Am J Cancer Res 2015;5(11):3350-3362
www.ajer.us /ISSN:2156-6976/ajcr0014806

Original Article

MLN4924, a Novel NEDDS8-activating enzyme inhibitor,
exhibits antitumor activity and enhances
cisplatin-induced cytotoxicity in human

cervical carcinoma: in vitro and in vivo study
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Abstract: MLN4924, an inhibitor of NEDD8 activating enzyme (NAE), has been reported to have activity against
various malignancies. Here, we investigated the antitumor properties of MLN4924 and MLN4924 in combination
with cisplatin on human cervical carcinoma (CC) in vitro and in vivo. Two human CC cell lines, ME-180 and Hela,
were used in this study. The cytotoxic effects of MLN4924 and/or cisplatin were measured by cell viability (MTT),
proliferation (BrdU incorporation), apoptosis (flow cytometry with annexin V-FITC labeling), and the expression of cell
apoptosis-related proteins (Western blotting). In vivo efficacy was determined in Nu/Nu nude mice with ME-180 and
Hela xenografts. The results showed that MLN4924 elicited viability inhibition, anti-proliferation and apoptosis in
human CC cells, accompanied by activations of apoptosis-related molecules and Bid, Bcl-2 phosphorylation inter-
ruption, and interference with cell cycle regulators. Moreover, MLN4924 caused an endoplasmic reticulum stress
response (caspase-4, ATF-4 and CHOP activations) and expression of other cellular stress molecules (JNK and c-Jun
activations). Additionally, MLN4924 suppressed growth of CC xenografts in nude mice. Furthermore, we demon-
strated that MLN4924 potentiated cisplatin-induced cytotoxicity in CC cells with activation of caspases. Consistently
with this, MLN4924 significantly enhanced cisplatin-induced growth inhibition of CC xenografts. Together, these
findings suggest that MLN4924 alone or in combination with cisplatin is of value in treating human CCs.
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Introduction effects of current chemotherapy are substan-
tial. Therefore, the development of new drugs
or combination treatments is important to

improve patient survival and minimize the side

Cervical cancer (CC) is the second most com-
mon cancer in women worldwide [1]. Approxi-

mately 500,000 new cases and 275,000
deaths are reported annually in developing
countries [15], and most cervical cancers are
associated with high-risk human papilloma
virus infection [3]. The treatment of the cervical
cancer includes surgery, chemotherapy and
radiotherapy [3, 36]. but the prognosis for met-
astatic CC remains ominous due to drug resis-
tance [49]. In addition, the toxicity and side

effects of conventional chemotherapy.

A balance of protein degradation and formation
is essential to maintain cellular homeostasis
and is associated with transduction pathways
related to cancer progression, metastasis, and
drug resistance [30]. The ubiquitin-proteasome
system, a non-lysosomal proteolysis system,
responds to the accumulation of misfolded pro-
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teins by recognizing and rapidly degrading ubig-
uitin-modified proteins. This system is report-
edly involved in the regulation of many cellular
functions and cell survival. Specifically, the
ubiquitin-proteosome system controls the deg-
radation of ubiquitin-tagged proteins by two
distinct steps: the covalent attachment of mul-
tiple ubiquitin molecules to the target proteins
and the degradation of tagged proteins by the
26S proteasome [8, 46]. First, ubiquitin is acti-
vated by ubiquitin-activating enzyme (E1) via
ATP hydrolysis. The ubiquitin is then transferred
to the ubiquitin-conjugating enzyme (E2) com-
plex. Proteins tagged for degradation with ubig-
uitin are catalyzed by enzymes called ubiquitin
ligases (E3) [46]. The tagging of a protein with
a single ubiquitin molecule signals ligases to
attach additional ubiquitin molecules. E3 ligas-
es have an essential role by controlling the tar-
get substrate specificity for proteasome degra-
dation. Three distinct classes of E3 ubiquitin
ligases have been identified according to their
core domains: HECT (homologous to E6-AP car-
boxy terminus), U-box domain and RING (Really
Interesting New Gene) finger [11]. Neural-pre-
cursor-cell-expressed developmentally down-
regulated protein 8 (NEDDS8) is a ubiquitin-like
molecule that can connect to the proteins of
the cullin family [31]. NEDDS8 is also required
to regulate the activity of a subclass of ubiqui-
tin E3 ligases, cullin-RING ligases (CRL) [13,
29]. Specifically, NEDDS8 first connects to the
NEDDS8-activating enzyme (NAE) in an ATP-
dependent reaction and is subsequently acti-
vated. The NEDD8 conjugating enzyme (E2)
then receives the activated NEDD8 and a pro-
tein substrate recognized by the CRL of an ubig-
uitin protein ligase (E3). Finally, E3 receives
NEDDS8 from the E2 and activates substrate
ubiquitination [29]. Neddylation is the process
by which NEDDS8 is conjugated to its target
proteins, and NEDD8-activating enzyme (NAE)
is essential for Neddylation and CRL activity
regulation.

