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Abstract

Although most of the mantle cell lymphoma (MCL) patients initially responded
well to bortezomib (BTZ), the dose-dependent toxicities have greatly limited
the application of BTZ to MCL. To investigate the efficacy and mechanism of
arsenic trioxide (ATO) with BTZ in inducing apoptosis of MCL cells, two MCL
cell lines, along with primary cells from MCL patients (n = 4), were used.
Additionally, the NOD-SCID mice xenograft model of Jeko-1 cells was estab-
lished to study the anti-MCL mechanisms in an in vivo setting. ATO treatment
highly improved BTZ capacity to inhibit proliferation and induce apoptosis of
MCL cells. Furthermore, the interaction of Noxa and Mcl-1 leads Bak to release
from Mcl-1 or from Bcl-xl, which could further activate Bak and Bax and then
induce cell apoptosis. We also found that when lower doses of BTZ were used
in combination with ATO, more effective proapoptotic effects in both the cell
lines and the primary cells were obtained compared to the effects of BTZ used
alone at higher doses. Simultaneously, the combination of these two drugs de-
layed the tumor growth in mice more effectively than BTZ alone. The coopera-
tive anti-MCL effects of this combination therapy both in vitro and in vivo
strongly provided a new strategy to the clinical treatment of MCL.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.
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Introduction

Mantle cell lymphoma (MCL) is a subtype of non-
Hodgkin’s lymphoma originated from germinal center B
cells, comprising 5-10% of all lymphomas [1]. It is mainly
characterized by the cyclin D1 overexpression induced by
t (11;14) (q13;q32) translocation. Although MCL responses
well to traditional chemotherapies and a higher response
rate can be achieved, relapse within a few years after
remission is still a common outcome [2-5]. Therefore,
the prognosis of MCL is generally quite poor, with a
median survival of only 5-7 years [6, 7].

The overall response rates of relapsed and refractory
MCL patients treated with proteasome inhibitor bortezomib
(BTZ) monotherapy are quite high (29-50%) [8-11],
however, severe peripheral neuropathies occur during BTZ
treatment. Patients usually present peripheral neuropathic
pain, feeling of numbness in distal extremities, even being
unable to walk or becoming paralyzed [12-15]. Up to
now, the most successful method of preventing neuro-
toxicity is still dose reduction or withdrawal of BTZ.
Unfortunately, the response rates and duration of response
also decrease along with the dose reduction of BTZ, which
challenges treatment of MCL by BTZ [16-19].

Studies have shown that antitumor effect of BTZ on MCL
cells is primarily exerted by increasing the proapoptotic pro-
tein Noxa; however, the accumulation of antiapoptotic protein
Mdl-1 induced by inhibition of intracellular proteasome
activity via BTZ weakens the antitumor effect of the drug
[20-23]. Therefore, combined therapy with another reagent,
which decreases the level of antiapoptotic protein Mcl-1,
while maintaining the high level of proapoptotic protein
Noxa, may be the best strategy of BTZ treatment to MCL.

Our center has been focusing on revealing the mecha-
nism of arsenic trioxide (ATO) therapy on acute pro-
myelocytic leukemia (APL) for two decades, with the
discovery of ATO being able to induce apoptosis of APL
cells through multiple molecular mechanisms [24, 25].
Recently, we found for the first time that ATO can down-
regulate the level of Mcl-1 in MCL cells [26], which sug-
gested that combined use of ATO and BTZ may not only
increase the proapoptotic protein Noxa but also reduce
the antiapoptotic protein Mcl-1, and thereby play a syn-
ergistic effect on induction of apoptosis in MCL cells.

In 2012, Jung et al. reported that ATO and BTZ could
exert synergistic effects on MCL, which confirmed our
hypothesis. They showed that ATO could significantly
enhance the antiproliferative effects of BTZ on MCL. As
to the mechanism, they confirmed that ATO treatment
also reduced cyclin D1 expression and also suppressed the
NF-xB activation in MCL cell lines [27]. We attempted
to clarify the mechanisms of regulation of Noxa/Mcl-1 by
ATO combined with BTZ, so as to complement their work
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mentioned above. It is of note that reports on the in vivo
effects of ATO combined with BTZ are still lacking.

This research program investigated the synergistic role
of BTZ with ATO to MCL cells both in vitro and in
vivo, providing theoretical and practical basis for the im-
provement of MCL treatment.

Materials and Methods

Cell lines and primary cells

The MCL cell lines Jeko-1 (ATCC, Manassas, VA) and
Granta-519 (DSMZ, Braunschweig, Germany) were cul-
tured in RPMI 1640 culture medium (Gibco, Paisley,
Scotland, United Kingdom), supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Biochrom AG, Berlin,
Germany), 2 mmol/L r-glutamine, 100 units/mL of peni-
cillin G, and 10 mg/mL of streptomycin (Gibco). Following
informed consent, bone marrow samples from four previ-
ously untreated MCL patients with leukemic disease were
obtained and all cases had a translocation t (11;14)
(q13;932). Bone marrow mononuclear cells (BMMCs) from
MCL patients and peripheral blood mononuclear cells
(PBMCs) from five adult healthy donors were isolated
by gradient centrifugation using Lymphoprep (Axis-Shield,
Oslo, Norway). Purified primary cells were used imme-
diately. All MCL cell lines and primary cells were cultured
at 37°C in a humidified atmosphere containing 5% carbon
dioxide. Cells were incubated for 12-48 h single or com-
bined of BTZ (Millennium Pharmaceuticals, Cambridge,
MA) and ATO (the Pharmacy of Chinese Traditional
Medicine in the First Hospital affiliated to Harbin Medical
University). When pan-caspase inhibitor z-VAD-FMK
(Beyotime, Haimen, China) was used, cells were prein-
cubated for 1 h prior to the addition of BTZ and ATO.
An approval was obtained from the Institutional Review
Board of Shanghai Jiao Tong University School of Medicine.

Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8
(Dojindo, Tokyo, Japan). Cells were seeded into a 96-well
plate at a density of 2 x 10* cells per 100 L medium
per well and treated with BTZ, ATO, or combination at
various concentrations and normal saline (NS) as vehicle
for 12, 24, and 48 h. CCK8 (10 uL) solution was then
added to each well and the plates were incubated at 37°C
for 2—4 h. Optical density (OD) was measured by a mi-
croplate reader at 450 nm. The cell inhibition rate was
calculated according to the following equation:

The cell inhibition rate (%)

_(4 OD experiment — OD blank
B OD control — OD blank

> X 100%
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All experiments were done in triplicate and repeated three
independent times.

Flow cytometry detection of apoptosis
features

Phosphatidylserine exposure was quantified by annexin V-
FITC apoptosis detection kit I (BD Biosciences, San Diego,
CA) according to the manufacturer’s instruction. For the
analysis of apoptosis of BMMCs from MCL patients, 1, 2,
3, annexin V-PE apoptosis detection kit I (BD) was used.
Before staining with annexin V-PE/7AAD, cells were labeled
with CD45-PE-cy7/CD45-PO, CDS5-FITC, and CD19-PB
(Beckman Coulter, Miami, FL) and cells were then washed
and resuspended in annexin-binding buffer. Changes in
mitochondrial transmembrane potential (Aym) were evalu-
ated by staining cells with 20 nmol/L DiOC6 (Molecular
Probes, Eugene, OR) for 20 min at room temperature in
the dark, cells were then washed and resuspended in 1 x
phosphate buffered saline (PBS). A total of 10,000 cells per
sample were acquired in a FACScan flow cytometer (BD).
Experiments were performed in triplicate and repeated three
independent times.

Flow cytometric analysis for Bak and Bax
activation

Cells were fixed with 4% paraformaldehyde for 10 min
at 37°C and permeabilized with 90% methanol for 30 min
on ice, then washed and resuspended in incubation buffer
(0.5% BSA). After fixation and permeabilization, cells were
incubated with anti-Bax (clone 6A7; BD), anti-Bak (clone
Ab-1; Millipore, Billerica, MA, or IgGl isotype control
for 30 min at room temperature, followed by goat anti-
mouse FITC (Dako, Glostrup, Denmark), and were analyzed
in a FACScan flow cytometer. Experiments were performed
in triplicate and repeated three independent times.

Western blot and antibodies

Cells were lysed by RIPA buffer (50 mmol/L Tris [pH 7.4],
150 mmol/L NaCl, 0.1% sodium dodecyl sulfate [SDS], 1%
NP-40, 0.5% sodium deoxycholate, sodium orthovanadate,
sodium fluoride, ethylenediaminetetraacetic acid (EDTA),
leupeptin) containing a mixture of protease inhibitors phe-
nylmethanesulfonyl fluoride (PMSF) and cocktail. Protein
extracts were loaded onto a 10-15% SDS-polyacrylamide gel
electrophoresis (PAGE) gel and electrotransfer or electroblot-
ting onto Polyvinylidene Fluoride (PVDF) (Millipore) was
performed. The blots were incubated with antibodies against
cleaved caspase-3, caspase-8, caspase-9, cleaved poly (ADP-
ribose) polymerase (PARP) (Cell Signaling), and Mcl-1, Bcl-2
(Santa Cruz, CA), Bcl-xl, Puma, Bim, Bid, Bak (Cell Signaling,
Beverly, MA), Noxa (Alexis Biochemical, Lausen, Switzerland),

1756

L.-L. Zhao et al.

Bax (BD), followed by incubation with horseradish peroxidase-
linked secondary antibody (Cell Signaling). Membranes were
developed with enhanced chemiluminiscence substrate
(Millipore), and the signal was revealed on LAS4000 Fuji
film, Tokyo, Japan device. Equal protein loading was con-
firmed with B-actin (Sigma, St Louis, MO). Relative protein
quantification was done with Quantity One software (Bio-
Rad, Hercules, CA). All experiments were repeated three
independent times.

Immunoprecipitation

In order to analyze the Mcl-1/Noxa interaction by
Mcl-1 immunoprecipitation, NP-40 buffer was used
(0.5% NP-40 [vol/vol], 50 mmol/L 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) [pH 7.7],
150 mmol/L NaCl, 0.1 mmol/L EDTA, 1 pg/mL cocktail,
and 1 mmol/L PMSF) [20]. Protein extracts were incubated
overnight at 4°C with 4 pug anti-Mcl-1 antibody (Santa
Cruz), Protein A+G beads (Beyotime) were then added
for three more hours. Supernatant (nonimmunoprecipitated
fraction) was recovered by centrifugation, and Protein A+G
beads (immunoprecipitated fraction) were washed five times
with NP-40 buffer. Reducing 5x sample buffer (250 mmol/L
Tris-HCI pH 6.8; 10% SDS; 0.5% bromophenol blue; 50%
glycerol; 5% B-mercaptoethanol) was added to both frac-
tions, boiled, and analyzed in 15% polyacrylamide gels
followed by western blot. Membranes were probed with
monoclonal anti-Noxa (Alexis Biochemicals) and mono-
clonal anti-Mcl-1 (clone 22; BD) antibodies.

For Mcl-1 and Bcl-xl immunoprecipitation to analyze
Mcl-1/Bak and Bcl-x1/Bak interactions, respectively, Pierce
Crosslink Immunoprecipitation Kit (Thermo, Rockford,
IL) was used according to the manufacturer’s instruction
with anti-Mcl-1 (Santa Cruz) and anti—Bcl-xl (Cell
Signaling) antibodies. Membranes were probed with
polyclonal anti-Bak (NT; Upstate), monoclonal anti—
Mcl-1 (clone 22; BD), and anti-Bcl-x] (Cell Signaling)
antibodies. All experiments were repeated three inde-
pendent times.

