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Abstract: Bevacizumab, a monoclonal antibody targeting vascular endothelial growth factor A (VEGF-A), was used in 
combination with traditional chemotherapy as the first line treatment for metastatic colorectal cancer (mCRC), non-
small cell lung cancer (NSCLC) and advanced ovarian cancer. However, it shows limited efficacy for human triple-
negative breast cancer (TNBC). Bevacizumab shows potent anti-angiogenesis activity, meanwhile, it also increases 
invasive and metastatic properties of TNBC cells by activiting Wnt/β-Catenin pathway. To overcome this problem, 
and fully utilize its potency against cancer, further synergistic strategy is recommended to be developed, espe-
cially the concurrent use with those Wnt-targeting agents. Here, by screening a small library of traditional Chinese 
medicine, we identified a Chinese herb derived Oxymatrine, which could target Wnt/β-Catenin signaling and com-
promise the oncogenic effects of Bevacizumab. Bevacizumab was validated to induce epithelial-mesenchymal cell 
transformation (EMT) and cancer stem-like properties of TNBC cells in hypoxia/nutritional stress environment. On 
the contrary, Oxymatrine reversed the EMT phenotype and depleted the subpopulation of TNBC stem cells induced 
by Bevacizumab. Oxymatrine enhanced the anti-tumor effects of Bevacizumab in vivo, and holded the potential of 
reducing the risk of relapse and metastasis by impairing the self-renewal ability of TNBC stem cells. The underly-
ing mechanism was elucidated: Bevacizumab stimulated Wnt/β-Catenin signaling pathway, and Oxymatrine could 
compromise this effect. On this foundation, factoring into the satisfactory anti-angiogenic activity and low toxicity, 
Oxymatrine is a good candidate for the synergistic therapy together with Bevacizumab for the treatment of TNBC.
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Introduction

TNBC, characterized by the lack of expression 
of estrogen receptor (ER), progesterone recep-
tor (PR), and human epidermal growth factor 
receptor 2 (HER2), is an aggressive subtype of 
breast cancer. Breast cancer incidence rate 
ranks the first in overall cancer in women, am- 
ong them, TNBC accounts for around 10-20% 
[1, 2]. Currently TNBC still represents the mo- 
st therapeutically intractable subtype as the 
negative expressions of ER, PR, and HER2, 
and cytotoxic chemotherapy remains the st- 
andard of care for patients with metastatic 
TNBC. However, TNBC is clinically characterized 

as more aggressive and less responsive to st- 
andard treatment with a poorer overall patient 
prognosis [3-5].

Bevacizumab is a recombinant humanized mo- 
noclonal antibody that blocks angiogenesis by 
inhibiting VEGF-A approved by FDA in 2004. To 
date, FDA has approved its application for the 
treatment of mCRC, NSCLC and advanced ovar-
ian cancer combined with the chemotherapy 
drugs. Meanwhile, it has also been tested by 
combination with the cytotoxic chemotherapy  
in patients with TNBC (clinical trial number NCT- 
00528567). The result from the clinical trial sh- 
owed that this combination regime increases 
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objective response rate (ORR) and progressi- 
on-free survival (PFS) vs. chemotherapy alone, 
however the benefit of overall survival (OS) is 
not enough to support its further application for 
this indication [6-8].

Bevacizumab, as well as some other anti-angio-
genic agents, has been recently shown to be 
able to increase the invasive and metastatic 
capacity and induce EMT in breast cancer cells 
[9]. Bevacizumab activates Wnt/β-Catenin sig-
naling pathway excessively, further facilitates 
the growth, migration and invasion of TNBC, 
which normally associates with the unfavorable 
outcome of patients [10-13]. In addition, the 
important angiogenesis inducing factor VEGF,  
a target gene of β-Catenin, is up-regulated by 
the activated Wnt/β-Catenin signaling, possib- 
ly leading to the incomplete blocking of tumor 
angiogenesis [14, 15]. So it seems that the 
therapeutic effects of Bevacizumab against 
TNBC may be partially counteracted by the 
induced activation of Wnt/β-Catenin signaling, 
indicating that, to improve TNBC patient out-
come, anti-angiogenic agents need to be com-
bined with Wnt/β-Catenin signaling-targeting 
drugs.

TCM has a long history with various pharmaco-
logical activities and low toxicity. Thereby, those 
Chinese herbs hold great potential for the ther-
apy development against cancer, and several 
agents like 20(S)-ginsenoside Rg3, Lupeol and 
Sophoridine has entered into market [16, 17]. 
We have carried out some work about the de- 
velopment of Chinese herb-derived triptolide 
[18, 19], and established a small Chinese herb 
library focusing on cancer therapy. Oxymatrine 
(C15H24N2O2), one compound in our library, is an 
alkaloid compound extracted from the roots of 
Sophora flavescens Ait. It attracts our interest 
as it also shows multiple biological activities 
like triptlide, but it is well tolerable. Oxymatrine 
is clinically demonstrated to display anti-inflam-
matory, anti-allergic, anti-virus, antifibrotic, and 
cardiovascular protective effects [20, 21]. Re- 
cently, extensive experimental studies on Oxy- 
matrine have demonstrated its potential appli-
cations to the treatment of various cancer [22-
24], and showed that Oxymatrine can effecti- 
vely repress Wnt/β-Catenin pathway in some 
tumors [25, 26]. The potential anti-tumor activi-
ties of Oxymatrine against TNBC were verified 
in our preliminary study (Supplementary Figure 
1).

Herein, the double-edged role of Bevacizumab 
for TNBC therapy deserves attention, and may 
be overcame by synergistic therapy. Chinese 
herbs are promising candidates for such de- 
sign. We firstly verified the EMT and CSC pheno-
type caused by Bevacizumab with some routine 
assays like wound healing, transwell invasion, 
and ALDEFLUOR test. Then Oxymatrine was se- 
lected from our established Chinese herb li- 
brary for further evaluation as it demonstrat- 
ed good synergistic effects with Bevacizumab. 
In the end, the in vivo effects were also evalu-
ated, and Wnt/β-Catenin signaling pathway we- 
re well dissected as the possible mechanism 
for such synergistic effects.

