did not significantly induce cell death in untreated
cells (P¼ 1 and 0.3, respectively): the mean cell death was
12±2% and 27±5% in untreated and Len/VD3-treated siCt
JEKO-1 cells, respectively, versus 12±1% and 22±5% in
untreated and Len/VD3-treated siBIK JEKO-1 cells, respec-
tively, and 10±2% and 27±6% in cells untreated and Len/
VD3-treated siCt MINO cells, respectively, versus 11±3%
and 21±5% in siBIK MINO cells, respectively (Figure 5c).
Similarly, siBIK RNA significantly inhibited the appearance of
the subG1 peak in both JEKO-1 (P¼ 0.01) and MINO
(P¼ 0.03) cells treated with Len/VD3 (63±9% and
73±12% of inhibition, respectively; Figure 5d). Because
expression of Puma and Noxa was slightly induced by Len/
VD3 in JEKO-1 cells, we assessed their role using siRNA
experiments (Figure 5e). The transfection of siNOXA or

Table 1 Primary MCL cells were sensitive to Len/VD3 combination

Samples Status Age (years) Cell death
(% of Annexin Vþ cells)

Len VD3 Combo

1 Diagnosis 67 2 0 6
2 Relapse 63 0 0 5
3 Diagnosis 59 10 8 16
4 Relapse 87 9 4 21
5 Diagnosis 75 8 0 21
6 Diagnosis 95 19 15 34
7 Diagnosis 78 21 18 42

Abbreviations: Len, lenalidomide; MCL, mantle cell lymphoma; VD3,
1a,25-dihydroxyvitamin
Primary cells (1�106 cells/ml) from seven independent patients were
incubated with or without 10mM Len, 100 nM VD3 or Len/VD3 for 6 days, and
were stained with Annexin V. Fluorescence was analyzed on a FACSCalibur
flow cytometer
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siPUMA neither impaired cell number nor induced apoptosis
(Figures 5f and g). The silencing of Puma or Noxa did not
prevent the Len/VD3-induced decrease in cell number, which

was 48±5%, 41±6% and 48±7% in siCt, siNOXA and
siPUMA cells, respectively (Figure 5f). Similarly, the silencing
of Puma or Noxa did not prevent the Len/VD3-induced cell
death: the mean cell death was 21±2%, 21±1% and 22±2%
in siCt, siNOXA and siPUMA cells, respectively (Figure 5g).
Altogether, these data demonstrated that Bik mediated the
Len/VD3-induced apoptosis.

Len/VD3 treatment increased the proportion of
unmethylated BIK CpG islands and mimicked 5-aza. The
transcription of the BIK gene is positively regulated by
the transcription factor TEF and negatively regulated by the
methylation of CpG islands.22,23,27–29 As shown in Figure 6a,
BIK mRNA expression was increased by 13±1.3-fold
(P¼ 0.003) in the sensitive JEKO-1 cells and by 1.3±0.2-
fold (P¼ 0.1) in the resistant GRANTA-519 cells. Because
expression of TEF remained unchanged (Supplementary
Figure S2), we assessed whether the increase in BIK
expression was related to a modulation of BIK CpG islands
methylation. We determined the level of methylated over
unmethylated BIK CpG islands located within intron 1 by
methylation-specific PCR, as previously described by
Hatzimichael et al.23 (Supplementary Figure S3). Although
the methylation level of the BIK CpG islands was variable
both within cell lines and patients’ samples, it appeared that
BIK CpG islands were mainly methylated with a methylated
over unmethylated ratio ranging from 2.3 to 8.2 in cell lines
and from 1.4 to 8.9 in primary samples (Figure 6b). We then
assessed the proportion of methylated over unmethylated

Caspase 9 (pro)

Casp. 9 (cleaved)

JEKO-1 GRANTA-519

Actin

- Len/VD3

+ Len/VD3

siCt
siBAX
Len/VD3

Bax

Actin

Len
VD3

-
-

+
-

+
+

-
+

+
-
-

+
-
+

-
+
-

-
+
+

JEKO-1

C
el

l n
u

m
b

er
 (1

06 /m
l)

