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the USP5/c-Matf axis
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c-Maf is a critical oncogenic transcription factor that contributes to myelomagenesis. Our previous studies demonstrated that the
deubiquitinase USP5 stabilizes c-Maf and promotes myeloma cell proliferation and survival; therefore, the USP5/c-Maf axis could be
a potential target for myeloma therapy. As a concept of principle, the present study established a USP5/c-Maf-based luciferase
system that was used to screen an FDA-approved drug library. It was found that mebendazole, a typical anthelmintic drug,
preferentially induced apoptosis in c-Maf-expressing myeloma cells. Moreover, oral administration of mebendazole delayed the
growth of human myeloma xenografts in nude mice but did not show overt toxicity. Further studies showed that the selective
antimyeloma activity of mebendazole was associated with the inhibition of the USP5/c-Maf axis. Mebendazole downregulated USP5
expression and disrupted the interaction between USP5 and c-Maf, thus leading to increased levels of c-Maf ubiquitination and
subsequent c-Maf degradation. Mebendazole inhibited c-Maf transcriptional activity, as confirmed by both luciferase assays and
expression measurements of c-Maf downstream genes. In summary, this study identified mebendazole as a USP5/c-Maf inhibitor

that could be developed as a novel antimyeloma agent.
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INTRODUCTION

Multiple myeloma (MM) is a hematological malignancy derived
from plasma cells that produce antibodies [1]. MM features gene
mutations and chromosomal aberrations, including deletions,
inversions, interchanges, and translocations. These genetic
abnormalities lead to discrepant responses of MM patients to
individual therapeutic agents [2]. There are at least six types of
chromosomal translocations, among which t(14:16) results in the
overexpression of the transcription factor gene c-Maf [2, 3]. c-Maf
modulates the transcription of several key genes, including cyclin
D2 (CCND2), integrin B7 (ITGB7), AMPK-related protein kinase 5
(ARK5), and C-C chemokine receptor 1 (CCR1), by binding to its
specific recognition element on the upstream regulatory region of
these genes [4]. Among these c-Maf-modulated genes, CCND2 is a
key factor in cell cycle progression and thus promotes MM cell
proliferation, while ITGB7 mediates MM cell adhesion to bone
marrow stromal cells and facilitates MM cell migration and
invasion, thereby conferring chemoresistance [5]. Therefore, c-Maf
promotes MM cell proliferation and survival. The expression level
of the c-Maf protein is negatively associated with the overall
survival of MM patients [2, 6]. Therefore, targeting c-Maf
degradation is proposed as a promising therapeutic approach
for MM [4, 6]. Our previous studies show that c-Maf can be

degraded through the ubiquitin-proteasome pathway [7], while
the deubiquitinase USP5 abolishes K48-linked polyubiquitination,
thus stabilizing the c-Maf protein and promoting MM cell survival
[8]. In contrast, knockdown of USP5 leads to c-Maf degradation
and MM cell apoptosis [8]. Therefore, targeting the USP5/c-Maf
axis may be a potential therapy for MM.

In the present study, we established a USP5/c-Maf luciferase
system and applied it to screen a library composed of 1700 small
molecule chemical drugs approved by the US Food and Drug
Administration. From this screen, we identified mebendazole, an
agent widely used for the treatment of human gastrointestinal
parasitic infections [9], selectively induces MM cell apoptosis by
targeting USP5/c-Maf signaling.

MATERIALS AND METHODS

Cell culture

Human embryonic kidney cells (HEK293T) were maintained in
Dulbecco’s modified Eagle’s medium. MM cell lines, including
RPMI-8226, LP1, and U266, were cultured in Iscove's modified
Dulbecco’s medium. All media were supplemented with 10%
fetal bovine serum, glutamine and antibiotics, as described
previously [10].

