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Abstract Patients undergoing androgen blockade therapy de-
velop castration-resistant prostate cancer (CRPC), which is asso-
ciated with Bcl-2 upregulation and results in disease progression
and death. In recent years, promising therapeutic agents, such as
the BH3-only mimetic ABT-263 and proteasome inhibitors, have
been developed and widely evaluated against a broad spectrum
of cancer types, including prostate cancer, alone or in combina-
tion with other chemotherapeutic agents. In this study, the anti-
tumor efficacy of ABT-263 and MLN2238 were evaluated as
single agents and in combination in four CRPC cell lines: PC3,
C4-2B, C4-2, and DU145. The viability of the treated cells and
markers of apoptosis were assayed. Protein-protein interactions
were analyzed by co-immunoprecipitation in drug-treated cells.
Lentivirus-mediated short hairpin RNA was used to knockdown
Bax, Mcl-1, and NOXA expressions. We found that ABT-263
and MLN2238 alone exhibited a mild cytotoxicity, and in com-
bination, they elicited a synergistic cytotoxic effect in CRPC
cells. The cell apoptosis induced by the combination drug treat-
ment was evidenced by enhanced caspase-3 and Poly (ADP-
ribose) polymerase (PARP) cleavage, and annexin-V-positive
staining was significantly depleted by Bax knockdown.
MLN2238 treatment upregulated NOXA and Mcl-1 expression,
leading NOXA/Mcl-1 complexes to disassociate Bak from its
complexes with Mcl-1 and enhancing ABT263-triggered Bax
activation. NOXA knockdown by short hairpin RNA
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significantly attenuated the cytotoxicity of ABT-263 and
MLN2238 co-administration. In conclusion, MLN2238 and
ABT-263 synergistically triggered apoptosis in CRPC cells by
upregulating NOXA and activating Bax, indicating a promising
therapeutic strategy for the treatment of CRPC.
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CRPC  Castration-resistant prostate cancer
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Introduction

Prostate cancer is one of the most commonly diagnosed solid
tumors in men in the developed world and accounts for the
second leading cause of cancer-related deaths in North
American men. Androgens play a key role in promoting the
development and progression of prostate cancer. Androgen dep-
rivation therapy (ADT) is generally used in prostate cancer
patients [1, 2]. However, most patients with ADT usually devel-
op castration-resistant prostate cancer (CRPC) within 2 years,
which results in disease progression and mortality. Although
researchers have developed therapeutic strategies to sensitize
ADT that show promise for clinical applications in future trials
[3-5], there is still a need to develop novel therapeutics to
improve the survival and quality of life in patients with
androgen-independent and advanced prostate cancer.

The mechanisms underlying the resistance to ADT are still not
well understood. More and more pieces of evidence show that
the modulation of Bcl-2 family members might trigger apoptosis
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and enhance chemotherapies in CRPC cells [6, 7]. Bel-2 family
proteins include more than 20 members. They are mainly divided
into two groups: pro-survival members (e.g., Bel-2, Bel-XL, Bel-
w, Mcl-1, and A1) and pro-apoptotic members (e.g., Bax, Bak,
NOXA, and Bim). Their interaction and dissociation govern the
mitochondrial outer membrane permeabilization (MOMP) that
results in the release of apoptotic factors (e.g., cytochrome c¢) and
the subsequent activation of caspases [8]. A constitutively high
level of pro-survival proteins, such as Bcl-2, has been correlated
with high rates of cancer recurrence and chemotherapy resistance
in patients with primary prostate cancer [9]. Therefore, modulat-
ing Bcl-2 family members may be an effective therapeutic strat-
egy to trigger programmed cell death in many cancer types,
including prostate cancer.