A
n

n
ex

in
 V

+ 
ce

lls
 (

%
)

Len/VD3

siCt siBAX

- + - +

-
-

+
-

+
+

-
+

Len/VD3

siCt siBAX

- + - +

*

**

Figure 2 The combined Len/VD3 treatment activated caspase 9, induced mitochondrial depolarization and involved Bax. (a) The Len/VD3 treatment induced caspase 9
activation. MCL cells (2� 105 cells/ml) were incubated for 4 days with or without 1mM Len, 100 nM VD3 or Len/VD3. Cells were then lysed and activation of caspase 9 was
assessed by western blotting. A representative experiment out of three is shown. (b) The Len/VD3 treatment induced mitochondrial depolarization. Z-138 cells (2� 105 cells/ml)
were incubated for 4 days with or without 1mM Len and 100 nM VD3, and then stained with JC-1. A representative experiment out of three is shown. (c–e) Silencing of BAX
prevented cell death induced by Len/VD3 combination. JEKO-1 cells (5� 105/ml) were seeded for 48 h with or without the Len/VD3 combination (1mM Len and 100 nM VD3)
before transfection with sicontrol (siCt) or siBAX RNA. Then, transfected cells were reseeded (5� 105/ml) for additional 3 days with or without the Len/VD3 combination.
(c) Western blotting analysis of Bax expression. Bax expression was assessed in siCt- and siBAX-transfected JEKO-1 cells treated or not with Len/VD3 combination. (d) Len/
VD3 induced a Bax-dependent decrease in cellularity. The cellular density was measured by a direct counting. The data represent five independent experiments. (e) Len/VD3
induced a Bax-dependent cell death. Cells were stained with Annexin V and fluorescence was analyzed on a FACSCalibur. The data represent five independent experiments.
*Po0.05, **Po0.01

Len/VD3 - +

Bim EL

Mcl-1 

Bcl-2 

Noxa

Puma
Bad

Bak

Bim L
Bim S

- +- + - + - + - +

Bik

Actin

Bcl-xL 

Bid

Bax 

Figure 3 The combined Len/VD3 treatment induced BIK expression in sensitive
cells. MCL cells (2� 105 cells/ml) were incubated for 4 days with or without 1mM Len
and 100 nM VD3. Cells were then lysed and expression of the indicated proteins was
assessed (western blotting)

BIK demethylation induced by vitamin D3 and lenalidomide
C Brosseau et al

4

Cell Death and Disease



BIK CpG islands in cells treated with Len/VD3 or the
methylation inhibitor 5-aza. As shown in Figure 6c, both
Len/VD3 and 5-aza treatments decreased the level of
methylated BIK CpG islands and increased that of unmethy-
lated BIK CpG islands. The median methylated over
unmethylated ratio in JEKO-1, Z-138 and MINO cells
decreased 3.3-fold (range 2–5) and 4-fold (range 3–5) with
Len/VD3 and 5-aza, respectively, while it remained
unchanged in the resistant GRANTA-519 cells.

The 5-aza-induced decrease in methylated over unmethy-
lated ratio was associated with an increase in BIK expression:
the fold increase was 13±2 and 0.9±0.4 in JEKO-1 and
GRANTA-519 cells, P¼ 0.001 and 0.1, respectively,
Figure 6d. The increase in BIK expression was confirmed at
the protein level and except Noxa, expression of which was
increased in JEKO-1 and Z-138 cells, expression of the other
Bcl-2 family proteins was not significantly modified in both cell
lines; Figure 6e. Interestingly, 5-aza decreased the viability in
MCL cell lines sensitive to Len/VD3 (JEKO-1, MINO, Z-138
and REC-1) but not in resistant cell lines (GRANTA-519 and
UPN-1), as shown in Figure 6f.

