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Abstract. Paclitaxel in combination with carboplatin improves 
survival among patients with susceptible ovarian cancers, but no 
strategy has been established against resistant ovarian cancers. 
BAG3 (Bcl-2-associated athanogene 3) is one of six BAG 
family proteins, which are involved in such cellular processes as 
proliferation, migration and apoptosis. In addition, expression 
of BAG3 with Mcl-1, a Bcl-2 family protein, reportedly associ-
ates with resistance to chemotherapy. Our aim in this study was 
to evaluate the functional role of BAG3 and Mcl-1 in ovarian 
cancer chemoresistance and explore possible new targets for 
treatment. We found that combined expression of BAG3 and 
Mcl-1 was significantly associated with a poor prognosis in 
ovarian cancer patients. In vitro, BAG3 knockdown in ES2 clear 
ovarian cancer cells significantly increased the efficacy of pacli-
taxel in combination with the Mcl-1 antagonist MIM1, with or 
without the Bcl-2 family antagonist ABT737. Moreover, BAG3 
was found to positively regulate Mcl-1 levels by binding to and 
inhibiting USP9X. Our data show that BAG3 and Mcl-1 are key 
mediators of resistance to chemotherapy in ovarian cancer. In 
BAG3 knockdown ES2 clear ovarian cancer cells, combination 
with ABT737 and MIM1 enhanced the efficacy of paclitaxel. 
These results suggest that inhibiting BAG3 in addition to anti-
apoptotic Bcl-2 family proteins may be a useful therapeutic 
strategy for the treatment of chemoresistant ovarian cancers.

Introduction

Clear cell adenocarcinoma (CCC) of the ovary accounts for 
10% of epithelial ovarian cancers and is an entity distinct from 

other ovarian carcinomas. For example, CCC exhibits a more 
chemoresistant phenotype than other histological types, which 
leads to a poorer prognosis. Although the combination of 
carboplatin and paclitaxel has been established as the standard 
therapy for ovarian cancer (1), with serous and endometrioid 
adenocarcinomas responding well to this regimen, CCC shows 
lower response rates (2,3). Moreover, the incidence of CCC 
has been increasing; it is now estimated to account for 20% 
of ovarian cancers in Japan and ~5-6% in Europe (3). New 
target-based therapies for the treatment of CCC remains an 
unmet need in these patients.

Apoptotic cell death is critical for the maintenance of 
tissue homeostasis in healthy organisms, providing an efficient 
and safe mechanism to remove unwanted cells. Impairment 
of apoptosis is a crucial step in tumor development (4) and 
renders tumor cells more resistant to conventional cytotoxic 
therapy (5). The key regulators of apoptosis are interacting 
proteins of the Bcl-2 family, which has been subdivided into 
three subfamilies: a pro-survival subfamily (Bcl2 and the 
closely related proteins Bcl-XL, Bcl-w and Mcl-1) and two 
pro-apoptotic subfamilies that include the initiator BH3-only 
proteins (Bim, PUMA, BAD and NOXA) and the cell death 
mediators (BAX and BAK) (6,7). The interactions among 
these intracellular proteins determine whether a cell lives 
or dies, and alterations in their expression and function are 
associated with cancer development (8,9). ABT737 is a small-
molecule inhibitor of the anti-apoptotic proteins Bcl-2, Bcl-XL 
and Bcl-w, which shows single-agent activity and increases 
sensitivity to chemotherapeutic agents (10). However, cells 
expressing high levels of Mcl-1 show resistance to ABT737 
(11). Mcl-1 is also thought to be a crucial pro-survival factor 
responsible for resistance to antitublin agents such as paclitaxel 
(12). Therefore, inhibiting Mcl-1, as well as Bcl-2, Bcl-XL and 
Bcl-w, may be required to overcome ovarian cancer chemo-
resistance. Recently, Mcl-1 inhibitor molecule 1 (MIM1), a 
selective small-molecule inhibitor of Mcl-1 (IC50, 4.8 µM) 
that overcomes Mcl-1-dependent leukemia cell survival, was 
reported (13). MIM1 selectively affects Mcl-1, with no effect 
on Bcl-2 or Bcl-XL. In this report we investigated the effect of 
combining paclitaxel with ABT-737 or/and MIM1 on ovarian 
cancer cell viability.

