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Research Article

Introduction

Breast cancer is the most common malignant tumor among 
women worldwide.1 Tumor metastasis is a major mortal 
threat to patients with cancer.2 Chemotherapy has remained 
an effective treatment strategy for invasive breast cancer. 
Although cytotoxic chemotherapy dramatically decreases 
the proliferation of cancer cells and reduces the tumor vol-
ume, a paradox is emerging suggesting chemotherapeutic 
promotion of chemoresistance and cancer metastasis.3 
Paclitaxel (PTX), a first-line chemotherapeutic agent for the 
treatment of breast cancer, showed exacerbated metastasis 
in mouse models of breast cancer.4,5 The mechanism might 
be attributed to PTX-inducing migration and invasion of 
cancer cells, and regulating the expression of antiapoptotic 
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Abstract
Chemotherapy is an effective treatment for invasive breast cancer. Paradoxically, many recently published findings showed 
that the first-line chemotherapeutic agent paclitaxel (PTX) showed pro-metastatic effects in the progress of treating 
breast cancer. Xiao-Ai-Ping (XAP) injection, composed of a traditional herbal medicine, Marsdenia tenacissimae extract, is 
known to exert antitumor effects on various cancers. However, there are few experimental studies on breast cancer. The 
underlying mechanism of the antitumor effect of XAP combined with chemotherapy agents has not been fully understood. 
In the present study, we sought to find the antitumor effects of XAP combined with PTX in vitro and in vivo. The data 
demonstrated that the combination of XAP with PTX resulted in remarkable enhancement of the pro-apoptotic, migration-
inhibiting, and anti-invasive effects of PTX in vitro. Significantly, further study showed the overexpression of ATF3 in 
PTX-treated cell, while XAP counteracted the change of ATF3 induced by PTX. Moreover, it showed that combination 
treatment could promote the inhibition of tumor growth in MDA-MB-231 cell xenograft mouse model. Compared with 
PTX treatment, the downregulation of ATF3 indicated that ATF3 played a pivotal role in the combination of XAP with 
PTX to exert a synergistic effect. Overall, it is expected that PTX combined with XAP may serve as an effective agent for 
antitumor treatment, and dampening ATF3 maybe a potential strategy to improve the efficacy of PTX.
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or other related genes. Therefore, identifying the target of 
PTX, which induced tumor metastasis, and conducting 
intervention and regulation on it may solve the dilemma.

Activating transcription factor 3 (ATF3) is a member of 
the ATF/CREB family of transcription factors.6 It is a stress-
induced gene that participates in cellular processes to adapt 
to extracellular and/or intracellular changes.7 Emerging evi-
dence suggests that ATF3 is critical in regulating cell prolif-
eration and apoptosis that contribute to cancer progression. 
Interestingly, ATF3 has been demonstrated to play contro-
versial roles in cancer development according to the cell 
type.8,9 Studies have shown that ATF3 was overexpressed in 
monocytes of metastatic breast cancer patients, which indi-
cated poor prognosis of breast cancer, but this research did 
not involve any chemotherapy drugs and was not further 
reported.10 Recently published data showed that overexpres-
sion of ATF3 in breast cancer was associated with PTX-
induced tumor metastasis. In addition, increasing evidence 
indicated that ATF3 was found to be associated with chemo-
therapy response.11 However, research showed paradoxical 
results on dampening and strengthening the effect of ATF3 
in improving the efficacy of chemotherapy. The role of ATF3 
in breast cancer is far from being understood.

Traditional Chinese medicine has played an important 
role in cancer treatment including during radiotherapy or 
chemotherapy and in the terminal stage of cancer.12 In 
China, it has been increasingly used in the combined ther-
apy of tumors, and it is capable of enhancing the efficacy 
of chemotherapy by regulating the immune function and 
improving the sensitivity of tumor to chemotherapeutic 
agents. Xiao-Ai-Ping (XAP) injection, composed of a tra-
ditional herbal medicine, Marsdenia tenacissimae extract, 
has exhibited antitumor effects on various cancers such as 
esophageal cancer, gastric cancer, lung cancer, and liver 
cancer, as well as the adjuvant treatment of malignant 
tumors. Studies had shown that Marsdenia tenacissimae 
extract enhanced gefitinib efficacy in non–small cell lung 
cancer cells.13-15 Our previous study had shown that XAP 
increased the exposure to PTX in rats.16 However, there are 
few experimental studies on breast cancer, and the underly-
ing mechanism of the antitumor efficacy of XAP combined 
with chemotherapy agents has not been fully understood.

The present study was designed to reveal how XAP and 
PTX play synergistic roles in breast cancer and to identify 
the regulation of ATF3 by XAP. To complete our study, 
PTX and XAP were administered as monotherapy or com-
bined therapy. We found that XAP potently inhibited prolif-
eration and migration, and it promoted apoptosis in 
MDA-MB-231 cells, as well showing a synergistic effect on 
tumor growth in vivo, while PTX in the exposed concentra-
tion in this study showed a pro-metastatic effect in vitro. 
Significantly, further study showed that the upregulated 
expression of ATF3 was counteracted by XAP, which indi-
cated that ATF3 plays a pivotal role in the combination of 
XAP with PTX to exert a synergistic effect.