Discussion

Recently, novel targeted therapies have been investigated in
MCL. Among these therapies, Len used alone or in combina-
tion has proven clinical efficacy and has emerged as a new
promising therapy.30 Indeed, an upcoming phase III clinical
trial conducted by the European MCL network will address the
question of Len maintenance in elderly patients.31 Despite its
proven efficacy in various hematological malignancies, ques-
tions regarding both Len’s mechanisms of action and the
mechanisms underlying the sensitivity/resistance of tumor
cells to Len remain. In the present work, we demonstrated that
VD3 enhanced the sensitivity of MCL cells to Len and found
that the pro-apoptotic protein Bik functions as a mediator of
Len/VD3-induced cell death. Although the addition of VD3 to
Len significantly increased cell death, it did not overcome
resistance to Len in cell lines or primary cells. The resistance
to Len or to Len/VD3 treatment was not owing to a lack of

CRBN or VDR expression because all cell lines expressed
both receptors, as shown in Supplementary Figure S1.24,25

We can also exclude the involvement of a defect in the VD3
pathway because VD3 treatment, in both sensitive and
resistant cell lines, induced one of its main primary target
genes, the VDR. It is interesting to note that GRANTA-519 is
EBV-positive, similar to the JVM2 cell line, which was also
resistant to both Len and Len/VD3 treatment (data not
shown). Thus, among EBV-negative MCL cell lines, only
UPN-1 appeared to be resistant to Len and Len/VD3, and
UPN-1 is known to contain an Rb deletion, which could
contribute to the observed Len resistance. Our experiments
demonstrated that the combined Len/VD3 treatment induced
a slowdown in cell cycle progression, as indicated by a
reduction of phases S and G2M, and an increase in the G1
phase, and this effect was confirmed by a marked decrease in
the cell concentration and by the induction of apoptosis. While
the expression of the anti-apoptotic proteins Bcl-2, Bcl-xL and
Mcl-1 was not altered, that of BH3-only proteins was
increased with Len/VD3 treatment. The expression of Noxa
or Puma was slightly modulated by Len/VD3 in some cell
lines, while that of Bik was markedly increased in all
responsive cell lines. As expected, the marked Bik increase
was directly involved in apoptosis because Bik silencing
significantly reduced apoptosis. By contrast, Len/VD3 did not
induce any increase in Bcl-2 or Bcl-xL expression, and IP
experiments showed that a pool of Bik was free from its
partners Bcl-2 and Bcl-xL. The involvement of Bax in
Bik-mediated killing of cells, which has been well established,
was further confirmed by the results of its direct silencing.32

However, the lack of both constitutive Bim expression and
impact of Puma silencing could suggest a direct activation of
Bax. Indeed, endothelial reticulum containing the whole Bik
protein was shown to promote Bax membrane insertion and
cytochrome c release, which was inhibited by Bcl-2.33,34

Although Bik was considered as a sensitizer only, the recent
study of Du et al.35 demonstrated that BH3 domains other
than Bim and Bid, including Bik, can directly activate Bax/Bak
in Bim and Bid double knockout MEF cells. Of note, Len/VD3
significantly increased Bik expression without modifying that
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of the other pro or anti-apoptotic molecules. Thus, in the
context of MCL cells, which do not express Bim and express a
low level of Bid, the marked Len/VD3-induced increase in Bik
expression could directly mediate Bax activation or deplace
Bax from Bcl-2/Bax complexes. We showed that the increase
in Bik protein expression was related to an increase in BIK
mRNA, which was not related to an increase in TEF
expression.22 Of note, all of the cell lines expressed TEF,