MLN4924, a novel neddylation inhibitor, report-
edly exhibits activity against hepatocellular car-
cinoma [25], ovarian cancer [28], acute myeloid
leukemia [42], bladder cancer [19] and lympho-
ma [26] in vitro, in vivo and in the preclinical
setting [41]. Specifically, the dysregulation of
intracellular protein homeostasis after MLN-
4924 treatment is reportedly associated with
cell cycle progression, autophagy, apoptosis,

3351

and other cellular responses [2, 48]. Other
studies also have demonstrated that MLN4924
can induce the production of reactive oxygen
species, inhibit NFkB, and suppress tumor
angiogenesis [26, 42, 48]. However, the antitu-
mor effect of MLN4924 and the underlying
mechanisms in human cervical cancer remain
unclear.

In this study, we examined the cytotoxic effect
of MLN4924 on human CC cells via apoptosis,
proliferation inhibition, cell cycle interference
and cellular stress induction assays. In addi-
tion, we investigated the ability of MLN4924 to
enhance the antitumor effect of the conven-
tional DNA-alkylating agent cisplatin in vitro
and in vivo.

Materials and methods
Cell culture

Two human cervical cancer cell lines, ME-180
cell and Hela, were used in this study. The
ME-180 cell line was provided by Dr. Tai-Lung
Cha (Division of Urology, Department of Sur-
gery, National Defense Medical Center, Taipei,
Taiwan) and has been authenticated by short
tandem repeat (STR) DNA typing. The HelLa cell
line was obtained from the Taiwan Bioresource
Collection and Research Center (BCRC, Hsin-
chu, Taiwan). The two cell lines were cultured in
RPMI-1640 medium (for ME-180) or Dulbecco’s
Modified Eagle’s Medium (for HelLa) contain-
ing 10% fetal bovine serum (HyClone, Logan,
UT, USA), 1 mM sodium pyruvate (Invitrogen,
Carlsbad, CA, USA) and penicillin (100 units/
ml)/streptomycin (100 pg/ml) (Invitrogen) at
37°C in 5% CO,. All culture media were pur-
chased from Corning (New York, NY, USA).

