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This investigation was conducted to elucidate whether atractylenolide-I (ATL-1), which is
the main component of Atractylodes macrocephala Koidz, can sensitize triple-negative
breast cancer (TNBC) cells to paclitaxel and investigate the possible mechanism involved.
We discovered that ATL-1 could inhibit tumor cell migration and increase the sensitivity of
tumor cells to paclitaxel. ATL-1 downregulated the expression and secretion of CTGF in
TNBC cells. Apart from inhibiting TNBC cell migration via CTGF, ATL-1 downregulated the
expression of CTGF in fibroblasts and decreased the ability of breast cancer cells to
transform fibroblasts into cancer-associated fibroblasts (CAFs), which in turn increased
the sensitivity of TNBC cells to paclitaxel. In a mouse model, we found that ATL-1
treatments could enhance the chemotherapeutic effect of paclitaxel on tumors and reduce
tumor metastasis to the lungs and liver. Primary cultured fibroblasts derived from
inoculated tumors in mice treated with ATL-1 combined with paclitaxel expressed
relatively low levels of CAF markers. Collectively, our data indicate that ATL-1 can
sensitize TNBC cells to paclitaxel by blocking CTGF expression and fibroblast activation
and could be helpful in future research to determine the value of ATL-1 in the
clinical setting.

Keywords: CTGF, fibroblast, chemoresistance, microenvironment, paclitaxel, triple-negative breast cancer,
atractylenolide-I
INTRODUCTION

Breast cancer is one of the most common malignant tumors among women worldwide, and it is
increasingly being identified in relatively young populations, while its mortality rate is increasing
annually (1). Although hormone therapy, chemotherapy, and targeted therapy have significantly
improved efficacy in breast cancer patients, chemotherapy resistance is still a substantial challenge
in the face of triple-negative breast cancer (TNBC), for which hormone therapy is not available.
Chemotherapy resistance is becoming increasingly common and involves a variety of mechanisms,
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including P-glycoprotein-dependent drug efflux, DNA damage
and repair, epigenetic changes and apoptosis disorders (2). In
these mechanisms, cancer-associated fibroblasts (CAFs), which
are activated fibroblasts, also play an important role in
promoting the drug resistance of tumor cells in the tumor
microenvironment (3). CAFs can lead to chemotherapy
resistance in tumor cells by secreting exosomes and cytokines,
such as IL-6, IL-8 and HGF (4–8). CAFs can create obstacles to
chemotherapeutic drug delivery. CAFs can lead to leakage in
tumor blood vessels and decrease the concentration of
intravenous drugs (9). In addition, CAFs can also increase
collagen secretion in solid tumors such as pancreatic ductal
adenocarcinoma (PDAC) and breast cancer, enhance the
density of tumor tissues, reduce vascular density, and pressure
the tumor vascular system (10, 11).

Atractylenolide-I (ATL-1) is a naturally occurring
sesquiterpene lactone isolated from Atractylodes macrocephala
Koidz [Family: Compositae] (12, 13) that has been applied in
anti-inflammatory, antifibrotic and antitumor treatments (14–
18). ATL-1 has antitumor effects on a variety of cancers,
including colon cancer (18, 19), breast cancer (17), melanoma
(20), ovarian cancer (21, 22) and gastric cancer (23). ATL-1 can
inhibit the proliferation of tumor cells (17, 19) and induce
apoptosis in tumor cells (18). In addition, ATL-1 was found to
reduce the dryness of tumor cells and increase the sensitivity of
tumor cells to paclitaxel (22). However, the antitumor
mechanism of ATL-1, especially the specific mechanism by
which it increases the sensitivity of tumor cells to
chemotherapeutic drugs, is still unclear and requires further
study. ATL-1 was reported to inhibit fibroblast-myofibroblast
differentiation (FMD) and repress fibrosis development in
unilateral ureteral obstruction kidneys (16). So we wondered
whether ATL-1 could inhibit fibroblast activation in
tumor microenvironment.