In vivo xenograft model

Female NOD-SCID mice (4- to 6-week-old) were housed
and monitored in specific pathogen-free facilities at the
Department of Laboratory Animal Science, Shanghai Jiao
Tong University School of Medicine. All experimental
procedures and protocols were approved by Institutional
Review Board of Shanghai Jiao Tong University School
of Medicine. SCID mice were subcutaneously inoculated
in the right flank with 8 x 10° Jeko-1 cells suspended
in 100 pL 1x PBS. Tumor burdens were assessed using
the two largest perpendicular axes measured with standard

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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calipers, and tumor volume was calculated using the for-
mula: 1/2 (width)? x (length). When palpable tumors
(25 mm in diameter) developed, mice were randomly
separated into four treatment groups of 10 mice each
and treated with intraperitoneal injections of either BTZ
alone (1 mg/kg on days 1, 4, 11) or ATO alone (2 mg/
kg on days 1-5, 8-12, 18-22), or BTZ in combination
with ATO, or vehicle (0.9% NaCl). Tumor size and body
weight were measured every 2 days and mice were pho-
tographed every 2—4 days for the duration of the experi-
ment. Animals were euthanized when the diameter of
their one-dimensional tumors reached 15 mm.

Statistical analysis and drug combination
assay

All assays were performed in triplicate, and data are ex-
pressed as mean + SEM. Statistical analyses were performed
using software GraphPad Prism, GraphPad, San Diego,
CA and SPSS, IBM Corporation, Armonk, NY. Statistical
significance of differences between groups was evaluated
by Student’s t-test or analysis of variance (ANOVA) test.
P < 0.05 was considered statistically significant.

Synergy calculations were performed using the effect
multiplication ~ principle ~ where  expected  sur-
vival = SA x SB (SA: surviving cell fraction of treatment
A, SB: survival cell fraction of treatment B). Synergy oc-
curs when actual survival is less than the expected survival
when the two treatments are combined [28].

Results
BTZ and ATO cooperatively induce growth
arrest of MICL cell lines

Although the inhibitory effect of BTZ on MCL cell pro-
liferation has been well established [21, 22, 29], in this
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study, to be stringent, we still confirmed the effect of
BTZ on two strains of cell lines, Jeko-1 and Granta-519
(Fig. S1A). BTZ exhibited similar effect on the two cell
lines, and the inhibitory effect were proportional to dos-
age. The dose of BTZ we used were 0, 2.5, 5, 7.5, 10, 15,
20 nmol/L; moreover, similar results were obtained at
different time points (12, 24, and 48 h) (Fig. S1A).

Our previous work [26] reported that ATO could inhibit
the proliferation of MCL cell lines in a dose-dependent
manner. The proliferation of Jeko-1 and Granta-519 cell
lines was efficiently inhibited with a concentration of 0,
0.25, 0.5, 1, 2, and 5 pmol/L of ATO at 12, 24, and
48 h (Fig. S1B). The inhibition of cell proliferation became
more obvious with dose escalation.

In the experiments of combination therapy, we chose
appropriate concentrations of BTZ and ATO and adjusted
the ratio of concentrations to ensure that a certain gradi-
ent of inhibition effects on cell proliferations could be
found when each single drug or the combination therapy
were used. We found that when BTZ was given at the
effective concentrations (such as 7.5 and 10 nmol/L), the
combination with ATO could exert significant synergistic
effect (Fig. 1).

BTZ and ATO cooperatively induce apoptosis
of MCL cell lines in a caspase-dependent
pathway

When we treated the three MCL cell lines with combina-
tion of BTZ (5 and 7.5 nmol/L) and ATO (1 pmol/L)
for 24 h, we observed an obvious cooperative effect
(Fig. 2A) on each cell line. BTZ used at a concentration
of 5 nmol/L along with ATO (1 pmol/L), induced MCL
cell apoptosis to the same extent as a treatment by
7.5 nmol/L BTZ alone (P > 0.05).

To elucidate the mechanism underlying cell apoptosis
after treatment with BTZ, ATO, or combined use of these
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Figure 1. ATO combined with BTZ inhibited the proliferation of MCL cells. MCL cell lines, Jeko-1 (A), Granta-519 (B), were treated by BTZ/ATO in
fixed ratio (5/1, 7.5/1.5, 10/2, 15/3 [nmol/L}/[umol/L]). After 12 h, cell viability was determined by CCK8. ATO, arsenic trioxide; BTZ, bortezomib; MCL,

mantle cell lymphoma.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Figure 2. ATO combined with different concentrations of BTZ induced apoptosis of MCL cells. (A) The apoptotic status of MCL cells, 24 h after the
Jeko-1 and Granta-519 being treated by 1 yumol/L ATO, 5 or 7.5 nmol/L BTZ, or combination of the two drugs. (B) The expression of apoptosis-related
proteins in Jeko-1 and Granta-519 cells detected by western blot, 12 h after treatment of ATO alone, BTZ alone, or combination of the two drugs.
(C) The apoptotic status of Jeko-1 cells, after incubation with the caspase inhibitor, zZVAD-FMK, for 1 h, followed by treatment of BTZ and ATO for

24 h. ATO, arsenic trioxide; BTZ, bortezomib; MCL, mantle cell ymphoma.

two drugs, we used 7.5 nmol/L BTZ, 1 ymol/L ATO to
treat MCL cells for 24 h, and then analyzed the activation
of caspase family proteins and the cleavage of their down-
stream PARP protein by western blot. After treating with
BTZ, ATO alone, or in combination, the apoptosis-related
proteins caspase-3, caspase-8, and caspase-9 were activated
and PARP was cleaved (Fig. 2B).

After 24-h treatment by 7.5 nmol/L BTZ and 1 pmol/L
ATO, 75.69% of the Jeko-1 cells underwent apoptosis,
while only 6.73% apoptotic cells were detected in the
control nontreated cell group. Under the same condi-
tions, pretreatment of cells with pan-caspase inhibitor
z-VAD-FMK (100 pmol/L) severely interfered with ap-
optosis induced by BTZ and ATO (4.09%), which was
comparable to the nontreated control cell group (5.84%)
(Fig. 2C). We have the similar results in the Granta-519
cells.

