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Abstract: Resistance to doxorubicin (DOX) is a major clinical challenge in triple-negative breast cancer (TNBC),
which is highly diverse in different patients with variable outcomes. Apatinib is a new antiangiogenic agent, which
has been reported to induce apoptosis. Nevertheless, the potential role and underlying mechanisms of apatinib in
reversing DOX resistance of TNBC remain unknown. This work aims to evaluate the effects of apatinib on improving
the sensitivity of TNBC cells to DOX and its underlying molecular basis. Our data indicate that apatinib treatment
sensitizes DOX-resistant breast cancer cells to DOX, which is accompanied by significantly increased apoptosis.
Additionally, this increased induction of apoptosis is associated with an enhancement of reactive oxygen species
(ROS) accumulation. Importantly, it was found that followed by DOX treatment, apatinib could inhibit NF-«kB signaling
pathways, which have been validated to increase ROS production and reverse DOX resistance. Moreover, our in vivo
results indicate the combination of DOX and apatinib exerted increased antitumor effects on TNBC cell xenograft
models. Taken together, our study suggests that apatinib sensitizes TNBC cells to DOX in vitro and in vivo through
inactivation of NF-kB signaling pathways, providing a rationale for the combined use of apatinib and DOX in TNBC

chemotherapy.
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Introduction

Triple-negative breast cancer (TNBC) is classi-
fied as extremely aggressive breast cancer
which is characterized by the lack of estrogen
receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2
(HER2) [1]. Although TNBC accounts for only
12-17% of all breast cancers [2], the associat-
ed malignancy and death rates of TNBC are
relatively high. Very limited therapeutic options
are available for TNBC patients, and conven-
tional cytotoxic chemotherapy is still consid-
ered the most important systemic therapy [3].
Doxorubicin is a well-known anthracycline, whi-
ch was used primarily in combination chemo-
therapy for numerous malignancies, notably
breast cancer, particularly TNBC [4]. DOX Kills
tumor cells by inhibiting the synthesis of nucle-
ic acids, raising the cell levels of ROS and nitro-
gen species, such as nitric oxide (NO), damag-
ing the metabolism of mitochondria, producing

endoplasmic reticulum (ER) stress and immu-
nogenic cell death (ICD), and inhibiting topoi-
somerase |l, leading to cell apoptosis [5]. The
incidence of drug resistance is as high as
30-60% [6], despite its usage as a broad-spec-
trum antitumor drug, leading to frequent re-
lapse and poor prognosis for TNBC. Therefore,
it is of impelling importance to systematic ana-
lyzing and advancing the approaches to en-
hance DOX-based therapy.

Apatinib is a new antiangiogenic small molecu-
le agent that highly and selectively inhibits the
activity of vascular endothelial growth factor
receptor-2 (VEGFR-2) tyrosine kinase, thus in-
hibiting tumor angiogenesis [7]. Recent studi-
es have demonstrated the antitumor activity of
apatinib in several solid tumors [8-12]. Apatinib
was demonstrated curable effects and signifi-
cant survival benefits in a variety of tumors th-
at have undergone standard chemotherapy fail-
ure [3, 13, 14]. Thus, it is possible to suspect
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that apatinib could also sensitize breast cancer
cells to DOX in TNBC by promoting cell apopto-
sis. However, the role of apatinib in DOX resis-
tance in TNBC remains poorly defined.

The transcription factor nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-
KB) can bind to DNA in the nucleus and activa-
te a series of antiapoptotic genes, together
with other mediators, leading to cancer progr-
ession as well as chemotherapy resistance [15,
16]. NF-kB signaling is highly active in TNBC
[17]. The activation of NF-kB inhibits apoptosis
of breast cancer cells, while inhibition of NF-kB
signaling causes breast cancer regression due
to the stimulation of tumor cell apoptosis [18].
Previous studies showed there exists crosstalk
between the production of reactive oxygen spe-
cies (ROS) and inhibition of NF-kB signaling
pathways [19, 20]. Thus, it is worth studying if
apatinib can induce apoptosis by targeting
NF-kB/ROS signaling and overcome DOX resis-
tance in TNBC.

