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Abstract: Doxorubicin (DOX) is the most common chemotherapeutic drug for treatment of breast cancer but in-
trinsic and acquired resistance frequently occurs and severe side effects occur at high doses. DOX might induce 
activation of NF-κB causing this resistance, in which case proteasome inhibitors could inhibit activation of NF-κB 
by blocking inhibitory factor κB-alpha degradation. Triple-negative breast cancer (TNBC) is highly progressive and 
there are no established therapeutic targets against TNBC. Although some proteasome inhibitors have been shown 
to have antitumor effects in breast cancer, the effect of orally bioavailable proteasome inhibitor oprozomib on TNBC 
proliferation remains unclear. In the present study, we investigated the role of oprozomib in two TNBC lines, MDA-
MB-231 and BT-549. Oprozomib had cytotoxic effects on TNBC cells and increased DOX-induced cytotoxic effects 
and apoptosis by enhancing DOX-induced JNK/p38 MAPK phosphorylation and inhibiting DOX-induced inhibitory 
factor êB alpha degradation. These results suggest that oprozomib has potent antitumor effects on TNBC in vitro 
and can sensitize TNBC cells to DOX treatment. The combination of DOX and oprozomib may be an effective and 
feasible therapeutic option for TNBC.
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Introduction

Breast cancer is the leading cancer type in 
women. For the year 2012, IARC estimated 
about 1.7 million new breast cancer cases and 
522,000 deaths due to breast cancer world-
wide [1]. Triple-negative breast cancer (TNBC), 
which accounts for approximately 15% of 
breast cancer in women, is defined by lack of 
estrogen receptor (ER), progesterone receptor 
(PR), and human epidermal growth factor 
receptor 2 (HER2) [2]. TNBC is a heterogeneous 
group of tumors with more aggressive clinical 
features [3]. Because of the absence of recep-
tor expression, only traditional chemotherapeu-
tic agents are available for treatment of TNBC 
[2]. However, drug resistance remains a major 
impediment to TNBC chemotherapeutic treat-
ment. Resistance to doxorubicin (DOX), the 
most common chemotherapeutic drug used to 
treat TNBC, necessitates use of increased ther-
apeutic doses, resulting in adverse side effects 

and even discontinuation of therapy. There is, 
therefore, an urgent need for novel therapeutic 
strategies to overcome resistance to DOX.

Upregulated proteasomal activity has been 
shown to play a major role in cancer progres-
sion [4-6]. Therefore, proteasome inhibition has 
been extensively investigated as a selective 
anticancer strategy and has been validated in 
clinical trials using first- and second-generation 
proteasome inhibitors (PIs) [7]. Bortezomib, a 
first-generation PI, and carfilzomib, a second-
generation PI, have been approved by the 
United States Food and Drug Administration for 
treatment of multiple myeloma [8-10]. Recently, 
there has been interest in proteasome inhibi-
tion as a therapeutic strategy in solid tumors as 
well, including breast cancer. Carfilzomib and 
MLN9708, an orally bioavailable next-genera-
tion PI, have antitumor effects in breast cancer 
and can sensitize breast cancer cells to DOX in 
vitro [11, 12]. However, results from clinical tri-
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als indicate that first-generation PI and first-
generation PI-containing therapies are not 
effective for treatment of solid tumors, includ-
ing breast cancer, due to the inability of first-
generation PIs to penetrate into tumors and 
achieve therapeutically relevant concentra-
tions in tumors [13, 14]. MLN9708, analogs of 
bortezomib, are boronate-based molecules 
that reversibly inhibit the β5 subunit. Oprozomib 
(OPZ), an orally bioavailable analog of carfilzo-
mib, is an irreversible epoxyketone inhibitor 
with high specificity for the β5 subunit [15]. 
Although OPZ is only 20% as potent as carfilzo-
mib, it demonstrates similar cytotoxicity with 
longer exposure as a result of its time-depen-
dent proteasome inhibition [16]. Oprozomib 
has induced dose-dependent proteasome inhi-
bition and increased pharmacokinetics and 
pharmacodynamics [17]. Combination of opro-
zomib with different unfolded protein response 
activators has enhanced antitumor efficacy in 
hepatocellular carcinoma [18]. However, to 
date, the antitumor effects of OPZ on breast 
cancer, especially TNBC, have not been fully 
investigated. 

