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Accumulating evidence suggests that the root of drug chemoresistance in breast cancer is
tightly associated with subpopulations of cancer stem cells (CSCs), whose activation is
largely dependent on taxol-promoting autophagy. Our pilot study identified GRP78 as a
specific marker for chemoresistance potential of breast CSCs by regulating Wnt/β-catenin
signaling. Ai Du Qing (ADQ) is a traditional Chinese medicine formula that has been utilized in
the treatment cancer, particularly during the consolidation phase. In the present study, we
investigated the regulatory effects and molecular mechanisms of ADQ in promoting
autophagy-related breast cancer chemosensitivity. ADQ with taxol decreasing the cell
proliferation and colony formation of breast cancer cells, which was accompanied by
suppressed breast CSC ratio, limited self-renewal capability, as well as attenuated multi-
differentiation. Furthermore, autophagy in ADQ-treated breast CSCs was blocked by taxol
via regulation of β-catenin/ABCG2 signaling. We also validated that autophagy suppression
and chemosensitizing activity of this formula was GRP78-dependent. In addition, GRP78
overexpression promoted autophagy-inducing chemoresistance in breast cancer cells by
stabilizing β-catenin, while ADQ treatment downregulated GRP78, activated the Akt/
GSK3β-mediated proteasome degradation of β-catenin via ubiquitination activation, and
consequently attenuated the chemoresistance-promoted effect of GRP78. In addition, both
mouse breast cancer xenograft and zebrafish xenotransplantation models demonstrated
that ADQ inhibited mammary tumor growth, and the breast CSC subpopulation showed
obscure adverse effects. Collectively, this study not only reveals the chemosensitizating
mechanism of ADQ in breast CSCs, but also highlights the importance of GRP78 in
mediating autophagy-promoting drug resistance via β-catenin/ABCG2 signaling.

Keywords: breast cancer chemosensitivity, cancer stem cells, autophagy, Ai Du Qing formula, GRP78/β-catenin/
ABCG2 axis

Edited by:
Rong-Rong He,

Jinan University, China

Reviewed by:
Hailin Tang,

Sun Yat-sen University Cancer Center
(SYSUCC), China

Ning Wang,
The University of Hong Kong,

Hong Kong
Xun Zhu,

Sun Yat-Sen University, China

*Correspondence:
Neng Wang

ellen0000@126.com
Zhiyu Wang

wangzhiyu976@126.com
Fengxue Zhang

zhangfengxue@gzucm.edu.cn

Specialty section:
This article was submitted to

Ethnopharmacology,
a section of the journal

Frontiers in Pharmacology

Received: 27 January 2021
Accepted: 17 May 2021
Published: 03 June 2021

Citation:
Liao M, Wang C, Yang B, Huang D,

Zheng Y, Wang S, Wang X, Zhang J,
Tang C, Xu Z, He Y, Huang R, Zhang F,

Wang Z and Wang N (2021)
Autophagy Blockade by Ai Du Qing

Formula Promotes Chemosensitivity of
Breast Cancer Stem Cells Via GRP78/

β-Catenin/ABCG2 Axis.
Front. Pharmacol. 12:659297.

doi: 10.3389/fphar.2021.659297

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6592971

ORIGINAL RESEARCH
published: 03 June 2021

doi: 10.3389/fphar.2021.659297

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.659297&domain=pdf&date_stamp=2021-06-03
https://www.frontiersin.org/articles/10.3389/fphar.2021.659297/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.659297/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.659297/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.659297/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.659297/full
http://creativecommons.org/licenses/by/4.0/
mailto:ellen0000@126.com
mailto:wangzhiyu976@126.com
mailto:zhangfengxue@gzucm.edu.cn
https://doi.org/10.3389/fphar.2021.659297
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.659297


INTRODUCTION

Breast cancer remains the most common malignant cancer
among women, and is the second most common cause of
death in women, with 8.6 million new cases and 4.2 million
related deaths in 2018 (Bray et al., 2018; Byrd et al., 2020; Shieh
and Tice, 2020). To improve the overall survival and life quality of
patients with breast cancer, multiple strategies have arisen,
including surgery, radiotherapy, endocrine, targeted therapy,
and chemotherapy (Britt et al., 2020). However, the benefits of
chemotherapy are largely limited by tumor-promoting host
responses and non-selective toxicity (Rizzo, 2020).
Chemotherapy involves the generating of pro-metastatic
signals, eliciting primary breast cancer cells transferring and
seeding into distant pulmonary organs (Minami et al., 2016).
TAOK3 is a candidate protein target in breast cancer
chemoresistance, which possibly acts by interacting with NF-
κB, as revealed by kinase short hairpin RNA (shRNA) screening
(Lai et al., 2020). KCNN4 promoted gemcitabine resistance in
breast cancer models by activating RAS-MAPK and PI3K-AKT
signaling and subsequently upregulating of BCL2A1 protein
levels, and its expression predicted poor disease-free survival
(Lin et al., 2020). In addition, resistance to the anti-
microtubule inhibitor eribulin eventually developed in more
than 90% breast cancer patients, despite initial exciting
therapeutic effects. Taken together, searching for a novel
chemosensitizing therapy may have profound implications for
the control and prevention of breast cancer recurrence.

Cancer stem cells (CSCs), also known as tumor-initiating cells,
belong to a small population of cancer cells characterized by
stem-cell properties, such as a self-renewal ability, multi-
directional differentiation, tumorigenic potential, pro-
metastatic inclination, and resistance to chemotherapy (Bai
et al., 2018; Sharif et al., 2019; Mohiuddin et al., 2020). CSCs
have always been associated with tumor relapse in various
tumors, including breast cancer, lymphoma, liver cancer,
esophageal cancer and others (Nguyen et al., 2012; Song et al.,
2020). CD44highNRF2high subpopulations have distinct CSC-like
capabilities of accelerating tumor proliferation, enhancing sphere
formation and resistance to anticancer drugs in breast cancer
(Ryoo et al., 2018). The reprogramming of cancer-associated
fibroblasts is triggered by Hedgehog signaling, subsequently
leading to chemoresistance, a CSC-like phenotype, as well as
enhanced fibrillar collagen in triple-negative breast cancer (Cazet
et al., 2018). The up-regulated gene TSPAN8 in breast CSCs
interacts with PTCH1 and restrains the degradation of SHH/
PTCH1 compounds by recruiting the deubiquitinating enzyme
ATXN3, thereby promoting the expression of stem genes
NANOG, OCT4, as well as ALDHA1, which results in tumor
formation, chemoresistance, and poor prognosis (Zhu et al.,
2019). The proportion of CD44+/CD24−/low after
chemotherapy therapy was 9.5 times higher than that before
chemotherapy in breast cancer, and breast CSCs served as an
independent risk factor for predicting poor survival in breast
cancer patients (Tanei et al., 2009).

Accumulating evidence has shown that the Wnt/β-catenin
pathway not only determines mammary development, but also

regulates self-renewal, tumorigenesis and differentiation of CSCs
in various cancers including breast cancer, lung cancer, and
prostate cancer. β-catenin is the core target of this signaling,
and its nuclear accumulation and translocation leads to
transcription of downstream genes such as ABCG2, HMGB1,
cyclin D1, c-myc, and Axin2, which are strongly correlated to
cancer chemosensitivity (Cheng et al., 2019; Rahmani et al., 2020;
Yousefnia et al., 2020). Upon the activation of β-catenin, the
complex composed of Axin and glycogen synthase kinase-3β
(GSK-3β) prevents the phosphorylation and degradation of
β-catenin, increases the concentration of β-catenin in
cytoplasm, and then transfers into the nucleus to interact with
T cell transcription factor/lymphoid enhancer factor to activate
the Wnt1/β-catenin signal pathway, and finally start the
transcription of downstream target genes such as cyclin D1
and c-myc, resulting in abnormal proliferation of CSCs and
tumor drug resistance (Maiese, 2014; Schuijers et al., 2014;
Ashouri et al., 2016; Hassanian et al., 2016). Silencing
MALAT1 significantly reduced CD133+CD90+ stem cell
proportions, attenuated sphere formation abilities as well as
the survival and differentiation potential of CSCs mainly by
downregulating β-catenin expression (Chang et al., 2020).
More importantly, GRP78, an endoplasmic reticulum
chaperone, is a novel target that closely associated with breast
CSC resistance by regulating β-catenin/ABCG2 signaling (Wang
N. et al., 2014), which highlights the significance of GRP78 in
mediating drug resistance and β-catenin signaling in CSCs.
However, the specific regulatory mechanism of GRP78 in
mediating cancer resistance and β-catenin signaling in CSCs
remains obscure.

Emerging evidence has revealed that autophagy is crucial in
different stages of tumor development and plays a central role in
the survival, self-renewal and differentiation of CSCs, which has
been tightly implicated in resistance to chemotherapy (Ding and
Hong, 2020; Yamamoto et al., 2020). Autophagy, which is
regarded as one of the evolutionarily conserved degradation
mechanisms of living organisms, is an adaptive catabolic
process that is responsible for maintaining cellular
bioenergetics, clearing aggregated proteins, and degrading
damaged organelles and macromolecules under the regulation
of autophagy-related genes (Galluzzi and Green, 2019).
Autophagy maintains the expression of breast CSC CD44+/
CD24−/low fractions by secreting CD24 and IL-6 in breast
cancer (Maycotte et al., 2015). Inhibition of autophagy
regulatory factor FIP200 reduces the tumorigenesis-promoting
ability of breast CSCs via STAT3 and TGFβ/Smad pathways (Yeo
et al., 2016). GRP78 cooperates with KSR2 to promote ER
translocation via the MAPK pathway in mutant melanoma
cells to mediate autophagy, thereby resulting in chemotherapy
resistance (Ojha et al., 2019). Additionally, miR-495-3p targets
GRP78 and regulates mammalian target of rapamycin (mTOR) to
modulate autophagy in MDR cells, thereby sensitizing gastric
cancer cells to chemotherapy (Chen et al., 2018). Furthermore,
GRP78 mediates autophagy, leading to the resistance of
melanoma cells to temozolomide (Ryabaya et al., 2018). To
date, multiple autophagy-inhibiting drugs are being tested in
clinical trials for anti-cancer treatment, but only two have been
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approved by the FDA to regulate autophagy activity in clinic
applications, i.e., chloroquine (CQ) and hydroxychloroquine
(HCQ) (Sharma et al., 2019; Chang et al., 2020). Although
HCQ is currently being investigated in different phases of
clinical trials for anti-oncology, its cumulative toxic effects
greatly limit the therapeutic range of anti-cancer drugs
(Limpert et al., 2018). Therefore, it is essential to investigate
whether GRP78 could regulate autophagic homeostasis in breast
CSC chemoresistance to identify for novel autophagic targets and
corresponding inhibitors for further clinical application.

Traditional Chinese medicine (TCM) has historically been
used in treatment and prevention of cancer because of its multi-
target, and multi-substance characteristics, as well as excellent
safety profile (Ma et al., 2019; Liu et al., 2020). ADQ formula,
which is composed of four Chinese herbs, namely, Hedyotis
diffusa, Curcuma zedoaria, Astragalus membranaceus and
Glycyrrhiza uralensis Fisch, has shown sound clinical efficacy
in prolonging the survival, reducing side effects, as well as
improving the quality of life of cancer patients. Each herb in
ADQ could restrict cancer growth through cell cycle arrest,
apoptosis induction, as well as immunomodulation. The
ethanol extract of Hedyotis diffusa could significantly limit the
proliferation and induce apoptosis of highly metastatic breast
cancer cells MDA-MB-231 and MDA-MB-453, but had no
obvious cytotoxic effect on a variety of non-malignant cells
(Yang et al., 2019). Hedyotis diffusa polysaccharide inhibited
cell adhesion, invasion and migration of human lung
adenocarcinoma A549 cells by downregulating matrix
metalloproteinase (Lin et al., 2019). Tulip improves the
sensitivity of tumor-resistant cells to doxorubicin and
docetaxel by downregulating the expression of P-gp and
inducing S-phase arrest (Yang et al., 2011). Astragaloside IV
from Astragalus membranaceus enhances the chemo-sensitivity
of taxol to breast cancer by targeting oxidant damage through
Caveolin-1 (Zheng et al., 2019). Isoliquiritigenin extracted from
Glycyrrhiza, targets miR-25 to regulate autophagy and thus
increase chemosensitivity in breast cancer (Wang Z. et al.,
2014). Studies have also confirmed that liquiritigenin extracted
from licorice root apparently suppresses the invasion and
epithelial-mesenchymal transition of colorectal cancer by
downregulating the expression of Runx2 and inactivating the
PI3K/AKT signaling pathway (Meng and Lin, 2019). More
importantly, our pilot research illustrated that ADQ
suppressed the proliferation of parental and chemoresistant
breast cancer cells by promoting G2/M blockage and apoptosis
induction by taxol, thereby enhancing the sensitivity of breast
cancer to taxol in vivo and in vitro (Wang et al., 2018). GRP78 has
also been found to be one of the core targets of ADQ, while the
effect of GRP78 in influencing ADQ-mediated breast cancer
chemosensitization was not assessed. Overall, elucidating the
underlying molecular mechanism by which ADQ enhances the
sensitivity of breast cancer to chemotherapeutic drugs can
improve the clinical outcomes of cancer patients.