Materials and methods

Cell culture and reagents

Oxymatrine (purity ≥ 98%, Macklin Biochemical 
Co., Ltd., Shanghai, China) and Bevacizumab 
(Roche, Paris, France) was diluted in PBS. Do- 
cetaxel (Hengrui Medicine, Jiangsu, China) was 
suspended in the injection solvent and then 
diluted in PBS. FH535 (≥ 98%, absin, China) 
was suspended in DMSO. The human embry-
onic kidney cell line HEK293 (Cell bank of the 
Chinese Academy of Sciences, Shanghai, Chi- 
na) was cultured in DMEM high glucose medi-
um (Gibco, New York, USA), supplemented wi- 
th 10% (v/v) FBS (Gibco, Auckland, NZ). The 
human breast cancer cell lines MDA-MB-231/
MDA-MB-468 (American Type Culture Collec- 
tion, New York, USA) were maintained in L-15 
medium (Gibco, New York, USA) supplemented 
with 10% (v/v) FBS. HUVECs (ScienCell, San 
Diego, CA) were maintained in endothelial cul-
ture medium (ECM, ScienCell) supplemented 
with 5% (v/v) FBS and 1% (v/v) endothelial cell 
growth supplement (ECGS, ScienCell). All cells 
were maintained at 37°C in a humidified atmo-
sphere with 5% CO2.

Transwell invasion assay

1 × 104 of MDA-MB-231/MDA-MB-468 cells 
were suspended in serum-free medium with 
the addition of Oxymatrine (4 mM)/Bevacizu- 
mab (200 nM)/Oxymatrine (4 mM) + Bevaci- 
zumab (200 nM) and then plated into the upper 
wells of 24-well transwell chambers (Millipore, 
Billerica, USA) coated with 20 μL Matrigel (Cor- 
ning, Bedford, USA). The lower chambers were 
filled with L-15 medium containing 10% (v/v) 
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FBS. Similarly, 1 × 104 HUVECs and different 
concentrations of Oxymatrine (0, 1, 2 and 4 
mM) were suspended in serum-free medium 
and added to the top 24-well transwell cham-
bers. The bottom chambers were filled with 
600 μL ECM containing 5% (v/v) FBS and 1% 
(v/v) ECGS. The next experimental procedure 
was performed as previously described [27].

Wound healing assay

3 × 104 MDA-MB-231/MDA-MB-468 cells we- 
re placed into the each well of Culture-Insert 
(Ibidi, Martinsried, Germany) in 24-well plate. 
After adherence, the Culture-Insert was remov- 
ed and cells were rinsed with PBS. Oxymatrine/
Bevacizumab/Oxymatrine + Bevacizumab dis-
solved in serum-free medium was added into 
the wells. After 24 h-incubation, the drug-dis-
solved medium was replaced by the serum- 
free medium. Images were taken with OLYM- 
PUS inversion fluorescence microscope at 0, 
24, 48 h after the addition of the treatments. 
The wound migrated distances were measured 
with Image-Pro-Plus program and calculated  
as follows: Ln = (L0-Ltime)/2.

ALDEFLUOR assay

ALDEFLUOR™ kit (STEMCELL Technologies, Ca- 
nada) was used to analyze the level of the 
enzyme aldehyde dehydrogenase (ALDH) in 
cells. 5 × 105 MDA-MB-231/MDA-MB-468 cells 
were seeded in 6-well plates. When the conflu-
ence reached 70%-80%, cells were incubated 
with Oxymatrine/Bevacizumab/Oxymatrine + 
Bevacizumab for 24 h. Whereafter, cells were 
trypsinized, resuspended in ALDEFLUOR™ as- 
say buffer and incubated with the activated 
ALDEFLUOR™ fluorescent reagent for 30 min  
at 37°C. For ALDH1 inhibitor control, diethyl-
aminobenzaldehyde (DEAB) was added along 
with the fluorescent reagent. Cells were then 
stained with 7-AAD (BD Biosciences, San Diego, 
USA), green fluorescence positive cells in live 
cells (7-AAD) were analyzed using a BD FA- 
CSMelody flow cytometer by comparing the flu-
orescence intensity of DEAB-treated samples. 

IF analysis

5 × 105 MDA-MB-231/MDA-MB-468 cells were 
seeded on cover slips in 6-well plates and al- 
lowed to adhere to the glass overnight to reach 
70% confluence. Then, the cells were treated 

with Oxymatrine/Bevacizumab/Oxymatrine + 
Bevacizumab/FH535 for 24 h. Subsquently, 
the subcellar location of β-Catenin was detect-
ed as previously described [28]. Finally, images 
were taken by an Leica SP2 Confocal System at 
400-times magnification.

Immunoblotting assay

5 × 105 MDA-MB-231/MDA-MB-468 cells were 
seeded into the wells of 6-well plates, allowed 
to adhere overnight to reach 70%-80% conflu-
ence, treated with Oxymatrine/Bevacizumab/
Oxymatrine + Bevacizumab/FH535 (20 μM, a 
small molecule inhibitor of Wnt/β-Catenin path-
way) for 24 h, then the whole cell protein was 
extracted from cells using RIPA buffer (Bey- 
otime, Shanghai, China) and the nuclear ex- 
tracts were prepared with a NE-PER Nuclear 
and Cytoplasmic Extraction Kit (Pierce Biote- 
chnology, Rockford, USA). The next experimen-
tal procedure was performed as previously de- 
scribed [28]. The primary antibodies used in- 
cluded anti-β-actin, anti-Histone H3, anti-β-Ca- 
tenin, anti-c-Myc, anti-Snail, anti-Slug, anti-Vi- 
mentin, anti-TCF8/ZEB1, anti-CD44, anti-E-cad- 
herin, anti-N-cadherin (CST, MA, USA), anti-
Cyclin D1, anti-VEGFA (Abcam, Cambridge, UK). 