Materials and Methods

Reagents

Xiao-Ai-Ping injection (1 g crude per mL) was purchased 
from Nanjing Sanhome Pharmaceutical Co, Ltd (Nanjing, 
China). PTX injection (6 mg PTX per mL) was purchased 
from Haikou Pharmaceutical Co, Ltd (Hainan, China). L15 
medium was purchased from Hyclone (Logan, UT). Fetal 
bovine serum was obtained from Gibco (Grand Island, NY). 
Small interfering RNA interference nucleotide sequence of 
ATF3 (ATF3-SiRNA) and negative control (NC-SiRNA) 
were designed by Santa Cruz Biotech Co, (Santa Cruz, 
CA). Lipofectamine TM 3000 was obtained from Invitrogen 
(Carlsbad, CA). Chemiluminescence kit was obtained from 
Millipore (Billerica, MA). ATF3 antibody was obtained 
from Abcam (Cambridge, MA). Horseradish peroxidase–
conjugated secondary antibodies were obtained from 
Abcam. TRIzol reagent was obtained from Thermo Fisher 
Scientific (Waltham, MA).

Cell Culture

Human tumor–derived MDA-MB-231 cell line was pur-
chased from the cell bank of the Chinese Academy of 
Sciences (Shanghai, China). Cells were cultured in L-15 
medium (Hyclone) and supplemented with 10% fetal 
bovine serum (Gibco) and 1% penicillin/streptomycin. 
Cells were subcultured using 0.25% trypsin and incubated 
in a humidified atmosphere (37°C, 100% air). Drugs were 
incubated with MDA-MB-231 cells for 24 or 48 hours and 
treated as follows: XAP at concentrations of 40 mg/mL and 
80 mg/mL and PTX at a final concentration of 10 nM, 
respectively, or combined.

siRNA Transfection

Small interfering RNA interference nucleotide sequence of 
ATF3 (ATF3-siRNA) was designed (Santa Cruz Biotech 
Co), and an independent nucleic sequence with the same 
base number was synthesized as negative control 
(NC-siRNA). Liposome transfection was in accordance 
with Lipofectamine TM 3000 (Invitrogen) with 100 nM of 
NC-SiRNA or ATF3-siRNA according to the manufactur-
er’s instructions. Transfection efficiency was evaluated by 
ATF3 mRNA and protein level at 24 hours after liposome 
transfection. Subsequently, the transfected cells were evalu-
ated by wound healing, Transwell migration, and Transwell 
invasion assays.

Mice

Six-week-old female BALB/c nude mice were purchased 
from Shanghai Sippr-bk Lab Animal Co Ltd (Shanghai, 
China; License Number: SCXK（沪）2013-0016). Animal 
care and treatment were performed strictly in accordance 
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with the Provision and General Recommendation of 
Chinese Experimental Animals Administration Legislation 
with a 12/12-hour light/dark cycle in a colony room main-
tained at constant temperature (22 ± 1°C) with air condi-
tioning. All animals had free access to sterilized food and 
water. Experimental procedures were in compliance with 
the Guide for Care and Use of Laboratory Animals (National 
Institutes of Health publication, revised 1996). The protocol 
was approved by the Animal Care and Use Committee of 
Shanghai Jiao Tong University  Affliated to Sixth People’s 
Hospital (License Number: SYXK（沪）2016-0020).

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) Assay

MDA-MB-231 cell proliferation was determined by the 
MTT assay. MDA-MB-231 cells were seeded in 96-well 
plates and treated with increasing concentrations of PTX 
and XAP monotherapy or combined therapy. Then, the cells 
were incubated with MTT (0.5 mg/mL) for 4 hours at 37°C. 
The precipitate was dissolved in dimethyl sulfoxide (150 
µL/well). Cell viability was measured with microplate 
reader at 490 nm.

Cell Apoptosis and Cell Cycle Distribution Assay

A total of 5 × 104 MDA-MB-231 cells plated in 6-well 
plates were incubated at 37°C overnight and then treated 
with PTX, XAP, or combined therapy for 24 hours. After 
treatments, cell apoptosis was analyzed by Annexin V-FITC/
PI apoptosis detection kit according to the manufacturer’s 
instructions. Briefly, cells were washed once in phosphate-
buffered saline (PBS), then once in binding buffer, and 
resuspended in the medium at 1 × 106/mL. Five microliters 
fluorochrome-conjugated Annexin V and 5 µL propidium 
iodide was added to the cell suspension and incubated for 
15 minutes at room temperature for cell apoptosis assay. 
Cells were stained by propidium iodide for cell cycle distri-
bution. After that, 400 µL binding buffer was added to each 
tube. Subsequently, cell apoptosis was analyzed by flow 
cytometry (BD FACS Calibur, San Diego, CA) within 1 
hour.