In our present study, we investigated the antitu-
mor activity of OPZ, alone or in combination 
with DOX, in TNBC lines. We found that OPZ 
alone results in potent inhibition of cellular pro-
liferation and induction of apoptosis and, when 
used in combination with DOX, sensitizes cells 
to DOX-induced toxicity and intensifies DOX-
induced apoptosis in vitro.

Materials and methods

Antibodies and reagents

OPZ (7505) was purchased from Apex Biotech 
(Houston, TX, USA). DOX (D1515) was pur-
chased from Sigma-Aldrich Corp (St. Louis, MO, 
USA). Antibodies against inhibitory factor κB 
alpha (IκBα; 9242), phospho-(p-)SAPK/JNK 
(Thr183/Tyr185; 9251), SAPK/JNK (9258), p- 

p38 MAPK (Thr180/Tyr182; 9211), p38 MAPK 
(8690), PARP (9532), Caspase 3 (9662), Cas- 
pase 7 (12827), and second antibodies aga- 
inst mouse (7076) and rabbit (7074) were pur-
chased from Cell Signaling Technology (Dan- 
vers, MA, USA). α-tubulin (10D8; sc-53646) 
was purchased from Santa Cruz Biotechnology 
(Dallas, TX, USA).

Cell lines and cell culture

Two human TNBC lines were used in the study, 
MDA-MB-231 and BT-549. MDA-MB-231 were 
routinely cultured in high-glucose Dulbecco’s 
modified Eagle medium (Lonza, Walkersville, 
MD, USA) and BT-549 cell lines were main-
tained in RPMI-1640 medium (Lonza). All cells 
were supplemented with 10% fetal bovine 
serum (Sigma-Aldrich), 100 units/mL penicillin, 
and 100 mg/mL streptomycin. All cells were 
cultured at 37°C in a humidified atmosphere of 
5% CO2.

Cytotoxicity assay

Cell cytotoxicity assays were performed with 
MTT (MKBH9792V; Sigma-Aldrich), following 
manufacturer instructions. Briefly, cells were 
seeded in 96-well plates at a density of 5 × 103 
cells per well. After 24 hours of incubation at 
37°C, cells were allowed to grow in medium 
either alone or with increasing concentrations 
of OPZ, DOX, or both and were incubated for 48 
or 72 hours, depending on the experiment. 
Cells were then observed and photographed 
using an optical microscope. A mixture of 10  
µL of MTT and 140 µL of medium with 10% 
fetal bovine serum was added to each well  
and incubated for another 2 hours. Then, 50 µL 
of dimethyl sulfoxide was added into each  
well and cells were incubated for another 10 
minutes. Absorbance of each well was mea-
sured at 540 nm and plotted for cell viability 
curve. Each experiment was performed in 
triplicate.

Table 1. Molecular classification of the human TNBC lines used in our study [20-22] 

Cell line Subtype
Hormone receptor status1

Source Tumor type
ER PR HER2

MDA-MB-231 Basal B - [-] - Pleural effusion Adenocarcinoma
BT-549 Basal B - [-] - Primary BC2 Invasive ductal carcinoma, papillary
1Estrogen receptor (ER) and progesterone receptor (PR) positivity and human epidermal receptor 2 (HER2) overexpression (ob-
tained from the Sanger web site: www.sanger.ac.uk) are indicated. Square brackets indicate that levels are inferred from mRNA 
levels alone where protein data are not available. 2BC, breast cancer.
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Colony formation assay

Cells were seeded in 12-well plates at 2 × 103 
cells per well. After 48 or 72 hours, cells were 
incubated with OPZ at 0 μM, 0.03 μM, or 0.1 
μM for 72 hours and then cultured in drug-free 
medium for about 2 weeks. After that, cells 
were fixed and stained with methanol/crystal 
violet for 10 minutes and photographed. Each 
experiment was performed in triplicate.