Cell xenografts in nude mice assay

5 to 6-week-old female BALB/c-nude mice were 
purchased from Shanghai Lab. Animal Research 
Center, China, maintained in a pathogen-free 
environment (23 ± 2°C, 55 ± 5% humidity) on a 
12 h light/12 h dark cycle with food and water 
supplied adlibitum throughout the experimen-
tal period. All animal experiments were per-
formed in accordance with the National Ins- 
titutes of Health guide for the care and use of 
Laboratory animals and protocols approved by 
the Animal Ethics Committee of Shanghai Uni- 
versity of Medicine and Health Sciences. Each 
mouse was subcutaneously inoculated with 
injections of 1 × 107 MDA-MB-231/MDA-MB- 
468 cells into its left axilla. When the tumors 
reached 50 mm3, mice were randomized into 8 
groups (n = 5 for each treatment group), and 
the administration began: (1) PBS control; (2)  
5 mg/kg Oxymatrine (intraperitoneal injection, 
once every other day); (3) 25 mg/kg Oxyma- 
trine; (4) 25 mg/kg FH535 (intraperitoneal in- 
jection, once every other day); (5) 5 mg/kg Be- 
vacizumab (intravenous injection, every 3 days); 
(6) 5 mg/kg Bevacizumab + 25 mg/kg Oxyma- 
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trine; (7) 5 mg/kg Bevacizumab + 25 mg/kg 
FH535; (8) 5 mg/kg Bevacizumab + 10 mg/kg 
Docetaxel (intravenous injection, every 3 days). 
Tumor development was measured periodically 
and the tumor volume was determined using 
the formula V = (length × width2)/2. The admin-
istration end at day 31 and the tumors of each 
group were isolated for further study. 

IHC and IF analysis 

Paraffin sections were cut into 5 μm sections 
and fixed in 4% paraformaldehyde. For IHC st- 
aining, the sections were incubated with pri- 
mary antibodies anti-Ki-67 (CST, MA, USA), an- 
ti-VEGFA antibody (Abcam, Cambridge, UK), and 
horseradish peroxidase (HRP)-labeled second-
ary antibody and analyzed with the Vecta- 
stain ABC Kit (Dako, Copenhagen, Denmark).  
A subset of MDA-MB-231/MDA-MB-468 tumor 
tissues were subjected to Western blot to ex- 
amine the VEGFA protein levels and show ch- 
anges in VEGFA expression. For IF staining, the 
sections were incubated with primary antibod-
ies anti-β-Catenin, anti-CD31 (CST, MA, USA) 
and Alexafluor-488/594 labeled antibody (Mo- 
lecular Probes, Eugene, USA). The slides were 
sealed with Prolong Gold Antifade (Invitrogen, 
Carlsbad, USA), which contained DAPI. Subsqu- 
ently, images were taken by an Leica SP2 Con- 
focal System at 400-times magnification. 

Sphere formation assay 

MDA-MB-231/MDA-MB-468 tumors tissues 
were minced into small pieces and processed 
with collagenase for 2 h at 37°C. After centrifu-
gation, the cell pellets were trypsinized and 
passed through an 80-μm filter to produce sin-
gle-cell suspension. Then 5 × 103 dissociated 
tumor cells were seeded on ultralow attach-
ment 6-well plates in serum-free medium DM- 
EM/F12 (Gibco, Grand Island, USA) supple-
mented with B27 (Gibco, Grand Island, USA), 
20 ng/mL human recombinant basic fibroblast 
growth factor (FGF)-basic, and 20 ng/mL epi-
dermal growth factor (EGF, Sino Biological Inc., 
Beijing, China). The medium was changed every 
other day until the tumor sphere formation was 
observed in 2 weeks, and the mammospheres 
with diameter > 60 μm were counted under an 
OLYMPUS inversion fluorescence microscope 
[29].

Cell proliferation assay

HUVECs/HEK293 cells (negative control) we- 
re seeded at a density of 2000 cells/well in 
96-well plates. After cultured overnight, fresh 
medium containing different concentrations of 
Oxymatrine were replenished for 48 h. Sub- 
sequently, cell viability was quantified by MTT 
assay and the proliferation rate was express- 
ed as percentages of the vehicle control (Oxy- 
matrine untreated group).

Tube formation assay

2 × 104 HUVECs were seeded into the 96-well 
plate coated with 50 μL Matrigel and added 
with 100 μL ECM supplemented with 2% (v/v) 
FBS, 1% (v/v) ECGS and various concentrations 
of Oxymatrine (0, 1, 4 and 16 mM). The next 
experimental procedure was performed as pre-
viously described [27].

Statistical analysis

All data were presented as the mean ± stan-
dard deviation (SD). Differences between mul-
tiple groups were analyzed by the student’s t 
test and p values of 0.05 or less were consid-
ered statistically significant. All figures were 
produced with the GraphPad Prism 5 software 
program.

Results

Bevacizumab induced transwell, migration 
of TNBC cells and increased subpopulation 
of putative TNBC stem-like cells under serum 
starvation condition

Wound healing and transwell invasion assays 
were performed for the evaluation of cell mig- 
ration. Following Bevacizumab treatments un- 
der serum starvation, increased cell invasion 
(Figure 1A, 1B) and migration (Figure 1C, 1E) 
were detected. As increased invasion and 
migration are outcomes of the EMT process 
[30, 31], which indicated Bevacizumab could 
induce EMT of TNBC cells in serum-deprived 
environment. Moreover, researchers have sh- 
own that EMT could promote stem cell proper-
ties and further generate cells with the features 
of CSC [32, 33], conversely, CSC could acceler-
ate tumor invasion and metastasis. In consider-
ation of the interplay of EMT and CSC, we uti-
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lized ALDEFLUOR assay to detect the subpopu-
lation of TNBC stem-like cells [34]. Previously, 
intracellular ALDH activity was identified to be  
a functional marker for CSCs derived from dif-
ferent cancer types [35-37]. As shown in Figu- 
re 1D, 1F, in comparison with the control ce- 
lls, the Bevacizumab-treated TNBC cells pos-
sessed higher ALDH1+ population notably (MDA- 
MB-231: **P < 0.01, MDA-MB-468: ##P < 0.01), 
which indicated that Bevacizumab increased 
the subpopulation of TNBC stem-like cells re- 
markably under serum starvation condition. 