'Jiangsu Key Laboratory of Neuropsychiatric Diseases, Department of Pharmacology, College of Pharmaceutical Sciences, Soochow University, Suzhou 215123, China; 2Institute of
Clinical Pharmacology, Guangzhou University of Chinese Medicine, Guangzhou 510405, China; *Department of Oncology, Suzhou Municipal Hospital, Suzhou 215100, China and

“Beijing Tiantan Hospital, Capital Medical University, Beijing 100070, China

Correspondence: Zu-bin Zhang (zhangzubin@suda.edu.cn) or Xin-liang Mao (xinliangmao@suda.edu.cn) or Tie Zhang (zhangtieaa@sina.com.cn)

These authors contributed equally: Xue-han Chen, Yu-jia Xu, Xiao-ge Wang

Received: 22 February 2019 Accepted: 8 May 2019
Published online: 13 June 2019

SPRINGERNATURE

© CPS and SIMM 2019


http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0249-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0249-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0249-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0249-1&domain=pdf
mailto:zhangzubin@suda.edu.cn
mailto:xinliangmao@suda.edu.cn
mailto:zhangtieaa@sina.com.cn
www.nature.com/aps

Plasmids

The c-Maf and USP5 plasmids were constructed as described
previously [8, 10]. A nucleotide sequence containing six tandem
Maf recognition elements (MAREs) was chemically synthesized by
GeneWiz, Inc. (Suzhou, Jiangsu, China) and inserted into a pGL4 vector
to generate the MARE.Luci reporter plasmid (pMARE.Luci) [8, 10].

Chemicals and antibodies

Monoclonal anti-HA (1:10000, M180-3), anti-Myc (1:10000,
M192-3), and anti-Flag (1:10000, M185-3L) were obtained from
MBL Beijing Biotech Co., Ltd. (Beijing, China). Antibodies against
USP5 (1:1000, 10473-1-AP) and GAPDH (1:5000, 60004-1-Ig) were
purchased from Proteintech Group, Inc. (Wuhan, Hubei, China).
The anti-c-Maf antibody was obtained from Santa Cruz Biotech-
nology, Inc. (1:1000, sc-7866) (Santa Cruz, CA, USA) and
Proteintech (1:1000, 55013-1-AP). An anti-Ub antibody was
obtained from Santa Cruz Biotechnology, Inc. (1:1000, sc-
271289). The US FDA-approved drug library and mebendazole
were purchased from TargetMol Corp. (Boston, MA, USA). HRP-
labeled goat anti-mouse and goat anti-rabbit IgG (H+L)
antibodies were purchased from Beyotime Institute of Biotechnol-
ogy (Nantong, China).

Gene transfection

One day before transfection, HEK293T cells were seeded in six-well
plates. When grown to 50% confluence, cells were subjected to
gene delivery using polyethyleneimine (PEl) as described pre-
viously [10].

Screening of the FDA-approved drug library

HEK293T cells were cotransfected with the c-Maf, USP5, and
PMARE.Luci plasmids. Forty-eight hours later, cells were isolated
and reseeded into 96-well plates at a density of 1 x 10° cells/well
for 24 h before each drug (final concentration: 5 uM) was added
and were then incubated for another 24 h. Cells were then
collected for the luciferase activity assay, which was performed
according to the manufacturer’s instructions, as described
previously [8]. The drugs that decreased the luciferase activity
by more than 50% were selected for further evaluation as
candidate USP5/c-Maf axis inhibitors [10].

Immunoblot (IB) assays

After cell lysates were prepared, protein concentrations were
determined by a BCA assay (Beyotime). Equal amounts of protein
(30 ug) were separated by SDS-PAGE and transferred to polyviny-
lidene difluoride membranes. After normalization, the blots were
probed with appropriate antibodies, as described previously [8].

Immunoprecipitation (IP)

After being treated with mebendazole for 24 h, LP1 and RPMI-8226
cells were harvested to prepare whole cell lysates, and the IP assay
was conducted as described previously [10]. After IP, proteins were
resuspended in RIPA buffer and used for an IB assay [10].

Apoptosis detection via flow cytometric analysis

Cells were treated with mebendazole for 24 h followed by staining in
dark for 5min with Annexin V-FITC and propidium iodide (Pl, Multi
Sciences Biotech Co,, Ltd., Hangzhou, China). Cells were then subjected
to analysis on a BD® flow cytometer as described previously [11].

Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was extracted using Trizol (Sangon Biotech, Shanghai,
China). Total RNA (2 ug) was reverse transcribed using an EasyScipt
First-Strand cDNA Synthesis kit (Vazyme Biotech Co., Ltd., Nanjing,
China) according to the manufacturer’s instructions. PCR amplifica-
tion was carried out using the following primers: USP5, 5-CGG ATT
TGA CCT TAG CG-3’ (forward) and 5-CTG CCA TCG AAG TAG CG-3
(reverse); c-Maf, 5-AAA AAG GAA CCG GTG GAG AC-3’ (forward) and
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5'-GGT AGC CGG TCA TCC AGT AG-3' (reverse); and GAPDH, 5'-AAT
CCC ATC ACC ATC TTC C-3' (forward) and 5'-CAT CAC GCC ACA GTT
TCC-3' (reverse). The primers used for CCND2, ITGB7, and ARK5 were
described previously [11]. PCR products were visualized by Gold-
View” staining (TransGen Biotech Co., Ltd,, Beijing, China) following
electrophoresis on 2% agarose gels.