Reagents and antibodies

MLN4924 was purchased from Active Biochem
(Maplewood, NJ, USA). Various concentrations
of MLN4924 were prepared as suspensions in
dimethyl sulfoxide (DMSO, Sigma-Aldrich, St.
Louis, MO, USA) and then mixed with complete
cell culture medium or saline. Cisplatin was
obtained from clinical preparations of Abiplatin
Solution (Pharmachemie BV, GA Haarlem, the
Netherlands). The antibodies against various
proteins used for the Western blot analysis
(cleaved PARP, cleaved caspase-3, cleaved
caspase-7, cleaved caspase-8, BH3 interact-
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ing-domain death agonist (Bid), phosphor-Bcl-
2 (Ser70), phospho-c-Jun (Ser73), phospho-
SAPK/INK (Thr183/Tyr185), ATF-4, CHOP,
phospho-Chk1 (Ser345), phospho-Chk2 (Thr-
68), phospho-p53 (Serlb), phospho-histone
H2A.X (Ser139), p21 and p27) were purchased
from Cell Signaling Technology (Danvers, MA,
USA). The anti-caspase-4 antibody was obtain-
ed from MBL International Corporation (Wo-
burn, MA, USA), and the anti--tubulin and anti-
GAPDH antibodies were obtained from GeneTex
(Irvine, CA, USA). The antibodies against Cullin-1
and B-actin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). All other
chemicals were purchased from Sigma-Aldrich
or Serva (Heidelberg, Germany).

Measurement of cell viability

Cell viability was determined by using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
(MTT, Sigma-Aldrich). Briefly, cells were seed-
ed with culture medium in 96-well microplates
(4000 cells/well) and incubated at 37°C for
24 or 48 hours before drug treatments. At
the end of the incubation, the cells were
exposed to MTT (0.5 mg/ml) at 37°C for 4
hours. The reduced crystals were dissolved in
DMSO (Sigma-Aldrich), and the absorbance
was detected at 570 nm with a yQuant ELISA
plate reader (Biotek, Winooski, VT, USA).

Western blot

To prepare cell or tissue samples for the
Western blot analysis, cell pellets were lysed
in lysis buffer (Cell Signaling Technology) and
tissues were homogenized and lysed with T-
PER tissue protein extraction reagent (Thermo
Scientific Pierce, Rockford, IL, USA). After cen-
trifugation at 13,000 rpm for 15 minutes at
4°C, the supernatants were collected, and the
protein concentrations of supernatants were
then measured using BCA protein assay
reagent (Thermo Scientific Pierce, Rockford, IL,
USA). Subsequently, equal amounts of proteins
were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE),
blotted onto polyvinylidene fluoride (PVDF)
membranes (GE Healthcare, Piscataway, NJ,
USA), and then probed with various primary
antibodies at 4°C overnight. The membranes
were then incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies
(Genetex) at room temperature for 2 hours.
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Finally, the antibody-bound membranes were
treated with enhanced chemiluminescent
Western blot detection reagents (Millipore,
Billerica, MA, USA) and visualized with an
ImageQuant LAS 4000 system (GE Healthcare).

Analysis of apoptosis by fluorescence-activated
cell sorting (FACS)

Apoptosis was determined by using flow cytom-
etry with a commercial annexin V-FITC detec-
tion kit (Invitrogen). Briefly, after being treat-
ed at the different conditions, the cells were
washed with ice-cold PBS and collected in tryp-
sin-EDTA solution (Invitrogen). After centrifuga-
tion to remove the trypsin-EDTA, the cells were
re-suspended in binding buffer containing
annexin V-FITC and propidium iodide (Pl) and
then incubated for 15 minutes at room temper-
ature in the dark prior to analysis on a Becton
Dickinson LSR Il flow cytometer (BD Bioscience,
San Jose, CA, USA).

Cell proliferation assay

To evaluate the effect of MLN4924 on CC cell
proliferation, we performed a 5-bromo-2’-de-
oxyuridine (BrdU) incorporation assays with a
commercial kit (Millipore) as described previ-
ously [20]. The cells were cultured in 96-well
microplates (4000 cells/well) and exposed to
MLN4924 or DMSO (as the non-treated control)
for 48 hours. After the designated hours of
treatment, the cells were labeled with BrdU
and tagged with the anti-BrdU antibody. Sub-
sequently, the substrate was added, and the
colored product was measured using a BioTek
pMQuant ELISA reader (Winooski) at dual wave-
lengths of 450-540 nm.