1758

BTZ combined with ATO induced loss of
mitochondrial transmembrane potential
(Aym) and activation of Bak and Bax

After incubation with 7.5 nmol/L BTZ or 1 ymol/L ATO
or combination of 7.5 nmol/L BTZ and 1 ymol/L ATO,
respectively, for 24 h, 28.2% of the Jeko-1 cells lost
Aym after incubation with 7.5 nmol/L BTZ alone, 19%
of the cells with 1 ymol/L ATO, and 54.5% with com-
bination of these two drugs (6.5% in control) (Fig. 3A)
and the similar results were detected in the Granta-519
cells. The proportion of cells losing Aym was signifi-
cantly higher in combined treatment group than that
in single drug groups. This illustrated that the coopera-
tive effect of ATO and BTZ played a very important
role in mitochondrial pathway of apoptosis in MCL cell
lines.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Figure 3. ATO combined with BTZ activated the intrinsic apoptotic pathway of MCL cells. The loss of Aym (A), Bak conformational changes (B), Bax
conformational changes (C) were detected after 24-h treatment of ATO, BTZ, and combination of the two drugs. ATO, arsenic trioxide; BTZ,

bortezomib; MCL, mantle cell lymphoma.

To analyze the activation of Bak and Bax, we used
7.5 nmol/L BTZ, 1 ymol/L ATO, or the two drugs in com-
bination to treat MCL cells for 24 and 48 h, then checked
the conformational changes of Bak (Fig. 3B) and Bax (Fig. 3C),
and found that both Bak and Bax did undergo a confor-
mational change in each treatment group, with more profound
effects when BTZ and ATO were used together which was
particularly evident at 48 h (Fig. S2A and B).

BTZ and ATO synergistically induce
apoptosis by regulating the interaction
between Mcl-1 and Noxa

The balance between proapoptotic and antiapoptotic Bcl-2
family proteins plays an important role in cell apoptosis.
We detected the expression of Bcl-2 family proteins of
Jeko-1 cells after treatment of 7.5 nmol/L BTZ alone,
1 ymol/L ATO alone, or the combination of two drugs
for 24 h (Fig. 4A). The expression of antiapoptotic protein
Bcl-xI did not alter significantly after treatment; no ap-
parent change of the protein level of Bcl-2 was found in
the BTZ group and ATO group compared with the control
cells in two MCL cell lines, whereas in the combination

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

group, the level of Bcl-2 decreased in the Jeko-1 cells
and not changed in the Granta-519 cells. Another antia-
poptotic protein Mcl-1 increased when treated by BTZ
alone, while, on the contrary, Mcl-1 was reduced in the
ATO group. Interestingly, ATO treatment could to some
extent neutralize the BTZ-induced Mcl-1 accumulation
when the two drugs were used in combination (Fig. 4A).

Although the proapoptotic protein Bak and Bax under-
went conformational changes after treatment (Fig. 3B and
C; Fig. S2), the total level of proteins did not vary sig-
nificantly (Fig. 4A). The BH3-only protein puma decreased
slightly; the level of Bim did not change apparently in the
Granta-519 cells, and this expression was not detected in
the Jeko-1 cells, since Bim is not expressed [30, 31]. The
combination of BTZ and ATO reduced slightly the protein
level of BH3-only protein Bid in the Jeko-1 cells but not
in the Granta-519 cells. It is noteworthy mentioning that
the BH3-only protein Noxa, which promotes apoptosis by
binding to Mcl-1, increased significantly after treatment
with BTZ alone or with the combination of the two drugs
in both Jeko-1 cells and Granta-519 cells (Fig. 4A).

We detected the relative expression levels of Mcl-1
and Noxa of MCL cells in the control group, BTZ

1759



ATO Synergistic With BTZ in Treatment of MCL L.-L. Zhao et al.

monotherapy group, ATO monotherapy group, and two- In general, Bak released from Mcl-1 and Bcl-xl is de-
drug combination group (Fig. 4B). On this basis we ob- terminant for the onset of mitochondrial apoptotic path-
tained the ratio between expression levels of Noxa and  way, and the BH3-only proteins, such as Noxa, is
Mcl-1. This ratio in the two MCL cells was the highest responsible for this release [32, 33]. In addition, the
in the two-drug combination group compared with that ~ downregulation of Mcl-1 can activate Bak, for example,
in single drug or control group (P < 0.05, Fig. 4C). in the presence of ATO [34].
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Figure 4. The effect of ATO combined with BTZ on the Bcl-2 family proteins and the release of Bak. Jeko-1 and Granta-519 cells were treated by
ATO, BTZ, or combination of the two drugs for 24 h, after that, (A) the expression of Bcl-2 family proteins was detected. One representative
experiment is shown from three independent experiments. (B) The protein levels of Noxa and Mcl-1 were quantified by Quantity One software (Bio-
Rad). (C) The ratio between expression levels of Noxa and Mcl-1 was showed. *P < 0.05. (D) The expression levels of Mcl-1, Noxa, Bak, and Bcl-XL
proteins in the immunoprecipitated (bound) and nonimmunoprecipitated (unbound) fractions were detected. ATO, arsenic trioxide; BTZ, bortezomib.
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After incubation with 7.5 nmol/L BTZ, 1 ymol/L ATO,
or a combination of these two drugs for 24 h, the Mcl-1
protein in Jeko-1 cells were immunoprecipitated by anti-
Mcl-1 mAbs to analyze the Mcl-1/Noxa and Mcl-1/Bak
interactions (Fig. 4C). Noxa/Mcl-1 complex was very low
in the untreated control group, while Bak/Mcl-1 complex
was found in a significant amount. In the BTZ group,
the binding of Noxa to Mcl-1 significantly increased, ac-
companied by a decrease in Bak binding to Mcl-1. In
the ATO group, no increase was observed in the level of
Noxa binding to Mcl-1 compared with control, while ATO
treatment resulted in a significant reduction of Bak bind-
ing to Mcl-1. In the two-drug combination group, the
level of Noxa binding to Mcl-1 also increased significantly,
but Bak binding to Mcl-1 was the lowest among the four
groups.