Connective tissue growth factor (CTGF), also known as
CCN2, is a member of the CCN family. Initially, CTGF was
found to promote tissue fibrosis and harden tissue structures (24,
25). As a secreted protein, CTGF also plays important roles in
tumor cells and the tumor microenvironment. On the one hand,
CTGF can promote the proliferation, migration, invasion, EMT
and metastasis of tumor cells (26–29); on the other hand, CTGF
can induce chemotherapy resistance (30). MDA-MB-231 breast
cancer cells with lower CTGF expression are more sensitive to
doxorubicin and paclitaxel (31). CTGF can regulate the
expression of antiapoptotic genes in tumor cells (32). CTGF
can also induce a variety of cells to transform into CAFs in the
tumor microenvironment (33–36). CTGF expression is increased
in CAFs and negatively correlated with disease-free survival (35).
It has also been reported that CTGF can induce autophagy,
glycolysis and senescence in MDA-MB-231 breast cancer cells by
changing the metabolism of CAFs (37). CAFs have a role in
inducing chemotherapy resistance, which explains the
mechanism of chemotherapy resistance induction by CTGF
from the perspective of the tumor microenvironment.

Our previous clinical trials have proven that Huatan Sanjie
decoction based on Atractylodes macrocephala Koidz can
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significantly increase the sensitivity of patients with TNBC to
paclitaxel chemotherapy. Therefore, we examined the effect of
ATL-I, which is the main component of Atractylodes
macrocephala Koidz, on oncogene expression in MDA-MB-
231 TNBC cells by qRT-PCR. We found that ATL-I could
significantly reduce the CTGF mRNA level in TNBC cells and
fibroblasts. Through functional experiments, we found that ATL-
I could significantly reduce the migration of TNBC cells,
downregulate the transformation of fibroblasts into CAFs and
increase the sensitivity of TNBC cells to paclitaxel. Therefore, we
speculated that ATL- I could play a chemotherapy-sensitizing
role by downregulating CTGF.
MATERIALS AND METHODS

Chemicals and Antibodies
Atractylenolide-I (AT-I, purity > 98%) and paclitaxel (purity >
98%) were purchased from Selleck Chemicals (Houston, TX,
USA). A human CTGF/CCN2 DuoSet ELISA kit and
recombinant human CTGF protein (rCTGF) were purchased
from R&D Systems (Minneapolis, MN, USA). AT-1 was used at a
dose of 0-100 mM (17). rCTGF was used at a dose of 0-20 mg/mL
(38). TRIzol reagent was bought from Invitrogen (Carlsbad, CA,
USA). M-MLV reverse transcriptase was bought from Promega
(Madison, WI, USA). SYBR Green Real-time PCR Master Mix
was bought from TOYOBO (Osaka, Osaka Prefecture, Japan).
Puromycin was bought from Coolaber Technologies (Beijing,
China). Anti-CTGF, anti-aSMA and anti-FAP antibodies were
obtained from Abcam (Cambridge, UK). Anti-b-tubulin
antibody was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). HRP-conjugated goat anti-rabbit IgG and goat
anti-mouse IgG antibodies were obtained from OriGene
Technologies (Rockville, MD, USA). Immobilon Western
Chemiluminescent HRP Substrate was bought from Millipore
(Billerica, MA, USA).

Cell Lines
MDA-MB-231 cells were purchased from ATCC (Manassas, VA,
USA). HS578T cells were purchased from the Cell Resource
Center, Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences (Beijing, China). HFF1 and WI-38 cells were
purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology
(Shanghai, China). MDA-MB-231, HS578T and WI-38 cells
were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS) (39, 40). HFF1 cells were cultured in DMEM
supplemented with 15% FBS. FBS was bought from Gibco
(Carlsbad, CA, USA).

Reverse Transcription and qRT-PCR
Total RNA was isolated using TRIzol reagent according to the
manufacturer’s protocol (41). Two microgram of total RNA was
reverse transcribed using M-MLV reverse transcriptase. qRT-
PCR was performed on ABI StepOne Real-Time PCR System
using SYBR Green Real-time PCR Master Mix. The gene-specific
primer sequences are listed in Table 1. Gene expression levels
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were normalized to GAPDH. The 2–DDCt method was used for
relative quantification (42).