In vivo xenograft experiments

All animal care and experimental procedures
were carried out in accordance with protocols
approved by the National Taiwan University
College of Medicine and College of Public
Health Institutional Animal Care and Use Com-
mittee (IACUC). Moreover, all studies involving
animals complied with the ARRIVE guidelines
for reporting experiments involving animals. To
develop xenograft tumors, ME-180 or Hela
cells in Matrigel (BD Biosciences) were inject-
ed subcutaneously into the dorsal flanks of
8-week-old Nu/Nu nude mice, which were
obtained from the Taiwan National Laboratory

Am J Cancer Res 2015;5(11):3350-3362



Cytotoxicity of MLN4924 in cervical carcinoma

A B
ME-180

MLN-4924 (nM) 0 100 250 500

Cullin-1-Nedd8-‘ -
Cullin-1—+ — v w—  ME-180 HelLa

100

g

GAPDH s sss-e s g £
= % > 80
HelLa C Rt g %
2 40- 2 40
MLN-4924 (nM) 0 100 250 500 3 -4 24h g - 24h
Cullin-1-Nedd8— = = = 48h 20 = 48h
Cullin-1— “————— 2 . . "

MLN4924 (nM) 0 50 100 250 500 750 1000 MLN4924 (nM) 0 50 100 250 500 750 1000

GAPDH S s

c ME-180 HelLa D ME-180  Hela
DMSO DMSO 60 *
i I T
e = % SR .
o | =* < =
- B - w
= 17% 24% = 404
S E R =
-g T T T T T ewa"'rw'—‘;i:-,;r'—ra P}
= QO 301
£ | _ S00nMMLN4924 500 nM MLN4924 2
5 . 32 e 29.9%] B8 201
.a = » o
o | <® =
= < 101
o 52% ba:
i SN 0 . | sLlEdl.
MLN4924 (500 nM) -  + -+

Annexin V

Figure 1. MLN4924 elicited inhibition of cell viability and apoptosis in human CC cells. A. Cullin-1 neddylation was
completely inhibited by MLN4924. ME-180 and Hela cells were exposed to different concentrations of MLN4924 or
DMSO (as non-treated control) for 48 hours and then harvested to detect the expression of cullin-1 with a Western
blot (GAPDH as control). B. The cells were treated with various concentrations of MLN4924 for 24 and 48 hours. Cell
viability was assessed with an MTT assay. C. The cells were exposed to MLN4924 (500 nM) or DMSO (as the non-
treated control) for 48 hours. Apoptotic cells were analyzed by FACS flow cytometry with annexin V-FITC/PI staining.
The annexin V-positive cells (early apoptotic cells) are distributed in the lower-right panel; the late apoptotic cells,
whose membranes are permeable to Pl and annexin V staining, are distributed on the upper-right panel. D. Quan-
titative analyses of total apoptosis population following MLN4924 (500 nM) or DMSO treatments were performed.
Data are presented as the means + SD of at least three independent experiments. “P < 0.05 compared with the

controls.

Animal Center (Taipei, Taiwan). When the tu-
mors reached approximately 150 mm?2 in vol-
ume, the mice received respective treatments
via intraperitoneal (i.p.) injection. The tumor vol-
ume was calculated as follows: volume = lon-
gest tumor diameter x (shortest tumor diame-
ter)?/2. After 32 days of treatment, the mice
were sacrificed, and the tumor tissues were col-
lected for further analyses.