Quantitative real-time polymerase chain reaction (qRT-PCR)

The mRNA expression levels of USP5, c-Maf, CCND2, ITGB7 and
ARK5 were measured by gRT-PCR with the following specific
primers: USP5, 5'-GCT GCT GTC AGT ATT ACC GAC-3' (forward) and
5-AAA GCC CAG AAA CGT GTT CAT A-3’ (reverse); c-Maf, 5-CTG
CCG CTT CAA GAG GGT GCA GC-3' (forward) and 5-GAT CTC CTG
CTT GAG GTG GTC-3’ (reverse); CCND2, 5-TTA CCT GGA CCG TTT
CTT GG-3' (forward) and 5-GAG GCT TGA TGG AGT TGT CG-3'
(reverse); ITGB7, 5-GAA TCA ACC AGA CGG TGA CTT TCT-3'
(forward) and 5'-GCC CGG AGC CTC AGG A-3' (reverse); ARK5, 5'-
GGG AGC TGT ACG ATT ACA TCA G-3' (forward) and 5-ACA CCG
TTC TTG TGA CAA TAG TG-3' (reverse); and GAPDH, 5-GCA CCG
TCA AGG CTG AGA AC-3’ (forward) and 5-TGG TGA AGA CGC CAG
TGG A-3’ (reverse). RT-PCR amplification was carried out with 200
ng of cDNA in a 20-pL reaction mixture containing 0.5 pL of
primers and 10 pL of SYBR green mix (Beyotime). Data quantifica-
tion was carried out by the 2722 method.

Myeloma xenografts in nude mice

Female BALB/c nude mice (5-6 weeks old) purchased from Shanghai
Slac Laboratory Animal Co. Ltd. were used to establish xenograft
models with the human MM cell lines LP1 and RPMI-8226.
When tumors were palpable, mice were randomly divided into
three groups. One group received vehicle as the control, and the
other two groups were orally administered mebendazole at a
dosage of 50 or 100 mg/kg body weight once daily for 20 days.
Body weight and tumor volumes were measured every other day
(tumor volume = tumor length x width?/2). At the end of this
experiment, tumors and blood samples were collected for further
studies. All experiments involving mice were reviewed and
approved by the Review Board of Animal Care and Use of Soochow
University.

Statistical analyses
Statistical differences between the control and the experimental
groups were analyzed by Student’s t-test.

RESULTS

Identification of c-Maf/USP5 inhibitors by a mid-throughput
screen

c-Maf is sufficient to induce myelomagenesis [12] and confers
chemoresistance to proteasomal inhibitors such as bortezomib [6],
the mainstay anti-MM agent. Our previous studies showed that
targeting USP5 leads to c-Maf degradation and MM cell death,
suggesting that the USP5/c-Maf axis is a potential therapeutic
target in MM [8]. To identify anti-MM inhibitors of the USP5/c-Maf
axis, we established a screening system in HEK293T cells based on
MARE-driven luciferase activity in the presence of c-Maf and USP5
(Fig. 1a). These cells were treated for 24 h with each drug from an
FDA-approved drug library before luciferase activity was measured
in cell lysates. The results showed that 30 out of the 1700 drugs
decreased luciferase activity by >50% in the presence of USP5 and
the transcription factor c-Maf (Fig. 1b). These drugs included the
anti-MM agent daunorubicin (DNR), the antileukemia agent
vincristine (VCR), and 12 other cytotoxic FDA-approved anticancer
drugs. Several drugs that have not yet been approved for cancer
treatment were also identified. These drugs included artesunate
(ART), an antimalarial agent; mebendazole (MBZ), an antiparasitic
agent; nicergoline (NCG), for the treatment of cognitive, affective,
and behavioral disorders of older people; and tolazamide (TLZ), for
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Fig. 1 Identification of mebendazole as a promoter of c-Maf protein degradation. a The system for screening c-Maf/USP5 inhibitors.