Heatmap for qRT-PCR
To show changes in mRNA levels via heatmap, the normalized
log2 ratios (mRNA levels with ATL-1 treatment/mRNA levels
without ATL-1 treatment) of each gene were calculated. The
relative mRNA levels obtained by qRT-PCR were used to
calculate the normalized log2 ratios. The calculation process
was as follows:

The relative mRNA levels of each gene were calculated by
2–DCt method, where

DCt = (Ct gene of interest − Ct GAPDH)

Then the log2 ratios (mRNA levels with ATL-1 treatment/
mRNA levels without ATL-1 treatment) were as follows (42):

log 2 ratio = log 2 (2–DCt with ATL−1=2–DCt without ATL−1) = –DDCt,

where

DDCt = (DCt interest gene with ATL − 1 treatment

− DCt the same gene without ATL − 1treatment)

It should be noticed that, each of three biological replicates
were performed for the group with ATL-1 treatment and the
group without ATL-1 treatment. One of the biological replicate
in group without ATL-1 treatment was chose as the standard,
then the mRNA level of the other two biological replicates
without ATL-1 treatment and the three biological replicates
with ATL-1 treatment were all calculated the log2 ratio to this
standard. The log2 ratio of the standard to itself was zero.

At last, all of the calculated log2 ratios were dealt with Z-score
normalization:

Z − score = (Gi –  mean)=SD

Gi means the log2 ratio of one of the replicate of gene G. Mean
and SD were calculated using the six calculated log2 ratios of
gene G (three in group with ATL-1 treatment and three in group
without ATL-1 treatment). The normalized log2 ratio was then
shown in different colors in the heatmap, which was drawn by
Microsoft Excel 2010 (Redmond, WA, USA). Student’s t test was
used to determine the difference between the two groups.
The gene-specific primer sequences used in the heatmap are
listed in Supplementary Table S2.
Frontiers in Oncology | www.frontiersin.org 3
Western Blotting
Equal amounts of total protein (20 mg/lane) were separated by
SDS-PAGE and transferred to PVDF membranes with a pore
size of 0.45 μm (Millipore, Billerica, MA, USA). After blocking
with 5% nonfat milk at room temperature for 1 hour, the
membranes were incubated at 4°C overnight with primary
antibodies against CTGF (1:1000, ab209780), a-SMA (1:5000,
ab124964), FAP (1:1000, ab207178) and b-tubulin (1:1000, TA-
10), and then with HRP-conjugated goat anti-rabbit IgG (1:2000,
ZB-2301) or goat anti-mouse IgG (1:2000, ZB-2305) antibodies
for 1 h at room temperature. Finally, Immobilon Western
Chemiluminescent HRP Substrate was used to visualize the
blots with Bio-Rad ChemiDoc XRS system (Hercules, CA,
USA). Protein expression levels were quantified with ImageJ
software (NIH, Bethesda, MD, USA).

Enzyme-Linked Immunosorbent
Assay (ELISA)
Cells were seeded in 25 cm2 culture flasks at an appropriate
density, resulting in 80% confluence within 16-24 hours. When
the cell confluence reached 70-80%, rinsed the cell layer with PBS
and cultured the cells in 5 mL fresh serum-free medium.
Supernatants were harvested 24 hours later and used for
subsequent ELISA. The secreted CTGF protein levels in the
medium were measured with a Human CTGF ELISA kit. The
total protein concentration was also examined, and then
the concentrations of secreted protein of different samples were
normalized to corresponding total protein (43).

Lentiviral Transduction
The pLV-EF1a-CTGF-CMV-Puro lentiviral plasmid (CTGF-
OE), negative control lentiviral plasmid (NC), CTGF-specific
shRNAs (sh-CTGF), negative control shRNAs and the according
lentivirus were purchased from Shanghai GeneChem Co.
(Shanghai, China). Viral titres of approximately 1 × 109

infectious units/ml were obtained. Lentivirus infection was
performed with polybrene according to the manufacturer’s
instructions. Briefly, cells were seeded in 12-well plates (3-5 ×
104 cells/well) and cultured for 16-24 hours. Then, the culture
medium was replaced with 480 mL fresh culture medium and
20mL polybrene (25×) per well. Lentivirus was then added to the
culture medium at MOI (multiplicity of infection) of 20 (MDA-
MB-231 and HS578T cells) or 10 (HFF1 and WI-38 cells).