In this study, we show that ADQ inhibits the proliferation of
breast cancer and enhances the chemosensitivity of taxol to breast
cancer. ADQ also limits the self-renewal, differentiation ability
and autophagy activity of breast CSCs. Further investigation

demonstrated that ADQ could mediate autophagy via GRP78/
β-catenin/ABCG2 signaling, thereby inhibiting the resistance of
breast CSCs to taxol. In vivo studies have also confirmed that the
synergistic effect of ADQ and taxol restricts the growth of breast
cancer by downregulating GRP78, β-catenin and LC3 expression.
Our study provides experimental basis for the clinical application
of ADQ, as well as highlights the novel role of GRP78 in
regulating autophagy, thus establishing the role of GRP78 in
regulating β-catenin signal transduction of breast CSC
chemoresistance.

MATERIALS AND METHODS

Preparation of Ai Du Qing
Ai Du Qing formula (ADQ) was derived from four herbs, the
dried whole plants of Scleromitrion diffusum (Willd.) R. J. Wang
[Rubiaceae] (15 g) (Barcode:2706553), rhizome of Curcuma
aromatica Salisb. [Zingiberaceae] (15 g) (Barcode:320230), root
of Astragalus mongholicus Bunge [Fabaceae] (15 g) (Barcode:
1261257) and root and rhizome of Glycyrrhiza uralensis Fisch.
ex DC. [Fabaceae] (15 g) (Barcode:11895), which were purchased
from the pharmacy of Guangdong Provincial Hospital of
Traditional Chinese Medicine. For drug preparation, each herb
of ADQ were mixed at a 1:1:1:1 ratio and then underwent
mechanical trituration into a fine powder (180 g), efflux
extraction for 1 h thrice with 2 L ethanol, inspissation, and
lyophilization to a final production ratio of 7.2–9.6%. For
quality control analysis, an Agilent 1,260 system combined
with diode array detection (DAD) (Agilent, Palo Alto, CA,
United States) and an Agilent C18 column (5 μm, 250 mm ×
4.6 mm) with a HPLC guard cartridge system (Phenomenex,
SecurityGuard) were applied for HPLC analysis. The mobile
phases were composed of acetonitrile (A) and 0.05% (v/v)
phosphoric acid (B) using a gradient program of 15% A in
0–23 min, 15–38% A in 23–40 min, 38% A in 40–50 min,
38–60% A in 50–60 min, 60% in 60–75 min. The flow rate was
1.0 ml/min, the column temperature was set to 30°C, and the
DAD detector was set at 216, 236, 260, 276, and 308 nm.
P-coumaric acid, calycosin-7-glucoside, liquiritin, glycyrrhizic
acid, and curcumol were prepared and diluted with methanol
for the preparation of standard solutions. A total of 10 µL of these
solutions were injected for HPLC analysis and the calibration
curves were constructed by plotting the peak areas of the analysis.
ADQ (0.1 g) was dissolved in 20 mL methanol to prepare the
sample solutions. Then extracting solution was filtrated through
0.2 µm membrane filter for HPLC analysis after sonicating for
60 min. The procedures of drug preparation and quality control
were conducted according to our pilot study (Wang et al., 2018).

Cell Culture
The human breast cancer cell lines MCF-7 and MDA-MB-231,
human mammary epithelial cells with integrated SV40 gene
(HBL-100) as well as non-malignant mammary epithelial cell
line MCF-10A were obtained from ATCC (Manassas, VA,
United States). All the above cell lines have been identified by
short tandem repeat analysis. RPMI-1640 medium (Gibco Life
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Technologies, Lofer, Austria) for MCF-7 cells and Dulbecco’s
Modified Eagle medium (DMEM, Gibco Life Technologies, Lofer,
Austria) for MDA-MB-231 cells and HBL-100 cells were applied
in exception to 10% fetal bovine serum (Gibco) and 1% penicillin
and streptomycin (Gibco). And MCF-10A cells were maintained
in DMEM/F12 medium (Gibco) supplemented with 5% horse
serum (HyClone, Logan, Utah, United States), 1% penicillin and
streptomycin, 20 ng/ml recombinant human epidermal growth
factor (BD Bioscience, Bedford, MA, United States), 0.5 μg/ml
hydrocortisone (STEMCELL Technologies, Vancouver, Canada),
100 ng/ml cholera toxin (MACGENE, Beijing, China) and 10 μg/
ml insulin (Sigma, St. Louis, MO, United States). DMEM/F12
medium for the CSCs derived from MDA-MB-231 and MCF-7
cells were employed in addition to B27 (Invitrogen, Carlsbad, CA,
United States), 5 μg/ml of insulin, 20 ng/ml of hEGF, 1%
penicillin and streptomycin and 0.4% BSA (Sigma) at 37°C
with 5% CO2.

Cell Viability Detection and Colony
Formation Assays
The sensitivity and cytotoxicity of cells to ADQ and taxol were
analyzed with CCK-8 kit (KeyGEN Bio TECH, Nanjing, China).
Briefly, 3 × 103 cells per well were seeded in 96-well microplates
and incubated overnight. After cells attachment, taxol (Bristol-
Myers Squibb Company, Princeton, NJ) or ADQ formula
dissolved in DMSO were added to the wells for 24, 48 or 72 h,
respectively. The Graphpad Prism software was administered to
calculate the IC50 inhibitory drug concentration and plot the
curves of cell proliferation. A triplicate independent experiment
was performed. For cell counting, 3 × 105 cells per well were
planted into 6-well plates and allowed to adhere to the bottom of
the plate overnight. After adding the corresponding therapeutic
drugs, cell numbers were calculated using trypan blue exclusion
on a Cellometer Mini device (Nexcelom, Boston, MA,
United States). A triplicate independent experiment was
performed. For colony formation assay, 1 × 103 cells per well
were plated into the 6-well plate overnight to gain further insights
into the combination of ADQ formula and taxol. Next, the
adherent wells were exposed to ADQ formula or taxol alone
or in combination for 4 h and then cultured with fresh medium
for two weeks. The colonies fixed with 4% paraformaldehyde
were dyed with 0.5% Crystal violet (Beyotime Biotechnology,
Shanghai, China), and then scanned and counted under the
microscope. A triplicate independent experiment was performed.

Flow Cytometry Analysis
For the drug efflux assay, 3 × 105 cells per well were cultured on 6-
well plates and then pretreated with 50 μg/ml ADQ formula after
adherence. After 48 h, the drug-containing medium was changed
with fresh complete medium containing 10 μg/ml epirubicin
(Selleck, Shanghai, China) for 24 h at 37°C. Then the cells
were washed, harvested with phosphate-buffered saline (PBS,
Gibco) for flow cytometry analysis with BD LSRFortessa (BD
Biosciences, San Diego, CA, United States) and analyzed using
FlowJo cytometry analysis software. A triplicate independent
experiment was performed. For CSC ratio detection, 3 × 105

cells per well were cultivated into 6-well plates overnight and then
pretreated alone or in combination with 50 μg/ml ADQ formula
or 50 nM taxol. After 48 h, the cells were digested with 0.25%
trypsin (Gibco), rinsed once with PBS and resuspended in the
wash buffer (106 cells/100 μl) containing 2% FBS. Then the cell
suspension was dyed with 5 μl CD44-FITC, 5 μl CD24-PE (BD
Biosciences) and FITC-and PE-labeled isotype IgG1 served as the
negative control. The cells were subsequently incubated at 4°C in
the dark for 40 min and then washed three times with PBS
containing 2% FBS. BD LSRFortessa was applied to analyze
the processed samples. The results were analyzed by FlowJo
software. A triplicate independent experiment was performed.
For the identification and evaluation of breast CSCs, the
ALDEFLUOR™ Kit (STEMCELL Technologies) was used to
analyze primary breast cancer cells derived from BALB/
C-nude mice. Briefly, mice mammary tumors were made into
a single-cell suspension (1 × 106 cells per ml), and resuspended
into 500 μl ALDEFLUORTM assay buffer. Then, dividing the cell
suspension into two parts, one part was incubated with
ALDEFLUORTM Diethylaminobenzaldehyde (DEAB) Reagent,
a specific inhibitor of ALDH activity, which was utilized to
regulate background fluorescence in the ALDH staining assay,
the other part was hatched with the activated ALDEFLUORTM
Reagent at 37°C for 40 min to label ALDH+ cells, which were
considered as breast CSCs. Lastly, the cells were analyzed with the
BD LSRFortessa flow cytometer after washed with PBS for three
times. The gating strategy of flow cytometry was according to the
instructions of A Guide To ALDHbr Cell Flow Cytometry Setup
(STEMCELL, Catalog #01700). A detailed illustration is given in
Supplementary Figure S1. FACS gating strategy was utilized for
the analysis of live ALDH+ subsets in mice. A cell sample exposed
to ALDEFLUOR™ in the presence of the ALDH inhibitor, DEAB,
is the only appropriate negative control for this assay. First plot
gating (FSC-A, SSC-A subset) for live cells, then second (FSC-H,
FSC-W subset) and third plot (SSC-H, SSC-W subset) for single
cells by excluding RBCs and debris. Create a FITC vs. SSC dot
plot, gated on R1. Adjust the FITC photo-multiplier tube voltage,
and line the rightmost edge of the stained DEAB control
population with the second log decade on the FITC axis. Then
remove the DEAB tube from the cytometer, and place the
corresponding SAMPLE tube into the cytometer. Gate on the
ALDH+ population (R2). Remove the SAMPLE tube. Cells with
high ALDH activity can only be identified in comparison with the
background fluorescence levels of the DEAB control sample (R2-
R1). A triplicate independent experiment was performed.

Cancer Stem Cells Spheres Formation
The cancer stem cell culture medium, consisted of DMEM/F12
medium supplemented with B27, 20 ng/ml hEGF, 5 μg/ml
insulin, 0.4% BSA and 1% penicillin and streptomycin, was
used to selectively cultivate breast CSCs sorted from MDA-
MB-231 and MCF-7 cells. And then they were seeded and
cultured in ultralow adhesion 6-well plates at a density of 3 ×
105 cells per well. To investigate the impact of ADQ formula on
the formation of CSC spheres, ADQ formula was added to each
well with or without taxol. The complete medium was replaced
every two days using a half-change method without other

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6592974

Liao et al. ADQ Promotes Autophagy-Mediated BCSC Chemosensitivity

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


processing and the size as well as numbers of primary spheres
were assessed under a microscope every day. To evaluate the
relative numbers of CSCs spheres for the second generation, the
primary spheres were gathered and blow to single-cell
suspensions, and then replated in ultralow attachment plates
without other treatment. The sizes of the CSCs sphere were
observed using the above method. A triplicate independent
experiment was performed.

Cancer Stem Cells Differentiation
For the differentiation assay, the 8th day-CSCs spheres of MDA-
MB-231 and MCF-7 cells were loaded into 6-well plates and
cultivated in RPMI-1640 complete medium or DMEM complete
medium supplemented with 10% fetal bovine serum and 1%
penicillin and streptomycin. Then morphological changes of
CSCs spheres were observed with the microscope for 0, 1, 3, 6,
12, 24 h. A triplicate independent experiment was performed.

Western Blotting Analysis
The cells treated with ADQ and taxol were lysed using radio
immunoprecipitation assay (RIPA) buffer (Beyotime) in the
presence of a protease inhibitor mixture (Roche Diagnostics,
IN) on ice. The extraction of nuclear protein and cytoplasmic
protein were extracted according to the instructions of the
ProtLytic Nuclear and Cytoplasmic Protein Extraction kit
(NCM Biotech). The bicinchoninic acid assay (Thermo Fisher
Scientific, Bonn, Germany) was applied to quantify concentration
of protein solutions. Protein lysates (60 μg) were resolved on 10%
or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) according to the molecular weight of the protein and
subsequently transferred onto a polyvinylidene fluoride
microporous membrane (PVDF, GE Healthcare, Freiburg,
Germany). Blocked membranes with 5% milk were incubated
with primary antibodies, including β-catenin (no.66379-1-lg),
phosphorylated β-catenin (P-β-catenin, no.80067-1-RR), GRP78
(no. 11587-1-AP), LC3 (no. 14600-1-AP), AKT (no. 60203-2-lg)
from Proteintech (Rosemont, United States); P62 (no. 18420-1-
AP), ABCG2 (no. BF0058), phosphorylated AKT (P-AKT, no.
58169S), GSK-3β (no. AF5016), phosphorylated GSK-3β (P-GSK-
3β, no. AF 2016) from Affinity (Cincinnati, United States);
β-actin(no. 58169S) from CST (Boston, MA, United States)
overnight at 4°C. Then the membrane was rinsed with TBST
three times and incubated with corresponding secondary anti-
rabbit or anti-mouse from Proteintech for 2 h at room
temperature. The protein bands were visualized using the
enhanced chemiluminescence detection reagents (Tanon,
Shanghai, China) and quantified digitized by ImageJ software. A
triplicate independent experiment was performed.