This work involved evaluating the antitumor
effect of apatinib in improving the DOX sensitiv-
ity of TNBC. We investigated both in vitro and
in vivo combinatorial efficacy of apatinib and
DOX in the TNBC model. Besides, we also ana-
lyzed the underlying mechanism of apatinib-
mediated chemosensitization.

Materials and methods
Reagents

Apatinib was purchased in Hengrui (Jiangsu,
Chian); doxorubicin (DOX) was purchased from
Sigma-Aldrich (St Louis, MO, USA). Apatinib and
DOX were both dissolved in DMSO, prepared in
stock concentration at 20 mM and stored at
-20°C.

Cell culture

Human breast cancer line MDA-MB-231 (ATCC)
was cultured in DMEM (Corning) supplement-
ed with 10% (v/v) FBS (Gibco) and 100 U/mL
penicillin and 100 pyg/mL streptomycin (Life Te-
chnologies). The DOX-resistant MDA-MB-231/
ADR cell line was selected by exposing to grad-
ually increasing concentrations, as described
in earlier work [21]. The DOX-resistant MDA-
MB-231/ADR cell line was maintained by expo-
sure to 1M DOX every three passages. Cells
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were maintained at 37°C in a humidified 5%
CO, air incubator. All cell lines were routinely
tested for mycoplasma contamination.

CCK-8 assay

The Cell-Counting Kit 8 (Dojindo Molecular
Technologies, Japan) was utilized to evaluate
the viability of cells according to the manufac-
turer’s protocols. Briefly, cells were seeded in
48-well plate and cultured for 24 hours, then
siRNA or plasmids were transfected to the ce-
lls, and cultured for another up to six days.
Afterward, the cell medium was replaced by
100 pL complete medium mixed with 10 uL
CCK-8 solution and incubated at 37°C for 60
min. The absorption was measured by Multis-
kan Spectrum (Thermo Fisher, Rockford, IL,
USA) at 450 nm and 630 nm.

Flow cytometry for the analysis of the cell cycle
and apoptosis

Cells were harvested after transfected for 48
hours, rinsed with cold phosphate-buffered
saline (PBS) and then fixed with pre-cooled
75% ethanol overnight at 4°C. Cellular RNA was
removed by RNaseA (Sigma-Aldrich), incuba-
tion at 37°C for 30 min, followed by stained
with Propidium iodide (PI) solution (Sigma-Al-
drich), incubation at room temperature for an-
other 30 min. The cell cycle was detected using
FACS Aria | flow cytometer (BD Biosciences).
Cell apoptosis was assessed after transfected
for 72 hours using FITC Annexin V Apoptosis
Detection Kit | (BD Pharmingen, USA) following
the manufacturer’s instructions and analyzed
using C6 Flow Cytometer (BD Biosciences).

Assessment of intracellular ROS accumulation

Levels of intracellular hydrogen peroxide were
detected by the stained of DCFH-DA (6-car-
boxy-20,70-dichlorodihydrofluorescein diaceta-
te; Molecular Probes, OR, USA) followed by an-
alyzing using flow cytometry according to the
previous report [22]. The levels of cellular ROS
were proportionate to the uptake of the st-
aining.

Luciferase reporter assay

For the Luciferase Assay 8x10* cells were plat-
ed on a 24-well plate. After 24 h, cells were
co-transfected using Lipofectamine 2000 (Invi-
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trogen) with 150 ng of pRL-TK Vector (Prome-
ga) containing the Renilla luciferase construct,
used as a normalizer and internal control, and
with 650 ng of reporter vector (p1242-3x-KB-L
or 3xAP1pGL3), or with empty vector pGL2 or
pGL3, respectively (Promega). After 24 h trans-
fection cells were treated with TNF-a 10 nM
and after 24 h Dual-Luciferase Reporter As-
say were performed by Glomax instrument
(Promega). Results are calculated as fold ch-
anges and shown as means of Firefly Lucifera-
se activity normalized on Renilla luciferase
activity.