MOI = (virus titres� virus volume)=cell counts
TABLE 1 | Primer list for realtime-PCR.

Gene (Species) Forward primer Reverse primer

CTGF (Homo sapiens) 5’-CTTGCGAAGCTGACCTGGAAGA-3’ 5’-CCGTCGGTACATACTCCACAGA-3’
FAP (Homo sapiens) 5’-GCAGCGACTATGCACAACGA-3’ 5’-CCAGAGTGGTGACGGAGACA-3’
a-SMA (Homo sapiens) 5’-AGGGCTGTTTTCCCATCCATT-3’ 5’-TTTTGCTCTGTGCTTCGTCAC-3’
FAP (Mus musculus) 5’-AAAGACCAGGAGATCCACCTT-3’ 5’-TGGAGACCACCAAAGAGCATA-3’
a-SMA (Mus musculus) 5’-GCCGAGATCTCACCGACTAC-3’ 5’-TGTCACGGACAATCTCACGC-3’
GAPDH (Homo sapiens) 5’-GTCTCCTCTGACTTCAACAGCG-3’ 5’-ACCACCCTGTTGCTGTAGCCAA-3’
GAPDH (Mus musculus) 5’-CATCACTGCCACCCAGAAGACTG-3’ 5’-ATGCCAGTGAGCTTCCCGTTCAG-3’
Oct
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Cells were incubated for 16 hours with lentivirus. Then the
culture medium containing lentivirus was replaced with 1 mL fresh
culture medium per well for the continuous culture. The stably
transfected cells were selected by 1 mg/mL puromycin for 7 days.
The sequences of CTGF-specific shRNAs are listed in Table S3.

Transwell Migration Assay
Transwell migration assays were performed using a 24-well
Transwell chamber with a pore size of 8 μm (Costar, San
Diego, CA, USA). Cancer cells (1 × 105) were maintained in
serum-free culture medium in the upper chamber. Medium
containing 10% FBS was placed in the lower chamber as a
chemoattractant. Cancer cells were allowed to migrate for 24 h
at 37°C in a humidified atmosphere containing 5% CO2.
Subsequently, cells that had failed to migrate were removed
from the upper chamber with swabs; the remaining cells on
the bottom side of the basement membrane were fixed with 4%
paraformaldehyde and stained with 1% crystal violet (44). The
cells in the lower portion of transwell membrane were counted. A
random selection of 3–5 fields were photographed and counted
under the microscope (Olympus BX40, Tokyo, Japan).

Co-Culture Experiments
Co-culture was carried out as described by Su et al. (6). Co-
culture experiments were performed using 6-well or 24-well
Transwell chambers with a 0.4-μm pore size (Costar, San
Diego, CA, USA). Taking 6-well Transwell chambers for
example, TNBC cells (1 × 105) were seeded in the lower
chamber with 2.5 mL culture medium, and fibroblasts (1 ×
105) were seeded in the upper chamber with 1.5 mL culture
medium. DMEM supplemented with 10% FBS was used for
HS578T and WI-38 cells co-culture experiments. DMEM
supplemented with 15% FBS was used for MDA-MB-231 and
HFF1 cells co-culture experiments.

CCK8 Assay
Cell Counting Kit-8 was bought from Beijing Solarbio Science &
Technology Co. (Beijing, China). Cells were seeded onto 96-well
plates or 24-well plates at a density of 1×104 cells/mL with indicated
treatment. Six to eight parallel wells were assigned to each group. At
different time points, the culture medium was replaced with 100 ml
fresh medium per 96 well or 500 ml fresh medium per 24 well. Then,
CCK-8 solution (10 ml per 96 well or 50 ml per 24 well) was added,
followed by incubation for 2 h at 37 °C. A multiplate reader
(Flexstation® 3, Molecular Devices, LLC., San Jose, CA, USA) was
used to measure absorbance at 450 nm.

Trypan Blue Exclusion Assay
Adherent cells were digested with trypsin into a single-cell
suspension. The cell suspension was mixed with a 0.4% trypan
blue solution at a ratio of 9:1. The live and dead cells were
counted within 3 minutes. The proportion of live cells was
then calculated.