Anchorage-independent growth assay

Cell anchorage-independent growth capabili-
ties were evaluated by soft agar assays, per-
formed as previously described [19]. Briefly, in 
six-well plates, the bottom layer was made by 
mixing 2 mL of 0.5% agar/RPMI/Dulbecco’s 
modified Eagle medium solution in each well 
and then allowing the layer to cool to semi-sol-
id. For the upper layer, cells were mixed with 
1.5 mL of 0.3% agar at 5 × 103 cells per well 
with the indicated concentrations of OPZ. Cells 
grew at 37°C for 2 to 3 weeks until colonies 

p0044, Sigma-Aldrich) for 30 minutes at 4°C. 
The solutions were then centrifuged at 13,000 
rotations per minute for 15 minutes and super-
natants were collected. Measurement of pro-
tein concentrations were performed using a 
Bradford reagent (Bio-Rad Laboratories). A 4X 
loading buffer was mixed with each sample and 
samples were heated at 100°C for 7 minutes. 
Cell lysates were then subjected to 10% or 15% 
SDS-PAGE electrophoresis and transferred to 
polyvinylidene fluoride membranes and blocked 
with 5% milk at room temperature (25°C) for 1 
hour. The membranes were then incubated 
with primary antibodies at 4°C overnight. The 
following day, membranes were incubated with 
horseradish peroxidase-conjugated secondary 
antibodies against rabbit or mouse immuno-
globulin. The membranes were developed using 
ECL-Plus Western blot system (GE Health Care, 
Buckinghamshire, UK), according to the manu-
facturer’s instructions. Membranes were re-
probed with α-Tubulin antibody as a loading 
control.

Figure 1. Oprozomib (OPZ) shows cytotoxic effects on TNBC cells. A. Two 
TNBC cell lines, MDA-MB-231 and BT-549, were treated with OPZ at con-
centrations of 0 μM, 0.001 μM, 0.01 μM, 0.03 μM, 0.1 μM, 0.3 μM, 1 μM, 
3 μM, or 10 μM for 72 hours, then subjected to MTT assays. Absorbance of 
each well was measured at 540 nm and plotted for the cell viability curve. 
Data are represented as mean ± standard deviation. Half-maximal inhibitory 
concentration (IC50) values of OPZ in each cell line are listed on the right. 
B. Colony formation of breast cancer cells treated with OPZ. Two TNBC cell 
lines were seeded in 12-well plates at 2 × 103 per well, then incubated with 
oprozomib at 0 μM, 0.03 μM, or 0.1 μM for 72 hours and cultured in drug-
free medium for about 2 weeks. Cell colonies were fixed, stained with crystal 
violet, and photographed.

were visible to the naked eye. 
Cells were then stained with 
crystal violet dye (C3886; 
Sigma-Aldrich). The colonies 
were counted by QuantityOne 
software (Bio-Rad Laborator- 
ies, Inc., Hercules, CA, USA) 
and plotted. Each experiment 
was performed in triplicate.

Protein immunoblotting

For protein immunoblotting, 
after the indicated treat-
ments, cells were washed tw- 
ice with ice-cold phosphate-
buffered saline. Cell pallets 
were then dissolved in RIPA 
lysis buffer (50 mM Tris-HCl at 
pH 7.4, 150 mM NaCl, 1 mM 
EDTA, 1% NP-40, 0.25% sodi-
um deoxycholate) with prote-
ase inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 1 mM 
benzamidine, 10 µg/mL leu-
peptin, 1 mM dithiothreitol, 
50 mM sodium fluoride, 0.1 
mM sodium orthovanadate) 
and phosphatase inhibitors 
(phosphatase inhibitor cock-
tail 2 and 3; p5726 and 
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Statistical analysis

Statistical analysis was performed using Gra- 
phPad Prism 5 software. All values are pres- 
ented as mean ± standard deviation. P values 
< 0.05 were considered statistically signifi- 
cant. Student’s t-test (two-tailed) or analysis of  
variance (Dunnett’s multiple comparison po- 
st-test) were used to analyze differences bet- 
ween the drug treatment groups and control 
group.