At the same time, we analyzed the interaction of Bcl-xl/
Bak by immunoprecipitation using anti-Bcl-xI mAb. Bak
binding to Bcl-xl decreased significantly after incubation
with BTZ, ATO, or BTZ combined with ATO, with the
lowest amount of coimmunoprecipitated Bak in the com-
bination group (Fig. 4C).

ATO induces apoptosis cooperatively with
BTZ in primary cells of MCL patients

The effects of BTZ and ATO were further verified in the
primary cells from four patients with MCL. In patient 1,
2, and 3, the BMMCs were incubated with different con-
centrations (7.5, 10 nmol/L) of BTZ, 2 ymol/L ATO, or
combination of these two drugs. Eighteen hours later,
significant cooperative effects of these two drugs were
demonstrated in the tumor cells (CD45+CD19+CD5+
cells). Of note, the cooperative effect of 2 pmol/L ATO
and 7.5 nmol/L BTZ on apoptotic induction of MCL
cells was significantly higher than 10 nmol/L BTZ
monotherapy (P < 0.05); while in the nontumor cells
(CD45+CD19— cells), the apoptotic induction effect of
two-drug combination therapy was weaker (Fig. 5A). We
also tested the PBMCs of five healthy volunteers. Their
apoptosis was considerably lower than that of tumor cells
(Fig. S3).

The tumor cells of the fourth patient reached 93.1% of
the bone marrow cells, so we treated his BMMCs directly.
Apart from confirming the same results as those of the
above three patients, we also conducted Mcl-1 immuno-
precipitation to examine the interaction between the cellular
antiapoptotic protein Mcl-1 and the proapoptotic protein
Noxa before and after treatment (Fig. 5B). The result was
consistent with that in the Jeko-1 cells, the binding of
Noxa and Mcl-1 increased after treatment of BTZ alone
or both drugs. Unfortunately, Bak level was undetectable
due to the amount limitation of the samples.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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The cooperative in vivo effects of ATO and
BTZ against MCL

To further investigate the effects of the ATO-BTZ com-
bination, we established a tumor model by subcutaneous
inoculation of Jeko-1 cells in NOD-SCID mice, and then
carried out in vivo experiments. MCL-bearing mice were
treated with NS control, BTZ alone, ATO alone, or the
ATO-BTZ combination. The tumor volumes of mice in
each group grew over time. We presented the sizes of
tumors carried by these four groups of mice on day 0,
9, 15, 19, and 23 after treatment (Fig. 6A). No remark-
able difference was found in the first week when the
tumor growth was rather slow. However, 2 weeks later,
it was clearly demonstrated that the tumor volumes began
to vary, and significant differences were found after 3 weeks
(Fig. 6B). Among them, the tumor volumes of the control
group were the biggest, followed by that of the ATO
group, then the BTZ group, while the minimal size was
found in ATO-BTZ combination group. In the first
15 days, significantly different could be seen when each
treatment group was compared to the control group, while
no obvious difference among the treatment groups.
However, on the 17th day, significant difference was found
when the BTZ group and the combination group were
compared to the control group and ATO group, although
the differences were not significant at that time. With
the increase in the days of treatment, the differences be-
tween BTZ group and the combination group became
more and more obvious, and eventually to the 23rd day,
a statistically significant difference could finally be docu-
mented between these two groups (the asterisk indicates
a statistically significant difference, P < 0.05) (Fig. 6A
and B).

Throughout the experiment, the body weights of mice
were decreased with time, but no significant difference
was found among groups (Fig. S4). These data clearly
demonstrated the in vivo anti-MCL activity of the ATO—
BTZ combination.

Discussion

Although most of the MCL patients respond well to BTZ
treatment, relapse within a few years after remission is
still a common outcome; meanwhile, the toxicities of
BTZ in the course of treatment, especially peripheral
neuropathy, forced us to reduce the drug dosage, which
reduced the therapeutic effects as well. It is ideal to
maintain or even improve the efficacy of BTZ while re-
ducing its side effects. That is why we proposed to explore
a new combination therapy based on the addition of
another reagent to compensate to the weakness of BTZ
using alone.
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Figure 5. ATO combined with BTZ induced apoptosis in primary cells of MCL patients. (A) The apoptotic status of CD45+CD19+CD5+ and
CD45+CD19- cells from BMMCs of patient 1, 2, and 3 were determined after 18-h treatment of 2 umol/L ATO, 7.5 or 10 nmol/L BTZ, and combination
of the two drugs. (B) The apoptotic status of BMMCs of patient 4 was determined after 18-h treatment of 2 ymol/L ATO, 7.5 nmol/L BTZ and
combination of them. The protein levels of Mcl-1 and Noxa in immunoprecipitated (bound) and nonimmunoprecipitated (unbound) fractions were
detected. ATO, arsenic trioxide; BTZ, bortezomib; MCL, mantle cell lymphoma; BMMCs, bone marrow mononuclear cells.

BTZ can increase the protein level of proapoptotic
protein Noxa in MCL cells, thereby inducing the apop-
tosis of MCL cells. However, as a proteasome inhibitor,
it also induces the antiapoptotic protein Mcl-1. Therefore,
the new participant has to be able to downregulate the
Mcl-1 to overcome the weakness of BTZ and to achieve
a complementary effect. A variety of BH3 analogs have
been developed, such as GX15-070, ABT-263, ABT-737,
etc., which can inhibit the expression of antiapoptotic
Bcl-2 family proteins (such as Mcl-1, Bcl-2, Bcl-XL, etc.).
However, the BH3 analog that can be conjugated with
Mcl-1 with high affinity and high specificity has not
been developed yet [35-38]. We reported for the first
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time ATO, an effective drug for APL, can downregulate
the Mcl-1 expression in MCL [26]. Recently, the studies
of Wang et al. in NB4 cells supported our findings.
Indeed, they found that ATO could downregulate the
Mcl-1 level by following two mechanisms: first, it can
activate GSK-3B by inhibiting the ERK/AKT pathways
thereby increasing the degradation of Mcl-1; second, it
prevents the phosphorylation of Thrl63 in Mcl-1 by
direct inhibition of the ERK pathway, thus decreasing
the stability of Mcl-1 and downregulating the level of
Mcl-1 [34]. All these studies provided us the theoretical
support of the combination therapy of ATO and BTZ
in MCL.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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over time. *P < 0.05. ATO, arsenic trioxide; BTZ, bortezomib; MCL, mantle cell lymphoma.