In Vivo Assay
MDA-MB-231 cells (6 × 106) were implanted into the fat pads of
6-week-old Balb/c mice. Tumor volumes were measured every
Frontiers in Oncology | www.frontiersin.org 4
three days. Tumor volume was calculated using the formula
Volume (mm3) = (length × height2)/2. When the tumors reached
approximately 3 mm in diameter, paclitaxel treatment was
started at a dose of 10 mg/kg i.p. once per week. ATL-1 was
given at 50 mg/kg i.p. once daily as described by Li Y et al. (18).
After 6 weeks of treatment, all the animals were sacrificed. Partial
fresh primary tumors were used for primary culture offibroblasts
as described by Calvo et al. (45). Partial primary tumors and
mouse organs were fixed in 10% formalin and embedded in
paraffin for subsequent analysis.

Primary Culture of Cancer-
Associated Fibroblasts
Primary culture was carried out as described by Calvo et al. (45),
with some modifications. Tumor samples were cut into small
pieces and digested by collagenase/dispase. Then, 44 mm nylon
meshes were used to remove undigested tissue. After centrifuging
at 1000 rpm/min for 10 min, the filtered cells were collected and
then re-suspended in DMEM with 10% FBS and cultured in the
culture dish. Thirty minutes later, the fibroblasts had already
adhered to the culture dish, while other cell types remained in
suspension (45). Afterward, the culture media were changed and
fibroblasts were cultured for subsequent experiments.

Statistical Analysis
Data were assessed using SPSS version 20.0 (SPSS Inc., Chicago,
IL, USA). Adobe Illustrator CC 2018 and GraphPad Prism 5.0
(GraphPad Software Inc., San Diego, CA, USA) were used to
represent the data. Student’s t test was used to determine the
difference between each two groups. Error bars in the
experiments indicate standard deviation (SD). Any values of
P < 0.05 were considered statistically significant.
RESULTS

ATL-1 Inhibited Tumor Cell Migration and
Increased the Sensitivity of Tumor
Cells to Paclitaxel
As shown in Figures 1A, B, we found that 50 mM and 100 mM
ATL-1 significantly inhibited the migration of MDA-MB-231
and HS578T TNBC cells in wound healing assays and Transwell
migration assays. We chose 50mM as the ATL-1 concentration
for subsequent experiments . To mimic the tumor
microenvironment, we co-cultured TNBC cells and fibroblasts
(HFF1 and WI38 cells), and then examined the growth effects of
ATL-1 on MDA-MB-231 and HS578T cells by CCK8 assays. We
found 50 mM ATL-1 alone had no growth-inhibiting effect on
TNBC cells cultured alone (–) or co-cultured with fibroblasts
(Figures 1C, S1A). We then examined the sensitivity of the
tumor cells to paclitaxel by CCK8 assays and trypan blue
exclusion assays. We found that when TNBC cells were
challenged with paclitaxel for 48 hrs, the inhibition rate of
TNBC cells in co-cultured systems was lower than that of
TNBC cells cultured alone (-)(Figures 1D, S1B), and the
proportion of survived TNBC cells in co-cultured systems was
October 2021 | Volume 11 | Article 738534
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higher than that of TNBC cells cultured alone (Figures 1E, S1C).
However, we found that when TNBC cells were challenged with
paclitaxel in co-cultured systems, the inhibition rate of TNBC
cells with 50 mMATL-1 treatment was higher than that of TNBC
cells without ATL-1 treatment (Figures 1D, S1B), and the
Frontiers in Oncology | www.frontiersin.org 5
proportion of survived TNBC cells with ATL-1 treatment was
lower than that of TNBC cells without ATL-1 treatment
(Figures 1E, S1C). These data suggested that ATL-1 inhibited
tumor cell migration and increased the inhibitory effects of
paclitaxel on TNBC cells in co-culture systems.
A