ABT-263/ABT-737, discovered by Abbott Laboratories, are
potent small molecules with a high binding affinity (nM range) to
Bcl-2, Bel-XL, and Bel-w but not Mcl-1 or Al [10]. ABT-263
acts like a BH3-only protein to neutralize the pro-survival mem-
bers and thereby diminish their ability to inhibit cell apoptosis.
Currently, ABT-263 is widely studied in preclinical research and
clinical trials against various cancer types, including prostate
cancer. Although studies have shown that long-term treatment
with ABT-263/ABT-737 usually results in the upregulation of
Mcl-1, which is a main reason for acquired drug resistance [11,
12], ABT-263/ABT-737 is still a good chemopotentiator to en-
hance other chemotherapeutic agents against multiple types of
cancers [13—15]. The ubiquitin proteasome pathway plays a
critical role in regulating tumor cell growth and survival.
Blocking the proteasome’s function by proteasome inhibitors
has proven to be a powerful strategy for cancer therapy [16,
17]. MLLN2238, the hydrolized form of MLN9708, is an orally
active proteasome inhibitor. It is a next-generation proteasome
inhibitor. Compared with bortezomib, MLN9708/MLN2238 has
a shorter proteasome dissociation half-life, which may improve
its tissue distribution [18]. Studies have shown that MLLN9708/
MLN2238 displays a strong antitumor effect on a broad spec-
trum of tumor cell lines in vitro and is efficacious against human
prostate xenografts in vivo [18, 19].

Given the rationale that different classes of drugs may
complement each other through different effects to trigger the
apoptotic cascade, in this study, we investigated the antitumor
efficacy of the BH3-only mimetic ABT-263 and MLN2238
alone and in combination on CRPC cell lines. Our data indicate
that MLN2238 sensitizes ABT-263-induced cytotoxicity by
upregulating NOXA expression and triggering Bax activation.

Materials and methods
Cell lines and reagents

The human castration-resistant prostate cancer cell lines PC3
and DU145 (ATCC, Manassas, VA, USA), C4-2 (Urocor,
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Oklahoma City, OK), and C4-2B (ViroMed Laboratories,
Minnetonka, MN) were cultured in RPMI 1640 containing
10 % fetal bovine serum with 1 % penicillin/streptomycin in a
humidified atmosphere of 5 % CO, at 37 °C. ABT-263 and
MLN2238 were purchased from ChemieTek (Indianapolis,
IN). The compounds were dissolved in DMSO to produce
10-mmol/L stock solutions, and the aliquots were stored at
—80 °C for usage.

Cell viability analysis

The cells were seeded into 24-well plates for the cell viability
analysis. After overnight culture, the cells were exposed to the
compounds as indicated. After incubation, the cells were
harvested and stained with trypan blue. The cells’ viabilities
were determined with the TC10™ Automatic Cell Counter
(Bio-Rad, Hercules, CA). Each experiment was performed in
triplicate, at least three times.

Measurement of cellular apoptosis

The cells in six-well plates were treated with ABT-263 and
MLN2238, alone or in combination, as indicated for 1 day.
Floating and adherent cells were harvested and stained with
propidium iodide and FITC-annexin V according to the man-
ufacturer’s instructions (Invitrogen, Carlsbad, CA). The
stained cells were analyzed by flow cytometry (BD
FACSCanto™ II Analyzer, BD Biosciense, San Jose, CA) to
quantitate the annexin-V-positive apoptotic cells.

Short hairpin RNA

The pGreenPuro short hairpin RNA (shRNA) vector was
purchased from System Biosciences (Mountain View, CA).
The shRNA lentivirus plasmids were made by cloning specif-
ic target oligonucleotides into the lentiviral vector according
to the manufacturer’s instruction. The target sequences of
shRNA template oligonucleotide used were as follows: sh-
Mcl-1, 5-GGACTTTTATACCTGTTAT-3’, and sh-NOXA,
5'-GTAATTATTGACACATTTCTT-3'". The details of the
control shRNA and sh-Bax were described previously [20].
The viruses were produced by co-transfecting 293TN cells
with a lentiviral vector, packaging, and envelope plasmids
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The
virus-containing supernatants were harvested 48- and 72-h
post-transfection, then either used for infection or stored in
aliquots at —80 °C.