LC3-mRFP-GFP Lentiviral Transfection
To construct autophagy LC3 dual-labeled lentivirus stable cell
lines, breast cancer cells MDA-MB-231, MDA-MB-231-rGRP78
andMDA-MB-231-shGRP78 were exposed to AVV-mRFP-GFP-
LC3 lentivirus. Specifically, 1 × 105 cells per well were cultivated
in 24-well plates overnight and then infected with AVV-mRFP-
GFP-LC3 lentiviral vectors (HanBio Technology, Shanghai,
China) for 48 h according to the manufacturer’s instructions.

The lentivirus-containing medium was replaced with fresh
RPMI-1640 or DMEM complete medium supplemented with
10% fetal bovine serum and 1% penicillin and streptomycin
subsequently, and puromycin was added to construct stable
cell lines from 0.1 μg until the cells were not killed.

Immunofluorescence Analysis
With regard to the expression and distribution of β-catenin, 1 × 105

cells per well were planted on cover slips inside the 24-well culture
plates overnight. After the indicated treatment, cells washed with
PBS were fixed with 4% paraformaldehyde (PFA, NCM Biotech,
Suzhou, China) for 30min and permeabilized with 0.05% triton X-
100 (Sigma) for 15min, and followed by goat serum (Beyotime)
blocking for 60min. Following incubating with primary antibody
of β-catenin at 4°C overnight, the samples were subsequently
labeled with an anti-mouse IgG conjugated with Alexa Fluor®
555 (Thermo scientific, Waltham, MA, United States) for 1 h at
room temperature in the dark. Cell nucleus was finally stained with
4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for 10min
and LMS710 confocal microscope (ZEISS, Jena, Germany) was
applied to capture the fluorescence signals. To study the effect of
ADQ on delivery of cargo to lysosomes, stable breast CSCs lines
infected with lentivirus were planted at a density of 2.5 × 105 cells
per well in laser confocal dishes overnight. After the indicated drug
for 48 h, the fluorescence images were detected by LMS710
confocal microscope and the fluorescence intensity was
measured by ImageJ software. For Lysosome marker detection,
cells administered with ADQ formula or taxol for 48 h, were
exposed to 10 μg/ml DQ-BSA (Thermo Fisher Scientific,
waltham, United States) for 24 h followed by incubated with
1 μg/ml Lysored (KeyGEN BioTECH, Nanjing, China) for
15 min at 37 °C. Then DAPI was applied to nuclear staining for
10 min. The fluorescence signals were observed through LMS710
confocal microscope and digitized by ImageJ software. The
mammospheres were dissociated into single-cell suspension for
quantification of autophagosome/autolysosome under a higher
magnification.

Transfection of Plasmid and Small
Interfering RNA
The commercialized recombinant plasmids for GRP78 and the
scrambled plasmids were obtained from Vigene Biosciences
(Jinan, China). MCF-7 and MDA-MB-231 cells were
transfected with plasmids using LipoFiter™ reagent (Hanbio
Biotechnology Co., LTD. Shanghai, China) according to the
manufacturer’s instructions. After 24 h, the transfected cells
were passaged and selected for two weeks with 5 μg/ml
puromycin (Invitrogen, Carlsbad, United States) or 400 μg/ml
G418 (Invitrogen) to construct GRP78 stable cell lines. Negative
control cell lines were generated by transfecting cells with
scrambled plasmids. The pcDNA 3.1(+)-β-catenin plasmid and
the siRNA targeting β-catenin purchased from Invitrogen, were
transfected into MDA-MB-231 and MCF-7 cells using
lipofectamine 2,000 (Invitrogen) and X-tremeGENE siRNA
transfection reagent (Roche Diagnostics, Mannheim, Germany)
respectively. In brief, cells were plated in 6-well plates at a density
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of 3 × 105 cells per well so they will be 90–95% confluent at the
time of transfection. Lipofectamine 2,000 reagent or
X-tremeGENE siRNA transfection reagent and plasmid were
diluted in Opti-MEM® Medium and mixed at 4:1 ratio
incubating for 30 min at room temperature. Then, plasmid
DNA-lipid complex was added to the cell culture medium. All
transfected cells were verified by western blot.

Coimmunoprecipitation Analysis
The Capturem ™ IP and CO-IP Kit (TaKaRa, Kyoto, Japan) was
utilized to protein extraction, protein quantification, and protein
incubation according to the manufacturer protocol. In brief,
2,000 μg protein (total 550 μl) were extracted from 1.5 × 107

cells. 50 μl protein supernatants after boiled with 5× Laemmli
SDS-sample buffer for 5 min were taken out as input group. The
remaining 500 μl supernatant was re-incubated with
ubiquitinated primary antibody of β-catenin (no. 66379-1-Ig)
for 2 h at room temperature after subjected to shake with coupled
antibody (no. 10201-2-AP) overnight at 4°C. The protein bands
were visualized using the enhanced chemiluminescence detection
reagents and quantified digitized by ImageJ software.

Establishment of Animal Xenografts
To elucidate the chemosensitizing effects of ADQ in vivo, 4-week-
old female BALB/C-nude mice were brought from Medical
Experiment Center of Guangdong Province (Guangzhou,
China) and all procedures were authorized by the Animal
Care and Use Committee of Guangzhou University of Chinese
Medicine. All the mice were housed in the SPF-level animal
center at an ambient temperature between 21 and 25°C and a
humidity between 50 and 60% with a 12 h light/dark cycle while
food and water were offered sufficiently. 3 × 106 MDA-MB-231-
Luc cells were suspended in 100 μl of Matrigel matrix glue
(Corning, Cambridge, MA, United States) and subcutaneously
inoculated into the mammary fat pads of mice to establish
xenograft models. When the tumor approximately grew to 5 ×
5 mm, the mice were randomized into control group, ADQ
formula group (100 mg/kg), taxol group (10 mg/kg) and taxol
combined with ADQ formula group (n � 8). Taxol diluted with
saline was intraperitoneally injected at 10 mg/kg every three days
in taxol group or combination groups and ADQ group was given
gavage at 100 mg/kg/day. Control group mice were given equal
volume of saline by intragastric perfusion. The body weight and
tumor sizes were monitored every 3 days throughout the whole
experimental period. Subsequently, the tumor volume was
estimated with formula [V � (length × width)2/2]. 150 mg/kg
D-Luciferin (PerkinElmer, Boston, United States) was injected
intraperitoneally into mice for vivo imaging observation with the
IVIS Lumina XR imaging system (PerkinElmer). When the sizes
of tumors grew to 15 × 15 mm,mice were sacrificed. The collected
tumor tissues were fixed in 4% PFA for 12 h and then dehydrated
and embedded in paraffin. Then processed samples were
sectioned (4 μm) and applied for hematoxylin-eosin (HE)
staining and immunohistochemistry (IHC) assay. To establish
zebrafish xenotransplantation model, cells labeled with 1,1-
Dioctadecyl-3,3,3,3-tetra-methylindocarbocyanine perchlorate
(DiI, Sigma-Aldrich) and resuspended in serum-free DMEM

medium (200 cells/20 nl), were microinjected into the AB
strain zebra?sh, which were obtained from China Zebra?sh
Resource Center (Wuhan, China). After 48 h, the zebrafishes
treated above were then further incubated in 48-well plates at one
fish per well with or without ADQ formula or taxol. Proliferation
inhibitory effects of ADQ in zebrafish was inspected through
fluorescence microscopy (Nikon Eclipse C1, Tokyo, Japan) and
ImageJ software was applied for quantitative analysis.

Hematoxylin-Eosin Staining
To better evaluate ADQ’s anti-cancer effects, H&E staining was
performed with commercial Hematoxylin and Eosin Staining
Kit (Beyotime) following the manufacturer’s instruction.
Paraffin-embedded tumor sections, with 4 μm thick, were
fixed onto poly-L-lysine-coated slides dewaxed twice with
xylene for 10 min each, followed by gradual rehydration in
100–70% ethanol and then immersed in distilled water.
Immediately after, 10% hematoxylin was performed to stain
nuclear for 5 min followed by counterstaining cytoplasm with
eosin for 2 min. After dehydration, hyalinization, sealed with
neutral gum, the sections were baked, and pictures were taken
and analyzed.

Immunohistochemistry Analysis
For immunohistochemistry analysis, the slides of tumor tissues
were deparaffinized twice with xylene for 10 min and rehydrated
with 100–75% ethanol for 10 min. After washing with PBS three
times, the slices were boiled in 10 mm sodium citrate buffer
solution (pH 6.0, Solarbio, Beijing, China) for 8 min to perform
antigen repair. To eliminate endogenous peroxidase activity,
sections were permeabilized with 3% hydrogen peroxide
dissolved in methanol at room temperature in the dark and
then blocked by 10% goat serum to reduce nonspecific
binding. The samples were then washed with PBS three times
and incubated with a 1:100 diluted primary antibodies including
β-catenin, GRP78, LC3 and ABCG2 in a humid chamber at 4°C
overnight, followed by incubation with a 1:200 dilution of
biotinylated secondary antibodies. Immediately thereafter, 3,3-
diaminobenzidine substrate (DAB, ZSGB-BIO, Bejing, China)
was applied for color development and a counterstain with
Mayer’s hematoxylin was performed. Digital images of stained
sections were taken with a BX46 Olympus microscope (Olympus,
Center Valley, PA, United States).

Statistical Analysis
All statistical analyses were performed with SPSS software
(version 19.0, Abbott Laboratories, Chicago, United States)
and plotted by GraphPad Prism 7.0. The data were
represented as the mean ± standard deviation. Independent-
Samples t-test was performed for the two groups of data in
accordance with independence, normality and homogeneity of
variance, and the One-Way ANOVA analysis was performed for
comparison among multiple groups. Dunett T3 test was
performed for samples with normal distribution but uneven
variance. Rank sum test was used for the sample data that did
not conform to the normal distribution. For all tests, p < 0.05 was
considered to indicate a statistically significant difference.
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RESULTS

ADQ Exerts Anti-Cancer and
Chemosensitivity Effects on Breast Cancer
Cells
The effects of ADQ on cell growth were validated using two
human breast cancer cell lines, namely, MDA-MB-231, and
MCF-7, as well as two human normal breast epithelial cell
lines, namely, HBL-100, and MCF-10A. CCK-8 results
revealed that ADQ suppressed the proliferation of both breast
cancer cells in a dose- and time-dependent manner, while
exerting obscure cytotoxic effects on HBL-100 and MCF-10A

cells (Figure 1A). The IC50 values of ADQ inMDA-MB-231 were
83.844 μg/ml at 24 h, 54.604 μg/ml at 48 h, and 30.792 μg/ml at
72 h. However, its IC50 values for MCF-7 were 89.295 μg/ml at
24 h, 60.386 μg/ml at 48 h and 30.008 μg/ml at 72 h. In the colony
formation assay, MDA-MB-231 and MCF-7 cells were treated
with ADQ at concentrations ranging from 0 μg/ml to 100 μg/ml
for 24 h and then cultured for an additional two weeks. As
expected, the number and sizes of cell clones decreased with
increasing ADQ concentration (Figure 1B). To further determine
whether ADQ acts synergistically with traditional
chemotherapeutics, we administered ADQ alone or together
with the chemotherapeutic drug taxol at its IC50 value (50 nm)
based on our pilot study (Zheng et al., 2019). Both cell counting

FIGURE 1 | Ai Du Qing formula (ADQ) exerts anti-cancer and chemosensitivity effects on breast cancer cells. (A) CCK8 assay demonstrated that ADQ (0–100 μg/
ml) exerted an inhibitory effect on breast cancer cells MDA-MB-231 and MCF-7, while posing little cytotoxicity on non-malignant mammary epithelial cell lines HBL-100
and MCF-10A. (B) ADQ exerted an obvious inhibition on the colony formation abilities of breast cancer cell lines MDA-MB-231 and MCF-7 at different concentrations
(0–100 μg/ml). (C) Cell counting assay showed a synergistic effect of ADQ (0–100 μg/ml) with 50 nM taxol in MDA-MB-231 and MCF-7 cells. (D) Colony formation
assay demonstrated synergistic effects of ADQwith taxol to suppress the colony size and number of MDA-MB-231 andMCF-7 cells. (E)Drug efflux assay demonstrated
that ADQ (50 µg/ml) could increase the intake of epirubicin (10 µg/ml) in MDA-MB-231 and MCF-7 cells. All values represent the means ± SD (n �3, *p < 0.05, **p < 0.01
vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group).
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and colony formation assays demonstrated that either ADQ or
taxol alone could effectively limit the proliferation of MDA-MB-
231 and MCF-7 cells, while its combination group resulted in a
highly significant reduction compared to that using each
separately (Figures 1C,D). In addition, the drug efflux assay
indicated that epirubicin intake rapidly decreased in both ADQ-
treated breast cancer cells, as indicated by attenuated fluorescence
intensities (Figure 1E). Taken together, these results indicate that
ADQ at non-cytotoxic doses effectively suppresses breast cancer
cells, as well as enhances the chemosensitivity of breast cancer
cells when administered in combination with taxol.