Bcl2-associated athanogene 3 (BAG3) is one of six BAG 
family proteins. Via its BAG domain, BAG3 interacts with 
and regulates the folding of Hsc70/Hsp70 (14,15). In addition 
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to the BAG domain, BAG3 contains a WW domain near its 
N-terminus and a proline-rich region (multiple PXXP motifs) 
(16,17), and our earlier study showed that BAG3 also regulates 
cell motility and tumor growth, invasion and metastasis (18). 
Moreover, several lines of evidence indicate that downregu-
lation of BAG3 enhances chemotherapy-mediated apoptosis 
among cancer cells (19-21), which is consistent with the recent 
finding that BAG3 stabilizes Mcl-1, Bcl-2 and Bcl-XL, thereby 
promoting cancer cell survival (22,23). The precise mecha-
nism by which BAG3 exerts these effects remains unclear. It 
is known, however, that the deubiquitinase USP9X (ubiquitin-
specific peptidase 9, X-linked) is among the proteins that 
co-immunoprecipitate with Mcl-1 (24), and that removing 
the poly-ubiquitin chains from Mcl-1 stabilizes it and confers 
resistance to apoptosis. In this manner, USP9X reportedly 
promotes tumor cell survival (25).

In this study, we investigated the mechanism by which 
BAG3 confers chemoresistance to ovarian cancer cells. We 
found that BAG3 stabilizes Mcl-1 by interacting with USP9X. 
We previously showed that BAG3 expression relates to clinical 
severity and prognosis in ovarian cancer patients (26). Here 
we assessed Mcl-1 expression in ovarian cancer tissues and 
its correlation with the clinical state, and evaluated the effect 
of ABT-737 and MIM1 on ovarian cancer cell sensitivity to 
paclitaxel.

Materials and methods

Cells and cell culture. Two established ovarian cancer cell lines 
were used in this study. The AMOC2 line was established from 
a serous adenocarcinoma, while the ES2 line was established 
from a clear cell carcinoma. AMOC2 cells were cultured in 
RPMI-1640 (Gibco, Grand Island, NY, USA) supplemented 
with 10% fetal bovine serum (Hyclone, Logan, UT, USA) and 
1% penicillin/streptomycin (Gibco). ES2 cells were cultured 
in Dulbecco's modified Eagle's medium (DMEM) (Gibco) 
supplemented with 10% FBS and 1% penicillin/streptomycin. 
Both cell lines were maintained in a CO2 incubator (5% CO2) 
at 37˚C.

BAG3 overexpression. AMOC2 cells were transfected 
with the expression vector pcDNA-BAG3, encoding full-
length BAG3, or with empty pcDNA vector (control) using 
Lipofectamine 3000 regent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer's protocol. After 24 h, the cells 
were split and allowed to adhere overnight.

Real-time quantitative reverse transcription PCR (qRT-PCR) 
for microRNA. Total RNA was extracted from cells using 
TRIzol regent (Invitrogen), after which reverse transcription 
was performed with 10 µg of total RNA using a TaqMan® 
MicroRNA Reverse Transcription kit (Applied Biosystems, 
Foster, CA, USA) and sequence-specific RT primers from the 
TaqMan MicroRNA assays (Applied Biosystems) according to 
the manufacturer's instructions. Separate reverse transcription 
reactions were run for each TaqMan MicroRNA assay on every 
RNA sample. qRT-PCR was performed with cDNA using 
inventoried TaqMan MicroRNA assays and TaqMan Universal 
Master Mix II (Applied Biosystems). The assay was performed 
in triplicate, and the PCR amplification was performed using a 

StepOnePlus™ Real-Time PCR system (Applied Biosystems). 
Gene expression was calculated using the 2-ΔCt method.

Mature miRNA transfection. Using Lipofectamine RNAiMAX 
(Invitrogen), cells grown in 6-cm dishes were transfected with 
miRNA-29b mirVana miRNA mimic (Ambion, Austin, TX, 
USA) to augment miR-29b activity, or with an inactive negative 
control for miRNA-29b mirVana miRNA mimic (Ambion). 
Alternatively, they were transfected with miRNA‑29b mirVana 
miRNA inhibitor (Ambion) to diminish miR-29b activity or 
with a negative control for miRNA-29b mirVana miRNA 
inhibitor (Ambion).

Gene silencing using a short hairpin RNA (shRNA) vector. A 
gene silencing vector (pLTRH1) containing RNA polymerase 
promoter producing shRNA specific for BAG3 was used to 
transfect ES2 and AMOC2 cells. Oligonucleotides [5'-GAT 
CCCGTACCTGATGATCGAAGAGTTTCAAGAGAACTCT 
TCGATCATCAGGTATTTTTGGAG-3' (sense) and 5'-TCGA 
CTTCCAAAAAATACCTGATGATCGAAGAGTTCTCTT 
GAAACTCTTCGATCATCAGGTACGG-3' (antisense)] 
specific for mouse bag3 were synthesized and subcloned 
into the Bg1II and Sa1I sites, downstream of the H1 promoter 
(27). G3T-hi amphotrophic packaging cells (Takara Bio, 
Shiga, Japan) were transfected with pLTRH1bag3 puro or 
empty pLTRH1 puro vector according to the manufacturer's 
instructions to obtain a retroviral supernatant, which was 
added at a 1:5 ratio to DMEM or RPMI-1640 supplemented 
with 10% FBS and then used to infect ES2 or AMOC2 cells. 
Infected cells were then selected by incubation in medium 
containing 1.0 µg/ml puromycin (Gibco) for 48 h after infection. 
High-responder clones to BAG3 knockdown were selected for 
subsequent experiments.