b HEK293T cells were plated in 96-well plates (10 000 cells per well) 24 h before being cotransfected with plasmids, including the c-Maf, USP5
and pMARE.Luci plasmids. On the third day, cells were treated with each compound from the drug library for 24 h before being lysed for
luciferase assays. The activities of the compounds were expressed as log2 (sample luciferase RLU/control luciferase RLU). Drugs associated
with a value of log2 < -1 were considered potential inhibitors. ¢, d LP1 cells were treated with candidate drugs at the indicated concentrations
for 24 h, followed by IB assays and RT-PCR for the indicated proteins/genes

the treatment of type 2 diabetes. In the second screen, the MM
cell line LP1, which expresses a high level of c-Maf [5, 8], was
treated with all of the above drugs for 24 h, followed by IB assays
to evaluate PARP cleavage, a hallmark of apoptosis, and c-Maf
degradation. The results showed that the classic cytotoxic
anticancer drugs daunorubicin and vincristine induced MM cell
apoptosis at nanomolar concentrations, in association with c-Maf
degradation (Fig. 1c). However, further studies showed that these
two drugs downregulated the transcription of c-Maf at the mRNA
level (Fig. 1d). Nicergoline and tolazamide did not show marked
PARP cleavage activity. Artesunate and mebendazole induced MM
cell apoptosis as evidenced by PARP cleavage and c-Maf
degradation. Because artesunate has been well studied in MM
cell apoptosis [13, 14] and it downregulated c-Maf mRNA
expression (Fig. 1d), mebendazole was selected for further studies.

SPRINGERNATURE

Mebendazole decreased c-Maf protein expression but had no
effects on its mRNA level (Fig. 1d), and its potential application in
myeloma treatment has not yet been reported.

Mebendazole inhibits the USP5/c-Maf axis and induces c-Maf
degradation via the ubiquitin-proteasome pathway

Previous studies have demonstrated that the deubiquitinase
USP5 stabilizes c-Maf by binding to c-Maf and suppressing its
polyubiquitination [8]. The above results showed that mebenda-
zole downregulated c-Maf protein expression but had no effect on
its mRNA expression (Fig. 1); thus, we sought to determine
whether mebendazole could suppress USP5 activity via c-Maf
ubiquitination. To this end, we first measured the c-Maf and USP5
levels in mebendazole-treated MM cells. The results showed that
mebendazole downregulated the protein expression of both USP5
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Fig. 2 Mebendazole inhibits USP5 expression and induces c-Maf degradation via the ubiquitin-proteasome pathway. a LP1 and RPMI-8226
cells were treated with MBZ at the indicated concentrations for 24 h, followed by IB assays for c-Maf and USP5. Total RNA was extracted for RT-
PCR to assess c-Maf and USP5 expression. GAPDH was used as the internal control. b The c-Maf and USP5 expression levels from a were
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and c-Maf in both LP1 and RPMI-8226 cells (Fig. 2a, b). As decreased by mebendazole, suggesting that mebendazole might
expected, mebendazole failed to downregulate c-Maf mRNA suppress USP5 transcription.

expression, as shown by the RT-PCR assay results (Fig. 2a, b). Because c-Maf turnover is processed via the proteasome, we
Notably, we found that USP5 mRNA expression was also sought to determine whether mebendazole-induced c-Maf
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degradation could be reversed by proteasomal inhibitors. To this
end, LP1 and RPMI-8226 cells were treated with mebendazole
followed by treatment with MG132. The IB assay results showed
that mebendazole downregulated c-Maf but that this down-
regulation was abolished by MG132, a typical proteasomal
inhibitor (Fig. 2c), suggesting that mebendazole induces c-Maf
degradation via the ubiquitin-proteasome pathway. Because
USP5, as a deubiquitinase of c-Maf, binds to and suppresses c-
Maf polyubiquitination, we sought to determine whether meben-
dazole could interfere with the association of c-Maf and USP5.
Therefore, we first evaluated the interaction between USP5 and
c-Maf in the presence of mebendazole. The results showed that
mebendazole decreased the USP5 content in the c-Maf immuno-
precipitates in both exogenous and endogenous contexts, as
shown in HEK293T and MM cells, respectively (Fig. 2d, e),
suggesting that the interaction between USP5 and c-Maf was
disrupted by mebendazole. Next, we evaluated the polyubiquiti-
nation levels of c-Maf in HEK293T, LP1 and RPMI-8226 cells in the

SPRINGERNATURE

presence of mebendazole. The IP/IB assay results showed that
mebendazole increased the polyubiquitination levels of c-Maf in
all three cell lines (Fig. 2f, g). These findings thus confirmed the
hypothesis that mebendazole prevented USP5-mediated c-Maf
deubiquitination and led to c-Maf degradation.