ADQ Attenuates the Proportion,
Self-Renewal, and Differentiation of Breast
CSCs
Breast cancer chemoresistance has been mainly associated with
the presence of breast CSCs, which are characterized by unlimited

self-renewal capacity and multidirectional differentiation
potential (Bai et al., 2018). We first conducted flow cytometry
to assess changes in the proportion of breast CSCs stained with
CD44+/CD24−/low after or before ADQ. We found that ADQ
synergistically acts with taxol, resulting in a decrease in the CSC
phenotype, which is characterized by CD44+/CD24−/low in both
MDA-MB-231 and MCF-7 cells. For example, in MDA-MB-231
cells, ADQ not only reduced CSC-like proportions from 72.2 to
60.9%, but also acted synergistically with taxol to suppress
CD44+/CD24−/low ratio (Figure 2A). Because breast CSCs
always exist in the form of spheres, i.e., non-adherent
spherical clusters of cells, we then examined the influence of
ADQ on mammosphere formation in breast CSCs. As shown in
Figure 2B, taxol administration increased the number and size of
primary passage mammospheres in CSCs derived from MDA-
MB-231 and MCF-7 cells. In contrast, ADQ administration not
only remarkably suppressed the number and size of
mammospheres but also weakened the taxol-promoting effects

FIGURE 2 | ADQ attenuates the proliferation, self-renewal and differentiation of breast CSCs. (A) ADQ administration for 48 h could remarkably reduce the
proportions of CD44+CD24−/low subsets in both the MDA-MB-231 cells and MCF-7 cells. (B) 50 μg/ml ADQ with or without 50 nM taxol markedly limited the numbers
and sizes of the primary and secondary mammospheres. (C) ADQ treatment dramatically attenuated the differentiation ability of breast CSCs. All values represent the
means ± SD (n � 3, *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group).
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on breast CSCs spheres. Similar findings were also observed in the
secondary-passage mammospheres, further validating the
chemosensitizing effects of ADQ on breast CSCs. Given that
multidifferentiation is another key feature of CSCs, we next
evaluated the potential role of ADQ in the differentiation
potential of MDA-MB-231 and MCF-7 CSCs. Prolongation of
ADQ administration blocked CSC sphere differentiation, which
implies that ADQ could also limit CSC differentiation potential
(Figure 2C). Overall, ADQ could potently suppress the
characteristics of CSCs, especially limiting its proliferation,
self-renewal ability, as well as differentiation potential, which
in turn results in cancer resistance.

ADQ Abrogates Autophagy in Breast CSCs
CSCs are the source of chemotherapy resistance with relapse
potential after traditional anti-cancer treatment (Bleau et al.,
2009). Accumulating evidence has demonstrated that
autophagy plays a crucial role in CSC activities (Han et al.,
2018; Nazio et al., 2019). Thus, we continued to investigate the
underlying role of autophagy in anti-CSCs and the
chemosensitizing effects of ADQ. We first investigated the
effects of ADQ on breast CSC autophagy using an AVV-
mRFP-GFP-LC3-puro reporter, by which autolysosomes were
indicated by yellow spots that overlapped with mRFP and GFP

fluorescence, while autophagosomes were marked in free red
puncta that indicate fusion of lysosomes and autophagosomes.
Compared with either adherent breast cancer cells or
differentiated breast CSCs, breast CSC spheres showed the
most abundant yellow fluorescence, suggesting strongest
autophagic activity in MDA-MB-231 (Figure 3A). This
finding coincided with the results of western blotting
analysis. The conversion of LC3 I to LC3 II in cells is
considered a hallmark of autophagy formation, and P62 as
an autophagy substrate is degraded as part of the autophagy
process, and the reduction of P62 usually indicates the
activation of autophagy (Wang et al., 2016). Our study
revealed that breast CSC spheres presented higher LC3 II
accumulation as well as lower P62 levels than adherent and
differentiated cells (Figure 3B). Next, we investigated the
combinatorial effects of ADQ and taxol on autophagy in
breast CSCs using mRFP-GFP-LC3. As shown in Figure 3C,
taxol administration led to an increase in both yellow and red
dots, while additional ADQ treatment attenuated the taxol-
promoting effects in autophagy, i.e., reduced the number of
autophagosomes and autolysosomes in breast CSCs. To verify
the effect of ADQ on the lysosomal activity of breast cancer cell
lines, MDA-MB-231 cells were incubated with DQ-BSA and
LysoRed followed by monitoring the level changes of

FIGURE 3 | ADQ abrogates autophagy activity in breast CSCs. (A) Representative images of autophagic flux in breast CSC spheres, adherent breast cancer cells
as well as differentiated breast CSCs. (B) The LC3 II and P62 expressions were analyzed by western blotting. All values represent the mean ± SD (n � 3, *p < 0.05, **p <
0.01 vs. Non-CSCs group). (C) Representative confocal images of autophagic flux in MDA-MB-231 CSC spheres transfected with the AVV-mRFP-GFP-LC3 reporter
after the indicated treatment. All values represent the means ± SD (n � 3, *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group). (D) The
fluorescence photographs of MDA-MB-231 CSC spheres were marked by DQ-BSA (green) or LysoRed (red) after the indicated treatment. All values represent the
means ±SD (n � 3, *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group). (E)Representative bands of LC3 II and P62 inMDA-MB-231 CSCswith
or without early autophagy inhibitor (3-mA, wortmannin) and late autophagy inhibitor (CQ, bafilomycin A1) after the indicated treatment.
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autophagosomes and lysosomes. The results in Figure 3D
demonstrated that ADQ markedly attenuated both LysoRed
and DQ-BSA, suggesting that lysosomal degradation was
blocked by ADQ. To further examine the stage-specific
function of autophagy mediating the suppressing activities of
ADQ on breast CSCs, early-stage autophagy inhibitors (3-MA,
wortmannin) and late-stage autophagy inhibitors (CQ,
Bafilomycin A1) were added to cultured MDA-MB-231 CSCs
with either ADQ or taxol. As shown in Figure 3E, western
blotting showed that the inhibitory effects of ADQ on LC3 II

accumulation were not significantly influenced by the addition
of either 3-MA or wortmannin, which suggests that ADQ
treatment and the aforementioned upstream autophagy
inhibitors possibly exerted similar activities in mediating
autophagy. This was further supported by the fact that ADQ
could attenuate the promotion of late-stage autophagy
inhibitors CQ and Bafilomycin A1 on LC3-II conversion.
Collectively, our data indicate that ADQ improved the
chemosensitivity of breast CSCs to taxol possibly by
abrogating early-phase autophagy activity.

FIGURE 4 | ADQ activates the Akt/GSK3β-mediated proteasome degradation of β-catenin in breast CSCs. (A) The expressions of β-catenin, ABCG2, P62 and
LC3 inMDA-MB-231 CSCswere examined by western blotting after the indicated treatment. (B) The fractional or total expressions of β-catenin, ABCG2, P62 and LC3 in
MDA-MB-231 CSCs were assayed by western blotting after the indicated treatment. (C) Representative immunofluorescent images of β-catenin in MDA-MB-231 CSCs
spheres and its re-attached CSC cells. All values represent the means ± SD (n � 3, *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group).
(D) The impacts of ADQ on the β-catenin proteasome degradation pathway were evaluated by western blotting. The upper graph shows that the action of ADQ on
β-catenin degradation was blocked by the proteasome inhibitor MG132. The lower graph indicates the influence of ADQ on β-catenin degradation was accelerated by
the protein synthesis inhibitor CHX. All values represent the means ± SD (n � 3, *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group). (E)Western
blotting analysis demonstrated that ADQ administration notably affected the expressions of the phosphorylation of β-catenin, total/phosphorylation of GSK-3β as well as
total/phosphorylation of AKT in a time- and dose-dependent manner. (F) Western blotting analysis showing the synergsitic effects of ADQ with either GSK-3β inhibitor
LiCl or AKT inhibitor LY294002.
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Ai Du Qing Activates the Akt/
GSK3β-Mediated Proteasome Degradation
of β-catenin in Breast Cancer Stem Cells
The molecular mechanisms addressing the autophagy-promoting
effects of ADQwere next explored on breast CSCs.We previously
demonstrated the abnormal activation of β-catenin and the
subsequent upregulation of its downstream gene ABCG2 were
tightly associated with drug-resistant properties of breast cancer
(Wang N. et al., 2014). Hence, we next investigated the impact of
ADQ on the expression and distribution of β-catenin in MDA-
MB-231 CSCs. As shown in Figure 4A, western blotting
demonstrated that the combination of ADQ and taxol resulted
in the downregulation of β-catenin, ABCG2, and LC3 II and
upregulation of P62 expression, indicating a positive correlation
between β-catenin expression and autophagic makers.
Furthermore, the inhibitory effects of ADQ on β-catenin,
ABCG2, and LC3 II followed a time- and dose-dependent

manner, and either nuclear or cytosolic β-catenin expression
were simultaneously suppressed by ADQ (Figure 4B).
Immunofluorescence assays were also performed to investigate
the expressional pattern of β-catenin, and we observed that ADQ
administration suppressed the accumulation of β-catenin,
particularly nuclear translocation in either sphere form or re-
attached form of MDA-MB-231 CSCs (Figure 4C). Given that
proteasome degradation is the main regulatory mechanism that
post-translationally regulates β-catenin expression, we next
evaluated whether ADQ could activate proteasome
degradation to downregulate β-catenin expression. As such,
the proteasome inhibitor MG132 and the protein synthesis
inhibitor cycloheximide (CHX) were added into the cultures of
breast CSCs separately. MG132 treatment blocked ADQ-induced
β-catenin degradation, which presented as increasing
accumulation of β-catenin expression. In contrast, ADQ-
mediated β-catenin degradation was aggravated following
CHX administration, further implying that ADQ activates

FIGURE 5 | GRP78 decreases breast cancer chemosensitivity possibly via autophagy induction of breast CSCs. (A) Western blotting verified the expressions of
GRP78, LC3, P62, β-catenin, ABCG2, GSK-3β, P-GSK-3β, AKT and P-AKT in MDA-MB-231 cells before or after the indicated transfection. (B) CCK8 assay detected
the cell proliferation in GRP78high and GRP78low MDA-MB-231 cells with or without taxol administration. All values represent the means ± SD (n � 3, *p < 0.05, **p < 0.01
vs. Vec group; #p < 0.05, ##p < 0.01 vs. shCtrl group). (C) Colony formation assay was performed to evaluate the long-term inhibitory effects of ADQ on GRP78high

and GRP78lowMDA-MB-231 cells. All values represent the means ± SD (n � 3, *p < 0.05, **p < 0.01 vs. Control group). (D) Sphere-forming assay inMDA-MB-231 CSCs
before or after the indicated transfection. All values represent the means ± SD (n � 3, *p < 0.05, **p < 0.01 vs. Control group). (E) Fluorescence photographs of
autophagic flux transfected with an LC3-GFP-mRFP reporter in GRP78high and GRP78low MDA-MB-231 cells. All values represent the means ± SD (n � 3, *p < 0.05,
**p < 0.01 vs. Vec group; #p < 0.05, ##p < 0.01 vs. shCtrl group).
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proteasome degradation of β-catenin (Figure 4D). GSK-3β is an
upstream signal that promotes β-catenin degradation by inducing
its phosphorylation form at the Ser33/Ser37/Thr41 site, and this
process is also AKT-dependent. As an important substrate of
AKT, GSK-3β activity is negatively regulated by AKT, which
affects the stability of β-catenin by inhibiting the phosphorylation
of glycogen synthase by GSK-3β (Sagredo et al., 2018). Therefore,

the next step is to investigate the effects of ADQ on AKT/GSK-
3β/β-catenin signaling. In our study, we found that the
phosphorylation of β-catenin at these sites increased after
ADQ treatment in a time- and dose-dependent manner, which
is accompanied by the downregulated expression of P-GSK-3β
and P-AKT (Figure 4E). This finding implied that ADQ
promotes β-catenin degradation possibly by limiting the