Statistical analysis

All data were further analyzed using GraphPad
Prism® 5 software (La Jolla, CA, USA) and are
presented as the means + SDs or + SEMs,
unless otherwise indicated. Two sets of data
were compared with a two-tailed Student’s
t-test, whereas multiple groups were analyzed
with a one-way ANOVA followed by Bonferroni’s
post-hoc test. A P value < 0.05 was considered
significant.
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Results

MLN4924 inhibited cell viability and induced
apoptosis in human CC cells

To determine the effect of MLN4924 on the
viability of CC cells, ME-180 and Hela cells
were treated with various concentrations of
MLN4924, and the cell viability was then mea-
sured with an MTT assay. First, MLN4924 de-
creased cullin neddylation, which is consistent
with the inhibition of NEDD8 conjugation by
MLN4924 (Figure 1A). In addition, MLN4924
significantly suppressed the viability of the
two CC cell lines in a dose-dependent after
24 and 48 hours of treatment (Figure 1B).
Furthermore, annexin V-FITC/PI labeling flow
cytometry showed that 500 nM MLN4924
markedly induced apoptosis in the two CC cell
lines after 48 hours of treatment (Figure 1C
and 1D).
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Figure 2. MLN4924 activated caspases, PARP, phospho-Histone H2A.X, and Bid and decreased Bcl-2 phosphoryla-
tion in human CC cells. Total cell lysates were harvested and analyzed by Western blotting with specific antibodies
against (A) apoptosis-related molecules (PARP, cleaved caspase-3, -7 and -8), DNA damage response regulator
(phospho-Histone H2A.X), (B) Bid, and phospho-Bcl-2 (Ser70). Results shown represent at least three independent

experiments.

MLN4924 activated apoptosis-related mol-
ecules in human CC cells

We then measured the expression of apopto-
sis-related molecules in the total cell lysates of
the two CC cell lines with a Western blot 48
hours after MLN4924 treatment (Figure 2A).
Our results showed that MLN4924 activated
caspase-3, caspase-7 and caspase-8, cleaved
PARP, and phosphorylated histone H2A.X [40,
44]. We also examined the effects of MLN4924
on Bid activation and Bcl-2 phosphorylation.
Previous studies have indicated that B-cell lym-
phoma 2 (Bcl-2) plays an anti-apoptotic role,
resulting in an overall pro-survival effect during
cancer therapy. Specifically, the knockdown of
Bcl-2 may potentiate chemotherapy efficacy
[33], and the phosphorylation of Bcl-2 at Ser70
has been implicated in resistance to conven-
tional therapies [10, 33]. Moreover, Bid, a BH3
domain-containing pro-apoptotic molecule of
the Bcl-2 family, can form a heterodimer with
its antagonist, Bcl-2, to mediate mitochondrial
damage induced by caspase-8 [6, 23, 24]. As
shown in Figure 2B, MLN4924 resulted in Bid
cleavage and concomitantly decreased Bcl-2
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phosphorylation at Ser70 in human CC cells.
These results consistently indicated that MLN-
4924 induces apoptosis in human CC cells.

MLN4924 elicited cellular stress and the
expression of ER stress-related signaling mol-
ecules in Human CC cells

MLN4924 has been reported to interfere the
cellular proteome profile and homeostasis by
interrupting protein degradation, which induced
cellular stress and ER stress [9]. We demon-
strated that MLN4924 activated the ER stress
signaling pathway in a dose-dependent man-
ner. As shown in Figure 3, MLN4924 treatment
for 48 hours induced the expression of ER
stress-related apoptotic proteins, such as ATF-
4, CHOP, and cleaved caspase-4 [17, 18, 43].
Moreover, MLN4924 also activated the expres-
sion of cellular stress-related molecules, such
as phospho-SAPK/JNK and its downstream
mediator phospho-c-Jun (Figure 3) [4, 12, 22].
These findings indicated that MLN4924 treat-
ment increased cellular stress and ER stress,
thereby inducing apoptosis in human CC cells.

Am J Cancer Res 2015;5(11):3350-3362
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Figure 3. MLN4924 activated cellular stress and endoplasmic reticulum
stress-related signaling in human CC cells. Cells were treated with several
concentrations of MLN4924 or DMSO (as the non-treated control) for 48
hours. Cell lysates were harvested, and the expression levels of cell stress-re-
lated proteins (phospho-SAPK/JNK and phospho-c-Jun) and ER stress-related
molecules (ATF-4, CHOP and caspase-4) were assessed via a Western blot.
Results shown are representative of at least three independent experiments.