Immunoprecipitation
Cells in six-well plate treated with drugs were harvested

by scraping and then washed in cold PBS once. After
collection, cells were lysed with 3-[(3-cholamidopropyl)
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dimethylammonio]-1-propanesulfonate (CHAPS) buffer
(20 mmol/L. Tris—HCI, pH 7.5; 150 mmol/L NaCl; 1 mmol/L
EDTA; 2 % CHAPS) supplemented with protease inhibitor
cocktail for 1 h on ice. Protein lysates were incubated with
primary antibody of Bax (6A7) (Sigma, St. Louis, MO), Mcl-1
(BD-Biosciences, San Jose, CA), and Bak (Cell Signaling
Technologies, MA, US) overnight at 4 °C followed by 2 h of
incubation of protein A agarose beads. After three washes with
lysis buffer, proteins were recovered by boiling the beads in
sodium dodecyl sulfate (SDS) sample buffer and analyzed by
Western blotting analysis. Each experiment was performed at
least three times.

Immunoblotting

Floating and adherent cells were harvested and prepared with
1 % NP-40 lysis buffer (20 mmol/L Tris—HCI, pH7.5;
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Fig. 1 MLN2238 synergistically enhanced ABT-263-induced cytotoxic-
ity in androgen-independent prostate cancer cells. PC3 cells were treated
with a MLN2238 (MLN) in the presence of the indicated dose of ABT-
263 (ABT) or b with fixed concentration of ABT-263 and the indicated
concentration of MLN2238 for 1 day; the cell death rates were analyzed
as described in the “Materials and methods” section. ¢ PC3 cells were
exposed to ABT-263 (500 nM) and MLN2238 (50 nM), alone or in
combination, for the indicated time. Cell viabilities were determined.

150 mmol/L NaCl; 1 mmol/L EDTA; 1 % NP-40) containing
protease inhibitors (Roche). Then, 50-ug cell lysates were
separated on SDS-PAGE electrophoresis and transferred to
PVDF membrane (Bio-Rad, Hercules, CA). Blots were
probed with polyclonal or monoclonal antibodies against
Mcl-1(BD-Biosciences, San Jose, CA), Bim (Cell Signaling
Technologies, MA, US), NOXA, Bax, Bcl-2, Bcl-XL,
Bcl-w, Bak, and [-actin (Santa Cruz Biotechnology,
Santa Cruz, CA).

Statistical analysis

Data from studies were expressed as the mean+standard
deviation. The statistical significances of differences between
groups were determined using Student’s ¢ test. Difference was
considered statistically significant if p<0.05.
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The data are shown as the mean+standard deviation. d Combination
indices (CI) of synergistic interactions between ABT-263 and
MLN2238 with a fixed ratio of 10:1 were calculated with the CalcuSyn
program. CI values lower than 1.0 indicate synergism. e The PC3, C4-2B,
C4-2, and DU145 androgen-independent prostate cancer cell lines were
treated for 1 day with ABT-263 (1,000 nM), MLN2238 (75 nM), or both,
and cell death rates were determined. For this and the following figures,
statistical significance is indicated by asterisk if p<0.05 or if **p<0.01
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Results

MLN2238 synergistically enhanced ABT-263-induced
cytotoxicity in castration-resistant prostate cancer cells

Previous studies have shown that BH3 mimics of ABT-737
could synergistically enhance the cancer cell death induced
by the first-generation proteasome inhibitor, bortezomib, in
human melanoma cancer cells and lymphoid malignancies