Wound Healing Migration Assay

To determine the capacity for migration, a wound healing 
migration assay was performed. Briefly, MDA-MB-231 
cells were seeded in 6-well plates. When cells grew to 90% 
confluence, wounds were scratched with sterile pipette tips. 
After washing twice with PBS, cells were treated with PTX 
or XAP for 48 hours. The cells in the denuded zone of each 
well were counted and photographed at 20× magnification 
using an inverted fluorescence microscope (DMi8, Leica, 
Germany) in a random fashion.

Transwell Migration and Invasion Assay

The chemotactic motility of MDA-MB-231 cells was deter-
mined using Transwell migration assay with Transwell 
plates of 8.0-µm pore (Corning, NY). In brief, 600-µL com-
plete medium was placed in the lower chamber, and 5 × 103 
MDA-MB-231 cells were seeded in the upper chamber. 
Various concentrations of drugs were added in upper cham-
bers to 200 µL total volume. For invasion assay, 1 × 104 
cells per well were seeded in the upper chamber coated with 
Matrigel. After incubation for 24 hours, nonmigrated cells 
on the top surface of the membrane were gently scraped 
away with a cotton swab. The migrated cells were fixed 
with 4% paraformaldehyde for 20 minutes and stained with 
0.1% crystal violet. Images were recorded using an inverted 
fluorescence microscope (DMi8, Leica), and migrated cells 
were quantified by manual counting.

Subcutaneous Xenograft Mouse Model

A total of 2 × 106 MDA-MB-231 human breast cancer cells 
prepared in 100 µL PBS were injected subcutaneously on 
the right axilla of female nude mice. After 7 days, mice 
injected with MDA-MB-231 cells were randomly divided 
into 4 groups (n = 10) and injected intraperitoneally with 
normal saline (control group), 20 or 40 mL/kg XAP (experi-
mental group) and intravenously through the tail vein with 
10 mg/kg (per 3 day) PTX for 28 days. Tumor volume was 
assessed by caliper measurement using the formula: volume 
= length × width2 × 0.5. Mouse body weights and tumor 
dimensions were measured every 3 days. Mice were con-
tinually observed until sacrificed. Primary tumors and 
organs were isolated and stored at −80°C for further 
experiments.

Western Blot Analysis

Cells were plated in 6-well plates and incubated overnight 
followed by drug treatment with the indicated drug for 24 
hours. Protein samples were collected in ice-cold RIPA buf-
fer (50 mM Tris-CL pH 7.5, 150 mM sodium chloride, 1 mM 
EDTA, 1% Triton-X-100, 0.25% sodium deoxycholate, 0.1% 
SDS; Beyotime Institute of Biotechnology, Shanghai, China) 
containing the protease inhibitors 0.1% phenylmethylsulfo-
nyl fluoride (Beyotime Institute of Biotechnology). The 
supernatant was collected after centrifugation at 12 000 rpm 
for 30 minutes and stored at −80°C. The protein concentra-
tion was determined by the BCA protein assay kit (Beyotime 
Institute of Biotechnology). Protein extracts were loaded and 
separated by an SDS-polyacrylamide gel electrophoresis, 
and transferred to an equilibrated polyvinylidene difluoride 
membrane (Millipore, Bedford, MA) by electroblotting. The 
membranes were blocked with 5% fat-free milk in Tris-
buffered saline for 2 hours at room temperature and incu-
bated at 4°C overnight with primary antibodies, rabbit 
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anti-ATF3 (1:1000; Abcam). After washing 3 times with Tris-
buffered saline Tween 20, the membranes were incubated 
with secondary antibody (1:12000; Abcam) for 2 hours at 
room temperature. Visualization of protein bands was per-
formed using enhanced chemiluminescence kit (Millipore, 
Billerica, MA) and a gel imaging system (Syngene, Frederick, 
MD). Beta-actin protein levels were used as an endogenous 
control to allow the normalization of target proteins. 
Densitometric analysis of the bands was analyzed by Image J 
software.

Real-Time Polymerase Chain Reaction (RT-PCR)

Cells were plated in 6-well plates overnight at 37°C and then 
treated with drugs for 24 hours. Total RNA was extracted 
from MDA-MB-231 cells using Trizol (Thermo Fisher 
Scientific). RNA concentrations were quantified using a 
NanoDrop D-1000 spectrophotometer (Wilmington, DE). 
The extracted total RNA was reverse-transcribed to cDNA 
for RT-quantitative PCR. The Applied Biosystems AB 7500 
Real-Time PCR system (Applied Biosystems, Foster City, 
CA) was used to detect amplification. Real-time PCR was 
performed using Taq Man Gene Expression Assay Primer/
Probes for ATF3 (F: TTGCCATCCAGAACAAGCACCTC, 
R: GCACTCCGTCTTCTCCTTCTTCTTG), the house-
keeping gene human β-actin (No. B662102 Sangon Biotech 
Co, Ltd, Shanghai, China) as per the manufacturer’s instruc-
tions (Sangon Biotech Co, Ltd). Three independent experi-
ments were performed to determine the average gene 
expression and standard deviation.