Results

OPZ suppresses proliferation of TNBC

To assess the antitumor effect of OPZ on TNBC, 
we used two TNBC lines including MDA-MB-231 
and BT-549, which together represent the 
major sources of TNBC (Table 1) [20-22]. These 
cells were treated with OPZ at the indicated 
concentrations of 0.001 μM to 10 μM for 72 
hours, then subjected to an MTT assay. Results 
showed that OPZ reduced cell viability of tested 
TNBC in a dose-dependent manner (Figure 1A). 
The half-maximal inhibitory concentrations of 

(Figure 1B). Taken together, these data indicate 
that OPZ has a potent inhibitory effect on prolif-
eration of TNBC.

OPZ restrains anchorage-independent growth 
of TNBC

Cancer cells possess the ability to grow into 
ball-shaped colonies in a three-dimensional 
space when cultured in soft agar. To determine 
whether OPZ could impair anchorage-indepen-
dent growth ability of TNBC cells, we performed 
soft agar assays. MDA-MB-231 and BT-549 
cells were cultured with OPZ at 0 μM, 0.03 μM, 
or 0.3 μM for 3 weeks and then visible colonies 
were fixed and stained. The number of colonies 
decreased in OPZ-treated groups compared 
with control groups in each tested cell line 
(Figure 2A). Inhibitory effects of OPZ on colony 
formation were dose-dependent and statisti-
cally significant in OPZ-treated cells (Figure 2B).

OPZ induces apoptosis in TNBC

It has been reported that OPZ can induce apop-
tosis in a variety of tumor types including pedi-

Figure 2. Oprozomib (OPZ) suppresses anchorage-independent growth ability of TNBC cells. Cell anchorage-inde-
pendent growth ability was assessed using soft agar assays. (A) Two breast cancer cell lines, MDA-MB-231 and BT-
549, were incubated with OPZ at concentrations of 0 μM, 0.03 μM, or 0.3 μM in soft agar plates for 3 weeks, stained 
with crystal violet, and photographed. (B) The colonies shown in (A) were counted and plotted. Data are represented 
as mean ± standard deviation. ***P < 0.001, by analysis of variance and Dunnett’s multiple comparison post-test.

Figure 3. Oprozomib (OPZ) induces apoptosis in TNBC cells. TNBC cell lines 
MDA-MB-231 (A) and BT-549 (B) were treated with OPZ at concentrations 
of 0 μM, 0.03 μM, 0.1 μM, 0.3 μM, or 1 μM for 24 hours. Then, whole cell 
lysates were subjected to SDS-PAGE and immunoblotted with antibodies 
against PARP and Caspase 3 to detect apoptosis. α-Tubulin was used as 
loading control.

OPZ were 0.079 μM (MDA-
MB-231) and 0.05 μM (BT-
549; Figure 1A).

To further validate the inhibi-
tory effect of OPZ on cell pro-
liferation, we performed a cel-
lular colony formation assay. 
Cells were treated with OPZ at 
concentrations of 0 μM, 0.03 
μM, and 0.1 μM for 72 hours 
and then cultured in drug-free 
medium for about 2 weeks. 
Treatment with OPZ remark-
ably inhibited cellular prolifer-
ation compared with control 
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atric acute leukemia, hepatocellular carcino-
ma, and head and neck squamous cell 
carcinoma [18, 23, 24]. To examine whether 
OPZ could induce apoptosis in human TNBC, 
we treated the cells with OPZ at concentrations 
of 0 μM, 0.03 μM, 0.1 μM, 0.3 μM, and 1 μM 
and then harvested the cells and subjected 
them to immunoblotting. We found that OPZ 
could induce the cleavage of PARP and Caspase 
3 in the tested cell lines in a dose-dependent 
manner (Figure 3). These results suggest that 
OPZ alone could trigger apoptosis in TNBC.