Mebendazole suppresses the transcriptional activity of c-Maf

c-Maf is involved in myelomagenesis as a transcription factor by
promoting the transcription of its target genes, including CCND2,
ITGB7, and ARK5 [4]. The above results demonstrated that
mebendazole suppressed the USP5/c-Maf axis and promoted
c-Maf degradation; therefore, mebendazole might downregulate
the transcriptional activity of c-Maf. To confirm this hypothesis, we
used firefly luciferase as the reporter under the regulation of a c-
Maf recognition element (MARE). HEK293T cells cotransfected with
MARE.luci, c-Maf, and USP5 were treated with mebendazole for 24
h, followed by a luciferase assay. Ectopic expression of
USP5 significantly increased the transcriptional activity of c-Maf

Acta Pharmacologica Sinica (2019) 40:1568 - 1577
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Fig. 4 Mebendazole preferentially induces the apoptosis of c-Maf-expressing MM cells. a LP1, RPMI-8226, and U266 cells were treated with
MBZ at the indicated concentrations for 24 h, followed by IB assays to evaluate the expression of apoptotic proteins, as indicated. b The ratio
of cleaved PARP to pro-PARP and c the ratio of cleaved Caspase-3 to pro-Caspase-3. d MM cells were treated with MBZ (0.5 uM) for 12 h,
followed by Annexin V-FITC and PI staining and flow cytometric analyses. ***P < 0.001

in terms of the measured luciferase activity (Fig. 3a). Notably, this
activity was markedly inhibited by mebendazole in a
concentration-dependent manner. In contrast, another deubiqui-
tinase, USP7, also increased the transcriptional activity of c-Maf,
but luciferase activity driven by USP7 was much less affected by
mebendazole than luciferase activity driven by USP5 (Fig. 3a). To
confirm this finding, c-Maf-expressing LP1 and RPMI-8226 and c-
Maf-deficient U266 cell lines were treated with mebendazole for
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24 h at increasing concentrations, followed by RT-PCR to measure
the gene transcription levels. The results showed that mebenda-
zole decreased the mRNA levels of all three genes—CCND2, ARKS5,
and ITGB7—that were under the control of c-Maf in LP1 and RPMI-
8226 cells that express c-Maf but not in U266 cells that lack c-Maf
(Fig. 3b). To confirm these findings, we next performed
quantitative real-time PCR to measure the expression of all genes.
Consistent with the results of the above assays, mebendazole
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downregulated the transcription of USP5 (Fig. 3c), CCND2 (Fig. 3e),
ITGB7 (Fig. 3f), and ARK5 (Fig. 3g) but had no effects on c-Maf
transcription (Fig. 3d). Therefore, mebendazole probably affects c-
Maf transcriptional activity by inducing c-Maf degradation via the
inhibition of USP5.

Mebendazole preferentially induces the apoptosis of MM cells that
express c-Maf

Because the USP5/c-Maf axis plays a critical role in promoting
MM cell proliferation and survival, and interference with USP5
and c-Maf leads to MM cell apoptosis [8], we next evaluated the
effects of mebendazole on MM cell survival and apoptosis. To
this end, the MM cell lines LP1, RPMI-8226, and U266 were
exposed to mebendazole for 24 h at increasing concentrations,
followed by IB assays. As shown in Fig. 4a, the cleavage and
activation of the apoptotic markers PARP and caspase-3 were
significantly increased in both LP1 and RPMI-8226 cells that
express c-Maf. In contrast, a lower level of PARP cleavage
fragments was detected in U266 cells that lack c-Maf (Fig. 4a, b).
Caspase-3, one of the major apoptotic executor enzymes, was
not activated in U266 cells (Fig. 4a-c). These findings suggest that
mebendazole probably preferentially induces the apoptosis of c-
Maf-expressing MM cells. To further confirm this hypothesis, all
three MM cell lines were exposed to mebendazole at a very low
concentration (0.5 pM) followed by Annexin V/PI staining and
flow cytometric analyses. As shown in Fig. 4d, 0.5 uyM mebenda-
zole induced marked apoptosis in LP1 and RPMI-8226 cells but
not in U266 cells, suggesting that U266 cells are less sensitive to
mebendazole due to their deficiency in c-Maf expression.
Therefore, mebendazole, especially at low concentrations, pre-
ferentially induces MM cell apoptosis in a manner dependent on
the expression of c-Maf.

