











Cytotoxicity of MLN4924 in cervical carcinoma

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.
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inhibiting the proliferation of
CC cells.

MLN4924 significantly sup-
pressed the growth of CC
xenografts in Nu/Nu nude
mice

To verify the in vitro effects
of MLN4924 in vivo, we treat-
ed Nu/Nu nude mice with
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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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Figure 4. MLN4924 reduced cell proliferation and interfered
cell cycle mediators in ME-180 and Hela cell lines. A. Cells
were exposed to MLN4924 (500 nM) or DMSO (as the non-
treated control) for 48 hours. BrdU incorporation assay was
adopted to determine the proliferation of human CC cells, and
the cell proliferation of these two cell lines was decreased
after MLN4924 treatments. B. After exposure to various con-
centrations of MLN4924 for 48 hours, the expression lev-
els of cell cycle mediators, such as p21, p27, phospho-p53
(Ser1b), phospho-Chk1 (Ser345) and phospho-Chk2 (Thr68),
in ME-180 and Hela cells were analyzed by Western blotting.
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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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

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