In vivo tumor growth model

Eight-week-old male severe combined B- and
T-cell immunodeficiency (SCID) mice were sub-
cutaneously injected of 5x10%/100 ul MDA-
MB-231/ADR cells per mouse. Once the aver-
age tumor volume reached around 100 mm3,
the mice were randomly and blinded assigned
into four groups, each group containing at least
five mice. Mice embedding with tumors were
treated respectively with: saline (200 ul, i.p.),
apatinib (100 mg/kg, oral administration once
per day for 21 days), DOX (5 mg/kg, i.p., once a
week for 3 consecutive weeks), and sequen-
tial combination of apatinib and doxorubicin to-
gether. The tumor size of each mouse was mea-
sured manually once every 2 days using a cali-
per. At the end of 28 days, all mice were sacri-
ficed and tumors were isolated, the tumor
volume and weight were measured and com-
pared among each group. All mice were oper-
ated in accordance with the Guide for the Care
and Use of Laboratory Animals of the National
Institutes of Health recommendations. All ani-
mal studies were performed in strict accor-
dance with the guidelines of the Committee on
the Ethics of Animal Experiments of the Harbin
Medical University Cancer Hospital.

Western blotting

The cells were washed in cold PBS and lysed
in RIPA buffer (50 mM Tris-HCI at pH 7.4, 150
mM NaCl, 1% Triton X-100, 0.1% SDS, 5 mM
EDTA, and proteasome inhibitor cocktail). The
tumour tissue protein was purified according
to the reported method [23]. After centrifuga-
tion, the cell supernatants were denatured in
SDS-PAGE loading buffer and subjected to
SDS-PAGE, and then transferred to PVDF mem-
brane (Millipore). Afterward, the membranes
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were immunoblotted with specific antibodies:
NF-kB p65 (8242, Cell Signaling Technology),
NF-kB p50 (4764, Cell Signaling Technology),
histone H3 (4499, Cell Signaling Technology),
PARP (5625, Cell Signaling Technology), Ca-
spase-3 (9664, Cell Signaling Technology), GA-
PDH (BM1623, Boster Biological Technology)
and Tubulin (2148, Cell Signaling Technology).

Statistical analysis

All statistical analyses were performed using
GraphPad Prism® version 6.0 (GraphPad Soft-
ware). Data sets were analyzed for significance
using Student’s two-tailed t-test for two groups,
one-way ANOVA with subsequent Bonferroni
post hoc test for multiple group comparisons,
respectively. All data were expressed as me-
ans = SEM. All data were collected from at least
three independent replicate experiments. In all
experiments, an only P-value of < 0.05 was
considered to be statistically significant.

Results

Apatinib increases the DOX sensitivity of MDA-
MB-231/ADR cells

Firstly, in order to confirm the DOX resistance of
the induced MDA-MB-231/ADR cells, parental
cell lines were treated with increasing concen-
tration of DOX, and the cell viability was ex-
amined with CCK-8 assay. Results showed th-
at the half-maximal inhibitory concentrations
(IC50) of DOX against MDA-MB-231 and MDA-
MB-231/ADR cells were 10 uyM and 80 uM,
respectively (Figure 1A), demonstrated the
MDA-MB-231/ADR cell line showed significant
drug resistance. Next, MDA-MB-231/ADR cell
was treated with different concentrations of
apatinib to explore the potential inhibition ef-
fects. The results revealed that apatinib show-
ed a certain dose-independent inhibitory ef-
fect (Figure 1B). To further investigate whether
apatinib and DOX can exert synergistically ef-
fects on DOX-resistance cell line, MDA-MB-
231/ADR cell was cultured with a nonlethal
dose of apatinib and gradient concentrations
of DOX for 48 hours. Notably, apatinib and
DOX exhibited significantly synergistic inhibiti-
on effect on MDA-MB-231/ADR cell viability wi-
th the increase of DOX dose. These results indi-
cated that 10 uM apatinib in combination with
20 yM DOX displayed a high synergistic inhi-
bition rate (Figure 1C). These results suggest
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Figure 1. Apatinib sensitizes DOX-resistant TNBC cells to the cytotoxic effect of doxorubicin. A. MDA-MB-231 cells
and MDA-MB-231/ADR cells were treated with the indicated concentrations of DOX for 48 h. B. MDA-MB-231/ADR
cells were treated with the indicated concentrations of apatinib for 48 h. C. MDA-MB-231/ADR cells were treated
with 10 uM apatinib combined with the indicated concentrations of DOX for 48 h. Cell viability was tested by CCK8
assay. The data are expressed as the mean + SD obtained from 3 independent experiments. D. Apoptotic levels
in MDA-MB-231/ADR cells and their parental cells treated with DOX were analyzed with Annexin V/PI staining.
*P<0.05, ""P<0.01 vs the indicated group.
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Figure 2. The combination of DOX and apatinib enhances apoptosis in MDA-MB-231/DOX cells. A. MDA-MB-231/
ADR cells treated with 10 uM apatinib, 20 yM DOX or the combination of DOX and apatinib for 24 h were analyzed
by Annexin V/PI staining. B. Cells were stained with Pl and then analyzed by flow cytometry. C. Activation levels of
caspases and PARP (cleavage bands) were determined with western blot. The data shown are representative of 3
independent experiments. Data are presented as means + SD (n = 3). ""P<0.01 vs the indicated group.
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that apatinib may synergise the growth inhibi-
tory activities of DOX on TNBC cells.