Mebendazole exerts synergistic antimyeloma effects with a USP5
inhibitor

Previous studies identified WP1130 as a small molecule com-
pound that inhibits the deubiquitinase activity of USP5 [15]. In the
above studies, mebendazole was demonstrated to downregulate
USP5 expression and disrupt the interaction between USP5 and c-
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Maf. We sought to determine whether these two agents could
synergize to induce MM cell apoptosis. To this end, LP1 and RPMI-
8226 cells were treated with WP1130 and mebendazole alone or
in combination (at a very low concentration; 1 uM for WP1130 and
0.1 uM for mebendazole), followed by IB assays to investigate
PARP cleavage, a hallmark of cell apoptosis. The results showed
that PARP was not markedly cleaved by WP1130 or mebendazole
due to the very low concentrations used; however, it was
significantly cleaved by cotreatment with these two agents.
Notably, c-Maf expression was also decreased by cotreatment
(Fig. 5a, b). Therefore, combined treatment with mebendazole and
WP1130 demonstrated synergy against MM. We next examined
the effects of mebendazole in combination with daunorubicin,
a typical anti-MM drug. These two drugs alone induced limited
PARP cleavage, but combined treatment significantly increased
PARP cleavage (Fig. 5¢, d). Collectively, these results thus showed
marked synergy between mebendazole and USP5 inhibitors or
anti-MM drugs such as daunorubicin.

Mebendazole delays the growth of human multiple myeloma
xenografts in a nude mouse model

The above studies provided strong evidence that mebendazole
inhibits the USP5/c-Maf axis and induces MM cell apoptosis. To
further investigate the effects of mebendazole against human MM
in vivo, two myeloma xenograft models were established by
subcutaneous injection of LP1 or RPMI-8226 cells in the right
flanks of nude mice. When the tumors were ~5mm in diameter,
mice in each model were randomly divided into three groups.
Each group was orally administered vehicle or mebendazole at a
dose of 50 or 100 mg/kg for a continuous 20 days. The tumor sizes
and mouse body weights were monitored every other day. Tumor
growth was significantly decreased by mebendazole, and this
effect was dose-dependent (Fig. 6a, b). At the dose of 100 mg/kg,
mebendazole almost completely suppressed the growth of
myeloma xenografts in both models (Fig. 6a, b). However,
mebendazole did not show toxicity to mice, as shown via body
weight measurements (Fig. 6¢, d) and biochemical analyses of
blood. There were no marked alterations in the levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
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Fig. 5 Mebendazole enhances MM cell apoptosis induced by WP1130 and daunorubicin (DNR). a LP1 and RPMI-8226 cells were treated with
MBZ (0.1 uM) and WP1130 (1 uM) alone or in combination for 24 h, followed by IB assays for c-Maf, PARP and GAPDH. b The ratio of cleaved
PARP to pro-PARP from a. ¢ LP1 and RPMI-8226 cells were treated with MBZ (0.1 uM) and DNR (100 nM) alone or in combination for 24 h,
followed by IB assays for c-Maf, PARP, and GAPDH. d The ratio of cleaved PARP to pro-PARP from c. **P < 0.01, ***P < 0.001