siRNA transfection. Cells were transfected with Mcl-1 small 
interfering RNA (siRNA) (#6315; Cell Signaling, MA, USA), 
control siRNA (#6568; Cell Signaling), USP9X siRNA 
(SR305407; OriGene, MD, USA) or control siRNA (SR300004; 
OriGene) by Lipofectamine RNAiMAX (Invitrogen), and 
lysates were prepared 48 h after transfection.

Lysate production. Cell lysates were produced from subcon-
fluent cell cultures. After scraping the cells from dishes, 
they were placed in RIPA buffer [50 mM Tris-HCl (pH 8.0), 
150  mM NaCl, 0.1% SDS, 1% NP40 and 0.5% sodium 
deoxycholate] containing a protease inhibitor cocktail (1:100 
dilution; Thermo Scientific, Rockford, IL, USA). The cells 
were then lysed by sonication, after which the lysates were 
centrifuged at 15,000 rpm for 15 min at 4˚C to pellet the nuclei. 
The supernatant was then collected as the cell lysate.

Western blotting. After measuring the protein content, lysates 
was diluted in 2X sample buffer [0.5 M Tris-HCl (pH 6.8), 
10% SDS, β-mercaptoethanol and 1% BPB] and boiled for 
5 min at 100˚C. Samples containing 20 µg of protein were 
then electrophoresed (200 V for 35 min) on SDS polyacryl-
amide gel, and the separated proteins were transferred onto 
PVDF membranes. After blocking with 5% non-fat dry milk 
in TBS [10 mM sodium phosphate (pH 7.8), 150 mM NaCl 
and 0.05% Tween-20], the membrane was probed with the 
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following primary antibodies: anti-BAG3 (1:1,000 dilution; 
gift of Dr S. Takayama), anti-Mcl-1 (1:500 dilution; S-19; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-Bcl-XL 
(1:1,000 dilution; #2762; Cell Signaling), anti-PARP (1:1,000 
dilution; #9542; Cell Signaling), anti-USP9X (1:5,000 dilution; 
ab99343, Abcam, Cambridge, UK) and anti-β-actin (1:5,000 
dilution; A5441; Sigma-Aldrich, St. Louis, MO, USA). The 
protein was visualized using ECL Prime Western Blotting 
Detection Reagent and ImageQuant LAS 500 (GE Healthcare, 
Buckinghamshire, UK).

Cell viability assay. To test the responsiveness of the cells to 
paclitaxel under various culture conditions, cells were plated in 
5% serum-containing medium in 96-well plates (5,000 cells/
well) and incubated at 37˚C under a 5% CO2 atmosphere. After 
24 h, the medium was replaced with medium containing the 
indicated concentration of paclitaxel (Nippon Kayaku Co., 
Ltd., Tokyo, Japan), MIM1 (Merck Millipore, Darmstadt, 
Germany), ABT737 (Selleck Chemicals, Houston, TX, USA) 
or a combination of the three. Cell viability assays were then 
performed after 48 h using a Cell Proliferation Kit II (XTT; 
Roche Diagnostics, Mannheim, Germany). After the desired 
incubation period, 50 µl of XTT labeling mixture was added 
to each well, and the cells were incubated for an additional 
4 h, after which absorbance at 492 nm was recorded using an 
ELISA plate reader.

Co-immunoprecipitation. Cell lysates were prepared in 
immunoprecipitation (IP) lysis buffer (25 mM Tris, 150 mM 
NaCl, 1  mM EDTA, 1% Nonidet P-40, 5% glycerol and 
protease inhibitor cocktail (1:100 dilution, pH 7.4; Thermo 
Scientific) and clarified by centrifugation (14,000 x g, 20 min). 
Anti-USP9X (Abcam) and anti-Myc-tag mAb (1:100 dilution; 
M192-3; MBL, Co., Ltd., Nagoya, Japan) were used for immu-
noprecipitation. Dynabeads Protein G (Life Technologies, 
Carlsbad, CA, USA) were incubated with antibody for 30 min 
at 4˚C. After washing beads with IP buffer, the beads with 
the immobilized antibody were incubated with lysates for 
30 min at 4˚C. The beads were then washed three times with 
IP buffer, and the complexes were eluted in 2X SDS sample 
buffer (5 min at 100˚C), resolved by SDS-PAGE and analyzed 
by western blotting.