although all of them did not express Bik, suggesting that
another mechanism of regulating BIK expression is present in
MCL cells. The BIK gene is silenced by methylation in several
cancer types, and its upregulation by methylation inhibitors
such as 5-aza could contribute to the pro-apoptotic activity of
these inhibitors.27,29 Indeed, we demonstrated that Len/VD3,
as well as 5-aza, increased the proportion of unmethylated
BIK CpG islands in the sensitive JEKO-1, MINO and Z-138
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Figure 5 The silencing of BIK decreased cell death induced by Len/VD3. (a–d) MCL cells (5� 105/ml) were seeded for 48 h with or without Len/VD3 prior or not to
transfection with siControl (siCt) or siBIK RNA, and the cells were reseeded (5� 105 cells/ml) for an additional 3 days with or without Len/VD3. (a) Western blotting analysis of
Bik expression. Bik expression was assessed in siCt and siBIK MCL cells that were or were not treated with combined Len/VD3. A representative experiment out of three is
shown. (b) The silencing of BIK prevented the Len/VD3-induced cell growth inhibition. The cellular density was determined by direct counting. The data represent four
independent experiments. (c) The silencing of BIK decreased Len/VD3-induced death. The cells were stained with Annexin V. The data represent four independent
experiments. (d) The silencing of BIK decreased Len/VD3-induced subG1 peak. The cells were stained with PI. The data represent four independent experiments.
(e–g): JEKO-1 cells (5� 105/ml) were seeded for 48 h with or without Len/VD3 prior or not to transfection with siCt or siNOXA or siPUMA RNA, and the cells were reseeded
(5� 105 cells/ml) for an additional 3 days with or without Len/VD3. The data represent three independent experiments. (e) Western blotting analysis of Puma and Noxa
expression in JEKO-1 cells. A representative experiment out of three is shown. (f) SiNOXA and siPUMA RNA did not prevent Len/VD3-induced inhibition of growth.
The cellular density was determined by direct counting. The data represent three independent experiments. (g) SiNOXA and siPUMARNA did not inhibit Len/VD3-induced cell
death. Cells were stained with Annexin V. The data represent three independent experiments. *Po0.05, **Po0.01. NS, not significant
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cell lines but not in the resistant GRANTA-519 cells. Among all
of the BH3-only genes, Bik exhibited the greatest change in
expression upon the inhibition of methylation in the two cell

lines tested. Noxa and Puma expression was also increased
but, in contrast to Bik and Noxa, increase in Puma expression
was not found in both cell lines. Bim is rarely expressed in
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Figure 6 The Len/VD3 treatment increased BIK mRNA expression via the demethylation of CpG islands. (a) The Len/VD3 treatment increased BIK mRNA expression.
JEKO-1 cells were treated for 4 days with 1mM Len and 100 nM VD3. BIK mRNA expression was quantified by qRT-PCR assay. The data represent the mean±S.E. of three
independent experiments. (b) BIK CpG islands were constitutively methylated in MCL cell lines and patient samples (P1–P4). Methylation-specific PCR was performed on
genomic DNA as described within the Material and Methods section and in Supplementary Figure S3. (c) The Len/VD3 treatment induced the demethylation of BIK CpG
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MCL cell lines and we did not find that the Len/VD3 treatment
or 5-aza induced its expression, confirming that the lack of
Bim expression is mostly governed by a chromosomal
deletion.36–38 Interestingly, the sensitivity of MCL cell lines
to Len/VD3 and 5-aza was similar and both treatments
increased the expression of Bik. Thus, at least in MCL cells,
Bik appears to be the BH3-only protein that is commonly
induced or increased via demethylation. Similar results were
reported in renal carcinoma cells, in which inhibition of
methylation significantly induced a strong increase in BIK
expression but not in other Bcl-2 family molecules.29

However, the precise molecular mechanism leading to BIK
demethylation after exposure to the Len/VD3 treatment
remains to be elucidated. DNA methylation and histone
modifications are the two arms of epigenetic regulation, and
inhibitors of DNA methylation or histone deacetylases
(HDAC) are useful in cancer therapy.39,40 Len and VD3
have a wide range of effects on cancer cells, including
modifications of gene expression, particularly of genes
involved in transcription.14,41,42 VD3 is known to induce the
expression of histone demethylase genes such as JMJD3.43

However, because an HDAC inhibitor failed to induce cell
death or Bik induction in MCL cell lines (data not shown),
histone deacetylation in unlikely to be involved in Len/VD3
activity.