[21, 22]. MLN2238 is an orally active proteasome inhibitor,
which has improved pharmacokinetic and pharmacodynam-
ic profiles compared to bortezomib [18]. Here, we start to
analyze the interaction between ABT-263 and MLN2238 in
PC3 cells in vitro. As shown in Fig. la, PC3 cells were
given a fixed concentration of MLN2238 (75 nM) in the
presence or absence of increasing dosages of ABT-263
(250 to 1,000 nM) for 1 day. ABT-263 and MLN2238
treatment alone only showed minimal cytotoxicity
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Fig. 2 Co-treatment with ABT-263 and MLN2238 triggers the intrinsic
apoptotic pathway. a PC3 and C4-2B cells were treated with ABT-263
(1,000 nM), MLN2238 (75 nM), or both for 1 day, and then cleaved
caspase-3 and PARP were detected by Western blotting. 3-Actin was
determined as an endogenous control. b PC3 and C4-2B cells were
treated as described in a. Cellular apoptosis was determined by flow
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cytometry using propidium iodide and FITC-annexin-V staining. ¢ Bax
expression in PC3 cells was knocked down by lentivirus-mediated short
hairpin RNA (shRNA) (sh-Bax). Cells were then treated with ABT-263,
MLN2238, or both, as in a, followed by Western blotting analysis of the
cleavage of caspase-3 and PARP (/eff) and apoptotic cell death analysis
(right)
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(approximately 8 % cell death with 75 nM MLN2238 or
1,000 nM ABT-263), while the co-administration of ABT-
263 and MLN2238 significantly increased cell death as the
concentration of ABT-263 increased (approximately by
68.3 % at 1,000 nM, p<0.01). Similarly, when PC3 cells
were exposed to increasing doses of MLN2238 (25 to
100 nM) in the presence or absence of ABT-263
(1,000 nM), MLN2238 significantly sensitized PC3 cells
to ABT-263-induced cytotoxicity, also in a dose-dependent
manner (Fig. 1b). In addition, PC3 cells were co-treated
with fixed concentration of ABT-263 (500 nM) and
MLN2238 (50 nM) for up to 3 days. As shown in
Fig. lc, the combination treatment killed cells in a time-
dependent manner. The synergistic interaction efficacy of
ABT-263 and MLN2238 was analyzed using the method of
Chou and Talalay [23]. PC3 cells were exposed to different
concentrations of ABT-263 and MLN2238 at a fixed ratio
(10:1), and the combination index (CI) was calculated with
the CalcuSyn program. The values of CI lower than 1.0
indicated a synergistic interaction (Fig. 1d). Moreover, the
co-administration of ABT-263 and MLN2238 significantly
induced more cell death than either drug alone in the
CRPC cell lines C4-2B, C4-2, and DU145 (Fig. le), indi-
cating that MLLN2238 synergistically sensitized CRPC cells
to ABT-263-induced antitumor efficacy.

Co-treatment with MLN2238 and ABT-263 resulted
in mitochondrial pathway-dependent apoptosis

To analyze whether the antitumor efficacy caused by co-
treatment with MLN2238 and ABT-263 was the result of cell
apoptosis, PC3 and C4-2B cells were treated with MLN2238
and ABT-263, either alone or in combination, and were har-
vested for immunoblotting analysis. As shown in Fig. 2a, the
co-treatment with ABT-263 and MLN2238 resulted in the
cleavage of caspase-3 and Poly (ADP-ribose) polymerase
(PARP), which are markers of programmed cell death. The
cell deaths induced by the combination treatment in PC3 and
C4-2B cells were further shown to be related to apoptosis with
annexin V staining. The drug combination markedly trig-
gered more apoptosis than either drug alone did
(Fig. 2b). To test whether combination treatment-
triggered apoptosis is mitochondrial-pathway-dependent,
Bax was knocked down by lentivirus-mediated short
hairpin RNA in PC3 cells. As expected, the knockdown
of Bax significantly protected PC3 cells from ABT-263
and MLN2238 co-treatment-induced apoptosis (Fig. 2c).