MLN4924 suppressed cell proliferation with
cell cycle interference in human CC cells

We then determined the effect of MLN4924 on
the proliferation of CC cells with a BrdU incorpo-
ration assay. Treatment with 500 nM MLN4924
for 48 hours significantly inhibited the prolifera-
tion of the human CC cells (Figure 4A). Previous
studies have indicated that MLN4924 can
interrupt the cell cycle [2, 19]. Accordingly, we
also observed that the expression of cyclin-
dependent kinase inhibitors (p21 and p27) and
checkpoint regulators (phospho-p53, phospho-
Chk1l and phospho-Chk2) was up-regulated
after MLN4924 treatment for 48 hours (Figure
4B). Together, these data indicate that MLN-
4924 interrupts cell cycle progression, thus
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solid tumor xenografts gener-
ated by subcutaneous injec-
tions of 1 x 10° ME-180 or
HelLa cells with MLN4924.

100 250 500 After the tumors reached
——— — — approximately 150 mm?3 in
S volume, mice bearing ME-180
12 16 27 or Hela tumor xenografts

were intraperitoneally treat-
ed once per day with DMSO/
normal saline (as the non-
treated control) or MLN4924
(10 mg/kg) for 32 days.

At the end of the treatment,
the tumors in the MLN4924-
treated group were signifi-
cantly smaller in size and
weight than those in the con-
trol group (Figure 5A). Tumor
growth was markedly inhibit-
ed in the MLN4924-treated
group, whereas tumors in
the control group continued
to grow as large as 800 or
1100 mm3, with weights of
550 or 650 mg, respectively
(Figure 5B). Notably, MLN4924 treatment did
not affect the weight of the mice compared
with the control group (data not shown), sug-
gesting that MLN4924 was not toxic in vivo.
These findings suggest that MLN4924 sup-
presses the growth of xenograft tumors in Nu/
Nu nude mice without causing losses in body
weight.

19 4.0

Cisplatin-induced cytotoxicity was enhanced by
MLN4924 in human cervical cells

Furthermore, we studied the synergistic antitu-
mor effects of MLN4924 in combination with
cisplatin, doxorubicin or gemcitabine on CC
cells. We found that MLN4924 did not increase
the doxorubicin- or gemcitabine-induced cyto-
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Results represent at least three independent experiments.
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toxicity (data not shown). Surprisingly, MLN-
4924 significantly enhanced cisplatin-induced
cytotoxicity. As shown in Figure 6A, 250 nM
MLN4924 markedly potentiated the cytotoxici-
ty of cisplatin in the two CC cell lines. Specifical-
ly, MLN4924 co-treatment further increased
the cisplatin-induced activation of cleaved cas-
pase-3 and caspase-8 (Figure 6B). These find-
ings consistently indicated that MLN4924
enhances cisplatin-induced cytotoxicity and
apoptosis in CC cells.

MLN4924 enhanced the antitumor effect of
cisplatin in CC xenografts of Nu/Nu nude mice

Finally, we evaluated the antitumor effects of
MLN4924 or cisplatin alone and in combinat-
ion in a xenograft mouse model. ME-180 or
Hela cells were mixed with Matrigel and then
injected subcutaneously into the flanks of
Nu/Nu nude mice. The mice were divided into
four groups and received intraperitoneal injec-
tions of one of the following: DMSO, cisplatin,
MLN4924 and cisplatin/MLN4924 combina-
tion, as described in the Methods (n = 8/group
in ME-180 xenograft; n = 7/group in HeLa xeno-
graft). Consistently with the in vitro results, the
combination of cisplatin and MLN4924 exerted
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GAPDH e s Sy s

the most significant antitumor effect, as evi-
denced by reductions in the tumor weights and
volumes in both ME-180 and Hela xenografts
(Figure 7A-C) compared with either cisplatin or
MLN4924 treatment alone or the control group.