Patients for clinical and pathological analysis. Primary 
cancer tissue specimens were obtained from 51 patients oper-
ated on for ovarian cancer at Sapporo Medical University 
Hospital. All samples were preserved at -80˚C until used. 
In addition, the patient's clinical and pathological data were 
obtained from their medical records. None of the participating 
patients received preoperative treatment (e.g., neoadjuvant 
chemotherapy). All patients signed a consent form to partici-
pate.

Statistical analysis. Student's t-tests were used for statistical 
evaluation of the data. The Kaplan-Meier product limit 
method was used to compare progression-free survival 
among the patients, and the data obtained were evaluated 
using the log-rank test. Values of P<0.05 were considered 
significant. SPSS 22.0 (IBM, Armonk, NY, USA) was used 
in analysis.

Results

Mcl-1 expression in primary ovarian cancer tissue. We 
previously found that BAG3 is associated with significantly 
higher risks of cancer progression and relapse (26), and that 
BAG3 upregulates Mcl-1 and mediates chemoresistance in 
ovarian cancer cells (28). In this study, we first investigated 
the expression of Mcl-1 in ovarian cancer patients. Lysates 
were prepared from tissue samples collected from 51 ovarian 
cancer patients and analyzed by immunoblotting. The patient 
characteristics are shown in Table I. Mcl-1 expression was 
detected in 11 (21.6%) of the 51 samples. Upon application of 
FIGO stage classification, we found that the rate of Mcl-1 posi-
tivity was higher at stages III (9/28, 32.1%) and IV (1/4, 25%) 
than at stages I (1/17, 5.8%) and II (0/2, 0%), but there was no 
significant difference in Mcl-1 expression among FIGO stages, 
and no significant correlation between Mcl-1 expression and 
histologic type. Nonetheless, Kaplan-Meier analysis indicated 
that the progression-free survival (PFS) was poorer among 
Mcl-1-positive patients than Mcl-1-negative patients (median 
duration of PFS: 512 vs. 2,020 days, P=0.04; Fig. 1A).

To investigate the correlation between BAG3 and Mcl-1 
expression in ovarian cancer patients, we classified BAG3-
positive patients as being only BAG3-positive (Mcl-1 negative) 
or both BAG3- and Mcl-1-positive. Of the 34 BAG3-positive 
patients, Mcl-1 expression was detected in 10. Kaplan-Meier 
analysis showed that the PFS of patients in the BAG3- and 
Mcl-1-positive group was significantly poorer than in the only 
BAG3-positive group (P=0.0301; Fig. 1B). The median PFS 
in the BAG3- and Mcl-1-positive group was 440 days. By 
contrast, the only BAG3-positive group has not yet reached 
a median PFS time in our analysis. Moreover, Kaplan-Meier 

Table I. Mcl-1 expression and clinicopathological features in 
ovarian cancer.

Characteristics	 Value	 Mcl-1 positive
			   N (%)

Number	 51	 11 (21.6)
Age (mean, range)	 52, 19-82

Histology
	 Serous	 12	   4 (33.3)
	 Endometrioid	 17	   5 (29.4)
	 Clear	 10	   1 (10)
	 Mucinous	   6	   1 (16.6)
	 Others	   6	   0   (0)

Stage
	 I	 17	   1 (5.8)
	 II	   2	   0   (0)
	 III	 28	   9 (32.1)
	 IV	   4	   1 (25)

N, No. of cases; serous, serous adenocarcinoma; endometrioid, endome-
trioid adenocarcinoma; clear, clear cell carcinoma; mucinous, mucinous 
adenocarcinoma.
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analysis showed that the PFS of patients in the BAG3- and 
Mcl-1-positive group was significantly poorer than in the 
BAG3- and Mcl-1-negative group (P=0.009; Fig. 1C). Because 
only Mcl-1-positive patients (BAG3 negative) in total were 2 
cases, we could not compare only Mcl-1-positive patients to 
other patients. These results suggest that positivity for BAG3 
and Mcl-1 may be a key determinant of disease progression in 
ovarian cancer.