SPRINGERNATURE

Acta Pharmacologica Sinica (2019) 40:1568 - 1577



Mebendazole elicits antimyeloma activity by inhibiting the USP5/c-Maf axis

XH Chen et al.
1575
a c LP1
LP1 -
Vehicle
40007 - Vehicle . -
] T g | oo
£ 3000{ -+~ MBZ 100 mg/kg s Y
: & :
@ ok )
% 2000 Jekek 2 204
5
’2 1000 - @ [11] 15
0' - . v T - T + . T - m 10 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 ¢ wmi o3 0 2 4 6 8 10 12 14 16 18 20
Days post-administration Days post-administration
b RPMI-8226 d P304
25007 - MBZ 100 mgkg ‘ 357 e Vehicle
7 2000{ T VB2 S0 MIk9 ] o MBZ50 makg
£ = Yenide 5 1 4+ MBZ100 mgkg
‘o 1500+ £
N -
L 1000 e e e ' g"
o
E de Kk >
#8001 E 15
ot—7—T—rT—T—TTTTT7 &
1 2 3 4 5 6 7 8 9 10 11 10 +———————1—1—1——
Days post-administration mi 3 0 2 l;ay:po:t-a?mlzs;:ﬁ;: 18 20
e
Vehicle MBZ (50 mg/kg)  MBZ (100 mg/kg)
Tumors 1 1 2 3 4
USP5 M-hﬂ s ﬂi— 100 kDa
[T T e o
et — : 40 kDa
Caspase-3 - - - — ‘.’1— 35 kDa .
Cle-Caspase-3 ' ' e A 17 kDa
Pro-PARP [ S o S =S L T 116 kDa
Cle-PARP ; 89 kDa
GAPDH |m ’— 37 kDa
f Vehicle MBZ (50 mg/kg) MBZ (100 mg/kg)
Tumors 1 2 3 4 1 2 3 4 1 2 3 4
USP5| ----'_--ﬂ—h—-————- |—- 100 kDa
P——" g — 55 kDa
o-Maf | G - m &
+ — 40 kDa
Caspase-3 |.mu—--q-§.-|_ 35K02 | monriaa0s
Cle-Caspase-3 l g LR ' = aibie |_ 17 kDa

Pro-PARP : — 116 kDa
Cle-PARP Ing =M— 89 kDa
GAPDH | S S S S e s e s s s s | — 37 kD

Fig. 6 Mebendazole delays myeloma tumor growth in nude mice without toxicity. Human multiple myeloma cells (LP1 and RPMI-8226) were
injected subcutaneously into nude mice at a density of 30 million cells/site. When tumors were palpable, mice were orally administered
vehicle or MBZ (50 mg/kg or 100 mg/kg body weight) in PBS containing 50% sesame oil daily for a continuous 20 days. Tumor volumes (a, b)
and body weights (c, d) were monitored every other day. **P < 0.01; ***P < 0.001. e, f Tumor samples from each model were subjected to IB
analyses for USP5, c-Maf, caspase-3, and PARP with specific antibodies
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Table 1. Biochemical analyses of blood species from mebendazole-treated nude mice with LP1-derived MM xenografts
Group ALB (g/L) ALT (U/L) AST (U/L) ALP (U/L) UREA (mmol/L) CREA (mmol/L)
Vehicle 30.47 £0.55 40.65 +3.52 188.33 +40.75 92.16 £13.01 9.64 +1.34 17.03+1.48
MBZ (50 mg/kg) 30.60 + 1.41 43.05+4.35 195.31+34.93 91.16 £ 19.58 8.91+1.50 16.48 £3.12
MBZ (100 mg/kg) 31.79+£0.83 42.72+7.46 182.51 +47.66 99.14 £ 8.58 9.87+1.78 15.5+£0.89
ALB albumin, ALT alanine aminotransferase, AST aspartate aminotransferase, ALP alkaline phosphatase, CREA creatinine
Table 2. Biochemical analyses of blood species from mebendazole-treated nude mice with RPMI-8226-derived MM xenografts
Group ALB (g/L) ALT (U/L) AST (U/L) ALP (U/L) UREA (mmol/L) CREA (mmol/L)
Vehicle 32.51+1.31 40.46 + 8.96 173.42 + 56.29 83.49+£9.95 10.32+1.96 16.86 £ 2.75
MBZ (50 mg/kg) 31.95+0.86 4387 +1.76 185.06 + 33.72 82.04+11.03 9.38+1.18 16.19+2.57
MBZ (100 mg/kg) 32.60 +1.09 35.53+2.57 144.28 +17.90 90.58 +7.01 9.95+0.38 15.02+1.13
ALB albumin, ALT alanine aminotransferase, AST aspartate aminotransferase, ALP alkaline phosphatase, CREA creatinine

phosphatase (ALP), urea, creatinine (CREA), or albumin in mice
treated with mebendazole compared with those levels in vehicle-
treated mice (Tables 1 and 2). Collectively, these results suggested
that mebendazole was well-tolerated. Subsequently, we analyzed
the effects of mebendazole on MM xenografts. In the IB assays on
tumor tissues from treated mice, USP5 and c-Maf were decreased
in tumor tissues from mebendazole-treated mice but not in tumor
tissues from untreated mice (Fig. 6e, f). Moreover, caspase-3 and
PARP were also cleaved in tissues from mebendazole-treated mice
(Fig. 6e, f), suggesting that mebendazole also induces MM cell
apoptosis in vivo. Taken together, these results indicated that
mebendazole displays significant anti-MM activity in vivo by
inhibiting the USP5/c-Maf axis.