Oxymatrine suppressed Bevacizumab-induced 
transwell, migration of TNBC cells and deplet-
ed subpopulation of putative TNBC stem-like 
cells induced by Bevacizumab

Figure 2 demonstrated the potential of Oxy- 
matrine to reduce the invasiveness and metas-
tasis of TNBC cells (Oxymatrine group vs. con-
trol group). Further, the results showed that 
Oxymatrine indeed attenuated Bevacizumab-
induced invasion and migration of MDA-MB- 
231 cells (**P < 0.01) and MDA-MB-468 cells 
(##P < 0.01), which indicated Oxymatrine stron- 
gly suppressed Bevacizumab-induced EMT of 
TNBC cells. We further determined the effects 
of Oxymatrine on the proportion of ALDH1+ cells 
in TNBC. Figure 3A, 3B revealed that, Oxyma- 
trine reduced ALDH1+ population cells of TNBC 
significantly (Oxymatrine group vs. control gr- 
oup, MDA-MB-231: **P < 0.01, MDA-MB-468: 

##P < 0.01), and Oxymatrine reversed the aber-
rantly increased proportion of ALDH1+ cells in- 
duced by Bevacizumab after treatment togeth-
er with Bevacizumab (Bevacizumab + Oxyma- 
trine group vs. Bevacizumab group, MDA-MB- 
231: **P < 0.01, MDA-MB-468: ##P < 0.01). The 
specificity of ALDEFLUOR assay was determin- 
ed by treating the cells with DEAB, a specific 
inhibitor of ALDH. Above all, Oxymatrine not 
only reversed Bevacizumab induced EMT of 
TNBC cells, but also suppressed Bevacizumab-
increased TNBC stem-like cells population.

Oxymatrine inhibited EMT and Wnt/β-Catenin 
pathway activated by Bevacizumab in TNBC 
cells

Firstly, the expression level of various classical 
EMT markers in TNBC cells were detected by 
Western blot. Following treatment of Bevaci- 
zumab in serum-deprived environment, the ex- 
pression level of N-cadherin and Vimentin we- 
re increased; and the expression of epithelial-
associated gene E-cadherin decreased com-
pared with control. The expression of EMT relat-
ed transcription factors including ZEB, Snail, 
and Slug were also increased (Figure 4A, 4D). 
Meanwhile, Oxymatrine and FH535 exhibited 
an exactly opposite effect on EMT of TNBC ce- 
lls compared to Bevacizumab (Figure 4A, 4D). 
Further, the analysis of the data from Beva- 
cizumab + Oxymatrine group and Bevacizumab 
group indicated that, Oxymatrine reversed the 

Figure 1. Bevacizumab promoted the inva-
sion, migration of TNBC cells, and increased 
percent of ALDH1+ TNBC cells. (A) Microscop-
ic views from transwell assay to estimate 
MDA-MB-231/MDA-MB-468 cells invasion 
following 24 h treatment of Bevacizumab 
(200 nM), bar = 100 μm. (B) Quantitative 
analysis of (A) by Image J. (C)Photomicro-
graphs of cell migration from wound healing 
assay in MDA-MB-231/MDA-MB-468 cells 
treated with Bevacizumab, bar = 100 μm. (D) 
MDA-MB-231/MDA-MB-468 cells were treat-
ed with Bevacizumab for 24 h, then ALDH1+ 
cells were determined by Alderfluor assay 
and viable cells (7-AAD negative) were used 
for analysis. DEAB-treated cells were used as 
negative control. (E) Quantitative analysis of 
(C) by Image J. (F) Quantitative analysis of (D). 
Data were presented as the mean ± SD, n = 
3, *P < 0.05, **P < 0.01 (MDA-MB-231 cells); 
#P < 0.05, ##P < 0.01 (MDA-MB-468 cells).
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Bevacizumab-induced increase in the expres-
sion of N-cadherin, Vimentin, ZEB, Snail and 
Slug, and increased E-cadherin expression in 
TNBC cells. Our findings strongly suggested th- 
at Oxymatrine effectively repressed Bevacizu- 
mab-induced EMT in TNBC cells.

Since Wnt/β-Catenin signaling played a cruci- 
al role in EMT, we further demonstrated th- 
at whether Bevacizumab-induced EMT involved 

the activation of Wnt/β-Catenin signaling [10, 
38]. IF staining of β-Catenin was performed to 
determine the localization of β-Catenin, and 
thereby the effect of Bevacizumab on nuc- 
lear β-Catenin accumulation was verified [39]. 
Figure 4B showed that, compared to the con-
trol group, Bevacizumab promoted the translo-
cation of β-Catenin from the cytoplasm to the 
nucleus in TNBC cells. Figure 4C, 4E further 
confirmed the increased β-Catenin level in nu- 

Figure 2. Oxymatrine inhibited Bevacizumab-induced transwell and migration of TNBC cells. (A) Chemical structure 
of Oxymatrine. (B) Microscopic views from transwell assay to estimate MDA-MB-231/MDA-MB-468 cells invasion fol-
lowing 24 h treatment of Oxymatrine (4 mM)/Bevacizumab (200 nM)/Oxymatrine (4 mM) + Bevacizumab (200 nM), 
bar = 100 μm. (C) Quantitative analysis of (B) by Image J. (D) Photomicrographs of cell migration from wound healing 
assay in MDA-MB-231/MDA-MB-468 cells treated with Oxymatrine/Bevacizumab/Oxymatrine + Bevacizumab, bar = 
200 μm. (E) Quantitative analysis of (D) by Image J. The quantitative analyses of transwell invasion assay and wound 
healing assay were based on the mean of the 5 regions of each group. Data were presented as the mean ± SD, n = 
5, *P < 0.05, **P < 0.01 (MDA-MB-231 cells); #P < 0.05, ##P < 0.01 (MDA-MB-468 cells).
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cleus (Bevacizumab group vs. control group). 
Intriguingly, both cytoplasmatic and nuclear β- 
Catenin expression level of Bevacizumab-treat- 
ed TNBC cells were improved compared to the 
control. Bevacizumab also induced the expres-
sion of c-Myc, Cyclin D1 and CD44, downstre- 
am components of the Wnt/β-Catenin pathway 
(Figure 4C, 4F). To sum up, the nuclear accu-
mulation of β-Catenin, along with the increased 
expression level of total β-Catenin protein and 
downstream components strongly indicated 

Bevacizumab activated Wnt/β-Catenin path-
way remarkably. On the contrary, Oxymatrine 
exhibited the potency of disrupting Wnt/β-Ca- 
tenin pathway (vs. control group), which was 
similar to FH535 (Figure 4B, 4C). After making 
a further comparative study of Bevacizumab + 
Oxymatrine group and Bevacizumab group, we 
found β-Catenin staining was attenuated in the 
nuclei and remained in the cytoplasm, and to- 
tal β-Catenin protein level declined notably in 
Bevacizumab + Oxymatrine group (Figure 4B, 