B

C

E

D

FIGURE 1 | ATL-1 inhibited tumor cell migration and increased the sensitivity of tumor cells to paclitaxel. Wound healing (A) and Transwell migration (B) assays
showed that 50 mM and 100 mM ATL-1 reduced the migratory capacities of MDA-MB-231 and HS578T cells. (C) CCK8 assays showed that 50 mM ATL-1 alone
had no growth-inhibiting effect on MDA-MB-231 and HS578T cells cultured alone (–) or co-cultured with fibroblasts (HFF1 or WI-38 cells). (D) CCK8 assays showed
the growth-inhibiting effects of paclitaxel on MDA-MB-231 and HS578T cells cultured alone (–) or co-cultured with fibroblasts (HFF1 or WI-38 cells) with or without
50 mM ATL-1 treatment for 48 hrs. (E) Trypan blue exclusion assay showed the live cell counts after paclitaxel treatment on MDA-MB-231 and HS578T cells cultured
alone or co-cultured with fibroblasts with or without 50 mM ATL-1 treatment for 48 hrs. (A–E) Three technical replicates were performed for each of the three
biological replicates. Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.
October 2021 | Volume 11 | Article 738534
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ATL-1 Downregulates CTGF Expression in
Triple-Negative Breast Cancer Cells and
Inhibits Cancer Cell Migration via CTGF
To reveal the potential mechanism by which ATL-1 inhibits
TNBC cell migration, we examined differentially expressed
migration-related genes in MDA-MB-231 TNBC cells by qRT-
PCR after ATL-1 treatment. The normalized log2 ratio and p
value for significantly downregulated genes were shown in Table
S1. We found that the CTGF mRNA level was significantly
decreased after treatment with 50 mM ATL-1 for 24 hrs
(Figure 2A). qRT-PCR and Western blotting verified the
downregulation of CTGF at the mRNA and protein levels in
MDA-MB-231 and HS578T TNBC cells following ATL-1
treatment (Figures 2B, C). ELISA verified the downregulation
of the secreted level of CTGF (Figure 2D).

ATL-1 Inhibits Triple-Negative Breast
Cancer Cell Migration via CTGF
We wondered whether ATL-1 inhibits TNBC cell migration via
CTGF. We found that recombinant CTGF (rCTGF) could rescue
the downregulation of cancer cell migration by ATL-1 in wound
healing assays and Transwell migration assays (Figures 3A, B).
To further determine the role of CTGF, we overexpressed the
Frontiers in Oncology | www.frontiersin.org 6
expression of CTGF with CTGF-OE lentivirus in MDA-MB-231
and HS578T cells (CTGF-OE), and used the NC lentivirus as the
negative control (NC) (Figure 3C). After being overexpressed,
there was no difference in CTGF expression between with and
without ATL-1 treatment (Figure 3C). We found that the
reduction in migration induced by ATL-1 could be attenuated
in CTGF-OE cells (Figures 3D, E). We also knocked down the
expression of CTGF with shRNAs in MDA-MB-231 and
HS578T cells (Figure S2A). We found that the reduction in
migration induced by ATL-1 could be attenuated by CTGF-
specific shRNAs (Figures S2B, C). These data further confirmed
that CTGF mediated the inhibitory effect of ATL-1 on tumor
cell migration.

ATL-1 Downregulates Fibroblast
Expression of CTGF and Inhibits the
Ability of Breast Cancer Cells to
Transform Fibroblasts Into CAF-Like Cells
Because CTGF is associated with the transformation of fibroblasts
into CAFs and chemotherapy resistance (35), we examined the
effect of ATL-1 on CTGF expression in fibroblasts. We found that
CTGF mRNA and protein levels were significantly decreased by
ATL-1 treatment in HFF1 and WI-38 fibroblasts (Figures 4A, B).
A B

C D

FIGURE 2 | ATL-1 downregulates CTGF expression in triple-negative breast cancer cells and inhibits cancer cell migration via CTGF. (A) Heatmaps of migration-
related gene-expressions from MDA-MB-231 qRT-PCR analysis. MDA-MB-231 cells were treated with/without 50 mM ATL-1 for 24 h. Pink and blue colors represent
gene expression levels above and below the mean, respectively. (B) qPCR illustrated the downregulation of CTGF mRNA in MDA-MB-231 and HS578T cells after
treatment with 50 mM ATL-1 for 24 hrs. Western blotting (C) and ELISA (D) illustrated downregulation of the CTGF protein and secreted protein levels of
MDA-MB-231 and HS578T cells after treatment with 50 mM ATL-1 for 24 hrs. (A–D) Three technical replicates were performed for each of the three biological
replicates. Mean ± SD, **p < 0.01, ***p < 0.001 compared to without ATL-1 treatment by Student’s t test.
October 2021 | Volume 11 | Article 738534
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ELISA verified the downregulation of the secreted level of CTGF
(Figure 4C). To mimic fibroblast transformation in the tumor
microenvironment, we co-cultured TNBC cells and fibroblasts for 2
days and then examined the mRNA and protein levels of the CAF
Frontiers in Oncology | www.frontiersin.org 7
markers FAP and a-SMA. Firstly, we examined the effect of
recombinant CTGF (rCTGF) on the transformation of fibroblasts
into CAFs in co-culture systems. We found that the treatment with
rCTGF (higher than 5 mg/mL) for 2 days could significantly increase
A