MILN2238 treatment resulted in NOXA and Mcl-1
upregulation

To determine whether MLN2238 modulates Bcl-2 family
members and then enhances the cytotoxicity induced by the

BH3 mimetic, ABT-263, PC3, and C4-2B cells were exposed
to increasing doses of MLN2238 for 1 day. As shown in
Fig. 3a, the pro-apoptotic protein NOXA and the pro-
survival protein Mcl-1 were upregulated significantly, espe-
cially at dosages of 50 and 100 nM. There were no obvious
changes detected with other Bcl-2 family members, including
Bcl-2, Bel-XL, Bel-w, and Bax. When cells were cultured in
the presence of 50 nM MLN2238 for up to 24 h, NOXA and
Mcl-1 were induced robustly in a time-dependent manner,
especially after 8 h of treatment (Fig. 3b). Meanwhile, we
found that the upregulation of NOXA by MLN2238 is stron-
ger than that of Mcl-1, e.g., a 44-fold upregulation of NOXA
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Fig. 3 MLN2238 treatment resulted in the upregulation of NOXA and
Mcl-1. a PC3 and C4-2B cells were treated with increasing concentra-
tions of MLN2238 for 24 h; then, Bcl-2 family members were analyzed
by Western blotting. b PC3 and C4-2B cells were treated with MLN2238
(50 nM) for up to 24 h. NOXA, Mcl-1, and Bim expressions were
examined by immunoblotting. The intensity of the NOXA and Mcl-1
signals was quantified by densitometry using Imagel 1.47 t software and
normalized to 0 nM in dose-response and 0 h in time-response detection,
which is shown below the immunoblot results
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versus an 8.8-fold increase of Mcl-1 in PC3 cells in the
presence of 50 nM MLN2238 for 24 h (Fig. 3b). Although it
has been reported that proteasome inhibition can lead to an
upregulation of Bim [24], here, Bim expression was little
affected by MLN2238 (Fig. 3c). We then investigated the
modulation of NOXA and Mcl-1 in the combination treatment
condition. As shown in Fig. 4a, NOXA expression was ro-
bustly upregulated after treatment with MLN2238 alone or in
combination with ABT-263. Mcl-1 was upregulated by treat-
ment with ABT-263 or MLLN2238 alone. Interestingly, there
was no further upregulation with the co-treatment of ABT-263
and MLN2238. Instead, the Mcl-1 protein level was a little
lower after the combination treatment than after the
MLN2238-alone treatment (Fig. 4a).

NOXA upregulation by MLN2238 sequestered Mcl-1
and resulted in Bax activation

Bcl-2 family members are essential players in the control of the
intrinsic apoptosis pathway. Their selective binding and disas-
sociation regulate Bax and Bak activation and mitochondrial
outer membrane permeabilization. Mcl-1 is a pro-survival