We assessed whether expression of DNA methyl trans-
ferases (DNMT) was modulated upon Len/VD3 treatment.
DNMT1 is involved in methylation maintenance, whereas
DNMT3a and 3b are involved in de novo methylation.44

Len/VD3 decreased DNMT3b expression, but not that of
DNMT1 or DNMT3a, in both responsive and resistant
cell lines (data not shown). Thus, decrease in DNMT3b
expression might be necessary for the unmethylation of BIK
CpG islands induced by Len/VD3 in sensitive cell lines, but it
does not remain sufficient, as it also occurred in resistant
cells. Lack of methylation could be also related to an active
demethylation instead of an inhibition of methylation.
Indeed, several pathways involving base excision repair
have been described but the mechanisms remain poorly
understood.44 The precise mechanism leading to inhibition
of methylation or to active demethylation of BIK CpG islands
remains to be deciphered.

In the primary MCL samples, Len/VD3 treatment was
efficient, but the magnitude of cell death induced was lower
in comparison with that of the cell lines. This weaker efficacy
could be related to the very low proliferation index of
circulating MCL, which proliferate in the lymph nodes but not
in peripheral blood. The demethylation of BIK CpG islands
induced by Len/VD3 occurred over several days and
impacted proliferation, suggesting that Len/VD3 treatment
inhibited methylation after replication. Because we failed to
induce proliferation of peripheral MCL cells upon exposure
to CD40L, TLR agonists and interleukines, and could not
obtain samples from lymph nodes, this hypothesis could not
be assessed yet.

In conclusion, these data demonstrate for the first time that
combined Len/VD3 treatment induces cell death in MCL
cells via the induction of Bik expression owing to the
demethylation of its promoter, a mechanism that is similar to
that of 5-aza. The potential correlation between VD3 levels

and the response to Len, and whether VD3 supplementation
could improve the response rate of MCL patients treated with
Len remain to be defined in vivo. Our findings support the
investigation of VD3 level in patients with MCL and generate
interest in retrospective or prospective studies, investigating
the relationship between the response to Len and serum VD3
levels.

Materials and Methods
MCL cells and cell lines. The MCL cell lines JEKO-1, MINO, REC-1 and
GRANTA-519 were purchased from DSMZ (Braunschweig, Germany), Z-138
was purchased from ATCC (Manassas, VA, USA) and UPN-1 was kindly
provided by Dr. V Ribrag (Institut Gustave Roussy, Villejuif, France). Each MCL
cell line was identified by a complete phenotypic analysis and a HLA Class I
typing. MCL cell lines were maintained in RPMI-1640 medium supplemented
with 10% FCS and 2 mM glutamine. Blood samples from patients with MCL at
the time of diagnosis were collected after informed consent was obtained at the
Department of Hematology at University Hospital of Nantes.19 Peripheral MCL
cells from the blood were purified after Ficoll–Hypaque separation using
immunomagnetic anti-CD19 beads when MCL infiltration was o90% (Class,
Paris, France).

Reagents. The active form of VD3, 1,25-dihydroxyvitamin D3 and 5-aza-20-
deoxycytidine (5-aza) were purchased from Sigma-Aldrich (Lyon, France). Len
was provided by Celgene Corporation (San Diego, CA, USA).

Viability and cell cycle assays. Cell viability was evaluated by MTT
assay. Cells (2� 104 cells in 100ml) were seeded for 6 days in 96-well plates and
treated with 100 nM VD3 and 1 mM Len either alone or in combination. Cell death
was assessed using an Annexin V staining kit (Beckman Coulter, Marseille,
France). The cell cycle stage was assessed using propidium iodide (PI) staining
(Beckman Coulter). Flow cytometric analysis was performed on a FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA, USA) using Cell Quest software.