B

D

E

B

FIGURE 3 | ATL-1 inhibits triple-negative breast cancer cell migration via CTGF. Wound healing (A) and transwell migration (B) assays showed that the reductions
in MDA-MB-231 and HS578T cell migration induced by ATL-1 were rescued by rCTGF. (C) Western blotting demonstrated that CTGF was overexpressed in
MDA-MB-231 and HS578T cells by CTGF-OE lentivirus. After being overexpressed, there was no difference in CTGF expression between with and without ATL-1
treatment. Wound healing (D) and Transwell migration (E) assays showed that the reductions in MDA-MB-231 and HS578T cell migration induced by ATL-1 were
attenuated in CTGF-OE cells. (A–E) Three technical replicates were performed for each of the three biological replicates. Mean ± SD, *p < 0.05, **p < 0.01,
***p < 0.001 by Student’s t test.
October 2021 | Volume 11 | Article 738534
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the mRNA levels of FAP and a-SMA in co-cultured systems, and
we chose 10 mg/mL for the subsequence experiments
(Supplementary Figures S3A, B). Then, we examined the effects
of ATL-1 on fibroblasts transformation. We found that treatment
Frontiers in Oncology | www.frontiersin.org 8
with 50 mMATL-1 for 2 days dramatically reduced the mRNA and
protein levels of FAP and a-SMA in co-cultured systems, which
could be rescued by rCTGF (Figures 4D, E; Supplementary
Figure S3C).
A

C D

E

B

FIGURE 4 | ATL-1 downregulates fibroblast expression of CTGF and inhibits the ability of breast cancer cells to transform fibroblasts into CAF-like cells. (A) qPCR
illustrated downregulation of CTGF mRNA in HFF1 and WI-38 cells after treatment with 50 mM ATL-1 for 24 hrs. Western blotting (B) and ELISA (C) illustrated
downregulation of the CTGF protein and secreted protein levels of HFF1 and WI-38 cells after treatment with 50 mM ATL-1 for 24 hrs. qRT-PCR (D) demonstrated
that treatment with 50 mM ATL-1 in the co-culture system for 48 hrs downregulated the mRNA levels of CAF markers compared with no ATL-1 treatment. Western
blotting (E) demonstrated that co-culture with cancer cells upregulated the protein levels of the CAF markers FAP and a-SMA in HFF1 and WI-38 cells. Treatment
with 50 mM ATL-1 in the co-culture system for 48 hrs downregulated the protein levels of CAF markers compared with no ATL-1 treatment. rCTGF rescued the
downregulation. (-) in (E) represent without ATL-1 and rCTGF treatment. (A–E) Three technical replicates were performed for each of the three biological replicates.
Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.
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ATL-1 Increased the Sensitivity of TNBC
Cells to Paclitaxel by Downregulating the
Expression of CTGF in Fibroblasts
To study the role of CTGF in the sensitization of TNBC cells to
chemotherapy, we co-cultured TNBC cells and fibroblasts and
then examined the effects of ATL-1 and rCTGF on the sensitivity
Frontiers in Oncology | www.frontiersin.org 9
of the tumor cells to paclitaxel by CCK8 assays. All treatments
lasted 48 hrs. We found that the addition of ATL-1 could
obviously increase the inhibition rates of TNBC cells in the co-
culture systems, which could be attenuated by rCTGF
(Figures 5A, S4A). We then overexpressed CTGF expression
with CTGF-OE lentivirus in HFF1 and WI-38 fibroblasts
A