Statistical Analysis

Data were expressed as mean ± SD. Significance was 
determined by one-way analysis of variance test. GraphPad 

Prism 6 software (GraphPad Software, Inc, San Diego, CA) 
was used to count the half maximum inhibitory concentration 
(IC50) values. The criterion for significance was P < 0.05. 
The effect of PTX combined with XAP was calculated 
using CalcuSyn (Biosoft, Cambridge, UK). Combination 
index (CI) values were graphed on fraction affected–CI 
plots. A CI < 1 is a synergistic interaction, CI = 1 is addi-
tive, and CI > 1 is antagonistic. All experiments were per-
formed at least 3 times except the animal experiment.

Results

XAP Combined With PTX Suppressed  
MDA-MB-231 Cell Proliferation

To evaluate the cytotoxicity of XAP, PTX, and the combi-
nation of the 2 agents, MDA-MB-231 cells were treated 
with increasing concentrations of XAP (20, 40, 60, 80, and 
160 mg/mL) and PTX (5, 10, 40, 160, and 320 nM) for 
monotherapy or parallel combined therapy. Data in Figure 
1A of MTT assay showed that PTX exhibited an inhibitory 
effect at concentrations higher than 40 nM, and a weaker 
inhibitory effect at concentrations lower than 10 nM. XAP 
treatment resulted in an inhibitory effect at concentrations 
higher than 20 mg/mL. The inhibitory effect of XAP or 
PTX on proliferation of MDA-MB-231 cells was dose-
dependent with IC50 values of 75.80 mg/mL or 606.05 nM, 
respectively. When XAP was combined with PTX, the 
inhibitory effect was strengthened compared with PTX 
alone. The IC50 of PTX decreased to 29.51 nM. To further 
evaluate the interaction of PTX and XAP, CI values were 
graphed on fraction affected–CI plots. When the concentra-
tion of XAP and PTX was below 80 mg/mL and 40 nM, 
respectively, with combined inhibitory ratio <60%, the CI 

Figure 1.  Effect of Xiao-Ai-Ping (XAP) combined with paclitaxel (PTX) on MDA-MB-231 cell proliferation. (A) MDA-MB-231 cells 
were seeded into 96-well plates and treated with increasing concentrations of XAP (20, 40, 60, 80, and 160 mg/mL) and PTX (5, 
10, 20, 40, 160, and 320 nM) for monotherapy or combined therapy. Cell viability rates were examined and compared. The data 
were expressed in terms of the means ± SD. The experiments were repeated at least 3 times. ***P < 0.001 versus PTX group. (B) 
Combination index (CI) values were graphed on fraction affected–CI plots. A CI < 1 is a synergistic interaction, CI = 1 is additive, 
and CI > 1 is antagonistic.
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was <1, which indicated the synergistic effect of XAP and 
PTX on MDA-MB-231 cell proliferation (Figure 1B).

XAP Combined With PTX Induced  
MDA-MB-231 Cell Apoptosis

To illustrate how XAP suppressed the growth of 
MDA-MB-231 cells, we examined cell viability through 
inducing cell apoptosis or cell cycle arrest. As shown in 
Figure 2A, flow cytometry analysis showed that cell apop-
tosis rate did not change dramatically after exposure to 10 
nM PTX. XAP effectively induced 15.36% and 29.41% cell 
apoptosis ratio, when MDA-MB-231 cells were exposed to 
40 mg/mL and 80 mg/mL XAP for 24 hours, respectively. 
When XAP was combined with PTX in the aforementioned 

concentrations, cell apoptosis ratio increased to 20.03% and 
39.15%, respectively. A histogram of MDA-MB-231 cell 
apoptotic rate is shown in Figure 2B. The results indicated 
that XAP combined with PTX caused a dose-dependent 
induction of apoptosis in MDA-MB-231 cells. However, it 
did not affect the cell cycle distribution as shown in Figure 
2C and D.

XAP Combined With PTX Suppresses  
Breast Cancer Cell Migration and Invasion

Tumor cell migration and invasion leading to tumor metas-
tasis is the main cause for the death of breast cancer patients. 
To further evaluate the anti-migration and anti-invasion 
effects of XAP on MDA-MB-231 cells, wound healing, 

Figure 2.  Effect of Xiao-Ai-Ping (XAP) combined with paclitaxel (PTX) on MDA-MB-231 cell apoptosis. MDA-MB-231 cells were 
plated into 6-well plates and treated with PTX (10 nM) or XAP (40 and 80 mg/mL) or 2 drugs combined for 24 hours. (A) Cell 
apoptosis stained by Annexin V/PI and detected by flow cytometry. (B) Histogram of MDA-MB-231 cell apoptotic rate. (C) Cell cycle 
distribution stained by propidium iodide and detected by flow cytometry. (D) Histogram of MDA-MB-231 cell cycle distribution. 
Results were presented as mean ± SD, and the error bars represent the SD of 3 independent experiments. **P < 0.01, ***P < 0.001 
versus control group. ###P < 0.001 versus PTX group.
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Transwell migration, and Matrigel-coated Transwell inva-
sion assays were conducted. As shown in Figure 3A, the 
number of migrating cells were decreased greatly in the 
presence of XAP alone and XAP combined with PTX. 
However, the migrating cell number did not significantly 
decrease after exposure to 10 nM of PTX. In the Transwell 
migration and invasion assay, the cells penetrating through 
to the lower surface were stained. Cell invasion was sup-
pressed by XAP and PTX in a dose-dependent manner, 
especially when exposed to the combined treatment group.