DOX and apatinib increase apoptosis in MDA-
MB-231/DOX cells

Previous studies have claimed that drug-resis-
tance cells were insensitive to cell apoptosis,
so we compared the levels of apoptosis in
MDA-MB-231/ADR cells and parental cells in
the presence of DOX, and the results showed
dramatically lower apoptotic rate in MDA-MB-
231/ADR cells than in the parental cell (Figure
1D). Since the apatinib can facilitate the DOX
effects on the MDA-MB-231/ADR cell, we want
to check the levels of apoptosis in both condi-
tions. Our results demonstrated that apatinib
alone did not significantly promote the cell
apoptosis compared with the control and DOX
alone group. However, the DOX and apatinib
together could significantly enhance the cell
apoptosis among all groups (Figure 2A). Be-
sides, analysis of cell cycle under the treatment
of each condition, we found that exposure to
DOX increased the percentage of cells accumu-
lation in the sub-G1 phase, while exposure to
DOX and apatinib further caused the percent-
age of cells retained in sub-G1 phase up to
31.8% (Figure 2B). Furthermore, western blot
analysis confirmed that apatinib combined with
DOX could promote the apoptosis of MDA-
MB-231/ADR cells by up-regulating the expres-
sion levels of cleaved caspase-3 and cleaved
PARP (Figure 2C). Taken together, these results
suggest that apatinib enhances DOX-induced
MDA-MB-231/ADR cell apoptosis.

Apatinib sensitizes MDA-MB-231/ADR cells to
DOX-induced apoptosis through ROS genera-
tion

There is increasing evidence showing that ROS
is critical for the induction of apoptosis in can-
cer cells. To determine the ROS production un-
der the conditions of each treatment for MDA-
MB-231/ADR cell, we used flow cytometry as-
say to measure the intracellular levels of ROS
by examining the DCF fluorescence following
the treatment of control, apatinib alone, DOX
alone, apatinib and DOX for 24 hours. Cellular
ROS production was elevated upon the treat-
ment of DOX and apatinib, higher than treated
with DOX or apatinib alone (Figure 3A). To con-
firm the intracellular ROS production stimulat-
ed by DOX and apatinib exposure, NAC, a ROS
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inhibitor, was introduced in cell culture. When
cells were treated with NAC for 4 hours before
performing the FACS assay, the results show-
ed that intracellular ROS levels were reduced
by the NAC pretreatment (Figure 3A). At the
same time, the cell apoptotic rate was also
inhibited (Figure 3B) and the cell survival rate
was significantly upregulated with NAC treat-
ment (Figure 3C). Overall, those results sug-
gest that ROS mediates the ability of apatinib
to enhance DOX-induced apoptosis.