Western blotting. The analysis of protein expression was conducted by
western blotting, as previously described.20 The following primary antibodies were
used: Mcl-1 (S19, Santa Cruz Biotechnology, Santa Cruz, CA, USA), Bik (FL160,
Santa Cruz Biotechnology), Puma (Calbiochem, Merck, Darmstack, Germany),
Bcl-xL, Bad, Bid, Bak (BD Biosciences, Le Pont de Claix, France), Bcl-2, caspase 9,
(Cell Signalling, Saint Quentin en Yvelines, France), actin (Millipore Bioscience
Research Reagents, Merck, Saint-Quentin en Yvelines, France), Noxa (Alexis,
Paris, France) and Bax (Enzo Life Sciences, Villeurbanne, France). The following
secondary antibodies were used: rabbit anti-goat (Jakson ImmunoResearch, West
Baltimore Pike, PA, USA), anti-mouse/anti-rabbit (Roche, Boulogne-Billancourt,
France) and goat anti-rabbit (Jakson ImmunoResearch).

Measurement of mitochondrial membrane potential. Mitochondrial
membrane potential was estimated using the potential-sensitive fluorescent probe
JC-1 (Life Technologies, Saint-Aubin, France). Cells were incubated in Hank’s
Balanced Salt Solution (Gibco Life Technologies, Saint-Aubin, France) with JC-1
at 5 mg/ml for 30 min at 37 1C. Fluorescence was analyzed on a FACSCalibur.

RNA extraction, reverse transcription and PCR assays. Extraction,
reverse transcription of RNA and quantitative PCR was performed as previously
described by using Taqman (Applied Biosystems) BIK (Hs00154189_m1) and
RPL37a (Hs01102345_m1, housekeeping gene) probes.21 RT-PCR of TEF
(thyrotroph embryonic factor) expression was performed as previously
described.22

siRNA transient transfections. Control nontargeted small interfering
siRNA (siControl, siCt), siBAX, siBIK, siNOXA and siPUMA were purchased from
Thermo Scientific (Courtaboeuf, France). MCL cell lines were electroporated using
a Nucleofector system (Amaxa, Lonza, Basel, Switzerland). Cells (5� 105 cells/ml)
were treated for 48 h with 1mM Len and 100 nM VD3, resuspended in the selected
Nucleofector solution (R for JEKO-1 and T for MINO), electroporated in the
presence of 10mmol/l siRNA (A23 Nucleofector program for JEKO-1 and T01 for
MINO) and reseeded in culture for the remaining days in the presence of 1 mM Len
and 100 nM VD3.
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Immunoprecipitation. Immunoprecipitation (IP) assays were conducted
in treated and untreated cells (control). Cells were lysed for 40 min on ice in
10 mmol/l Tris-HCl, pH¼ 7.6, 150 mmol/l NaCl, 5 mmol/l EDTA, 1 mmol/l
phenylmethylsulfonylfluoride, 2 mg/ml aprotinin and 1% digitonin. The lysates
were immunoprecipitated with a mix of proteins A and G.

Methylation-specific PCR. Methylation of the BIK CPG islands was
assessed through methylation-specific PCR, as previously described by
Hatzimichael et al.23 In brief, genomic DNA was treated with bisulfite (EZ DNA
Methylation Kit, ZYMO Research, Proteigene, Saint Marcel, France) and
35 amplification cycles were performed in 25 ml with methylated forward
50-GGGAGTCGTGTTTAGGTTTTATC-30 and reverse 50-GAACAAAAAAAAT
ACGTTTCGAA-30 primers or with unmethylated forward 50-GGGGAGTTGTGTTT
AGGTTTTATT-30 and reverse 50-CAAACAAAAAAAATACATTTCAAA-30 primers.

Statistical analyses. Statistical analyses were performed using a paired
Student’s t-test or a Wilcoxon matched-pairs signed rank test.
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