XAP Suppresses PTX-Induced ATF3 Expression 
in MDA-MB-231 Cells

ATF3 has been demonstrated to play controversial roles in 
different cancer types. To explore the emerging role of 
ATF3 in breast cancer, ATF3 mRNA and protein expression 
in PTX and XAP alone and in combination treated 
MDA-MB-231 cells were determined. PTX treatment 
resulted in induced expression of ATF3 mRNA, while XAP 
combined with PTX reduced the expression of ATF3 mRNA 
(Figure 4A). Similarly, the ATF3 protein was significantly 
downregulated by the combination of XAP and PTX com-
pared with PTX treatment alone (Figure 4B). The results 
indicated that the ATF3 might exert a pivotal role in XAP-
treated MDA-MB-231 cells.

ATF3 Regulated MDA-MB-231 Cell  
Migration and Invasion

To further understand the effect of ATF3 on the metastasis 
of breast cancer after XAP intervention, MDA-MB-231 
cells were transfected with siRNA. The results of RT-PCR 
and western blot showed repressed expression of ATF3 
mRNA (Figure 5A and B), which indicated the success of 
transfection. The cell viability, wound healing, Transwell 
migration, and invasion were inhibited after SiATF3 trans-
fection (Figure 5C and D). These findings indicated that 
ATF3 down-expression could inhibit MDA-MB-231 wound 
healing, migration, and invasion. The synergetic effects of 
XAP combined with PTX might associate with the down-
regulation of ATF3.

XAP Combined With PTX Inhibited the Growth 
of MDA-MB-231 Cell Xenograft Tumors in 
Nude Mice

MDA-MB-231 cell xenograft model was established in 
BALB/c nude mice to evaluate the antitumor efficacy of 
XAP and PTX combined treatment in breast cancer. Twenty-
eight days of XAP delivered intraperitoneally combined 
with PTX delivered intravenously significantly reduced the 
growth of tumor implanted in a dose-dependent manner. 

The tumor volume reached 1600 mm3 in the control group 
and 355 mm3 in PTX treatment group on average, while the 
tumor volume was just 198 mm3 and 147 mm3 in the dose 
of 20 mL/kg and 40 mL/kg XAP combined with PTX, 
respectively (Figure 6A). Combined administration of PTX 
and XAP did not significantly reduce the body weight of the 
mice (Figure 6B). In addition, after 28 days treatment, 
tumors were harvested and weighed. The results showed 
that PTX and XAP co-treatment further decreased the tumor 
weight and tumor size compared with PTX alone (Figure 
6C and D). Furthermore, the tumor specimens were exam-
ined using western blot. The results showed that the expres-
sion of ATF3 protein was upregulated in the PTX treated 
group, while the level was downregulated in PTX combined 
with XAP, especially in the concentration of 20 mL/kg XAP 
combined with PTX (Figure 6E).

Discussion

In recent times, therapies of patients suffering from cancer 
have evolved from chemotherapy and radiotherapy to tar-
geted therapy and immunotherapy, which have consider-
ably improved the clinical prognosis.17,18 However, these 
burgeoning therapies also experience intractable issues, 
such as acquired resistance, low tumor response rates, and 
unaffordable medical expenses.19 For triple-negative breast 
cancer, there is no target for therapy in the clinic so far. 
Chemotherapy with PTX continues to play a pivotal role in 
oncotherapy. Considering the widely reported limitations of 
PTX, combining ingredients from traditional Chinese medi-
cine with chemotherapeutic drugs, have received height-
ened attention.20-22 The combination has been reported to 
exert synergetic effects, reduce side effects, and reverse 
drug resistance.23 In the present study, we found that the 
combination of XAP with PTX resulted in remarkable 
enhancement of the pro-apoptotic, migration-inhibiting, 
and anti-invasive effects of PTX, and it revealed a novel 
target, ATF3, a stress gene, as essential for the synergistic 
effect of PTX on triple-negative breast cancer therapy.