Apatinib suppresses DOX-induced NF-kB
activation

Upon the intracellular ROS production, the NF-
KB signaling pathway could be stimulated to
increase certain cellular antioxidant protein ex-
pression. Thus, we examined the involvement
of the NF-kB signaling pathway upon the treat-
ment of apatinib and DOX. After the treatment
of apatinib and/or DOX, proteins in the cytosol
and nucleus were subjected to immunoblot
assay. The results showed that exposure of
MDA-MB-231/ADR cells to DOX caused an in-
crease in p65 and p50 in the nucleus, which
could be reversed by the co-administration of
apatinib (Figure 4A). Next, the effect of apati-
nib and DOX on induced NF-kB activity was
assessed in cells stably transfected with the
NF-kB-dependent luciferase reporter construct.
Our data indicated that NF-kB activity was in-
creased after DOX treatment, while inhibited
with DOX and apatinib together (Figure 4B).
Meanwhile, NF-kB downstream genes, survivin
and IL-8 expression levels were also quantifi-
ed. Real-time PCR results revealed that the
levels of both targets were elevated after ex-
posure to DOX alone, while reduced to the ba-
sal levels when treated with DOX and apatinib
together (Figure 4C). Overall, it implied that
DOX-induced NF-kB pathway activation was in-
hibited by apatinib in the MDA-MB-231/ADR
cell line.

ROS release and apoptosis by DOX-Apatinib
treatment involves the inhibition of the NF-kB
pathway

Next, specific NF-kB pathway inhibitor PDTC
was employed to further investigate thebefore
subjected to the exposure to DOX or DOX/apa-
tinib. Interestingly, the results showed that
DOX combined with apatinib caused a distinct
ROS increase in MDA-MB-231/ADR cells, while
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Figure 4. Apatinib suppresses DOX-induced NF-kB activation. A. The cell extracts were analyzed for p65 and p50
levels by western blot analysis. B. Effect of DOX and apatinib on an NF-kB activity with NF-kB-dependant luciferase
reporter assay. C. The mRNA levels were analyzed for IL-8 and survivin by quantitative PCR using specific primers.
"*P<0.01 vs the indicated group.

PDTC pretreatment showed no further enhan- NF-kB pathway when exposed to the sequen-
cement (Figure 5A). Our data indicated that tial combination of DOX and apatinib. Similar
ROS release in the cell line studied involves the trends were also observed in the apoptosis and
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cell viability (Figure 5B-D). Taken together, our
results confirm that inhibition NF-kB pathways
contributes to the combination of DOX- and
apatinib-induced ROS release and apoptosis in
TNBC cells.

Apatinib and DOX combination treatment
inhibits tumor growth in vivo

To further investigate whether apatinib syner-
gizes DOX against tumour growth in vivo, TNBC
cells were implanted in SCID mice. Our data
showed that tumors were inhibited by DOX and
apatinib treatment either in combination or
individually (Figure 6A, 6B). Nevertheless, tu-
mor volume was significantly smaller in com-
bination group than that of apatinib group or
DOX group (Figure 6A-C). These results demon-
strate that the antitumour effect of apatinib
combined with DOX is superior to that of the
drugs used individually. To confirm the under-
lying mechanisms of the synergistic effect in
vivo, we next assessed the effect of monotre-
atment or combined treatment of apatinib
and DOX on the apoptosis and the expression
levels of NF-kB-related proteins in tumor tis-
sues from drug-administered mice. Our data in-
dicate that the nuclear protein expression of
p65 and p50 was remarkably decreased with
increasing p65 and p50 expression in the cy-
toplasm in tumor tissues of combination treat-
ed mice (Figure 6D), consistent with the re-
sults in vitro. Collectively, our results demon-
strated that the antitumor effect of DOX was
enhanced by apatinib in vivo.