We found that ATO could inhibit the proliferation of
MCL cell lines Jeko-1 and Granta-519 cooperatively with
BTZ; combination of two drugs could also cooperatively
induce the apoptosis of MCL cell lines, and the proapop-
totic effect of ATO combined with low-dose BTZ was ap-
parently stronger than that of relative higher dose of BTZ.
We then validated it in the primary cells of MCL patients.
The fraction of tumor cells in BMMCs of patient 1, 2,
and 3 was 38.3%, 65.4%, and 10.5%, respectively. We ex-
amined the apoptosis of tumor cells (CD45+CD19+CD5+x+

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

or CD45+CD19+CD5+A+) and normal cells (CD45+CD19-)
after treatment of single drug or two-drug combination.
We found that the proapoptotic effect of ATO combined
with BTZ was specific to tumor cells of MCL patients with
minimal toxicity to normal cells. Being consistent with the
results in cell lines, ATO combined with BTZ could sig-
nificantly reduce the dosage of BTZ thus decreasing its
toxicities while ensuring the anti-MCL efficacy. In patient
4, whose tumor cells dominated the BMMCs (93.1%), the
same result was obtained from direct treatment by these
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drugs. These experiments strongly support a therapeutic
strategy based on the treatment of MCL with a combina-
tion of ATO and BTZ.

ATO and BTZ may exert their antitumor effects by
cooperatively adjusting the balance between proapoptotic
proteins and antiapoptotic proteins. It is worth noting
that Bcl-2 was downregulated after treatment by the two
drugs in the Jeko-1 cells, while the expression of Bcl-2
in the Granta-519 cells did not change. This indicated
that Bcl-2 did not play a common role in the apoptotic
mechanism of combination therapy. After ATO was added,
as compared with BTZ, the two-drug combination group
maintained the high level of Noxa while the protein level
of Mcl-1 was somewhat lower. Moreover, the ratio of
total protein amount of Noxa and Mcl-1 was shown to
be the lowest in the control group, whereas that ratio
becomes highest in the two-drug combination group. Thus,
the antiapoptotic protein Mcl-1 and proapoptotic protein
Noxa may play an important role in the apoptosis co-
operatively induced by the two drugs.

It is reported that by the interaction of Noxa or that
of other BH3-only proteins with Mcl-1 or with Bcl-xl,
Bak can be released from Mcl-1 or from Bcl-xl to play
a proapoptotic role [32, 33]. When we further analyzed
the interaction of Mcl-1/Noxa, Mcl-1/Bak, and Bcl-xl/Bak,
it was found that when using BTZ alone or combination
of the two drugs, the Noxa binding to Mcl-1 increased
significantly in both cases, however, in the two-drug com-
bination group, the amount of Noxa binding to Mcl-1
in combination group was not more than that in BTZ
alone group, and this may be due to the reduced amount
of Mcl-1 protein in the combination group compared to
the BTZ alone group, which could be seen both in Jeko-1
cells and in the primary cells of patient 4. Meanwhile, it
was found that in Jeko-1 cells, the amount of Bak con-
jugated with Mcl-1 or Bcl-xl was the lowest in the com-
bination group as compared to the other groups, indicating
that Bak was released from Mcl-1 and from Bcl-xl to
exert its proapoptotic effect.

In the subsequent in vivo study, the MCL cell line
Jeko-1 was used to establish a NOD-SCID mice xenograft
model. In order to maximize the efficacy while minimiz-
ing side effects of drugs, we chose the combination treat-
ment of ATO and BTZ. In this scenario, the tumor growth
could be delayed most effectively, as compared with the
control group, the group treated by BTZ alone or ATO
alone.

In vitro and in vivo studies both indicated that ATO
could play the anti-MCL role cooperatively with BTZ.
Meanwhile, it was found that when combined with ATO,
the anti-MCL effect of low-dose BTZ could be at least
the same as that of relative higher doses BTZ alone, so
as to reduce the dosage while avoiding or significantly
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reducing the peripheral neuropathies caused by BTZ, thus
to solve the problem that has long plagued the clinicians.
ATO used to be a second-line treatment for relapsed or
refractory APL; however, it has gradually become the first-
line choice in newly diagnosed APL [39, 40]. During
treatment, small doses of ATO did not cause significant
toxicity, and the liver or cardiac toxicity manifested in
some patients was generally reversible, so we have a reason
to believe that, in the treatment of MCL, ATO and BTZ
can collaborate in clinical use, and the corresponding
clinical trials will be conducted. We look forward to the
good effect of combined therapy of these two drugs, which
might be regarded as a classic example in translational
therapy.

Acknowledgments

This work was supported in part by the Innovation Program
of Shanghai Municipal Education Commission (13zz088),
the Chinese National Key Basic Research Project (973:
2010CB529203), the National Natural Science Foundation
of China Grant (81200373), and the Collaborative Innovation
Center of Systems Biomedicine.

Conflict of Interest

None declared.

References

1. Ghielmini, M., and E. Zucca. 2009. How I treat mantle
cell lymphoma. Blood 114:1469-1476.

2. Perez-Galan, P., M. Dreyling, and A. Wiestner. 2011.
Mantle cell lymphoma: biology, pathogenesis, and the
molecular basis of treatment in the genomic era. Blood
117:26-38.