Xiao-Ai-Ping injection is a common herbal medicine for 
adjuvant therapy after chemotherapy and radiotherapy in 
various types of cancer in clinic.24 Our previous pharmaco-
kinetic study has shown that XAP increased the exposure to 
PTX in rats.16 Further study should be performed to evaluate 
the efficacy of the combination therapy in improving results. 
To address this, the present study aimed to refine XAP 
improvement of antitumor efficacy of PTX. Considering 
that both XAP and PTX showed antitumor effect, the IC50 
value of PTX was compared with XAP combination. The 
data showed that XAP reduced the IC50 of PTX from 606 
nM to 30 nM, indicating that XAP could enhance the antip-
roliferative effect of PTX. To explore whether the combina-
tion showed synergistic effect, CI values were calculated. It 
is interesting that when the inhibitory ratio was <60%, the 
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Figure 3.  Effect of Xiao-Ai-Ping (XAP) combined with paclitaxel (PTX) on breast cancer cells migration and invasion. (A) MDA-
MB-231 cells were seeded in 6-well plates for wound healing migration assay. Cells were treated with PTX (10 nM) or XAP (40 and 
80 mg/mL) or 2 drugs combined for 48 hours. The denuded zone of each well was counted and photographed. MDA-MB-231 cells 
were seeded in the upper chamber of Transwell plates with and without Matrigel coat for (B) Transwell migration assay and (C) 
invasion assay, respectively. Cells penetrating through to the lower surface were stained with crystal violet and photographed.
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CI was <1, indicating XAP and PTX showed a synergistic 
interaction. Therefore, the corresponding concentrations in 
this range were chosen for the subsequent experiment. It 
should be noted that XAP in the experimental concentration 
inhibited cell growth intensively, while showing a slight 
effect on cell migration and invasion. However, combination 
of XAP with PTX suppressed cell migration and invasion 
significantly. We wondered why combination of XAP with 
PTX showed synergetic antitumor effects on cell prolifera-
tion and migration and invasion.

In vitro, it is puzzling that PTX treatment induced ATF3 
expression, but XAP showed slight effect on ATF3. When 
XAP was combined with PTX, the overexpression of ATF3 
induced by PTX was suppressed. ATF3 is expressed at a low 
basal level, but it is greatly increased by a wide spectrum of 
stress signals.25,26 Although various evidence has indicated 
that ATF3 plays controversial roles in various cancer cells, 
few studies investigated the significance of ATF3 in triple-
negative breast cancer until recently.27-30 Reported research 
has shown that chemotherapy of PTX, as a stressor, could 
counteract its own efficacy by inducing a stress response.31 
The data in this research in vitro indicated that ATF3 played 
a critical role in mediating this process, especially in 
MDA-MB-231 cell migration and invasion. This finding 
was consistent with recent research, which showed that 
ATF3 was upregulated by doxorubicin.32 However, ATF3 
was only considered to be associated with doxorubicin cyto-
toxicity, and the cell migration and invasion was not investi-
gated in the published research. To further investigate 

Figure 4.  Effect of Xiao-Ai-Ping (XAP) on paclitaxel (PTX)-
induced ATF3 expression. MDA-MB-231 cells were pretreated 
with PTX (10 nM) or XAP (40 and 80 mg/mL) or 2 drugs 
combined for 24 hours. (A) ATF3 mRNA expression was 
determined by real-time polymerase chain reaction. (B) ATF3 
protein expression was determined by western blot. Results 
were presented as mean ± SD, and the error bars represent the 
SD of 3 independent experiments. ***P < 0.001 versus control 
group. *P < 0.05 versus PTX group.

Figure 5.  Effect of ATF3 on MDA-MB-231 cell migration and invasion. MDA-MB-231 cells were transfected with ATF3-siRNA. (A) 
After 24 hours of transfection, the ATF3 mRNA and protein expression were determined by real-time polymerase chain reaction 
and western blot. (B) Cell viability was determined by MTT assay. (C) Cell wound healing migration was assayed. (D) Cell Transwell 
migration and invasion were assayed. Data were expressed as means ± SD. *P < 0.05 versus NC-siRNA.
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whether the change of ATF3 would affect the cell growth, 
cell migration, and invasion, ATF3-siRNA was transfected 
into MDA-MB-231 cells to silence the expression of ATF3. 
The results indicated that ATF3 down-expression could 
inhibit MDA-MB-231 wound healing, migration, and inva-
sion. The synergetic effects of XAP combined with PTX 

might involve with the downregulation of ATF3. In addition, 
we further investigated the antitumor effect of XAP com-
bined with PTX in vivo. Our research found that XAP 
enhanced the antitumor effect of PTX, which might be par-
tially mediated by the inhibition of ATF3 mRNA expression. 
However, it is not clear whether the underlying mechanisms 

Figure 6.  Effect of Xiao-Ai-Ping (XAP) combined with paclitaxel (PTX) on the growth and metastasis of MDA-MB-231 cell xenograft 
tumors in nude mice. MDA-MB-231 cells were subcutaneously injected into the right axillary fossa of nude mice to establish the 
xenograft tumor model. The mice were treated with PTX (10 mg/kg) or XAP (20 and 40 mL/kg) or 2 drugs combined at the indicated 
concentrations for 28 days. After treatments, (A) the tumor volume, (B) body weight, and (C) tumor weight were measured. (D) 
Tumor size was depicted. (E) The expressions of ATF3 in xenograft tumor was analyzed by western blot. Data were expressed as 
means ± SD. *P < 0.05 versus control group. **P < 0.01 versus control group. #P < 0.05 versus PTX-treated group. ##P < 0.01 
versus PTX-treated group.
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for various cell types are consistent with this finding. Further 
investigation is required to address this issue.