Sensitivity to paclitaxel and expression of BAG3 and Mcl-1 in 
ovarian cancer cell lines. Earlier study from our group showed 
that BAG3 knockdown increases the chemosensitivity of ES2 
clear ovarian cancer cells, but BAG3 knockdown had no signif-
icant effect on the chemosensitivity of AMOC2 serous ovarian 
cancer cells (28). To clarify the mechanism for this difference, 
we initially compared the sensitivity to paclitaxel of AMOC2 
and ES2 cells using XTT viability assays. When AMOC2 and 
ES2 cells were treated for 48 h with increasing concentrations 
of paclitaxel, we found AMOC2 cells to be significantly more 
sensitive (P<0.0001) to the drug than ES2 cells (Fig. 2A). 
In addition, western blotting showed that BAG3, Mcl-1 and 
Bcl-XL proteins were all more strongly expressed in ES2 cells 
than AMOC2 cells (Fig. 2B). Furthermore, we confirmed 

that silencing Mcl-1increased the chemosensitivity of ES2 
cells (Fig. 2C and D). These results suggest that BAG3 may 
mediate chemoresistance by interacting with anti-apoptotic 
Bcl2 family proteins.

Overexpression of BAG3 has only a small effect on sensi-
tivity to paclitaxel in AMOC2 serous ovarian cancer cells. 
We previously showed that in AMOC2 serous ovarian cancer 
cells, which express Mcl-1 only weakly and are more sensitive 
to paclitaxel than ES2 cells, BAG3 knockdown has little effect 
on sensitivity to paclitaxel (28). To further investigate the 
association between chemoresistance and BAG3 overexpres-
sion in vitro, AMOC2 cells were transfected with full-length 
BAG3. The resultant overexpression of BAG3 led to only slight 
increases in Mcl-1 expression and paclitaxel resistance, which 
were not statistically significant (Fig. 2E and F).

Varying miR-29b expression has only a slight effect on 
sensitivity to paclitaxel in AMOC2 serous ovarian cancer 
cells. We have also shown that BAG3 knockdown downregu-
lates Mcl-1 expression in ES2 cells through upregulation of 
microRNA-29b (28). We therefore next investigated the asso-
ciation between BAG3 and miR-29b in AMOC2 cells. As in 

Figure 1. Effect of Mcl-1 and/or BAG3 expression on progression-free survival in ovarian cancer patients. (A) Kaplan-Meier ovarian cancer progression-free 
survival curves for Mcl-1-positive and Mcl-1-negative patients. Patients whose cancers expressed Mcl-1 showed significantly poorer progression-free survival 
(P=0.04; log-rank test). (B) Kaplan-Meier ovarian cancer progression-free survival curves for patients positive for both BAG3 and Mcl-1 and those positive 
for only BAG3. Patients whose cancers expressed both BAG3 and Mcl-1 also showed significantly poorer progression-free survival (P=0.03; log-rank test). 
(C) Kaplan-Meier ovarian cancer progression-free survival curves for patients positive for both BAG3 and Mcl-1 and those negative for both BAG3 and Mcl-1. 
Patients whose cancers expressed both BAG3 and Mcl-1 also showed significantly poorer progression-free survival (P=0.009; log-rank test).
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ES2 cells, knocking down BAG3 expression using shBAG3 
enhanced miR-29b expression in AMOC2 cells (Fig. 3A). In 
addition, when we transfected AMOC2 cells with miRNA-29b 
mirVana miRNA mimic to augment miR-29b activity or with 
miRNA-29b mirVana miRNA inhibitor to diminish miR-29b 
activity, qRT-PCR confirmed that miR-29b expression was 
markedly increased in AMOC2 cells transfected with miR29b 
mimic (Fig. 3B), but decreased in AMOC2 cells transfected 
with the miR29b inhibitor (Fig. 3C). Unlike in ES2 cells (28), 
however, transfection of AMOC2 cells with miR-29b-mimic 
had no effect on Mcl-1 expression or paclitaxel sensitivity, as 
compared to the miR-control (Fig. 3D and F). On the other 
hand, Mcl-1 expression was increased somewhat in AMOC2 
cells transfected with the miR-29b-inhibitor, and those cells 
were more refractory to paclitaxel than cells transfected with 

the miR-29b-inhibitor negative control, though the difference 
was not statistically significant (Fig. 3E and F). These findings 
imply that although BAG3 may enhance Mcl-1 expression and 
chemoresistance in some degree in AMOC2 cells, the effect 
is mild, inducing little or no endogenous Mcl-1 expression. 
Nonetheless, these results are consistent with the idea that 
positivity for both BAG3 and Mcl-1 correlates with a poor 
prognosis in ovarian cancer patients.