Discussion

The selective NEDD8-activating enzyme inhibi-
tor MLN4924, which disrupts neddylation, has
recently been identified as a novel anticancer
agent [41]. MLN4924 resembles the structure
of AMP and forms an adduct with NEDDS, thus
interfering with NEDD8 adenylation, which is
involved in the first step of neddylation [5]. The
disruption of this reaction suppresses ned-
dylation on the major subset of the ubiquitin
E3 ligase CRL and subsequent accumulation
of numerous CRL substrates. Therefore, the
MLN4924-mediated inhibition of neddylation
interferes with the turnover of cellular proteins,
which are manipulated by CRL via the ubiquitin-
proteasome system [39]. These CRL substrates
are reportedly associated with cell cycle arrest,
cell death, and senescence in cancer cells as
well as the suppression of tumor growth and
invasion. Recent studies have also demonstrat-
ed that NEDDS8 inhibition results in chemother-
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Figure 5. MLN4924 significantly abolished the growth of CC xenografts in vivo. Nu/Nu nude mice bearing ME-180
and Hela CC tumor xenografts were injected intraperitoneally with DMSO (as the non-treated control; ME-180: n =
7, Hela: n = 8) or MLN4924 (10 mg/kg; ME-180: n = 8, HeLa: n = 7) once per day for 32 days. A. The tumor images
represent excised tumors from each group. B. The tumor weights were compared between the MLN4924-treated
and control (DMSO) groups on the last day of treatment. Tumor weights are presented as the mean + S.D.; "P <
0.05. C. The tumor volumes measured during the treatment are presented as the responses. Tumor volumes are

presented as the mean + SEM; “P < 0.05.

apeutic sensitization and radiosensitization [7,
14, 28, 45]. Thus, new strategies targeting the
NEDDS8 pathway may be promising in cancer
treatment.

In the present study, we demonstrated that
MLN4924 significantly reduced cell survival
and intensified the cisplatin-induced cytoto-
xicity of CC cells in vitro and in vivo. To our
knowledge, this study is the first to demon-
strate the anticancer effect of MLN4924 in CC
as single agent or in combination with conven-
tional chemotherapeutic agents. Furthermore,
because it specifically targets CRL, MLN-
4924 is less toxic than bortezomib, an FDA-
approved proteasome inhibitor for cancer treat-
ment, which exhibits cytotoxicity by inhibiting
the degradation of a broad range of cellular pro-
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teins [30]. Given the specificity and lower toxic-
ity of MLN4924, it is currently being investigat-
ed in several clinical trials for cancer treatment
[27].

The activity of CRL is associated with the turn-
over and homeostasis of proteins involved in
DNA replication, cell cycle regulation, stress
responses, and various signal transductions
[34, 35]. We verified that MLN4924 interferes
with cell cycle regulation, activates the cell
stress response, and induces apoptosis. We
demonstrated that MLN4924 induces cell cycle
arrest by up-regulating the expression of cyclin-
dependent kinase inhibitors (p21 and p27) and
the phosphorylation of checkpoint regulators
(Chk1, Chk2 and p53).
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Figure 6. MLN4924 potentiated cisplatin-induced cytotoxicity in human CC cells. A. ME-180 and Hela cells were
incubated with MLN4924 (250 nM) and different concentrations of cisplatin alone or in combination for 48 hours.
Cell viability was assessed with an MTT assay. Quantitative analyses of cell viability are presented as the means +
SD of five independents experiments. *P < 0.05 compared with cisplatin treatment alone. B. The total cell lysates
were harvested and analyzed by Western blotting with specific antibodies against cleaved caspase-3 and caspase-8
after treatment with DMSO (as the non-treated control), cisplatin, MLN4924, and cisplatin/MLN4924 combination
for 48 hours. Combination treatment with cisplatin/MLN4924 resulted in higher expression levels of apoptosis-
associated proteins (cleaved caspase-3 and caspase-8) than the cisplatin or MLN4924 treatment alone. Results

represent at least three independent experiments.