Conclusion

In conclusion, the present study confirmed that XAP and 
PTX acted synergistically to suppress cell growth, shown 
by lower IC50 of PTX and CI <1. Meanwhile, the inhibition 
of cell apoptosis, cell migration, and invasion were greatly 
promoted by combined therapy. The underlying mechanism 
of the remarkable antitumor efficacy was mostly ascribed to 
the significant suppression of ATF3 by XAP in breast can-
cer cells (Figure 7). Our results suggest that XAP is a prom-
ising herbal medicine to improve PTX efficacy in 
triple-negative breast cancer. However, the effect of XAP in 
PTX-resistant MDA-MB-231 cells needs further research. 
Since PTX is an important treatment for triple-negative 
breast cancer, it is expected that combination with XAP 
may serve as an effective antitumor agent in treatment, and 
that dampening ATF3 may be a potential strategy to improve 
the efficacy of PTX.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: This 
study was supported by the National Natural Science Foundation 
of China (81773949), the Research Program of Shanghai Health 
and Family Planning Commission (20174Y0023, 2018YP003), 
the Science and Technology Project of Shanghai Pudong New 
Area Health and Family Planning (PW2017E-2), the Science and 
Technology Development Fund of Shanghai Pudong New Area 
(PKJ2017-Y07), and the Hundred Teachers Plan of Shanghai 
University of Medicine and Health Sciences.

ORCID iDs

Yawei Ding  https://orcid.org/0000-0002-2879-3642

Yonglong Han  https://orcid.org/0000-0001-8655-5805

References

	 1.	 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA 
Cancer J Clin. 2018;68:7-30.

	 2.	 Symmans WF, Wei C, Gould R, et al. Long-term prognostic 
risk after neoadjuvant chemotherapy associated with resid-
ual cancer burden and breast cancer subtype. J Clin Oncol. 
2017;35:1049-1060.

	 3.	 Karagiannis GS, Pastoriza JM, Wang Y, et al. Neoadjuvant 
chemotherapy induces breast cancer metastasis through 
a TMEM-mediated mechanism. Sci Transl Med. 
2017;9:eaan0026. doi:10.1126/scitranslmed.aan0026

Figure 7.  The underlying mechanism of the synergetic antitumor efficacy was mostly ascribed to the significant suppression of ATF3 
by Xiao-Ai-Ping (XAP) in breast cancer.

https://orcid.org/0000-0002-2879-3642
https://orcid.org/0000-0001-8655-5805


Chen et al	 11

	 4.	 Chang YS, Jalgaonkar SP, Middleton JD, Hai T. Stress-
inducible gene Atf3 in the noncancer host cells contributes 
to chemotherapy-exacerbated breast cancer metastasis. Proc 
Natl Acad Sci U S A. 2017;114:E7159-E7168.

	 5.	 Li Q, Ma Z, Liu YH, et al. Low doses of paclitaxel enhance 
liver metastasis of breast cancer cells in the mouse model. 
FEBS J. 2016;283:2836-2852.

	 6.	 Hai T, Hartman MG. The molecular biology and nomen-
clature of the activating transcription factor/cAMP respon-
sive element binding family of transcription factors: 
activating transcription factor proteins and homeostasis. 
Gene. 2001;273:1-11.

	 7.	 Thompson MR, Xu D, Williams BR. ATF3 transcription fac-
tor and its emerging roles in immunity and cancer. J Mol Med 
(Berl). 2009;87:1053-1060.

	 8.	 Wu X, Nguyen BC, Dziunycz P, et  al. Opposing roles for 
calcineurin and ATF3 in squamous skin cancer. Nature. 
2010;465:368-372.

	 9.	 Yin X, Dewille JW, Hai T. A potential dichotomous role of 
ATF3, an adaptive-response gene, in cancer development. 
Oncogene. 2008;27:2118-2127.

	10.	 Wolford CC, McConoughey SJ, Jalgaonkar SP, et  al. 
Transcription factor ATF3 links host adaptive response to 
breast cancer metastasis. J Clin Invest. 2013;123:2893-2906.

	11.	 Li M, Zhai G, Gu X, Sun K. ATF3 and PRAP1 play important 
roles in cisplatin-induced damages in microvascular endothe-
lial cells. Gene. 2018;672:93-105.

	12.	 Qi FH, Zhao L, Zhou AY, et al. The advantages of using tradi-
tional Chinese medicine as an adjunctive therapy in the whole 
course of cancer treatment instead of only terminal stage of 
cancer. Biosci Trends. 2015;9:16-34.