3. Jares, P., D. Colomer, and E. Campo. 2012. Molecular
pathogenesis of mantle cell lymphoma. J. Clin. Invest.
122:3416-3423.

4. Parekh, S., M. A. Weniger, and A. Wiestner. 2011. New
molecular targets in mantle cell lymphoma. Semin.
Cancer Biol. 21:335-346.

5. Chen, Y., M. Wang, and J. Romaguera. 2014. Current
regimens and novel agents for mantle cell lymphoma.
Br. J. Haematol. 167:3—18.

6. Herrmann, A., E. Hoster, T. Zwingers, G. Brittinger,
M. Engelhard, P. Meusers, et al. 2009. Improvement
of overall survival in advanced stage mantle cell
lymphoma. J. Clin. Oncol. 27:511-518.

7. Martin, P., A. Chadburn, P. Christos, R. Furman,

J. Ruan, M. A. Joyce, et al. 2008. Intensive treatment
strategies may not provide superior outcomes in mantle
cell lymphoma: overall survival exceeding 7 years with
standard therapies. Ann. Oncol. 19:1327-1330.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.



L.-L. Zhao et al.

8. Holkova, B., and S. Grant. 2012. Proteasome inhibitors
in mantle cell lymphoma. Best Pract. Res. Clin.
Haematol. 25:133-141.

9. O’Connor, O. A, J. Wright, C. Moskowitz, J. Muzzy,
B. MacGregor-Cortelli, M. Stubblefield, et al. 2005.
Phase II clinical experience with the novel proteasome
inhibitor bortezomib in patients with indolent non-
Hodgkin’s lymphoma and mantle cell lymphoma.

J. Clin. Oncol. 23:676—684.

10. Fisher, R. I, S. H. Bernstein, B. S. Kahl, B. Djulbegovic,
M. J. Robertson, S. de Vos, et al. 2006. Multicenter
phase II study of bortezomib in patients with relapsed
or refractory mantle cell lymphoma. J. Clin. Oncol.
24:4867-4874.

11. O’Connor, O. A., C. Moskowitz, C. Portlock, P. Hamlin,
D. Straus, O. Dumitrescu, et al. 2009. Patients with
chemotherapy-refractory mantle cell lymphoma
experience high response rates and identical progression-
free survivals compared with patients with relapsed
disease following treatment with single agent bortezomib:
results of a multicentre Phase 2 clinical trial. Br. J.
Haematol. 145:34-39.

12. Cavaletti, G., A. Gilardini, A. Canta, L. Rigamonti,

V. Rodriguez-Menendez, C. Ceresa, et al. 2007.
Bortezomib-induced peripheral neurotoxicity: a
neurophysiological and pathological study in the rat.
Exp. Neurol. 204:317-325.

13. Csizmadia, V., A. Raczynski, E. Csizmadia, E. R. Fedyk,
J. Rottman, and C. L. Alden. 2008. Effect of an
experimental proteasome inhibitor on the cytoskeleton,
cytosolic protein turnover, and induction in the
neuronal cells in vitro. Neurotoxicology 29:232-243.

14. Argyriou, A. A., G. Iconomou, and H. P. Kalofonos.
2008. Bortezomib-induced peripheral neuropathy in
multiple myeloma: a comprehensive review of the
literature. Blood 112:1593-1599.

15. Barr, P. M., P. Fu, H. M. Lazarus, N. Horvath, S. L.
Gerson, O. N. Koc, et al. 2009. Phase I trial of
fludarabine, bortezomib and rituximab for relapsed and
refractory indolent and mantle cell non-Hodgkin
lymphoma. Br. J. Haematol. 147:89-96.

16. Ale, A., J. Bruna, X. Navarro, and E. Udina. 2014.
Neurotoxicity induced by antineoplastic proteasome
inhibitors. Neurotoxicology 43:28-35.

17. Richardson, P. G., W. Xie, C. Mitsiades, A. A. Chanan-
Khan, S. Lonial, H. Hassoun, et al. 2009. Single-agent
bortezomib in previously untreated multiple myeloma:
efficacy, characterization of peripheral neuropathy, and
molecular correlations with response and neuropathy. J.
Clin. Oncol. 27:3518-3525.

18. Park, S. B., D. Goldstein, A. V. Krishnan, C. S. Lin,
M. L. Friedlander, J. Cassidy, et al. 2013.
Chemotherapy-induced peripheral neurotoxicity: a
critical analysis. CA Cancer J. Clin. 63:419-437.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

ATO Synergistic With BTZ in Treatment of MCL

Gerecitano, J., C. Portlock, C. Moskowitz, P. Hamlin,
D. Straus, A. D. Zelenetz, et al. 2009. Phase 2 study of
weekly bortezomib in mantle cell and follicular
lymphoma. Br. J. Haematol. 146:652-655.

Perez-Galan, P., G. Roue, N. Villamor, E. Campo, and
D. Colomer. 2007. The BH3-mimetic GX15-070
synergizes with bortezomib in mantle cell lymphoma by
enhancing Noxa-mediated activation of Bak. Blood
109:4441-4449.

Perez-Galan, P., G. Roue, N. Villamor, E. Montserrat,
E. Campo, and D. Colomer. 2006. The proteasome
inhibitor bortezomib induces apoptosis in mantle-cell
lymphoma through generation of ROS and Noxa
activation independent of p53 status. Blood
107:257-264.

Rizzatti, E. G., H. Mora-Jensen, M. A. Weniger,

F. Gibellini, E. Lee, M. Daibata, et al. 2008. Noxa
mediates bortezomib induced apoptosis in both sensitive
and intrinsically resistant mantle cell lymphoma cells
and this effect is independent of constitutive activity of
the AKT and NF-kappaB pathways. Leuk. Lymphoma
49:798-808.