OPZ intensifies cytotoxic effect of DOX in TNBC

To determine whether OPZ sensitizes TNBC to 
treatment with DOX, we cultured cells with DOX 
at concentrations of 0 µM, 0.1 µM, 0.2 µM, 0.5 
µM, or 1 µM, alone or in combination with 0.05 
µM OPZ, for 48 hours. Cell proliferation was 
assessed using MTT assay. Results showed 
that cell viability was much lower with the com-
bination treatment than with DOX alone, for 
TNBC lines (Figure 4). This suggests that OPZ 

549 cells). MDA-MB-231 cells were not relative-
ly sensitive to OPZ at concentration of 0.2 μM, 
so we checked the effect of OPZ at concentra-
tion of 0.4 μM on MDA-MB-231 cells. Nearly all 
BT-549 cells died after being exposed to the 
media with OPZ at concentration of 0.2 μM for 
24 hours, therefore, we checked the effect of 
OPZ at concentration of 0.2 μM on BT-549 cells 
within 16 hours. Immunoblotting analyses 
demonstrated that OPZ could boost DOX-
induced cleavage of PARP and Caspase 3 in 
TNBC lines tested (Figure 5). This indicates that 
OPZ could intensify DOX-induced apoptosis in 
TNBC.

OPZ inhibits DOX-induced IκBα degradation in 
TNBC

Both NF-κB and JNK/p38 MAPK are key signal 
transduction pathways in regulating cell surviv-
al [25-28]. Studies have revealed that DOX 
could induce NF-κB and MAPK activation [29-
31] but PIs could inhibit activation of NF-κB 
[32]. To confirm this, we assessed the effects 

Figure 4. Oprozomib (OPZ) enhances cytotoxic effect of doxorubicin (DOX) in TNBC cells. TNBC cell lines MDA-
MB-231 (A) and BT-549 (B) were treated with DOX at the indicated concentrations with or without OPZ (0.05 μM) for 
72 hours. Cell viability was then measured by MTT assay. Data are represented as mean ± standard deviation. *P < 
0.05, **P < 0.01, ***P < 0.001, by t-test.

Figure 5. Oprozomib (OPZ) strengthens doxorubicin (DOX)-induced apoptosis 
in TNBC cells. TNBC cell lines MDA-MB-231 (A) and BT-549 (B) were treated 
with DOX (1-μM) alone or combined with OPZ (0.2 μM or 0.4 μM) for 0, 24, 
or 16 hours. Whole cell lysates were then subjected to SDS-PAGE and immu-
noblotted with antibodies against PARP and caspase 3 to detect apoptosis. 
α-tubulin was used as loading control. 

could sensitize tested cell 
lines to the cytotoxicity of 
DOX.

OPZ enhances DOX-induced 
apoptosis in TNBC

To determine whether OPZ 
could strengthen DOX-indu- 
ced apoptosis in breast can-
cer cells, we treated cells with 
DOX alone (1 μM) or combined 
with OPZ at concentrations of 
0.2 μM (or 0.4 μM for MDA-
MB-231 cells) for 0 or 24 
hours (0 or 16 hours for BT- 
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of the combination of OPZ with DOX on activity 
of NF-κB and JNK/p38 MAPK in each of the 
TNBC lines. Cells were cultured with DOX alone 
or in combination with 5 μM OPZ for 0, 2, 3, or 
4 hours. As shown in Figure 6, the addition of 
OPZ to DOX upregulated DOX-induced SAPK/
JNK and p38 MAPK phosphorylation and DOX-
induced IκBα degradation was suppressed by 
OPZ. These data demonstrate that OPZ rein-
forced DOX-induced SAPK/JNK and p38 MAPK 
phosphorylation and inhibited DOX-induced 
NF-κB activation.

Discussion

Our results indicate that the PI OPZ inhibits pro-
liferation of TNBC cells. We found that OPZ had 
high cytotoxic activity, reducing cellular prolif-
eration, attenuating colony forming ability, and 
increasing apoptosis in tested TNBC lines. 
When combined with DOX, OPZ intensified DOX-
induced apoptosis. Our findings suggest that 
OPZ has potent antitumor effects on TNBC cells 
and can sensitize TNBC cells to DOX in vitro. 