FIGURE 6 |GRP78 suppression by ADQ leads to a β-catenin destabilization and an autophagy inhibition in breast CSCs. (A)Western blotting analysis showed that
ADQ treatment for 48 h could inhibit GRP78 protein expression levels in MDA-MB-231 cells and MCF-7 cells in the presence of taxol. All values represent the means ±
SD (n � 3, *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group). (B)Mammospheres assay and immunofluorescence analysis suggested that
ADQ administration for 48 h could attenuate self-renewal and autophagic activities in GRP78high MDA-MB-231 CSCs. (C)Western blotting analysis demonstrated
that the autophagy activity in GRP78-overexpressed breast CSCs was significantly limited by the combination of 3-MA and ADQ. (D) Immunofluorescence experiments
showed that ADQ not only limited the transfer of β-catenin from the cytoplasm to the nucleus, but also decreased the expression of β-catenin in GRP78high MDA-MB-231
CSCs. (E) ADQ treatment for 48 h could attenuate β-catenin and ABCG2 expressions in GRP78high MDA-MB-231 CSCs. (F)–(G) Cell number and sphere formation
assay using GRP78high MDA-MB-231 CSCs transfected with or without siβ-catenin after the indicated treatment. All values represent the means ± SD (n � 3, *p < 0.05,
**p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group). (H) Western blotting assay showing the effects of ADQ on the β-catenin proteasome degradation
pathway in GRP78high MDA-MB-231 CSCs. (I) Co-immunoprecipitation and ubiquitination array revealed that GRP78 overexpression reduced poly-ubiquitination
accumulation of β-catenin in breast CSCs, while ADQ administration notably promoted the ubiquitination of β-catenin in breast CSCs.
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activity of AKT, thereby suppressing GSK-3β phosphorylation.
To directly validate this theory, LY294002 (LY, AKT inhibitor)
as well as lithium chloride (LiCl, GSK-3β inhibitor) were added
to the culture system of ADQ-treated breast CSCs. As shown in
Figure 4F, the inhibitory effect of ADQ on β-catenin was
counteracted by LiC1 treatment, while LY294002
administration aggravated the degradation of β-catenin by
ADQ, suggesting that ADQ activates the degradation
pathway of β-catenin proteasome via Akt/GSK-3β signal
transduction.

GRP78 Decreases Breast Cancer
Chemosensitivity Possibly Via Autophagy
Induction of Breast Cancer Stem Cells
Our pilot study identified GRP78 as a direct molecular target
for breast CSC chemoresistance by stabilizing β-catenin
(Wang N. et al., 2014). Moreover, network pharmacological
analysis revealed that GRP78 is also one of hub targets of ADQ
in the prevention and treatment of breast cancer. To
investigate whether GRP78 is essential in mediating
autophagy and drug resistance in breast CSCs, stable
GRP78high and GRP78low MDA-MB-231 cells were
constructed with lentivirus vector transfection for the
following experiments. GRP78high MDA-MB-231 cells
exhibited enhanced LC3 II expression and decreased P62
levels, suggesting that GRP78 expression might be
responsible for autophagic activation. Meanwhile, GRP78
overexpression triggered β-catenin/ABCG2 signaling
possibly by upregulating the phosphorylation of AKT and
GSK-3β, suggesting that the stabilization of β-catenin might
be GRP78-depedent. Consistently, GRP78 silencing led to
controversial results. As expected, GRP78 silencing not only
led to a reduction in GRP78 expression, but also abolished
autophagy-associated and β-catenin/ABCG2 signaling
(Figure 5A). Therefore, we assumed that GRP78 might
regulate autophagy via the β-catenin/ABCG2 signaling axis,
consequently exerting chemoresistance to breast CSCs. To
validate our assumption, the results of CCK-8 and
clonogenic assays demonstrated that GRP78 overexpression
improved the survival of taxol-treated breast cancer cells in a
time- and dose-dependent manner, while GRP78 silencing
apparently inhibited cell proliferation of taxol-treated breast
cancer cells compared to the control group (Figures 5B,C).
Furthermore, GRP78 promoted an increase in the number and
size of breast CSC spheres (Figure 5D), as well as facilitated the
upregulation of autophagic activity of breast CSCs
(Figure 5E). In particular, red fluorescence puncta
representing lysosomes and green fluorescence puncta
representing autophagosomes were both enhanced in
GRP78-overexpressing cells. In contrast, GRP78 silencing
led to limited self-renewal capabilities and attenuated
autophagic activities in MDA-MB-231 CSCs. Taken
together, our findings demonstrate that GRP78
overexpression promotes self-renewal and proliferation, as
well as decreases the chemosensitivity of breast CSCs
possibly via autophagy induction.

GRP78 Suppression by Ai Du Qing Formula
Leads to β-Catenin Destabilization and
Autophagy Inhibition in Breast Cancer Stem
Cells
We continued to examine whether β-catenin destabilization and
autophagy inhibition by ADQ is GRP78-dependent in breast CSCs.
Compared to taxol-treated group, GRP78 expression gradually
decreased in the presence of ADQ in a concentration-dependent
manner in MDA-MB-231 and MCF-7 cells (Figure 6A). To
evaluate the role of GRP78 in the anti-autophagic and anti-CSCs
capabilities of ADQ, we observed that GRP78 overexpression
accelerated the self-renewal of breast CSCs and increased the
number of yellow fluorescence puncta that represented the
production of autophagosomes, which was attenuated by ADQ
(Figure 6B). We continued to examine whether autophagic
inhibition influenced the GRP78-decreasing effects on breast
CSCs. The autophagy activity in GRP78-overexpressed breast
CSCs was significantly limited by the combination of 3-MA and
ADQ (Figure 6C). To investigate the regulation of GRP78 by ADQ
on β-catenin distribution and expression, we performed
immunofluorescence analysis of β-catenin in GRP78-
overexpressed breast CSCs and found that GRP78 promotes
β-catenin transport from the cytoplasm to the nucleus, whereas
this phenomenon was reversed by ADQ treatment (Figure 6D).
Meanwhile, western blotting analysis showed that ADQ decreased
the taxol-induced expression of β-catenin and ABCG2, while
additional GRP78 expression abolished the downregulating
effects of ADQ (Figure 6E). To directly determine the critical
role of β-catenin on ADQ action, we then downregulated
β-catenin levels by transfecting its siRNA to the GRP78-
overexpressing breast CSC culture system of MDA-MB-231.
After β-catenin silencing, the proliferation, self-renewal and
autophagy activities of GRP78-overexpressing breast CSCs were
suppressed in the presence of ADQ, implying a positive regulatory
relationship between GRP78 and β-catenin (Figures 6F,G). We
next explored whether the proteasome degradation of β-catenin by
ADQwas attributable to GRP78 activation. Compared with the Vec
group, β-catenin accumulation was accelerated in GRP78-
overexpressing breast CSCs when the proteasome degradation
pathway was inhibited by MG132, indicating that proteasome
degradation of β-catenin by ADQ might be largely attributable
to GRP78 expression (Figure 6H). We further performed co-
immunoprecipitation (CoIP) combined with ubiquitination array
in either CSCsVec or CSCsGRP78 in the presence of ADQ. As shown
in Figure 6I, ADQ notably enhanced the ubiquitination of
β-catenin in both MDA-MB-231 CSCs and MDA-MB-231
CSCsGRP78. Decreased ubiquitination of β-catenin was observed
in MDA-MB-231 CSCsGRP78 when compared to MDA-MB-231
CSCs group, further verifying that the ubiquitination pathway of
β-catenin was suppressed by GRP78. Western blotting
demonstrated that ADQ abolished the expression of GRP78 and
ABCG2, as well as offset the induction effect of taxol on their
expressions, indicating that GRP78 mediated ADQ-induced
chemosensitivity (Supplementary Figure S1A). The cell
counting assay showed that either ADQ or taxol alone effectively
limits cell growth in MDA-MB-231 and MCF-7 cells, while its
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combination resulted in a highly significant reduction in
comparison with each component (Supplementary Figure
S1B). These data suggest that ADQ could reverse the
chemical resistance induced by GRP78 at the protein
translation level. To explore the molecular mechanism by
which ADQ downregulated GRP78 expression, we further
examined GRP78 mRNA levels in MDA-MB-231 and MCF-7

cells with ADQ treatment. We found that ADQ administration
had little influence on GRP78 mRNA levels, suggesting that the
suppression of GRP78 by ADQ might be posttranslational
rather than transcriptional (Supplementary Figure S1C).
Overall, ADQ influences the β-catenin/ABCG2 signaling axis
via GRP78 to mediate autophagy, thereby increasing the
sensitivity of breast CSCs to chemotherapeutic drugs.

FIGURE 7 | ADQ enhances the chemosensitivity of breast cancer in ex vivo and in vivo validation. (A) Representative bioluminescent images of MDA-MB-231-Luc
xenograft mice model. Breast cancer xenografts were established by implanting luciferase-labeled MDA-MB-231-Luc cells into the mammary glands of BALB/C mice.
Mice bearing MDA-MB-231-Luc xenografts received either saline or ADQ (100 mg/kg/day) by intragastric perfusion. All values represent the means ± SD (n � 4, *p <
0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group). (B,C) ADQ synergistically interacted with taxol to inhibit tumor growth in the MDA-MB-
241-Luc xenograft model in vivo. All values represent the means ± SD (n � 4, *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group). (D) There
were no significant differences in mouse body weights between the saline group and ADQ group, indicating no additional toxic and side effects of ADQ. n � 8. (E) ADQ
administration obviously diminished the proportions of ALDH+ subsets induced by taxol. All values represent the means ± SD (n � 4, *p < 0.05, **p < 0.01 vs. Control
group; #p < 0.05, ##p < 0.01 vs. Taxol group). (F) ADQ (50 μg/ml) remarkably enhanced the inhibitory effects of Taxol (50 nM) on the zebrafish models bearing Dil-labled
MDA-MB-231 cells. The red numbers represent the mean fluorescence intensities of Dil-stained MDA-MB-231 cells. All values represent the means ± SD (n � 4, *p <
0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. Taxol group). (G) Representative images of H&E and representative IHC images of the expression levels of
GRP78, β-catenin, and LC3 in zebrafish models.
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Ai Du Qing Enhances the Chemosensitivity
of Taxol to Breast Cancer in Nude Mice and
Zebrafish Breast Cancer Xenograft Models
To support the aforementioned in vitro findings, we next
validated the anti-breast cancer activities and
chemosensitization mechanism of ADQ in vivo. First, we
established breast cancer xenografts by injecting luciferase-
labeled MDA-MB-231-Luc cells for monitoring the anti-tumor
and chemosensitizing effects of ADQ. ADQ was given once daily
by gastric perfusion at 100 mg/kg/day, and taxol was diluted with
saline and administered by intraperitoneal injection at 10 mg/kg
every three days (Wang et al., 2018). As shown in in-vivo
bioluminescent imaging, either taxol or ADQ alone could lead
to suppression of tumor growth, while the combination of taxol
and ADQ exerted the strongest inhibitory effect (Figures 7A–C).
Compared with the control group, there was no significant weight
loss or death of nude mice in each experimental group, indicating
that ADQ had no obvious toxic side effects on nude mice
(Figure 7D). We next explored the inhibitory effects of ADQ
on CSC proportions in vivo. The activity of aldehyde
dehydrogenase (ALDH) activity indicates the characteristics of
CSCs, and the ALDH+ subpopulation has stronger stemness than
the ALDH- subpopulation (Sun et al., 2020). As indicated in
Figure 7E, the proportion of ALDH+ subpopulation in the
synergistic group was apparently smaller than that in the
control and taxol-treated groups, suggesting that ADQ could
suppress the ratio of breast CSCs promoted by taxol
administration in vivo. We also constructed a zebrafish
xenograft model by microinjecting MDA-MB-231 CSCs
stained with Dil marker to monitor the anti-tumor and
chemosensitizing effects of ADQ. The results implied that the
combination of taxol and ADQ showed the most obvious effects
in suppressing the growth of tumors compared with either taxol
or ADQ alone (Figure 7F). Furthermore, the results of
immunohistochemical staining showed that the combination
of ADQ and taxol could remarkably downregulate the
expression of GRP78, β-catenin, and LC3 II, suggesting that
ADQ might be developed as a novel chemosensitizing reagent
with anti-autophagic activities (Figure 7G). Taken together, these
results demonstrate that ADQ suppresses autophagy-promoting
tumor growth by inhibiting the GRP78/β-catenin/ABCG2 axis in
vivo, thereby increasing the chemosensitivity of breast CSCs
to taxol.