Wang, Q., H. Mora-Jensen, M. A. Weniger, P. Perez-
Galan, C. Wolford, T. Hai, et al. 2009. ERAD inhibitors
integrate ER stress with an epigenetic mechanism to
activate BH3-only protein NOXA in cancer cells. Proc.
Natl. Acad. Sci. USA 106:2200-2205.

Mi, J. Q., J. M. Li, Z. X. Shen, S. J. Chen, and

Z. Chen. 2012. How to manage acute promyelocytic
leukemia. Leukemia 26:1743—1751.

Chen, G. Q., J. Zhu, X. G. Shi, J. H. Ni, H. J. Zhong,
G. Y. Si, et al. 1996. In vitro studies on cellular and
molecular mechanisms of arsenic trioxide (As203) in
the treatment of acute promyelocytic leukemia: As203
induces NB4 cell apoptosis with downregulation of
Bcl-2 expression and modulation of PML-RAR alpha/
PML proteins. Blood 88:1052-1061.

Fei, A. M., C. M. Mao, J. J. Liu, J. Zhu, and J. Q. Mi.
2010. Effect of arsenic trioxide on induction of
apoptosis in MCL cell line and its possible mechanisms.
Zhongguo Shi Yan Xue Ye Xue Za Zhi 18:909-913.
Jung, H. J., Z. Chen, and N. McCarty. 2012. Synergistic
anticancer effects of arsenic trioxide with bortezomib in
mantle cell lymphoma. Am. J. Hematol. 87:1057-1064.
Kabore, A. F., J. Sun, X. Hu, K. McCrea, J. B.
Johnston, and S. B. Gibson. 2006. The TRAIL apoptotic
pathway mediates proteasome inhibitor induced
apoptosis in primary chronic lymphocytic leukemia cells.
Apoptosis 11:1175-1193.

Weniger, M. A., E. G. Rizzatti, P. Perez-Galan, D. Liu,
Q. Wang, P. J. Munson, et al. 2011. Treatment-induced
oxidative stress and cellular antioxidant capacity
determine response to bortezomib in mantle cell
lymphoma. Clin. Cancer Res. 17:5101-5112.

1765



ATO Synergistic With BTZ in Treatment of MCL

30. Tagawa, H., S. Karnan, R. Suzuki, K. Matsuo, X.
Zhang, A. Ota, et al. 2005. Genome-wide array-based
CGH for mantle cell lymphoma: identification of
homozygous deletions of the proapoptotic gene BIM.
Oncogene 24:1348-1358.

31. Bea, S., L. Salaverria, L. Armengol, M. Pinyol, V.
Fernandez, E. M. Hartmann, et al. 2009. Uniparental
disomies, homozygous deletions, amplifications, and
target genes in mantle cell lymphoma revealed by
integrative high-resolution whole-genome profiling.
Blood 113:3059-3069.

32. Willis, S. N., L. Chen, G. Dewson, A. Wei, E. Naik,

J. L. Fletcher, et al. 2005. Proapoptotic Bak is
sequestered by Mcl-1 and Bcl-xL, but not Bcl-2,
until displaced by BH3-only proteins. Genes Dev.
19:1294-1305.

33. Dai, Y., and S. Grant. 2007. Targeting multiple arms of
the apoptotic regulatory machinery. Cancer Res.
67:2908-2911.

34. Wang, R,, L. Xia, J. Gabrilove, S. Waxman, and Y. Jing.
2013. Downregulation of Mcl-1 through GSK-3beta
activation contributes to arsenic trioxide-induced
apoptosis in acute myeloid leukemia cells. Leukemia
27:315-324.

35. Czabotar, P. E., G. Lessene, A. Strasser, and J. M.
Adams. 2014. Control of apoptosis by the BCL-2
protein family: implications for physiology and therapy.
Nat. Rev. Mol. Cell Biol. 15:49-63.

36. Lessene, G., P. E. Czabotar, and P. M. Colman. 2008.
BCL-2 family antagonists for cancer therapy. Nat. Rev.
Drug Discov. 7:989-1000.

37. Kang, M. H., and C. P. Reynolds. 2009. Bcl-2
inhibitors: targeting mitochondrial apoptotic pathways in
cancer therapy. Clin. Cancer Res. 15:1126-1132.

1766

L.-L. Zhao et al.

38. Khaw, S. L., D. C. Huang, and A. W. Roberts. 2011.
Overcoming blocks in apoptosis with BH3-mimetic therapy
in haematological malignancies. Pathology 43:525-535.

39. Lo-Coco, F., G. Avvisati, M. Vignetti, C. Thiede, S. M.
Orlando, S. Iacobelli, et al. 2013. Retinoic acid and
arsenic trioxide for acute promyelocytic leukemia. N.
Engl. J. Med. 369:111-121.

40. Hu, J., Y. F. Liu, C. F. Wu, F. Xu, Z. X. Shen, Y. M.
Zhu, et al. 2009. Long-term efficacy and safety of
all-trans retinoic acid/arsenic trioxide-based therapy in
newly diagnosed acute promyelocytic leukemia. Proc.
Natl. Acad. Sci. USA 106:3342-3347.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. BTZ or ATO monotherapy inhibited the pro-
liferation of MCL cells. MCL cell lines, Jeko-1 and
Granta-519, were incubated with the indicated concentra-
tions of BTZ (2.5, 5, 7.5, 10, 15, and 20 nmol/L) (A) or
ATO (0.25, 0.5, 1, 2, and 5 ymol/L) (B). After 12, 24,
or 48 h, cell viability was determined by CCKS.

Figure S2. The conformational alterations of Bak (A)/Bax
(B) in Jeko-1 and Granta-519 cells were examined after 48-h
treatment of ATO, BTZ, and combination of the two drugs.
Figure S3. The proapoptotic effect of ATO combined with
BTZ on PBMCs of healthy population. The apoptotic
status of PBMCs from healthy donors was detected after
18-h treatment of ATO (2 ymol/L) alone, BTZ (7.5 nmol/L)
alone, or combination of the two drugs.

Figure S4. The body weights of mice in each group varied
over time.
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