Figure 3. Oxymatrine suppressed the increased percent of 
ALDH1+ TNBC cells induced by Bevacizumab. (A) MDA-MB-231/
MDA-MB-468 cells were treated with Oxymatrine/Bevacizumab/
Oxymatrine + Bevacizumab for 24 h, then ALDH1+ cells were de-
termined by Alderfluor assay and viable cells (7-AAD negative) 
were used for analysis. DEAB-treated cells were used as nega-
tive control. (B) Quantitative analysis of (A). Data were presented 
as the mean ± SD, n = 3, **P < 0.01 (MDA-MB-231 cells); ##P < 
0.01 (MDA-MB-468 cells).
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4C). Furthermore, the expression of Wnt/β-Ca- 
tenin downstream oncoproteins (c-Myc, Cyclin 
D1, CD44) was repressed in Bevacizumab + 
Oxymatrine group (vs. Bevacizumab group, Fi- 
gure 4C, 4F). It was noteworthy that, VEGF, an 
important target gene of Wnt/β-Catenin path-
way and also a direct target of Bevacizumab, 
was down-regulated by Bevacizumab and Oxy- 
matrine synergistically (Figure 4C, 4F). In the 
immunoblotting assay, Histone H3 was used  
as an internal control for nuclear protein and 
β-actin was used as the control for cytoplasm 
protein. The comprehensive analysis of IF and 
Western blot indicated that Oxymatrine mark-
edly suppressed Wnt/β-Catenin pathway acti-
vated by Bevacizumab, and thus inhibited EMT 
in TNBC cells. 

Oxymatrine enhanced the anti-tumor activity 
of Bevacizumab against TNBC in vivo

Since Oxymatrine was demonstrated to sup-
press Wnt/β-Catenin pathway, inhibit EMT and 
deplete subpopulation of CSC effectively in vi- 
tro, TNBC cell xenografts in nude mice assay 
was executed to investigate the anti-tumor 
capacity of Oxymatrine in vivo. The tumor pho-
tographs (Figure 5A, 3 tumors of each group 
were shown, the other 2 not shown were treat-
ed for further study in the fresh condition) and 
tumor growth curves (Figure 5B, 5C) of each 
group showed that, Oxymatrine inhibited the 
tumor growth in MDA-MB-231/MDA-MB-468 
xenografts. Notably, the high dose (25 mg/kg) 
of Oxymatrine achieved 62.16 ± 5.82% MDA-
MB-231 tumor growth inhibition (Figure 5B) 
and 62.54 ± 4.29% MDA-MB-468 tumor grow- 
th inhibition (Figure 5C) compared to the PBS 
control. After making a further comparative stu- 
dy of the data from Bevacizumab group and 
Bevacizumab + Oxymatrine group, we found 
Bevacizumab + Oxymatrine significantly redu- 
ced tumor growth when compared either to 
PBS control (MDA-MB-231: **P < 0.01, MDA-

MB-468: ##P < 0.01) or Bevacizumab alone 
treatment group (MDA-MB-231: *P < 0.05, 
MDA-MB-468: #P < 0.05). Figure 5B, 5C veri-
fied that FH535 showed a similar effect with 
Oxymatrine. What differentiated FH535 from 
Oxymatrine was that, the anti-tumor synergistic 
effect of FH535 was weaker than Oxymatrine 
when combined with Bevacizumab; as showed 
in Figure 5C, there was no significant differ-
ence between the MDA-MB-468 tumor volume 
of Bevacizumab group and Bevacizumab + 
FH535 group at the endpoint of administration. 
Moreover, let it be noted that Bevacizumab + 
Oxymatrine exhibited slightly better anti-prolif-
erative activity than Bevacizumab + Docetaxel, 
which was one of the relatively effective clini- 
cal therapies of TNBC.

Transplanted tumor tissues were harvested  
for IHC at the end of the treatment period. IHC 
demonstrated that there was a significant de- 
crease in the numbers and intensity of cell pro-
liferation marker Ki-67 in Bevacizumab + Oxy- 
matrine group compared to PBS control or 
Bevacizumab group (Figure 5D-F), which was 
consistent with the results of the inhibition of 
TNBC tumor growth. In conclusion, Oxymatrine 
could enhance the anti-tumor effects of Be- 
vacizumab against TNBC effectively.

Oxymatrine abated Wnt/β-Catenin pathway of 
TNBC activated by Bevacizumab in vivo and 
weakened the self-renew capacity of TNBC 
cells enhanced by Bevacizumab

We have verified that Oxymatrine indeed abat-
ed Wnt/β-Catenin pathway in TNBC cells under 
conditions with and without Bevacizumab tre- 
atment in vitro. To extend these observations 
to the mouse models, we examined the expres-
sion and localization of β-Catenin in MDA-MB- 
231/MDA-MB-468 tumors by IF. As shown in 
Figure 6A, 6B, β-Catenin was primarily detect-
ed in the cytoplasm of tumor cells from PBS 

Figure 4. Oxymatrine inhibited EMT and Wnt/β-Catenin signaling induced by Bevacizumab. (A) Oxymatrine inhib-
ited Bevacizumab-induced EMT in TNBC cells. MDA-MB-231/MDA-MB-468 cells were incubated with Oxymatrine/
FH535 (20 μM)/Bevacizumab/Oxymatrine + Bevacizumab for 24 h. Then the results of Western blot analysis for 
EMT marker proteins were shown. (B) Oxymatrine repressed the accumulation of β-Catenin in the nucleus induced 
by Bevacizumab. IF stainings of β-Catenin (green) were shown, and nuclei were counterstained with DAPI (blue), bar 
= 20 μm. (C) Oxymatrine suppressed the activation of Wnt/β-Catenin pathway induced by Bevacizumab. The results 
of Western blot analysis for the expression of β-Catenin and downstream oncoproteins were shown. Histone H3 was 
used as loading control for nulear proteins, and β-actin was for cytoplasmic proteins (A, C). (D) Relative expression 
levels of the proteins indicated in (A). (E) Relative expression levels of nuclear β-Catenin indicated in (C). (F) Relative 
expression levels of the proteins indicated in (C) except nuclear β-Catenin. Data were presented as the mean ± SD, 
n = 3, *P < 0.05, **P < 0.01, NS: no significance. 
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control group. In contrast, cells within Bevaci- 
zumab-treated tumors displayed distinct nucle-
ar localization of β-Catenin (typically as the 
white arrow indicated). The activated Wnt/β-
Catenin pathway was probably induced by Be- 
vacizumab via generating intratumoral hypoxia 
in human TNBC xenografts [11, 30]. Compared 
to Bevacizumab group, we found Oxymatrine 
inhibited the accumulation of nuclear β-Catenin 
and reduced total expression level of β-Catenin, 
which were in agreement with the data in vitro. 
Hence, we came to conclusion that Oxymatrine 
could abate Wnt/β-Catenin pathway of TNBC 
activated by Bevacizumab in vivo. 