Discussion

TNBC is one of the most lethal subtype of
breast cancer, and most of the time, TNBC
could produce resistance to chemical treat-
ment. In the current study, we elucidated that
apatinib can sensitize TNBC cells to DOX by
inducing apoptosis both in vitro and in vivo.
Importantly, apatinib could inhibit the NF-kB
signaling pathway accompanied by the accu-
mulation of ROS, which induce apoptosis in
TNBC cells. Furthermore, apatinib and DOX
synergistically reduced the tumor burden in the
MDA-MB-231 xenograft model. These findings
suggest that the sensitization of the DOX-re-
sistant cells by apatinib is due to the specific
activation of apoptosis through the suppres-
sion of the NF-kB signaling pathway.
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Resistance to apoptosis is the leading cause
of chemotherapy resistance [24, 25]. A recent
study showed that DOX can cause apoptosis by
mediating the production of reactive oxygen
species and oxidative damage [26]. Thus, it is
possible that DOX resistance could be induced
by the inhibition of apoptosis. To assess this
hypothesis, we compared the apoptosis level
in DOX-resistant cells and DOX-sensitive cells
and found that apoptosis was inhibited in DOX-
resistant cells. Then, it was critical to find an
approach to promote apoptosis to overcome
DOX resistance. Apatinib has been reported to
induce apoptosis in osteosarcoma, acute my-
eloid leukemia, and liver cancer, and showed
satisfactory efficacy in TNBC [27-29]. Hence, it
is reasonable to hypothesize that concomitant
treatment with apatinib and DOX might enhan-
ce apoptosis in TNBC cells. In our study, apa-
tinib was utilized in a combination approach as
an adjuvant against a DOX resistant breast
cancer line. This approach was found to lower
the viability of the DOX resistant breast tumor
cell line. Moreover, our data indicated that this
DOX sensitization by apatinib occurred in pa-
rallel with the augmentation of apoptosis. Our
data were consistent with previous studies in-
dicating that apatinib promotes apoptosis. Ne-
xt, we sought to further explore the reversal
effect of apatinib on the resistance of TNBC to
DOX and its underlying mechanisms.

Apoptosis induced by anthracyclines in breast
tumors involves the generation of ROS [30, 31]
via the mutual effect and involvement of the
NF-kB signaling pathway [19, 20]. An increase
in ROS and NF-kB inhibition can lead to cas-
pase-dependent apoptosis [32-34]. We there-
fore further investigated whether apatinib regu-
lates DOX chemoresistance in TNBC cells via
NF-kB/ROS-apoptotic signaling. Our data indi-
cate that apatinib promotes the accumulation
of ROS in the resistant cell line studied. Ad-
ditionally, apatinib and DOX further promote
ROS release, thereby promoting apoptosis and
reducing the viability of the cell line studied.

NF-kB plays a crucial role in chemotherapeutic
resistance in TNBC cells via regulating antiap-
optotic pathways [35]. In our study, DOX treat-
ment alone activated NF-kB, but the combined
DOX and apatinib treatment inhibited NF-kB
activity. Furthermore, we detected the mRNA
levels of the target genes of NF-kB pathway,
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IL-8, and survivin, and found them to be in-
creased by exposure to only DOX; the combin-
ed treatment approach reduced the mRNA lev-
els of these genes. Overall, we demonstrated
that NF-kB pathway mediates the ability of
apatinib to enhance DOX-induced apoptosis.
Treatment with an NF-kB inhibitor, as well as
apatinib, distinctly boosted the ROS levels in
cells to significantly increase the percentage of
apoptosis. Taken together, these results dem-
onstrate that ROS mediates the ability of GA
to enhance CDDP-induced apoptosis. More-
over, ROS accumulation and apoptosis in res-
ponse to sequential and combinatorial treat-
ment involved NF-kB pathway inhibition. In ad-
dition, the influence of the DOX and apatinib
combination was further confirmed in a murine
tumor xenograft model. The growth inhibition
was consistent in cellular and animal models,
demonstrating the antitumor efficacy of DOX
plus apatinib. Therefore, our data suggest that
apatinib sensitises DOX to TNBC cells throu-
gh inhibiting DOX-induced NF-kB avtivation and
then afterwards promote the generation of
ROS.

Conclusions

Our study verified that apatinib sensitized TNBC
cells to DOX in vitro and in vivo. Moreover, our
rssults indicated that apatinib could inactivate
NF-kB signaling pathway induced by DOX fol-
lowed by enhanced ROS generation, thus po-
tentiating the execution of apoptosis triggered
by DOX. Overall, the results suggest that the
combination of apatinib with DOX is an innova-
tive approach for treatment of TNBC.
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