DISCUSSION

Continuous in-depth studies on traditional Chinese and Western
medicine have shown that TCM has great potential and unique
advantages in combating breast cancer such as reversing tumor
drug resistance, alleviating side effects, and exerting synergistic
effects with traditional strategy (Zhang et al., 2020). Here, we
demonstrate that a traditional TCM formula ADQ at safe dosages
could remarkably chemosensitize breast CSCs by autophagic
inhibition in vivo and in vitro (Wang et al., 2018). Our pilot
study identified 132 candidate compounds in ADQ interacting

with 22 core targets involved in chemoresistant breast cancer (p ≤
0.05, FC ≥ 1.5) (Wang et al., 2018). Among these core compounds
of ADQ, quercetin, 7-methoxy-2-methyl isoflavone, and
p-coumaric acid were found be closely associated with the
target GRP78 (Sharma et al., 2018; Cao et al., 2019; Su et al.,
2019). Furthermore, our pilot HPLC analysis demonstrated that
p-coumaric acid, curcumol, liquirtin, calycosin-7-glucoside, and
glycyrrhizic acid are the major bioactive components in ADQ
(Wang et al., 2018). The possible active compound p-coumaric
acid was then obtained by taking the intersection of network
pharmacology and HPLC analysis. Retrospectively, p-coumaric
acid not only inhibited tumor cell proliferation but also
attenuated CSCs, which were tightly associated with
endoplasmic reticulum stress (ER) and autophagy. P-coumaric
acid was reported to exert its anti-proliferative effect by
downregulating GRP78 and activating unfolded protein
response (UPR)-mediated apoptosis in vitro and in vivo
(Sharma et al., 2018). P-coumaric acid treatment was also
found to significantly suppress tumor growth in a xenograft
model by downregulating stem cell markers and β-catenin as
well as HIF-1α signaling (Min et al., 2015). Further mechanistic
insights demonstrated that autophagy is a novel molecular
mechanism that is involved in the crosstalk between classical
actions of p-coumaric acid and exerted alternative therapeutic
pathways for this compound (Abazari et al., 2021). Thus, we will
continue to explore the anti-CSC as well as autophagic inhibition
effects of p-coumaric acid on breast cancer in the future.

CSC activation requires a basic level of autophagy, and
autophagy-promoting regulation could mediate the growth
and pluripotency of CSCs (Sharif et al., 2017). Autophagy is
activated upon cellular stress or nutrient deprivation to maintain
cell survival via degradation of intracellular proteins, disrupting
organelles, and energy storage, thus preventing cells from being
damaged upon endoplasmic reticulum stress and oxidative stress
(Liang et al., 2020). However, autophagy could induce autophagic
apoptosis of CSCs in anti-tumor therapy, serving as an
antagonistic role in protecting CSCs from resisting the toxicity
of chemotherapy drugs in drug-resistant tumor cells (Huang
et al., 2018; Nazio et al., 2019; Yang et al., 2020). In this study,
we demonstrated that ADQ exerts an inhibitory effect on taxol-
induced autophagy, subsequently chemosensitizing breast CSCs.
Interestingly, we found that ADQ shared a similar regulatory
mechanism with either 3-MA or wortmannin by suppressing
early-phase autophagy, while exerting an additional effect with
CQ and Bafilomycin A1 in mediating late-stage autophagy. This
finding implicated that ADQ might be an early-phase autophagy
inhibitor that suppresses breast CSC autophagy and
chemoresistance. Currently, multiple anti-autophagy
compounds have been identified, but only late-phase
autophagic inhibitors chloroquine (CQ) and its derivative
hydroxychloroquine (HCQ) have been approved for clinical
application (Du et al., 2020). Nevertheless, their off-target
efficacy and toxicity largely limits their clinic advancement.
Because ADQ acts synergistically with CQ on autophagy
activity, it is worthwhile to investigate whether ADQ could
promote the efficacy of these two clinical anti-autophagy
agents while suppressing their toxicity in our future investigation.
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The glucose-regulated protein 78-kDa GRP78 is an
endoplasmic reticulum stress protein located on
chromosome 9q33 and contains eight exons and seven
introns and consists of an N-terminal domain containing
ATPase catalytic site and C-terminal substrate binding
region (Bi et al., 2018). Overexpression of GRP78 induces
resistance in tumors to various therapeutic drugs, including
chemotherapeutic drugs, antihormonal drugs, DNA damaging
agents, and anti-angiogenic factors, while the sensitivity of
tumor cells to chemotherapy is significantly enhanced after
GRP78 inhibition (Chen et al., 2018). Clinical studies have
shown that patients overexpressing GRP78 had a high
recurrence rate and shorter recurrence duration particularly
when stage II and III breast cancer are treated with
doxorubicin (Direito et al., 2019). More importantly, our
pilot study identified that GRP78 is a novel target that is
closely related to breast CSC resistance by regulating
β-catenin/ABCG2 signaling, which highlights the
significance of GRP78 in mediating CSCs resistance (Wang
N. et al., 2014). GRP78 promotes self-renewal in CSCs, as well
as upregulates the expression of CSC markers, including the
ALDH1 and CD44, thereby contributing to cancer recurrence
and resistance to chemotherapy (Hu et al., 2017). In our
investigation, in comparison with either adherent breast
cancer cells or differentiated breast CSCs, breast CSC
spheres showed the strongest autophagic activity (Figures
3A,B), suggesting that autophagy mediates activities of
breast CSCs, particularly in terms of resistance to
chemotherapy. This finding is concordant to a series of
studies on the role of autophagy in cancer progression. The
activation of autophagy significantly promoted the percentage
of glioma CSCs and their self-renewal ability, thus improving
the chemotherapy resistance of glioma CSCs to temozolomide
(Abbas et al., 2020). Autophagy was upregulated in some CSCs
and played a crucial role in tumor growth and resist
conventional treatments (Camuzard et al., 2020). These
findings imply a possible association between GRP78 and
breast CSCs, and thus we continued to investigate whether
GRP78 would be essential in mediating autophagy and drug
resistance in breast CSCs in this study. Here, we constructed
the stable GRP78high and GRP78low MDA-MB-231 cells to
investigate whether GRP78 is essential in mediating autophagy
and drug resistance in breast CSCs. Western blotting and GFP-
mRFP-LC3 immunofluorescence revealed that GRP78
overexpression leads to an increase in microtubule-
associated light chain 3-II (LC3-II) conversion as well as
enhanced autophagic flux in breast CSC spheres (Figures
5A,E). In addition, GRP78 silencing led to absolutely
controversial results. Further western blotting analysis
showed that ADQ decreased taxol-induced β-catenin and
ABCG2 expression, while additional GRP78 expression
abolished such downregulating effects of ADQ (Figure 6E).
In terms of mechanism exploration, co-immunoprecipitation
combined with ubiquitination assay verified that GRP78
stabilizes the ubiquitination of β-catenin, while ADQ
notably accelerates the ubiquitination of β-catenin
(Figure 6I). Studies on the association between CSCs and

autophagy are limited, and thus the current study aimed to
address this issue by investigating the role of GRP78 in
mediating breast CSC autophagy via β-catenin/ABCG2
signaling, which subsequently leads to chemosensitivity in
the presence of ADQ.

CONCLUSION

In sum, these results demonstrate that ADQ suppresses breast
cancer growth by inhibiting autophagy via the GRP78/
β-catenin/ABCG2 axis, thereby increasing the
chemosensitivity of breast CSCs to taxol. This study has
elucidated the chemosensitizing molecular mechanism of
ADQ in the treatment of breast cancer as well as highlights
the importance of GRP78 in mediating β-catenin signaling and
cancer drug resistance in CSCs.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by All procedures
were authorized by the Animal Care and Use Committee of
Guangzhou University of Chinese Medicine.

AUTHOR CONTRIBUTIONS

ML performed the experiments, analyzed the data, and finished
first draft of the manuscript; NW conducted the design of the
whole study; ZW and FZ revised the manuscript; CW, DH, BY,
XW, and JZ established the breast cancer xenotransplantation
models and conducted related animal experiments. YZ, SW, and
CT carried out the drug preparation and quality control of ADQ;
ZX, YH, and RH contributed to other molecular biology
experiments. ZX contributed to the molecular biology
experiments of the revision version of the manuscript. All of
the authors are aware of and agree with the content of the paper
and their being listed as an author on the paper.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81973526, 82004132, 82074165, 81873306,
82004373); Guangdong Science and Technology Department
(2016A030306025); Guangdong High-level Personnel of Special
Support Program (A1-3002-16-111-003); Department of
Education of Guangdong Province (2018KZDXM022, A1-2606-
19-111-009, 2019KQNCX019); Guangdong traditional Chinese

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 65929716

Liao et al. ADQ Promotes Autophagy-Mediated BCSC Chemosensitivity

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


medicine bureau project (20211114, 20201132); the Ph.D. Start-up
Fund of Natural Science Foundation of Guangdong Province
(2017A030310213, 2018A030310506); Science and Technology
Planning Project of Guangdong Province (2017B030314166);
Guangzhou science and technology project (201904010407); The
Specific Research Fund for TCM Science and Technology of
Guangdong provincial Hospital of Chinese Medicine
(YN2018MJ07, YN2018QJ08), Guangdong traditional Chinese
medicine bureau project (20211114, 20201132), the Foundation
for Young Scholars of Guangzhou University of Chinese Medicine
(QNYC20190101) and the Innovation and entrepreneurship
training program for college students (202010572007).

ACKNOWLEDGMENTS

The authors are grateful to the support of Laboratory of TCM
Syndrome Essence and Objectification. We also thank LetPub
(www.letpub.com) for its linguistic modification.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.659297/
full#supplementary-material

REFERENCES

Abazari, M. F., Nasiri, N., Karizi, S. Z., Nejati, F., Haghi-Aminjan, H., Norouzi,
S., et al. (2021). An Updated Review of Various Medicinal Applications of
P-Coumaric Acid: From Antioxidative and Anti-inflammatory Properties
to Effects on Cell Cycle and Proliferation. Mini. Rev. Med. Chem. 21, 121.
doi:10.2174/1389557521666210114163024

Abbas, S., Singh, S. K., Saxena, A. K., Tiwari, S., Sharma, L. K., and Tiwari, M.
(2020). Role of Autophagy in Regulation of Glioma Stem Cells Population
during Therapeutic Stress. J. Stem Cell Regen Med 16 (2), 80–89. doi:10.46582/
jsrm.1602012

Ashouri, S., Khujin, M. H., Kazemi, M., and Kheirollahi, M. (2016). Effect of
Teicoplanin on the Expression of C-Myc and C-Fos Proto-Oncogenes in MCF-
7 Breast Cancer Cell Line. Adv. Biomed. Res. 5, 172. doi:10.4103/2277-9175.
190984

Bai, X., Ni, J., Beretov, J., Graham, P., and Li, Y. (2018). Cancer Stem Cell in Breast
Cancer Therapeutic Resistance. Cancer Treat. Rev. 69, 152–163. doi:10.1016/j.
ctrv.2018.07.004

Bi, X., Zhang, G., Wang, X., Nguyen, C., May, H. I., Li, X., et al. (2018).
Endoplasmic Reticulum Chaperone GRP78 Protects Heart from Ischemia/
Reperfusion Injury through Akt Activation. Circ. Res. 122 (11), 1545–1554.
doi:10.1161/CIRCRESAHA.117.312641

Bleau, A.-M., Hambardzumyan, D., Ozawa, T., Fomchenko, E. I., Huse, J. T.,
Brennan, C. W., et al. (2009). PTEN/PI3K/Akt Pathway Regulates the Side
Population Phenotype and ABCG2 Activity in Glioma Tumor Stem-like Cells.
Cell Stem Cell 4 (3), 226–235. doi:10.1016/j.stem.2009.01.007

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA: A Cancer
J. Clinicians 68 (6), 394–424. doi:10.3322/caac.21492

Britt, K. L., Cuzick, J., and Phillips, K.-A. (2020). Key Steps for Effective Breast
Cancer Prevention. Nat. Rev. Cancer 20 (8), 417–436. doi:10.1038/s41568-020-
0266-x

Byrd, D. R., Brierley, J. D., Baker, T. P., Sullivan, D. C., and Gress, D. M.
(2020). Current and Future Cancer Staging after Neoadjuvant Treatment
for Solid Tumors. CA A. Cancer J. Clin. 71, 140–148. doi:10.3322/caac.
21640

Camuzard, O., Trojani, M.-C., Santucci-Darmanin, S., Pagnotta, S., Breuil, V.,
Carle, G., et al. (2020). Autophagy in Osteosarcoma Cancer Stem Cells Is
Critical Process Which Can Be Targeted by the Antipsychotic Drug
Thioridazine. Cancers 12 (12), 3675. doi:10.3390/cancers12123675

Cao, X., He, Y., Li, X., Xu, Y., and Liu, X. (2019). The IRE1α-XBP1 Pathway
Function in Hypoxia-Induced Pulmonary Vascular Remodeling, Is
Upregulated by Quercetin, Inhibits Apoptosis and Partially Reverses
the Effect of Quercetin in PASMCs. Am. J. Transl Res. 11 (2), 641–654.
doi:10.1016/j.gene.2011.11.010