Multiple researches have verified that Wnt/β-
Catenin pathway played a key role in the behav-
ior of CSCs, especially the self-renew capacity 
of cancer cells. Then, mammosphere formation 
assay was executed to evaluate the self-renew 
capacity of TNBC cells. Figure 6C, 6D showed 
an increase in mammosphere formation in Be- 
vacizumab treatment group compared to the 
control, which indicated Bevacizumab could en- 
hance the self-renew capacity of TNBC cells. It 
was also observed in Figure 6C, 6D that, Oxy- 
matrine attenuated mammosphere formation 
capacity of TNBC cells under conditions with 
and without Bevacizumab treatment. Moreover, 
compared to Bevacizumab + Docetaxel group, 
TNBC cells of Bevacizumab + Oxymatrine group 
exhibited significantly weaker mammosphere 
formation capacity (MDA-MB-231: *P < 0.05, 
MDA-MB-468: #P < 0.05), which highlighted the 
advantage of Oxymatrine when combined with 
Bevacizumab. Above all, Oxymatrine suppress- 
ed Bevacizumab-enhanced self-renew capacity 
of TNBC cells, which predicted Oxymatrine co- 
uld prevent TNBC recurrence and metastasis 
after bevacizumab treatment.

Oxymatrine exhibited potential anti-angiogenic 
activity in vivo and in vitro

Tumor angiogenesis is one of the important 
components of tumor microenvironment, play-

ing an oncogenic role in tumorigenesis, also is 
the target of the anti-angiogenic agent. The 
CD31 staining (Figure 7A, 7B) was executed to 
evaluate tumor angiogenesis of each treatment 
group. We were delighted to find that Oxymatri- 
ne treatment reduced the blood vessel density 
effectively (Oxymatrine group vs. PBS control). 
The remarkably reduced intensity of CD31 st- 
aining in Bevacizumab + Oxymatrine group indi-
cated that the density of tumor neovasculariza-
tion was significantly lower in Bevacizumab + 
Oxymatrine group compared to Bevacizumab 
group or Oxymatrine group, further illustrating 
the synergistic anti-angiogenesis synergistic 
effect of Bevacizumab and Oxymatrine.

VEGF, a key pro-angiogenic factor, was then 
detected by IHC and Western blot. As an impor-
tant target gene of Wnt/β-Catenin pathway, VE- 
GF was supposed to be down regulated by Oxy- 
matrine. Figure 8A-D corroborated the specu- 
lation that the expression level of VEGFA de- 
clined after Oxymatrine treatment. Compared 
to other treatment groups, Bevacizumab + Oxy- 
matrine group exhibited the lowest expression 
of VEGFA, which was consistent with the results 
of CD31 staining. 

To further verify the anti-angiogenic potential of 
Oxymatrine, we studied its effects on the pro- 
liferation, transwell invasion, and tube forma-
tion of HUVECs. Figure 8E showed that, Oxy- 
matrine effectively inhibited the growth of HU- 
VECs in a dose-dependent manner in vitro. Af- 
ter 48 h effect of Oxymatrine, the IC50 value 
was 0.51 mM. However, no inhibition on HE- 
K293 was seen. As shown in Figure 8F, 8G,  
the invasive cells to the lower chamber were 
significantly reduced with increasing concen-
tration of Oxymatrine, and the inhibitory rate of 
4 mM Oxymatrine on the invasion of HUVECs 
reached 76.2 ± 3.43%. The maturation of endo-
thelial cells into a capillary tube, a critical early 
step of angiogenesis, was gradually abrogated 
with increasing concentrations of Oxymatrine, 
and the inhibitory rate of 4 mM Oxymatrine on 
the tube formation of HUVECs reached 92.8 ± 

Figure 5. Oxymatrine combined with Bevacizumab significantly inhibited tumor growth in MDA-MB-231/MDA-
MB-468 xenografts. A. Representative images of isolated tumors from MDA-MB-231 (the left 3 rows)/MDA-MB-468 
(the right 3 rows)-tumor bearing nude mice. B, C. MDA-MB-231/MDA-MB-468 tumor growth curves of each group un-
der different treatments. Data were given as the mean ± SD (n = 5), *P < 0.05, **P < 0.01 (MDA-MB-231 tumor); #P < 
0.05, ##P < 0.01, NS: no significance (MDA-MB-468 tumor). D, E. IHC staining of Ki-67 on paraffin sections of MDA-
MB-231/MDA-MB-468 xenografted tumor. Ki-67+ cells were identified with an anti-Ki-67 antibody (brown staining), 
bar = 20 μm. F. Ki-67 positive cells of tumor tissues were counted using Image-Pro-Plus program, and the percent 
of Ki-67 positive cells of each group was shown. Data were given as the mean ± SD (n = 3), *P < 0.05, **P < 0.01.
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1.89% (Figure 8H, 8I). Oxymatrine did not show 
any cytotoxicity in the transwell and tube forma-
tion assays (data not shown). In conclusion, 
Oxymatrine exhibited superior anti-angiogenic 
activities in vivo and in vitro, and enhanced  
the anti-angiogenic effect when combined with 
Bevacizumab.