Mcl-1-specific high-affinity antagonist MIM1 increases sensi-
tivity of ES2 cells to paclitaxel. We next used XTT viability 
assays to assess the effect on cell proliferation of the Mcl-1 
antagonist MIM1, alone and in combination with paclitaxel. 
ES2 cells were treated for 48 h with increasing concentrations 
of MIM1 alone or in combination with a low concentration 

Figure 2. BAG3 and Mcl-1 expression correlates with paclitaxel resistance in ovarian cancer cells. (A) AMOC2 cells and ES2 cells were treated for 48 h 
with the indicated concentrations of paclitaxel and then subjected to XTT assays. Symbols depict means ± SD. **P<0.01. (B) Western blotting showing levels 
of BAG3, Mcl-1 and Bcl-XL protein in AMOC2 and ES2 cells. As a loading control, the blots were reprobed with anti-β-actin antibody. (C) Western blot 
analysis showing Mcl-1 silencing in ES2 cells. As a loading control, the blots were reprobed using mouse monoclonal anti-β-actin antibody. (D) ES2 cells 
were transfected with Mcl-1 siRNA (siMcl-1) or non-targeting siRNA (control). Twenty-four hours later paclitaxel was added to a concentration of 0, 1, 5, 10 
or 50 nM, and the cells were incubated for an additional 48 h, after which viability was assessed in XTT assays. Shown are means ± SD; *P<0.05. (E) AMOC2 
ovarian cancer cells were transfected with BAG3 expression vector (AMOC2-BAG3) or a control vector (AMOC2‑pcDNA). Twenty-four hours later paclitaxel 
was added to a concentration of 0, 1, 5, 10 or 50 nM, and the cells were incubated for an additional 48 h, after which viability was assessed in XTT assays. 
(F) Western blot analysis of BAG3, Mcl-1 and Bcl-XL expression in AMOC2-BAG3 and AMOC2-pcDNA cells. As a loading control, the blots were reprobed 
using mouse monoclonal anti-β-actin antibody.
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Figure 3. Altering miR-29b expression in AMOC2 cells has little effect on sensitivity to paclitaxel. (A) Real-time qRT-PCR analysis of miR-29b expression in 
AMOC2 cells infected with a control (LTRH1) or shBAG3 (BAG3 knockdown) viral vector. Bars depict relative microRNA levels normalized to the RNU48 
level (internal control). Shown are means ± SD; *P<0.05. (B and C) AMOC2 cells were transfected with miR-29b mirVana miRNA mimic (miR-29b-mimic) 
to augment miR-29b activity (B) or with miR-29b mirVana inhibitor to diminish miR-29b activity (C). Relative levels of miR-29b expression were then 
determined using real-time qRT-PCR. Bars depict relative mRNA levels normalized to RNU48 (internal control). Shown are means ± SD; *P<0.05. (D and E) 
AMOC2 ovarian cancer cells were transfected with miR-29b-mimic or its control (D), or with a miR-29b-inhibitor or its control (E). Twenty-four hours later 
paclitaxel was added to a concentration of 0, 1, 5, 10 or 50 nM, and the cells were incubated for an additional 48 h, after which viability was assessed in XTT 
assays. Symbols depict means ± SD. (F) AMOC2 cells transfected with miR-29b-mimic or its control, or with miR-29b-inhibitor or its control, were analyzed 
for Mcl-1 protein expression using western blotting. As a loading control, the blots were reprobed with an anti-β-actin antibody.

Figure 4. When combined with MIM1, paclitaxel exhibits potent cytotoxic activity against ovarian cancer cells. (A and B) ES2 cells were cultured for 48 h 
with the indicated concentrations of MIM1 (A) or ABT737 (B), alone or in combination with 5 nM paclitaxel. Cell viability was then assessed in XTT assays. 
Symbols depict means ± SD; **P<0.01. (C) ES2 cells were treated for 48 h with the combination of 5 nM paclitaxel and 10 µM MIM1 or with the combination 
of 5 nM paclitaxel, 10 µM MIM1 and 1 µM ABT737. Cell viability was then assessed in XTT assays. Reductions in viability are presented as percentages from 
the combination of paclitaxel with MIM1. Symbols depict means ± SD.
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of paclitaxel (5 nM). Treatment with the paclitaxel/MIM1 
combination significantly reduced cell viability, whereas 
MIM1 had no effect on cell viability by itself (Fig. 4A). Thus 
MIM1 appears to increase the sensitivity of Mcl-1-expressing 
cells to paclitaxel. We also examined the effect of combining 
paclitaxel with ABT737, a Bcl-2, Bcl-XL and Bcl-w antagonist, 
in a similar manner. We found that ABT737 alone or in combi-
nation with paclitaxel had little effect on ES2 cell viability 
(Fig. 4B), which is consistent with earlier reports showing that 
Mcl-1 mediates ABT737 resistance (11,22,29,30).