Half-maximal inhibitory concentration (IC50) val-
ues for cell lines treated with OPZ were all in the 
low micromolar range, from 0.05 μM (BT-549) 
to 0.079 μM (MDA-MB-231). This is in the range 
of OPZ half-maximal inhibitory concentration 
values reported for other tumor cell lines 
(0.002-0.0994 μM) [24, 33, 34] and it implies 
that sensitivity to OPZ may be not obvious 
among different sources of TNBC. This also 
suggests that OPZ alone could effectively inhib-
it proteasome activity and has a significant 
antitumor effect on TNBC cells tested. Previous 

studies of OPZ have demonstrated that OPZ 
causes diminished cell proliferation and 
increased cell death across a variety of other 
cancer cell lines such as those from pediatric 
leukemia cells, hepatocellular carcinoma, and 
head and neck cancer [18, 23, 24].

Although DOX is a first-line treatment for can-
cer, including TNBC, intrinsic and acquired 
resistance presents a significant hindrance to 
the treatment efficacy of DOX [31, 35, 36]. De- 
creased sensitivity to DOX necessitates dose 
escalation, resulting in significant adverse ef- 
fects including cardiotoxicity and suppression 
of bone marrow hematopoietic function. In the 
present study, we demonstrated that althou- 
gh TNBC showed high sensitivity to OPZ alone, 
cells showed further sensitivity to treatment 
with the combination of OPZ and DOX. It is nota-
ble that OPZ may sensitize TNBC to DOX che-
motherapy and thus lessen DOX resistance and 
toxicity. Consistent with these findings, some 
reports have suggested that PIs exacerbate 
DOX-induced cytotoxicity in cardiomyocytes 
[37] and sensitize leukemia cells to DOX [38]. 
Collectively, these data suggest that OPZ could 
be beneficial as an addition to DOX for the treat-
ment of TNBC, enabling the use of lower doses 
of DOX and reducing side effects.

Treatment with relatively low doses of OPZ pre-
vented IκBα degradation induced by DOX in the 
NF-κB signaling pathway and enhanced p38 
MAPK/ JNK apoptosis signaling activation 
induced by DOX, according to our assays. The 
NF-κB pathway is activated in many kinds of 
cancer, including breast cancer [39-41], and 

Figure 6. Oprozomib (OPZ) inhibits doxorubicin (DOX)-induced inhibitory factor κB alpha (IκBα) degradation in TNBC 
cells. TNBC cell lines MDA-MB-231 (A) and BT-549 (B) were treated with DOX (20 μM) alone or in combination with 
oprozomib (5 μM) for 0, 2, 3, or 4 hours. Whole cell lysates were then subjected to SDS-PAGE and immunoblotted 
with antibodies against phospho-(p-)SARP/JNK, SARP/JNK, p-p38 MAPK, p38 MAPK, and IκBα. α-Tubulin was used 
as loading control.
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chemoresistance caused by NF-κB activation is 
a common off-target effect. Inhibition of NF-κB 
has been associated with increased effective-
ness of DOX in breast cancer and lack of 
response to DOX has been linked to reduced 
NF-κB inhibition [11, 42]. DOX also induces the 
activation of p38 MAPK/JNK apoptosis signal-
ing in breast cancer cells [12].

One study has shown that when verapamil, a 
P-glycoprotein inhibitor, was combined with a PI 
(MG132, bortezomib, or carfilzomib), apoptosis 
and cytotoxic effects of verapamil in TNBC 
MDA-MB-231 cells were enhanced [43]. Simi- 
larly, in the present study, OPZ alone or in com-
bination with DOX showed potent cytotoxic 
effects and induced apoptosis in MDA-MB-231 
and BT-549 cells. OPZ may also be combined 
with other P-glycoprotein inhibitors to increase 
therapeutic efficacy in TNBC. In future studies, 
use of PIs and the development of novel strate-
gies to combat cancer through inhibition of 
multiple targets may be indispensable in devel-
oping better treatment options for TNBC.

In summary, in studying two TNBC cell lines, we 
provide compelling evidence that OPZ alone 
could suppress proliferation and induce apop-
tosis in TNBC cells and, when combined with 
DOX, enhance the cytotoxic effect of DOX and 
DOX-induced apoptosis by preventing IκBα deg-
radation in the NF-κB signaling pathway and 
activating p38 MAPK/ JNK apoptotic signaling. 
These findings suggest that OPZ might serve as 
an effective drug in potential combination ther-
apies for chemoresistant TNBC.
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