Discussion 

Anti-angiogenic therapy has been demonstrat-
ed to hold significant potential for the treat-

ment of various cancers, including TNBC. How- 
ever, the efficacy of such therapy, especially in 
TNBC patients, has been called into question, 
as recent clinical trials reveal only limited effec-
tiveness of anti-angiogenic agents in prolong-
ing patient survival [40]. Conley SJ et al [11], 
found that anti-angiogenic agents increased 
the population of CSCs by generating intratu-
moral hypoxia in human TNBC xenografts, fur-
ther demonstrated hypoxia-driven CSC stimu- 
lation limited the effectiveness of antiangio-
genic agents. Huang W et al [30], showed that 

Figure 6. Oxymatrine repressed Bevacizumab-induced accumulation of β-Catenin in nucleus of MDA-MB-231/MDA-
MB-468-tumor xenografts, and reduced mammosphere formation of tumor cells. A, B. IF staining of β-Catenin 
(green) on paraffin sections of MDA-MB-231/MDA-MB-468 xenografted tumor. Nuclei were counterstained with 
DAPI (blue), bar = 10 μm. C. 5 × 103 single cells isolated from MDA-MB-231/MDA-MB-468 xenografts were cultured 
in low attachment 6 well culture plates for 2 weeks to form the mammospheres, bar = 100 μm. D. Quantitation of 
the mammosphere-forming efficiency. The numbers of mammospheres (> 60 μm) were recorded after 2 weeks of 
culture. Data were presented as the mean ± SD, n = 3, *P < 0.05, NS: no significance (MDA-MB-231 cells); #P < 0.05 
(MDA-MB-468 cells).
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Bevacizumab induced EMT and promoted tu- 
mor invasion in malignancies, which compro-
mised its efficacy severely. Sun H et al [40], 
indicated that anti-angiogenic treatment in- 
duced the formation of vasculogenic mimicry 
(VM) channels via causing acute hypoxic stress 
in TNBC; this effect might influence eventual 
tumor progression, invasion and angiogenesis 
rebound. Furthermore, there has been increas-
ing evidence for that, the Wnt/β-Catenin path-
way involved in EMT/CSC was activated in 
Sunitinib/Bevacizumab-treated TNBC cells un- 
der hypoxia/serum deprivation condition in vi- 
tro and in Sunitinib/Bevacizumab-treated mo- 
use xenografts [41, 42]. These studies suggest 
that to improve patient outcome, anti-angio-
genic agents need to be combined with Wnt/β-
Catenin pathway/CSC-targeting drugs. Additi- 
onal approaches for targeting the hypoxic tu- 
mor microenvironment are being investigated 
in pre-clinical and clinical studies, which also 
have potential for producing synthetic lethality 

when combined with anti-angiogenic therapy 
[43, 44].

Through a series of experiments, Marjon PL et 
al [45], found that TNBC cell line was sensitive 
to serum deprivation rather than hypoxia. The- 
re’s more evidence that hypoxia was just one  
of the triggering factors for the production of 
tumor specific growth factors (TSGFs) [46, 47]. 
Thus, in this study, we utilized cell serum star-
vation model to confirm Bevacizumab treat-
ment induced TNBC cells transwell, migration 
in vitro. Figure 1A, 1C revealed that, compared 
to serum starvation control group, invasion and 
migration of TNBC cells were enhanced after 
Bevacizumab treatment, which could be due to 
the expression of invasive factors and transfer 
factors stimulated by the ablation of VEGF path-
way [48]. Figures 1D and 4 indicated that, in 
serum-deprived environment, Bevacizumab in- 
creased the subpopulation of TNBC stem-like 
cells and promoted EMT of TNBC via activating 

Figure 7. Oxymatrine combined with Bevacizumab reduced markers of angiogenesis in MDA-MB-231/MDA-MB-
468-tumor xenografts. A, B. IF staining of CD31 on paraffin sections of MDA-MB-231/MDA-MB-468 implanted tu-
mor. The CD31+ blood vessels were identified with an anti-CD31 antibody (red), and nuclei were counterstained with 
DAPI (blue), bar = 25 μm.
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Figure 8. Oxymatrine exhibited potential anti-angiogenic activity in vivo and in vitro. (A, B) IHC staining of VEGFA (brown staining) on paraffin sections of MDA-
MB-231/MDA-MB-468 xenografted tumor, bar = 20 μm. (C) A subset of MDA-MB-231/MDA-MB-468 tumor tissues were subjected to Western blot to examine the 
VEGFA protein levels. β-actin was used as loading control for proteins. (D) Relative expression levels of VEGFA protein after gray scanning. Data were presented as 
the mean ± SD, n = 3, *P < 0.05, **P < 0.01, NS: no significance. (E) The viability of HUVECs was assessed by MTT assay at 48 h after treatment with different con-
centrations of Oxymatrine (ranging from 0 to 8 mg/mL), data were presented as the mean ± SD, n = 3, *P < 0.05, **P < 0.01, vs. the previous group. (F) Microscopic 
views from transwell assay to estimate HUVECs invasion following 24 h treatment of different concentrations of Oxymatrine (0, 1, 2, and 4 mM), bar = 100 μm. (G) 
Quantitative analysis of (F) by Image J. (H) Photomicrographs of HUVECs tube formation treated by different concentrations of Oxymatrine for 8 h, bar = 100 μm. (I) 
Quantitative analysis of (H) by Image J. The quantitative analyses of transwell invasion and HUVECs tube formation (a complete polygon was considered as a tube) 
were based on the mean of the 5 regions of each group. Data were presented as the mean ± SD, n = 5, *P < 0.05, **P < 0.01, vs. the previous group.
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Wnt/β-Catenin pathway, which probably acco- 
unted for the invasion and migration of TNBC 
cells. Similarly, Wnt/β-Catenin pathway was 
also activated in Bevacizumab-treated mouse 
xenografts (Figure 6A, 6B), mainly due to the 
generation of tumor hypoxia [49]. As a key regu-
lator of breast CSC self-renewal [38], activated 
Wnt/β-Catenin pathway further enhanced ma- 
mmosphere formation capacity of TNBC cells 
(Figure 6C). 