BAG3 knockdown enhances the effect of the triple-drug 
combination of paclitaxel, MIM1 and ABT737. We also 
evaluated the effect of combining paclitaxel (5 nM), MIM1 
(10 µM) and ABT737 (1 µM) and found that the effect of the 
triple-drug combination on cell viability was not different 
from that of paclitaxel and MIM1 (Fig. 4C). We speculated 
that, as suggested previously, BAG3 stabilizes and upregulates 
Mcl-1 (22,28) and that as a consequence the inhibitory effect 
of MIM1 is not sufficient to increase the efficacy of ABT737. 
To test this idea, ES2 cells were infected with a retroviral 

vector encoding shRNA targeting BAG3 (ES2-shBAG3). As 
expected, BAG3 knockdown significantly enhanced the effect 
of the triple-drug combination on cell viability (Fig. 5A). In 
ES2-shBAG3 cells treated with the triple-drug combination, 
Mcl-1 expression was reduced, as compared to control, and 
PARP cleavage, an indicator of caspase activation, were 
observed (Fig. 5B). These results suggest that stabilization of 
Mcl-1 by BAG3 both confers resistance to chemotherapy and 
contributes to the anti-apoptotic activity within ovarian cancer 
cells.

Interaction between BAG3 and USP9X. Finally, we tested 
whether levels of the deubiquitinase USP9X, which stabilizes 
Mcl-1 by negatively regulating its ubiquitination, are affected 
by BAG3. We initially found that USP9X levels are reduced by 
BAG3 knockdown (Fig. 5B) and Mcl-1 levels are decreased by 
silencing USP9X (Fig. 5C). Then to determine whether BAG3 
directly interacts with USP9X, we transfected a Myc-tagged 
BAG3 expression construct into ES2 cells. Thereafter, immuno-
precipitation of the Myc epitope from lysates of the Myc-BAG3 
transfectants also pulled down endogenous USP9X, whereas 

Figure 5. BAG3 regulates Mcl-1 levels through interaction with USP9X and is related to chemoresistance. (A) ES2 BAG3 knockdown (ES2-shBAG3) cells 
and their controls (ES2-LTRH1) were cultured for 48 h with 5 nM paclitaxel alone or a combination with 1 µM ABT737 and 10 µM MIM1. Cell viability was 
then assessed in XTT assays. Symbols depict means ± SD. **P<0.01. (B) ES2-shBAG3 and ES2-LTRH1 cells were treated for 48 h with a combination of 5 nM 
paclitaxel, 1 µM ABT737 and 10 µM MIM-1, after which the cells were subjected to western blot analysis for BAG3, USP9X, cleaved PARP and Mcl-1. As a 
loading control, the blots were reprobed using anti-β-actin antibody. (C) ES2 cells were transfected with USP9X siRNA (si USP9X) or non-targeting siRNA 
(control). Twenty-four hours later 5 nM paclitaxel, 1 µM ABT737 and 10 µM MIM-1 were added, and the cells were incubated for an additional 48 h, after 
which the cells were subjected to western blot analysis for USP9X and Mcl-1. As a loading control, the blots were reprobed using mouse monoclonal anti-
β-actin antibody. (D) Co-immunoprecipitation and western blotting revealed the interaction between BAG3 and USP9X in ES2 cells. Total cell lysates were 
collected from ES2 cells expressing empty pcDNA vector (control) or Myc-BAG3. Samples were immunoprecipitated using an anti-Myc antibody and then 
blotted with anti-USP9X antibody and anti-Myc antibody (right lane). The middle lane was blotted with control. The left lane contained normal ES2 lysates 
and also showed the presence of USP9X and Myc-BAG3.
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neither protein was precipitated from control lysates (Fig. 5D). 
Apparently, BAG3 and USP9X directly interact within ES2 
ovarian cancer cells. Taken together, these results suggest that 
BAG3 binds to and stabilizes USP9X, which in turn stabilizes 
Mcl-1 and promotes resistance to apoptosis.

Discussion

In this study, we investigated the relationship between the 
combined expression of BAG3 and Mcl-1 in ovarian cancer 
tissue and patient prognosis and chemoresistance. We previ-
ously showed that tumoral BAG3 expression was associated 
with a significantly increased risk of disease progression and 
recurrence (26). Our present analysis indicates that Mcl-1 
expression in primary ovarian cancer tissues is associated 
with a poor prognosis and that expression of both BAG3 and 
Mcl-1 is associated with a significantly poorer prognosis than 
expression of BAG3 alone. These findings suggest that tumoral 
BAG3 does not act alone in contributing to a poor prognosis 
in ovarian cancer patients, but acts in combination with Mcl-1. 
In vitro, ES2 clear ovarian cancer cells endogenously express 
high levels of Mcl-1 and BAG3, and show less sensitivity to 
paclitaxel than AMOC2 serous ovarian cancer cells, which 
endogenously express only low levels of Mcl-1 and BAG3. 
BAG3 knockdown in ES2 cells suppresses Mcl-1 expression 
and increases sensitivity to paclitaxel (28), which is consistent 
with the idea that combined expression of both BAG3 and 
Mcl-1 correlates with a poor prognosis in ovarian cancer 
patients, and that BAG3 and Mcl-1 act in concert to mediate 
anti-apoptotic activity in ovarian cancer cells.