	13.	 Han SY, Ding HR, Zhao W, Teng F, Li PP. Enhancement 
of gefitinib-induced growth inhibition by Marsdenia tena-
cissima extract in non–small cell lung cancer cells express-
ing wild or mutant EGFR. BMC Complement Altern Med. 
2014;14:165.

	14.	 Li WS, Yang Y, Ouyang ZJ, et  al. Xiao-Ai-Ping, a TCM 
injection, enhances the antigrowth effects of cisplatin on 
lewis lung cancer cells through promoting the infiltration and 
function of CD8(+) T lymphocytes. Evid Based Complement 
Alternat Med. 2013;2013:879512. doi:10.1155/2013/879512

	15.	 Zheng AW, Chen YQ, Fang J, Zhang YL, Jia DD. Xiaoaiping 
combined with cisplatin can inhibit proliferation and invasion 
and induce cell cycle arrest and apoptosis in human ovarian 
cancer cell lines. Biomed Pharmacother. 2017;89:1172-1177.

	16.	 Shi MZ, Xing TY, Chen JJ, et  al. Effect of Xiao-Ai-Ping 
injection on paclitaxel pharmacokinetics in rat by LC-MS/MS 
method. J Pharm Biomed Anal. 2019;174:728-733.

	17.	 Gilmore E, McCabe N, Kennedy RD, Parkes EE. DNA repair 
deficiency in breast cancer: opportunities for immunotherapy. 
J Oncol. 2019;2019:4325105. doi:10.1155/2019/4325105

	18.	 Ribas A, Wolchok JD. Cancer immunotherapy using check-
point blockade. Science. 2018;359:1350-1355.

	19.	 D’Abreo N, Adams S. Immune-checkpoint inhibition for met-
astatic triple-negative breast cancer: safety first? Nat Rev Clin 
Oncol. 2019;16:399-400.

	20.	 Keklikoglou I, Cianciaruso C, Güç E, et  al. Chemotherapy 
elicits pro-metastatic extracellular vesicles in breast cancer 
models. Nat Cell Biol. 2019;21:190-202.

	21.	 Jiang Y, Liu C, Chen W, Wang H, Wang C, Lin N. 
Tetramethylpyrazine enhances vascularization and pre-
vents osteonecrosis in steroid-treated rats. Biomed Res Int. 
2015;2015:315850. doi:10.1155/2015/315850

	22.	 Wu J, Liu Y, Fang C, Zhao L, Lin L, Lu L. Traditional Chinese 
medicine preparation combined therapy may improve che-
motherapy efficacy: a systematic review and meta-analysis. 
Evid Based Complement Alternat Med. 2019;2019:5015824. 
doi:10.1155/2019/5015824

	23.	 Huang MY, Zhang LL, Ding J, Lu JJ. Anticancer drug discov-
ery from Chinese medicinal herbs. Chin Med. 2018;13:35.

	24.	 Wang P, Yang J, Zhu Z, Zhang X. Marsdenia tenacissima: a 
review of traditional uses, phytochemistry and pharmacology. 
Am J Chin Med. 2018;46:1449-1480.

	25.	 Brooks AC, Guo Y, Singh M, et al. Endoplasmic reticulum 
stress-dependent activation of ATF3 mediates the late phase 
of ischemic preconditioning. J Mol Cell Cardiol. 2014;76: 
138-147.

	26.	 Cui H, Guo M, Xu D, et al. The stress-responsive gene ATF3 
regulates the histone acetyltransferase Tip60. Nat Commun. 
2015;6:6752. doi:10.1038/ncomms7752

	27.	 Zhao W, Sun M, Li S, Chen Z, Geng D. Transcription fac-
tor ATF3 mediates the radioresistance of breast cancer. J Cell 
Mol Med. 2018;22:4664-4675.

	28.	 Chen C, Ge C, Liu Z, et  al. ATF3 inhibits the tumorigen-
esis and progression of hepatocellular carcinoma cells via 
upregulation of CYR61 expression. J Exp Clin Cancer Res. 
2018;37:263.

	29.	 Middleton JD, Stover DG, Hai T. Chemotherapy-exacerbated 
breast cancer metastasis: a paradox explainable by dys-
regulated adaptive-response. Int J Mol Sci. 2018;19:E3333. 
doi:10.3390/ijms19113333

	30.	 Yan F, Ying L, Li X, et al. Overexpression of the transcrip-
tion factor ATF3 with a regulatory molecular signature asso-
ciates with the pathogenic development of colorectal cancer. 
Oncotarget. 2017;8:47020-47036.

	31.	 Fujioka H, Sakai A, Tanaka S, et al. Comparative proteomic 
analysis of paclitaxel resistance-related proteins in human 
breast cancer cell lines. Oncol Lett. 2017;13:289-295.

	32.	 Hasim MS, Nessim C, Villeneuve PJ, Vanderhyden BC, 
Dimitroulakos J. Activating transcription factor 3 as a novel 
regulator of chemotherapy response in breast cancer. Transl 
Oncol. 2018;11:988-998.