Cazet, A. S., Hui, M. N., Elsworth, B. L., Wu, S. Z., Roden, D., Chan, C.-L., et al.
(2018). Targeting Stromal Remodeling and Cancer Stem Cell Plasticity
Overcomes Chemoresistance in Triple Negative Breast Cancer. Nat.
Commun. 9 (1), 2897. doi:10.1038/s41467-018-05220-6

Chang, H.-L., Bamodu, O. A., Ong, J.-R., Lee, W.-H., Yeh, C.-T., and Tsai, J.-T.
(2020). Targeting the Epigenetic Non-coding RNA MALAT1/Wnt Signaling
Axis as a Therapeutic Approach to Suppress Stemness and Metastasis in
Hepatocellular Carcinoma. Cells 9 (4), 1020. doi:10.3390/cells9041020

Chen, S., Wu, J., Jiao, K., Wu, Q., Ma, J., Chen, D., et al. (2018). MicroRNA-495-3p
Inhibits Multidrug Resistance by Modulating Autophagy through GRP78/
mTOR axis in Gastric Cancer. Cell Death Dis 9 (11), 1070. doi:10.1038/
s41419-018-0950-x

Cheng, X., Xu, X., Chen, D., Zhao, F., and Wang, W. (2019). Therapeutic Potential
of Targeting the Wnt/β-Catenin Signaling Pathway in Colorectal Cancer.
Biomed. Pharmacother. 110, 473–481. doi:10.1016/j.biopha.2018.11.082

Ding, S., and Hong, Y. (2020). The Fluorescence Toolbox for Visualizing
Autophagy. Chem. Soc. Rev. 49 (22), 8354–8389. doi:10.1039/d0cs00913j

Direito, I., Fardilha, M., and Helguero, L. A. (2019). Contribution of the Unfolded
Protein Response to Breast and Prostate Tissue Homeostasis and its
Significance to Cancer Endocrine Response. Carcinogenesis 40 (2), 203–215.
doi:10.1093/carcin/bgy182

Galluzzi, L., and Green, D. R. (2019). Autophagy-Independent Functions of the
Autophagy Machinery. Cell 177 (7), 1682–1699. doi:10.1016/j.cell.2019.05.026

Han, Y., Fan, S., Qin, T., Yang, J., Sun, Y., Lu, Y., et al. (2018). Role of Autophagy in
Breast Cancer and Breast Cancer Stem Cells (Review). Int. J. Oncol. 52 (4),
1057–1070. doi:10.3892/ijo.2018.4270

Hassanian, S. M., Ardeshirylajimi, A., Dinarvand, P., and Rezaie, A. R. (2016).
Inorganic Polyphosphate Promotes Cyclin D1 Synthesis through Activation of
mTOR/Wnt/β-Catenin Signaling in Endothelial Cells. J. Thromb. Haemost. 14
(11), 2261–2273. doi:10.1111/jth.13477

Hu, F.-W., Yu, C.-C., Hsieh, P.-L., Liao, Y.-W., Lu, M.-Y., and Chu, P.-M. (2017).
Targeting Oral Cancer Stemness and Chemoresistance by Isoliquiritigenin-
Mediated GRP78 Regulation. Oncotarget 8 (55), 93912–93923. doi:10.18632/
oncotarget.21338

Huang, H., Wang, C., Liu, F., Li, H.-Z., Peng, G., Gao, X., et al. (2018). Reciprocal
Network between Cancer Stem-like Cells and Macrophages Facilitates the
Progression and Androgen Deprivation Therapy Resistance of Prostate
Cancer. Clin. Cancer Res. 24 (18), 4612–4626. doi:10.1158/1078-0432.CCR-
18-0461

Lai, T.-C., Fang, C.-Y., Jan, Y.-H., Hsieh, H.-L., Yang, Y.-F., Liu, C.-Y., et al. (2020).
Kinase shRNA Screening Reveals that TAOK3 Enhances Microtubule-Targeted
Drug Resistance of Breast Cancer Cells via the NF-Κb Signaling Pathway. Cell
Commun Signal 18 (1), 164. doi:10.1186/s12964-020-00600-2

Liang, G., Ling, Y., Mehrpour, M., Saw, P. E., Liu, Z., Tan, W., et al. (2020).
Autophagy-associated circRNA circCDYL Augments Autophagy and Promotes
Breast Cancer Progression. Mol. Cancer 19 (1), 65. doi:10.1186/s12943-020-
01152-2

Limpert, A. S., Lambert, L. J., Bakas, N. A., Bata, N., Brun, S. N., Shaw, R. J., et al.
(2018). Autophagy in Cancer: Regulation by Small Molecules. Trends
Pharmacol. Sci. 39 (12), 1021–1032. doi:10.1016/j.tips.2018.10.004

Lin, L., Cheng, K., He, Z., Lin, Q., Huang, Y., Chen, C., et al. (2019). A
Polysaccharide from Hedyotis Diffusa Interrupts Metastatic Potential of
Lung Adenocarcinoma A549 Cells by Inhibiting EMT via EGFR/Akt/ERK
Signaling Pathways. Int. J. Biol. Macromol. 129, 706–714. doi:10.1016/j.
ijbiomac.2019.02.040

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 65929717

Liao et al. ADQ Promotes Autophagy-Mediated BCSC Chemosensitivity

http://www.letpub.com
https://www.frontiersin.org/articles/10.3389/fphar.2021.659297/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.659297/full#supplementary-material
https://doi.org/10.2174/1389557521666210114163024
https://doi.org/10.46582/jsrm.1602012
https://doi.org/10.46582/jsrm.1602012
https://doi.org/10.4103/2277-9175.190984
https://doi.org/10.4103/2277-9175.190984
https://doi.org/10.1016/j.ctrv.2018.07.004
https://doi.org/10.1016/j.ctrv.2018.07.004
https://doi.org/10.1161/CIRCRESAHA.117.312641
https://doi.org/10.1016/j.stem.2009.01.007
https://doi.org/10.3322/caac.21492
https://doi.org/10.1038/s41568-020-0266-x
https://doi.org/10.1038/s41568-020-0266-x
https://doi.org/10.3322/caac.21640
https://doi.org/10.3322/caac.21640
https://doi.org/10.3390/cancers12123675
https://doi.org/10.1016/j.gene.2011.11.010
https://doi.org/10.1038/s41467-018-05220-6
https://doi.org/10.3390/cells9041020
https://doi.org/10.1038/s41419-018-0950-x
https://doi.org/10.1038/s41419-018-0950-x
https://doi.org/10.1016/j.biopha.2018.11.082
https://doi.org/10.1039/d0cs00913j
https://doi.org/10.1093/carcin/bgy182
https://doi.org/10.1016/j.cell.2019.05.026
https://doi.org/10.3892/ijo.2018.4270
https://doi.org/10.1111/jth.13477
https://doi.org/10.18632/oncotarget.21338
https://doi.org/10.18632/oncotarget.21338
https://doi.org/10.1158/1078-0432.CCR-18-0461
https://doi.org/10.1158/1078-0432.CCR-18-0461
https://doi.org/10.1186/s12964-020-00600-2
https://doi.org/10.1186/s12943-020-01152-2
https://doi.org/10.1186/s12943-020-01152-2
https://doi.org/10.1016/j.tips.2018.10.004
https://doi.org/10.1016/j.ijbiomac.2019.02.040
https://doi.org/10.1016/j.ijbiomac.2019.02.040
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Lin, P., Li, J., Ye, F., Fu, W., Hu, X., Shao, Z., et al. (2020). KCNN4 Induces Multiple
Chemoresistance in Breast Cancer by Regulating BCL2A1. Am. J. Cancer Res.
10 (10), 3302–3315. doi:10.1016/j.gene.2011.11.010

Liu, Y., Yang, S., Wang, K., Lu, J., Bao, X., Wang, R., et al. (2020). Cellular
Senescence and Cancer: Focusing on Traditional ChineseMedicine and Natural
Products. Cell Prolif. 53 (10), e12894. doi:10.1111/cpr.12894

Ma, Z., Fan, Y., Wu, Y., Kebebe, D., Zhang, B., Lu, P., et al. (2019). Traditional
Chinese Medicine-Combination Therapies Utilizing Nanotechnology-Based
Targeted Delivery Systems: a New Strategy for Antitumor Treatment. Int.
J. Nanomedicine. 14, 2029–2053. doi:10.2147/IJN.S197889

Maiese, K. (2014). WISP1: Clinical Insights for a Proliferative and Restorative
Member of the CCN Family. Curr. Neurovasc. Res. 11 (4), 378–389. doi:10.
2174/1567202611666140912115107

Maycotte, P., Jones, K. L., Goodall, M. L., Thorburn, J., and Thorburn, A. (2015).
Autophagy Supports Breast Cancer Stem Cell Maintenance by Regulating IL6
Secretion. Mol. Cancer Res. 13 (4), 651–658. doi:10.1158/1541-7786.MCR-14-
0487

Meng, F.-C., and Lin, J.-K. (2019). Liquiritigenin Inhibits Colorectal Cancer
Proliferation, Invasion, and Epithelial-To-Mesenchymal Transition by
Decreasing Expression of Runt-Related Transcription Factor 2. Oncol. Res.
27 (2), 139–146. doi:10.3727/096504018X15185747911701

Min, S., Lim, J., Kim, H., Kim, S.-J., and Kim, Y. (2015). Sasa Quelpaertensis Leaf
Extract Inhibits Colon Cancer by Regulating Cancer Cell Stemness In Vitro and
In Vivo. Int. J. Mol. Sci. 16 (5), 9976–9997. doi:10.3390/ijms16059976

Minami, S., Ogata, Y., Ihara, S., Yamamoto, S., and Komuta, K. (2016). Outcomes
and Prognostic Factors of Chemotherapy for Patients with Locally Advanced or
Metastatic Pulmonary Squamous Cell Carcinoma. Lctt. 7, 99–110. doi:10.2147/
LCTT.S107560

Mohiuddin, I. S., Wei, S.-J., and Kang, M. H. (2020). Role of OCT4 in Cancer Stem-
like Cells and Chemotherapy Resistance. Biochim. Biophys. Acta (Bba) - Mol.
Basis Dis. 1866 (4), 165432. doi:10.1016/j.bbadis.2019.03.005

Nazio, F., Bordi, M., Cianfanelli, V., Locatelli, F., and Cecconi, F. (2019).
Autophagy and Cancer Stem Cells: Molecular Mechanisms and Therapeutic
Applications. Cell Death Differ. 26 (4), 690–702. doi:10.1038/s41418-019-
0292-y

Nguyen, L. V., Vanner, R., Dirks, P., and Eaves, C. J. (2012). Cancer Stem Cells:
an Evolving Concept. Nat. Rev. Cancer 12 (2), 133–143. doi:10.1038/
nrc3184

Ojha, R., Leli, N. M., Onorati, A., Piao, S., VerginadisII, Tameire, F., et al. (2019).
ER Translocation of the MAPK Pathway Drives Therapy Resistance in BRAF-
Mutant Melanoma. Cancer Discov. 9 (3), 396–415. doi:10.1158/2159-8290.CD-
18-0348

Rahmani, F., Tadayyon Tabrizi, A., Hashemian, P., Alijannejad, S., Rahdar, H. A.,
Ferns, G. A., et al. (2020). Role of Regulatory miRNAs of the Wnt/β-catenin
Signaling Pathway in Tumorigenesis of Breast Cancer. Gene 754, 144892.
doi:10.1016/j.gene.2020.144892

Rizzo, M. (2021). Mechanisms of Docetaxel Resistance in Prostate Cancer: The Key
Role Played by miRNAs. Biochim. Biophys. Acta (Bba) - Rev. Cancer 1875 (1),
188481. doi:10.1016/j.bbcan.2020.188481

Ryabaya, O., Prokofieva, A., Khochenkov, D., Abramov, I., Zasedatelev, A., and
Stepanova, E. (2018). Inhibition of Endoplasmic Reticulum Stress-Induced
Autophagy Sensitizes Melanoma Cells to Temozolomide Treatment. Oncol.
Rep. 40 (1), 385–394. doi:10.3892/or.2018.6430

Ryoo, I.-g., Choi, B.-h., Ku, S.-K., and Kwak, M.-K. (2018). High CD44 Expression
Mediates P62-Associated NFE2L2/NRF2 Activation in Breast Cancer Stem
Cell-like Cells: Implications for Cancer Stem Cell Resistance. Redox Biol. 17,
246–258. doi:10.1016/j.redox.2018.04.015

Sagredo, A. I., Sagredo, E. A., Cappelli, C., Báez, P., Andaur, R. E., Blanco, C., et al.
(2018). TRPM4 Regulates Akt/GSK3-β Activity and Enhances β-catenin
Signaling and Cell Proliferation in Prostate Cancer Cells. Mol. Oncol. 12 (2),
151–165. doi:10.1002/1878-0261.12100