This study showed that, Oxymatrine reversed 
the Bevacizumab-activated Wnt/β-Catenin pa- 
thway and Bevacizumab-induced EMT in TNBC 
effectively; in addition, Oxymatrine exhibited 
potent anti-angiogenic activities, which implied 
Oxymatrine was a potential candidate for the 
drug combination with anti-angiogenic agents 
in the treatment of TNBC. Figures 2, 3 suggest-
ed Oxymatrine inhibited the invasion, migration 
of TNBC cells, and decreased the subpopula-
tion of TNBC stem-like cells through repressing 
EMT and Wnt/β-Catenin pathway stimulated by 
Bevacizumab. Furthermore, in vivo (Figure 6A, 
6B), Wnt/β-Catenin pathway was disrupted re- 
markably in the Bevacizumab + Oxymatrine gr- 
oup compared to the Bevacizumab group, whi- 
ch was consistent with cell studies. Moreover, 
Figures 7 and 8A-D clearly demonstrated Oxy- 
matrine strengthened the anti-angiogenic po- 
tency of Bevacizumab in a synergistic mecha-
nism. In view of the above, Bevacizumab + Oxy- 
matrine treatment achieved a better curative 
effect, which embodied in tumor growth curves 
(Figure 5B, 5C) and tumor proliferation (Figure 
5D, 5E). The enhanced TNBC CSC self-renewal 
capacity portended tumor recurrence and me- 
tastasis, going straight to the heart of Beva- 
cizumab’s problem, which was also an key pro- 
blem during the clinical application of Doce- 
taxel. Notably, Figure 6C verified that Oxyma- 
trine suppressed Bevacizumab-enhanced self-
renew capacity of TNBC cells, indicating the 
combination of Oxymatrine and Bevacizumab 
possibly reduced the risk of tumor recurrence 
and metastasis caused by Bevacizumab treat-
ment alone.

Since anti-angiogenic agents increased TNBC 
CSCs via the generation of tumor hypoxia, whi- 
ch was demonstrated to be mediated by hypox-
ia-inducible factor 1α (HIF-1α), an important 
upstream factor of the β-Catenin response [38, 
50, 51]; Oxymatrine was hypothesized to sti- 
mulate TNBC CSC behavior as a direct effect of 

the hypoxia induced by the angiogenic inhibi-
tion. While, mammosphere formation assay (Fi- 
gure 6C) exhibited a contrary result that, Oxy- 
matrine negatively regulated TNBC stem cell 
self-renewal. Figure 6A, 6B indicated the ef- 
fects of Oxymatrine was at least partly regulat-
ed by blocking β-Catenin signaling; but the 
effects of Oxymatrine on the critical factor HIF-
1α needed to be further investigated, on ac- 
count of that HIF-1α was reported to enhance 
β-Catenin signaling in hypoxic embryonic stem 
cells and be involved in EMT.

The findings presented here provided addition-
al evidence suggesting that Oxymatrine was 
sufficient to inhibit Bevacizumab-induced can-
cer stem-like properties and EMT with a sup-
pressive effect on Wnt/β-Catenin signaling. 
The combination of Oxymatrine and Bevacizu- 
mab achieved better anti-tumor and anti-angio-
genic effects, further reduced the risk of TNBC 
recurrence and metastasis induced by Bevaci- 
zumab treatment alone. In conclusion, the con-
current use of Oxymatrine and Bevacizumab 
provides an effective candidate for the clinical 
treatment of TNBC, and lays foundation for the 
synergistic strategy of combining anti-angio-
genic agents with Wnt/CSC-targeting agents.
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Supplementary Figure 1. Oxymatrine inhibited the proliferation and induced the apoptosis of TNBC cells. A. The viability of MDA-MB-231/MDA-MB-468 cells was 
assessed by MTT assay at 48 h after treatment with different concentrations of Oxymatrine. HEK293 cell was set as a negative control. Oxymatrine effectively inhib-
ited the growth of MDA-MB-231/MDA-MB-468 cells in a dose-dependent manner, and the IC50 value was 0.57 mM/0.68 mM respectively. B. Representative plots 
showing the apoptosis patterns of Oxymatrine treated MDA-MB-231/MDA-MB-468 cells, the percentage of cells in each quadrant was indicated. C. Quantitative 
analysis of apoptosis assay. D. Representative plots of the cell cycle phases following different concentrations of Oxymatrine treated MDA-MB-231/MDA-MB-468 
cells, the percentage of cells in each phase was indicated. E. Statistical analysis of cell numbers at different cell cycle phases. Data were presented as the mean 
± SD, n = 3, *P < 0.05, **P < 0.01 (MDA-MB-231 cells), vs. the previous group; #P < 0.05, ##P < 0.01 (MDA-MB-468 cells), vs. the previous group. Oxymatrine pro-
moted S-phase arrest in MDA-MB-231 cells. Unlike MDA-MB-231 cells, Oxymatrine promoted G0/G1-phase arrest in MDA-MB-468 cells. The Oxymatrine-induced 
S-phase or G0/G1-phase arrest probably accounted for the suppression of cell proliferation and induction of cell apoptosis. F. Preliminary study on the anti-tumor 
mechanism of Oxymatrine via Western blot. MDA-MB-231/MDA-MB-468 cells were incubated with different concentrations of oxymatrine (0, 1, 2 and 4 mg/mL) for 
48 h. The protein expression levels of p-Akt/Akt, p-Erk/Erk, p-p38/p38, VEGFA and the apoptosis-related protein expression levels of Cleaved Caspase-3, Bax, Bcl-2 
were evaluated by Western blot. Equal loading of protein was confirmed by stripping the immunoblot and reprobing it for β-actin. Oxymatrine significantly interfered 
with the phosphorylation of Akt, Erk and p38 MAPK in a dose-dependent manner, strongly suggesting that Oxymatrine inhibited proliferation and migration of TNBC 
cells by suppressing the activities of Akt, Erk and p38 MAPK protein kinase. Subsquently, examination of apoptosis-associated proteins showed that Oxymatrine 
treatment greatly reduced the expression of anti-apoptotic protein Bcl-2, also increased the expression of pro-apoptotic protein Bax. In addition, the immunoblot of 
cleaved Caspase-3 further verified that, Oxymatrine could induce the apoptosis of TNBC cells. It was noteworthy that, consistent with the anti-angiogenetic potency 
in vitro, Oxymatrine also significantly decreased the level of cytoplasmatic pro-angiogenic VEGF, which needed to be further confirmed in tumor tissue samples.