DISCUSSION

The above studies identified mebendazole as an inhibitor of the
USP5/c-Maf axis and indicated that it displays potent antimyeloma
activity in vitro and in vivo.

Mebendazole, a benzimidazole, is a well-tolerated, highly
effective broad-spectrum anthelmintic used for the treatment of
various intestinal infections with pinworms, hookworms, or
roundworms. Recent studies found that mebendazole also
displays anticancer activity against several types of cancer,
including colon cancer [16, 17], brain tumor [18], glioblastoma
multiforme [19], non-small cell lung cancer [20], and melanoma
[21]. The initial anticancer mechanistic studies focused on its
antimicrotubule activity [22], but mebendazole probably operates
through diverse mechanisms dependent on the cancer type. It
was found that mebendazole can stabilize p53, p21, and MDM2 in
lung cancers [23, 24] but downregulates the prosurvival protein
Bcl-2 through phosphorylation in chemoresistant melanoma cells
[21]. Mebendazole blocks the hedgehog/SMO pathway in basal
cell carcinoma [25] but inhibits the TRAF2- and NCK-interacting
kinase in colorectal cancer [26]. All of the above studies suggest
that mebendazole elicits diverse anticancer effects. In the present
study, we found that mebendazole displays potent antimyeloma
activity at low concentrations by inhibiting the USP5/c-Maf axis.

c-Maf is an oncogenic transcription factor that is frequently
dysregulated in MM and contributes to myelomagenesis by
promoting the expression of several important genes involved in
cancer cell proliferation, survival and metastasis, including CCND2,
ITGB7, CCR1, and ARK5 [27]. Inhibiting c-Maf thus leads to
regression of MM tumors and inhibition of MM cell proliferation
[4, 8]. Our recent studies demonstrated that the c-Maf protein is
processed via the ubiquitin-proteasome pathway under the
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control of the ubiquitin-conjugating enzyme UBE20 [11], the
ubiquitin ligase HERC4 [10] or TMEPAI/NEDD4 [28]. c-Maf
ubiquitination can be reversed by the deubiquitinase USP5
because USP5 prevents c-Maf from polyubiquitination and
degradation [8]. Moreover, inhibiting USP5 by genetic shRNA or
small molecule inhibitors such as WP1130 leads to MM cell
apoptosis [8]. Collectively, these findings thus establish a rationale
for treating MM by targeting the USP5/c-Maf axis. As a principle of
concept, the present study identified mebendazole as an agent
with potent antimyeloma activity from the FDA-approved drug
library. The mechanistic investigation showed that mebendazole
not only prevents the interaction between USP5 and c-Maf but
also suppresses USP5 transcription, thus inducing c-Maf protea-
somal degradation.

Notably, mebendazole is cytotoxic to various cancer cells, including
MM and leukemia cells, at higher concentrations (data not shown);
however, it elicits selective anti-MM activity at low concentrations. As
shown in the present study, at low molar concentrations, such as 0.5
MM, mebendazole induced the apoptosis of LP1 and RPMI-8226 cells
that express c-Maf (Fig. 4) but was less effective in U266 cells that lack
c-Maf, suggesting that c-Maf is a key factor in MM cell death induced
by low concentrations of mebendazole. We also found that 0.1 pM
mebendazole can markedly enhance the anti-MM activity of other
agents. Mebendazole synergizes with WP1130, an inhibitor of USP5,
because mebendazole downregulates USP5 expression and WP1130
inhibits USP5 deubiquitinase activity. Mebendazole also enhances
antimyeloma activity in combination with daunorubicin, a major
antimyeloma drug. These results indicate that mebendazole exerts
potent antimyeloma activity alone or in combination with other
anticancer agents. However, mebendazole does not show high
toxicity, as seen in the tumor-bearing nude mice. Actually, as an oral
antiparasitic agent, mebendazole has historically been well demon-
strated to be safe in humans.

In summary, the present study identified mebendazole as a
potent and promising antimyeloma agent via its inhibition of the
USP5/c-Maf axis. This report is the first on treating myeloma by
targeting c-Maf ubiquitination and proteasomal degradation.
Given its high safety and potent anti-MM activity alone or in
combination with other agents, mebendazole is guaranteed to be
repurposed for personalized MM therapy.
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