In many cancers, Mcl-1 is a key mediator that enables 
cancer cells to overcome oncogenic stress-induced apoptosis. 
For instance, Mcl-1 is critical for the development and main-
tenance of acute myeloid leukemia (31,32), and high levels of 
Mcl-1 are often associated with chemotherapeutic resistance 
and relapse (33,34). Moreover, Mcl-1 is not inhibited by the 
Bcl-2 antagonist ABT737 and is considered responsible for 
cancer cell resistance to ABT737 (11,22,29,30). Consistent with 
those earlier findings, our results show that ABT737 does not 

increase paclitaxel sensitivity in Mcl-1-expressing ES2 cells. 
On the other hand, MIM1, a selectively Mcl-1 inhibitor (13), 
increased somewhat the sensitivity of ES2 cells to paclitaxel. 
However, adding ABT737 to the paclitaxel/MIM1 combina-
tion provided no additional benefit. A large body of evidence, 
including our earlier research, indicates that BAG3 induces 
chemoresistance through upregulation of Mcl-1 expression 
(22,23,28). We therefore hypothesized that in the presence of 
BAG3, the inhibitory effect of MIM1 would not be sufficient 
to suppress Mcl-1 activity, and thus ABT737 would also be 
without effect. Indeed, we found that BAG3 knockdown 
(ES2-shBAG3) using a retroviral shRNA vector increased the 
sensitivity of ES2 cells to the combination of paclitaxel, MIM1 
and ABT737. Several studies have investigated the mechanism 
by which BAG3 positively regulates Mcl-1 expression. Using 
a colon cancer cell line, Jacobs and Marnett demonstrated 
that heat shock factor 1 (HSF1) upregulates Mcl-1 expression 
and that the effect is mediated by BAG3 (23). In addition, it 
is now known that BAG3 binds to and stabilizes Mcl-1 (22), 
and that BAG3 also upregulates Mcl-1 expression by inhibiting 
miR-29b expression (28). Here we provide the first evidence of 
yet another molecular mechanism by which BAG3 upregulates 
Mcl-1 expression.

It is now known that four different E3 ubiquitin-ligases 
(Mule, SCFβ-TrCP, SCFFbw7 and Trim17) (35-38) mediate 
Mcl-1 ubiquitination, while the deubiquitinase USP9X acts 
to suppress Mcl-1 ubiquitination (24). We found that BAG3 
binds to and stabilizes USP9X and that USP9X expression 
is downregulated during apoptosis in ES2 cells after BAG3 
knockdown. In addition, our results show that downregulation 
of Mcl-1 expression correlates with attenuated USP9X expres-
sion, suggesting BAG3 upregulates Mcl-1 levels via USP9X. A 
schematic diagram showing a possible mechanism to explain 
the BAG3 activity is shown in Fig. 6. Notably, BAG1, another 
BAG family protein, also reportedly binds to USP9X and 
regulates the stability of Mcl-1 (39). Both BAG1 and BAG3 
contain conserved BAG domains via which they bind Hsp70 
(14,15), interact with the proteasome and modulate Hsp70 
client protein degradation (40,41). We therefore suggest that 
BAG3 also interacts with USP9X and that the stability of 
USP9X is determined to both BAG3 and BAG1.

In conclusion, we have shown that the combined expres-
sion of BAG3 and Mcl-1 correlates with a poor prognosis 
in ovarian cancer patients and with resistance to paclitaxel. 
Mcl-1 inhibition by MIM1 effectively increased paclitaxel 
sensitivity, overcoming the chemoresistance of ovarian cancer 
cells. Addition of the Bcl-2 antagonist ABT737 increased 
paclitaxel sensitivity further, but only after BAG3 knockdown. 
We suggest BAG3 binds to USP9X to stabilize Mcl-1 levels, 
and that BAG3 and Mcl-1 are potentially useful biomarkers of 
the responsiveness of ovarian cancer to paclitaxel. Moreover, 
BAG3 would likely be a useful therapeutic target, particularly 
if targeted in combination with Bcl-2 family proteins, for the 
treatment of chemoresistant ovarian cancers.
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Figure 6. BAG3 stabilizes Mcl-1 expression in ovarian cancer cells. Role for 
BAG3 in Mcl-1 stabilization and cancer cell chemoresistance. BAG3 stabi-
lizes Mcl-1 through its interaction with USP9X and by reducing miR-29b 
expression. 
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