Schuijers, J., Mokry, M., Hatzis, P., Cuppen, E., and Clevers, H. (2014). Wnt-
induced Transcriptional Activation Is Exclusively Mediated by TCF/LEF.
EMBO J. 33 (2), 146–156. doi:10.1002/embj.201385358

Sharif, T., Martell, E., Dai, C., Ghassemi-Rad, M. S., Hanes, M. R., Murphy, P. J., et al.
(2019). HDAC6Differentially Regulates Autophagy in Stem-like versus Differentiated
Cancer Cells. Autophagy 15 (4), 686–706. doi:10.1080/15548627.2018.1548547

Sharif, T., Martell, E., Dai, C., Kennedy, B. E., Murphy, P., Clements, D. R., et al.
(2017). Autophagic Homeostasis Is Required for the Pluripotency of Cancer
Stem Cells. Autophagy 13 (2), 264–284. doi:10.1080/15548627.2016.
1260808

Sharma, G., Guardia, C. M., Roy, A., Vassilev, A., Saric, A., Griner, L. N., et al.
(2019). A Family of PIKFYVE Inhibitors with Therapeutic Potential against
Autophagy-dependent Cancer Cells Disrupt Multiple Events in Lysosome
Homeostasis. Autophagy 15 (10), 1694–1718. doi:10.1080/15548627.2019.
1586257

Sharma, S. H., Rajamanickam, V., and Nagarajan, S. (2018). Antiproliferative
Effect of P-Coumaric Acid Targets UPR Activation by Downregulating
Grp78 in colon Cancer. Chemico-Biol. Interact. 291, 16–28. doi:10.1016/j.
cbi.2018.06.001

Shieh, Y., and Tice, J. A. (2020). Medications for Primary Prevention of Breast
Cancer. JAMA 324 (3), 291–292. doi:10.1001/jama.2020.9246

Song, S., Li, Y., Zhang, K., Zhang, X., Huang, Y., Xu, M., et al. (2020). Cancer Stem
Cells of Diffuse Large B Cell Lymphoma Are Not Enriched in the CD45+CD19-
Cells but in the ALDHhigh Cells. J. Cancer 11 (1), 142–152. doi:10.7150/jca.
35000

Su, S., Li, X., Li, S., Ming, P., Huang, Y., Dong, Y., et al. (2019). Rutin Protects
against Lipopolysaccharide-InducedMastitis by Inhibiting the Activation of the
NF-Κb Signaling Pathway and Attenuating Endoplasmic Reticulum Stress.
Inflammopharmacol 27 (1), 77–88. doi:10.1007/s10787-018-0521-x

Sun, L., Huang, C., Zhu, M., Guo, S., Gao, Q., Wang, Q., et al. (2020). Gastric
Cancer Mesenchymal Stem Cells Regulate PD-L1-CTCF Enhancing Cancer
Stem Cell-like Properties and Tumorigenesis. Theranostics 10 (26),
11950–11962. doi:10.7150/thno.49717

Tanei, T., Morimoto, K., Shimazu, K., Kim, S. J., Tanji, Y., Taguchi, T., et al. (2009).
Association of Breast Cancer Stem Cells Identified by Aldehyde Dehydrogenase
1 Expression with Resistance to Sequential Paclitaxel and Epirubicin-Based
Chemotherapy for Breast Cancers. Clin. Cancer Res. 15 (12), 4234–4241. doi:10.
1158/1078-0432.CCR-08-1479

Wang, J., Zhou, J.-Y., Kho, D., Reiners, J. J., Jr., and Wu, G. S. (2016). Role for
DUSP1 (Dual-specificity Protein Phosphatase 1) in the Regulation of
Autophagy. Autophagy 12 (10), 1791–1803. doi:10.1080/15548627.2016.
1203483

Wang, N., Wang, Z., Peng, C., You, J., Shen, J., Han, S., et al. (2014). Dietary
Compound Isoliquiritigenin Targets GRP78 to Chemosensitize Breast Cancer
Stem Cells via β-catenin/ABCG2 Signaling. Carcinogenesis 35 (11), 2544–2554.
doi:10.1093/carcin/bgu187

Wang, N., Yang, B., Zhang, X., Wang, S., Zheng, Y., Li, X., et al. (2018). Network
Pharmacology-Based Validation of Caveolin-1 as a KeyMediator of Ai DuQing
Inhibition of Drug Resistance in Breast Cancer. Front. Pharmacol. 9, 1106.
doi:10.3389/fphar.2018.01106

Wang, Z., Wang, N., Liu, P., Chen, Q., Situ, H., Xie, T., et al. (2014). MicroRNA-25
Regulates Chemoresistance-Associated Autophagy in Breast Cancer Cells, a
Process Modulated by the Natural Autophagy Inducer Isoliquiritigenin.
Oncotarget 5 (16), 7013–7026. doi:10.18632/oncotarget.2192

Yamamoto, K., Venida, A., Yano, J., Biancur, D. E., Kakiuchi, M., Gupta, S., et al.
(2020). Autophagy Promotes Immune Evasion of Pancreatic Cancer by
Degrading MHC-I. Nature 581 (7806), 100–105. doi:10.1038/s41586-020-
2229-5

Yang, B., Wang, N., Wang, S., Li, X., Zheng, Y., Li, M., et al. (2019). Network-
pharmacology-based Identification of Caveolin-1 as a Key Target of
Oldenlandia Diffusa to Suppress Breast Cancer Metastasis. Biomed.
Pharmacother. 112, 108607. doi:10.1016/j.biopha.2019.108607

Yang, L., Wei, D.-D., Chen, Z., Wang, J.-S., and Kong, L.-Y. (2011). Reversal of
Multidrug Resistance in Human Breast Cancer Cells by Curcuma Wenyujin
and Chrysanthemum Indicum. Phytomedicine 18 (8-9), 710–718. doi:10.1016/j.
phymed.2010.11.017

Yang, Y., Li, X., Wang, T., Guo, Q., Xi, T., and Zheng, L. (2020). Emerging Agents
that Target Signaling Pathways in Cancer Stem Cells. J. Hematol. Oncol. 13 (1),
60. doi:10.1186/s13045-020-00901-6

Yeo, S. K., Wen, J., Chen, S., and Guan, J.-L. (2016). Autophagy Differentially
Regulates Distinct Breast Cancer Stem-like Cells in Murine Models via EGFR/
Stat3 and Tgfβ/Smad Signaling. Cancer Res. 76 (11), 3397–3410. doi:10.1158/
0008-5472.CAN-15-2946

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 65929718

Liao et al. ADQ Promotes Autophagy-Mediated BCSC Chemosensitivity

https://doi.org/10.1016/j.gene.2011.11.010
https://doi.org/10.1111/cpr.12894
https://doi.org/10.2147/IJN.S197889
https://doi.org/10.2174/1567202611666140912115107
https://doi.org/10.2174/1567202611666140912115107
https://doi.org/10.1158/1541-7786.MCR-14-0487
https://doi.org/10.1158/1541-7786.MCR-14-0487
https://doi.org/10.3727/096504018X15185747911701
https://doi.org/10.3390/ijms16059976
https://doi.org/10.2147/LCTT.S107560
https://doi.org/10.2147/LCTT.S107560
https://doi.org/10.1016/j.bbadis.2019.03.005
https://doi.org/10.1038/s41418-019-0292-y
https://doi.org/10.1038/s41418-019-0292-y
https://doi.org/10.1038/nrc3184
https://doi.org/10.1038/nrc3184
https://doi.org/10.1158/2159-8290.CD-18-0348
https://doi.org/10.1158/2159-8290.CD-18-0348
https://doi.org/10.1016/j.gene.2020.144892
https://doi.org/10.1016/j.bbcan.2020.188481
https://doi.org/10.3892/or.2018.6430
https://doi.org/10.1016/j.redox.2018.04.015
https://doi.org/10.1002/1878-0261.12100
https://doi.org/10.1002/embj.201385358
https://doi.org/10.1080/15548627.2018.1548547
https://doi.org/10.1080/15548627.2016.1260808
https://doi.org/10.1080/15548627.2016.1260808
https://doi.org/10.1080/15548627.2019.1586257
https://doi.org/10.1080/15548627.2019.1586257
https://doi.org/10.1016/j.cbi.2018.06.001
https://doi.org/10.1016/j.cbi.2018.06.001
https://doi.org/10.1001/jama.2020.9246
https://doi.org/10.7150/jca.35000
https://doi.org/10.7150/jca.35000
https://doi.org/10.1007/s10787-018-0521-x
https://doi.org/10.7150/thno.49717
https://doi.org/10.1158/1078-0432.CCR-08-1479
https://doi.org/10.1158/1078-0432.CCR-08-1479
https://doi.org/10.1080/15548627.2016.1203483
https://doi.org/10.1080/15548627.2016.1203483
https://doi.org/10.1093/carcin/bgu187
https://doi.org/10.3389/fphar.2018.01106
https://doi.org/10.18632/oncotarget.2192
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1038/s41586-020-2229-5
https://doi.org/10.1016/j.biopha.2019.108607
https://doi.org/10.1016/j.phymed.2010.11.017
https://doi.org/10.1016/j.phymed.2010.11.017
https://doi.org/10.1186/s13045-020-00901-6
https://doi.org/10.1158/0008-5472.CAN-15-2946
https://doi.org/10.1158/0008-5472.CAN-15-2946
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Yousefnia, S., Seyed Forootan, F., Seyed Forootan, S., Nasr Esfahani, M. H., Gure,
A. O., and Ghaedi, K. (2020). Mechanistic Pathways of Malignancy in Breast
Cancer Stem Cells. Front. Oncol. 10, 452. doi:10.3389/fonc.2020.00452

Zhang, S., Wong, Y.-T., Tang, K.-Y., Kwan, H.-Y., and Su, T. (2020). Chinese
Medicinal Herbs Targeting the Gut-Liver Axis and Adipose Tissue-Liver Axis
for Non-alcoholic Fatty Liver Disease Treatments: The Ancient Wisdom
and Modern Science. Front. Endocrinol. 11, 572729. doi:10.3389/fendo.
2020.572729

Zheng, Y., Dai, Y., Liu, W., Wang, N., Cai, Y., Wang, S., et al. (2019). Astragaloside
IV Enhances Taxol Chemosensitivity of Breast Cancer via Caveolin-1-
Targeting Oxidant Damage. J. Cel Physiol 234 (4), 4277–4290. doi:10.1002/
jcp.27196

Zhu, R., Gires, O., Zhu, L., Liu, J., Li, J., Yang, H., et al. (2019). TSPAN8
Promotes Cancer Cell Stemness via Activation of Sonic Hedgehog

Signaling. Nat. Commun. 10 (1), 2863. doi:10.1038/s41467-019-
10739-3

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Liao, Wang, Yang, Huang, Zheng, Wang, Wang, Zhang, Tang,
Xu, He, Huang, Zhang, Wang and Wang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 65929719

Liao et al. ADQ Promotes Autophagy-Mediated BCSC Chemosensitivity

https://doi.org/10.3389/fonc.2020.00452
https://doi.org/10.3389/fendo.2020.572729
https://doi.org/10.3389/fendo.2020.572729
https://doi.org/10.1002/jcp.27196
https://doi.org/10.1002/jcp.27196
https://doi.org/10.1038/s41467-019-10739-3
https://doi.org/10.1038/s41467-019-10739-3
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Autophagy Blockade by Ai Du Qing Formula Promotes Chemosensitivity of Breast Cancer Stem Cells Via GRP78/β-Catenin/ABCG2 Axis
	Introduction
	Materials and Methods
	Preparation of Ai Du Qing
	Cell Culture
	Cell Viability Detection and Colony Formation Assays
	Flow Cytometry Analysis
	Cancer Stem Cells Spheres Formation
	Cancer Stem Cells Differentiation
	Western Blotting Analysis
	LC3-mRFP-GFP Lentiviral Transfection
	Immunofluorescence Analysis
	Transfection of Plasmid and Small Interfering RNA
	Coimmunoprecipitation Analysis
	Establishment of Animal Xenografts
	Hematoxylin-Eosin Staining
	Immunohistochemistry Analysis
	Statistical Analysis

	Results
	ADQ Exerts Anti-Cancer and Chemosensitivity Effects on Breast Cancer Cells
	ADQ Attenuates the Proportion, Self-Renewal, and Differentiation of Breast CSCs
	ADQ Abrogates Autophagy in Breast CSCs
	Ai Du Qing Activates the Akt/GSK3β-Mediated Proteasome Degradation of β-catenin in Breast Cancer Stem Cells
	GRP78 Decreases Breast Cancer Chemosensitivity Possibly Via Autophagy Induction of Breast Cancer Stem Cells
	GRP78 Suppression by Ai Du Qing Formula Leads to β-Catenin Destabilization and Autophagy Inhibition in Breast Cancer Stem Cells
	Ai Du Qing Enhances the Chemosensitivity of Taxol to Breast Cancer in Nude Mice and Zebrafish Breast Cancer Xenograft Models

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