a PC3

IP: Mcl-1 Input

factor, which is recognized by the BH3-only protein NOXA
and the multi-BH protein Bak [8]. Given the upregulation of
NOXA and Mcl-1 by MLN2238 in PC3 and C4-2B cells, we
investigated the effects of drug treatment on the interactions
between Mcl-1 and its interaction partners. To address this
issue, PC3 and C4-2B cells were treated with ABT-263 and
MLN2238 alone or in combination before the cells were har-
vested for immunoprecipitation by Mcl-1. NOXA and Bak
were probed. As shown in Fig. 4a, ABT-263 treatment had
little effect on the Mcl-1 and NOXA interaction, whilst
MLN2238 was shown to robustly enhance this interaction.
The upregulation of NOXA could activate Bak by competitive-
ly releasing it from Mcl-1 or Bcl-XL [25]. As expected,
MLN2238 disrupted Bak from Mcl-1 and Bcl-XL (Fig. 4b).
We then analyzed the activation of Bax by immunoprecipitation
with the 6A7 antibody, which can recognize the N terminus of
the activated form of Bax [26]. As shown in Fig. 4c, co-
treatment with ABT-263 and MLLN2238 caused Bax activation.
Taken together, our data show that the upregulation of NOXA
by MLN2238 sequestered Mcl-1 and disrupted Bak from its
partners, which may be the key to its synergism with ABT-263
in androgen-independent prostate cancer cells.
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Fig. 4 NOXA upregulation by MLN2238 neutralizes Mcl-1 and results
in Bax activation. a PC3 and C4-2B cells were exposed to ABT-263
(1,000 nM), MLN2238 (75 nM), or both for 1 day before the cells were
harvested for the immunoprecipitation of Mcl-1 to examine the interac-
tion of Mcl-1 and NOXA by co-immunoprecipitation. b The interactions
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of Bak and Mcl-1 or Bak and Bcl-XL were determined by co-immuno-
precipitation of Bak. ¢ C4-2B cells were treated for 1 day with ABT-263
(1,000 nM), MLN2238 (75 nM), or both and lysed in 2 % CHAPS buffer,
followed by immunoprecipitation and Western blot analysis of active Bax
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Depletion of NOXA protects PC3 cells from drug
combination-induced cytotoxicity

Mcl-1 upregulation was reported as a main reason for acquired
drug resistance [11, 12]; however, we found that the knock-
down of Mcl-1 significantly enhanced ABT-263-induced cell
death, shown as increased caspase-3 and PARP cleavage
(Fig. 5a). Moreover, given that NOXA was induced by
MLN2238, we then investigated whether NOXA upregulation
contributed to the drug combination-induced cell apoptosis.
As shown in Fig. 5b, NOXA induction was significantly
inhibited by lentivirus-mediated shRNA. NOXA knockdown
markedly protected PC3 cells from ABT-263 and MLN2238-
triggered cell apoptosis, as evidenced by the blocked activa-
tion of caspase-3 (upper panel) and decreased apoptotic cell
death (from 62 % with control shRNA to 24 % with sh-
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Fig. 5 Depletion of NOXA protected PC3 cells from ABT-263 and
MLN2238-induced apoptosis. a Mcl-1 expression in PC3 cells was
downregulated by lentivirus-mediated shRNA. The Mcl-1 knockdown
cells (sh-Mcl-1) and the control shRNA-infected cells (sh-ctrl) were
treated for 1 day with ABT-263 (1,000 nM). The cells were harvested
for Western blot analysis of Mcl-1 and the cleavage of caspase-3 and
PARP (left) or cell death analysis (right). b NOXA expression in PC3
cells was knocked down by shRNA. The NOXA knockdown cells (sh-
NOXA) and control shRNA-infected cells (sh-ctrl) were treated for 1 day
with ABT-263 (1,000 nM) and MLN2238 (75 nM), alone or in combi-
nation, followed by immunoblotting for NOXA and cleaved caspase-3
(upper) and cell death analysis (lower)

NOXA). Together, those data indicate that NOXA is a key
player in combination-induced antitumor efficacy.

Discussion

Castration-resistant prostate cancer is a devastating disease, as
it resists all conventional treatments, resulting in cancer pro-
gression and death. A number of genetic abnormalities in
androgen receptors and Bcl-2 family proteins are likely in-
volved in this progression [27, 28]. In this study, we investi-
gated whether the strategy of combining the BH3-only mi-
metic ABT-263 and the second generation proteasome inhib-
itor MLN2238 could synergistically affect cell regression in
CRPC cells. We found that the co-administration of ABT-263
and MLN2238 synergistically caused cytotoxicity in CRPC
cells due to apoptosis, shown by the marked cleavage of
apoptotic markers and the increase of annexin-V-positive
staining. And, the knockdown of Bax protected PC3 cells
from the combination treatment further supported this point
(Figs. 1 and 2). Furthermore, we showed that MLN2238
treatment resulted in a robust upregulation of NOXA, which
sequestered Mcl-1from its antiapoptotic functions and en-
hanced ABT-263-triggered apoptosis in CRPC cells (Figs. 3,
4, and 5), suggesting the combination treatment as a promis-
ing therapeutic method to treat CRPC.