Additionally, MLN4924 treatment results in the
accumulation of CRL substrates and subse-
quent stress-related apoptosis. Cellular stress-
es, including radiation, drugs, cytokines or
growth factors, induce the expression of SAPK/
JNK and their activation by dimerization [10,
21]. We also demonstrated that MLN4924
increases the phosphorylation of SAPK/JNK
and its downstream transcription factor c-Jun,
a member of the MAPK signaling pathway.
Moreover, the intense accumulation of CRL
substrate proteins may result in the aggrega-
tion of misfolded proteins in the cytosol or
organelles, triggering endoplasmic reticulum
stress [9] and subsequently triggering apopto-
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sis [18, 38, 47] via the activation of caspase-4,
ATF-4 and CHOP [16, 17, 43]. Accordingly, we
demonstrated that MLN4924 induced ER
stress and subsequent apoptosis via the acti-
vation of caspase-4, ATF-4 and CHOP. Together,
the endoplasmic reticulum stress and unfolded
protein response pathways play important roles
in the MLN4924-induced apoptosis of CC cells.

Cisplatin, an alkylating agent, is a first-line che-
motherapeutic agent for the treatment of solid
tumors, including cervical cancer, and is often
combined with other antitumor agents or radio-
therapy [37]. However, the side effects and
inevitable development of resistance to this
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Figure 7. The anti-tumor efficacy of the combination of cisplatin and MLN4924 in a xenograft model of human cervi-
cal cancer. Nu/Nu nude mice bearing ME-180 or HelLa xenograft tumors were treated with DMSO (as non-treated
control), cisplatin (1.2 mg/kg), MLN4924 (6 mg/kg) or the cisplatin/MLN4924 combination (1.2 mg/kg cisplatin
plus 6 mg/kg MLN4924) by intraperitoneal injection once per day for 32 days. A. The tumor images represent
excised tumors from each group. B. The tumor weights of each group (DMSO (as non-treated control), cisplatin,
MLN4924 and combined treatment) measured on the last day of treatment were compared. C. The tumor volumes
assessed during the different treatments are presented as the response. Quantitative analyses of tumor volumes
are presented as the means + SEM (n = 8 for each group of ME-180; n = 7 for each group of HelLa) and P < 0.05
compared with cisplatin treatment alone or MLN4924 treatment alone.

drug compromise the efficacies and outcomes cells. This effect was further confirmed in the
of treatments for advanced CC [32] and the in vivo model, which demonstrated that this
prognosis of metastatic CC remains ominous. drug combination does not induce significant
Thus, the development novel antitumor agents body weight loss in the study mice. Moreover,
or new drug combination therapies against CC MLN4924 has been reported to radio sensitize
is imperative. Our study showed that MLN4924 some carcinoma cells [45], and radiotherapy
significantly enhances the antitumor effect and is one of the major components of advanced
apoptosis induced by cisplatin in human CC CC treatment. Therefore, the efficacy of a com-
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bined MLN4924, cisplatin and radiotherapy
regimen for the treatment of CC warrants fur-
ther investigation.

In conclusion, we demonstrated that MLN49-
24 suppresses CC tumors, induces apopto-
sis, interferes with the cell cycle and induces
endoplasmic reticulum stress. Moreover, MLN-
4924 enhances the cisplatin-induced antitu-
mor effect on CC in vitro and in vivo. These find-
ings provide a rationale for clinical trials of
MLN4924 in CC. The combination of MLN4924
and cisplatin may serve as a promising thera-
peutic strategy in clinical practice.
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