The upregulation of the pro-survival protein Bcl-2 is re-
quired for the progression of CRPC growth [28]. Targeting
Bcl-2 is an attractive way to cause cancer cell regression in
CRPC [29-31]. The BH3 mimetic ABT-263/ABT-737 was
widely used in the treatment of lymphomas and solid tumors
in clinical and preclinical studies to sequester Bcl-2/BCL-XL/
Bel-w[11]. ABT-263/ABT-737 as a single treatment agent has
limited anticancer effects due to its inactive binding to Mcl-1.
The inhibition of Mcl-1 was proven to be an effective strategy
to enhance ABT-263/ABT-737 functions. As we observed,
Mcl-1 knockdown significantly enhanced ABT-263-induced
cell death in PC3 cells (Fig. 5a).

Similar to BH3 mimetics, proteasome inhibitors are anoth-
er type of anticancer agent; drugs of this class modulate pro-
apoptotic factors, such as p53 and NOXA, and induce apo-
ptosis in numerous malignant cell types when used as a single
agent or in combination with other chemotherapeutic agents.
As reported, Celastrol, an active compound from Chinese
medicine, also called “Thunder of God Vine,” is a natural
proteasome inhibitor with potential for prostate cancer treat-
ment [32]. Furthermore, the proteasome inhibitor PS-341 even
killed prostate cancer cells grown in the form of multicellular
spheroids [33].

The second-generation proteasome inhibitor MLN2238/
MLN9708 is currently under evaluation in a phase I clinical
trial [19]. It is known that the combination of first-generation
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proteasome inhibitor MG-341, or bortezomib, and ABT-737
triggers cell apoptosis in human melanoma and lymphoid
malignancies [21, 22]. In our study, we found that
MLN2238 significantly induced NOXA expression in a
time- and dose-dependent manner in PC3 and C4-2B cells.
The induction of Mcl-1 by ABT-263 was regarded as the main
reason for acquired drug resistance and a major obstacle to
chemotherapeutic induction of apoptosis. Interestingly, al-
though an upregulation of Mcl-1 expression was observed in
the cases of ABT-263 and MLN2238 treatment alone, its
expression was decreased in the combination treatment. As a
BH3-only protein, NOXA interacts only with Mcl-1 and A1,
which are not able to be sequestered by ABT-263. As we
observed, although Mcl-1 was upregulated after MLN2238
treatment, the NOXA/Mcl-1 protein ratio increased in a time-
and dose-dependent manner (Fig. 3). The enhancement of
NOXA and Mcl-1 interactions by MLN2238 is highly corre-
lated with this finding. Additionally, the NOXA/Mcl-1 ratio
was shown to control cell susceptibility to chemodrug-
induced apoptosis [34].

Together, our data indicate that NOXA plays an important
role in the synergism of MLN2238 and ABT-263 in releasing
Bim and Bak by neutralizing Mcl-1 expression. To confirm
the key role of NOXA in the synergistic activity of ABT-263
and MLN2238, NOXA downregulation by shRNA was
shown to markedly decrease combination-treatment-
triggered cell apoptosis and thus protect PC3 cells (Fig. 5).

In conclusion, our studies show that MLN2238 synergisti-
cally potentiated ABT-263-induced cytotoxicity in CRPC
cells in vitro. MLN2238 induced NOXA expression. NOXA
upregulation antagonized Mcl-1 induction by disrupting Mcl-
1 from its interaction with Bak and triggered Bax activation.
These findings validate the rational strategy to treat castration-
resistant prostate cancer by combining the BH3 mimetic ABT-
263 and the proteasome inhibitor MLN2238.
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