B

C

D

FIGURE 5 | ATL-1 increased the sensitivity of TNBC cells to paclitaxel by downregulating the expression of CTGF in fibroblasts. CCK8 (A) assay showed the
growth-inhibiting effects of paclitaxel on MDA-MB-231 and HS578T cells cultured alone (–) or co-cultured with fibroblasts with or without ATL-1 treatment and
rCTGF treatment for 48 hrs. (B) Western blotting demonstrated that CTGF expression was overexpressed in HFF1 and WI-38 cells. After being overexpressed, there
was no difference in CTGF expression between with and without ATL-1 treatment. (C) CCK8 showed the IC50 of paclitaxel on MDA-MB-231 and HS578T cells
cultured alone (–) or co-cultured with fibroblasts with or without ATL-1 treatment for 48 hrs. (D) Trypan blue exclusion assay showed the live cell counts after
paclitaxel treatment on MDA-MB-231 and HS578T cells cultured alone(–) or co-cultured with fibroblasts with or without 50 mM ATL-1 treatment for 48 hrs. ATL-1
increased the growth-inhibiting effects of paclitaxel in co-culture systems (NC), which was attenuated by the overexpression of CTGF in fibroblasts (CTGF-OE).
(A–D) Three technical replicates were performed for each of the three biological replicates. Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.
October 2021 | Volume 11 | Article 738534

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. Anti-Cancer Effects of Atractylenolide-I
(CTGF-OE), and used the NC lentivirus as the negative control
(NC) (Figure 5B). After being overexpressed, there was no
difference in CTGF expression between with and without ATL-
1 treatment (Figure 5B). We examined the sensitivity of tumor
cells to paclitaxel with CCK8 assays and trypan blue exclusion
assays. All treatments lasted 48 hrs. We found that when TNBC
cells were co-cultured with NC fibroblasts, the IC50 of paclitaxel
and the proportion of survived TNBC cells after paclitaxel
treatment were reduced by ATL-1 treatment. While, when
TNBC cells were co-cultured with CTGF-OE fibroblasts, the
IC50 of paclitaxel and the proportion of survived TNBC cells
after paclitaxel treatment were no longer reduced by ATL-1
treatment (Figures 5C, D; Figures S4B, C). We also knocked
down CTGF expression with shRNAs in HFF1 and WI-38
fibroblasts (Figure S5A) and found that the ATL-1-driven
chemosensitization in co-cultured systems could be attenuated
by CTGF-specific shRNAs acting on fibroblasts (Figures S5B,
C). These data suggest that CTGF secreted by fibroblasts
mediates the chemosensitizing effect of ATL-1 on TNBC cells.

Atractylenolide-I Sensitizes Triple-
Negative Breast Cancer to Paclitaxel
in a Mouse Model
Finally, we analyzed the effect of ATL-1 on chemosensitivity in vivo.
We found that in model mice bearing subcutaneously inoculated
MDA-MB-231 cells, paclitaxel treatment inhibited tumor growth
and lung and liver micrometastases. ATL-1 dramatically enhanced
these inhibitory effects (Figures 6A, B). However, ATL-1 alone had
no effect on tumor growth and lung and liver micrometastases
(Figures 6A, B). Western blotting showed that ATL-1 could reduce
CTGF protein levels in primary tumors (Figure 6C). In addition,
qRT-PCR revealed that primary cultured fibroblasts derived from
tumors treated with ATL-1 alone (ATL-1) expressed lower mRNA
levels of FAP and a-SMA than fibroblasts from control tumors
(control) (Figure 6D). And primary cultured fibroblasts derived
from tumors treated with ATL-1 in combination with paclitaxel
(paclitaxel+ATL-1) expressed lower mRNA levels of FAP and a-
SMA than fibroblasts from tumors treated with paclitaxel alone
(paclitaxel) (Figure 6D).
DISCUSSION

Atractylodolactone-1 has been shown to significantly inhibit the
tumorigenesis and development of a variety of tumors and
increase the sensitivity of tumors to chemotherapy. Long F
et al. found that ATL-1 could suppress tumorigenesis in breast
cancer by inhibiting the Toll-like receptor 4-mediated NF-kB
signaling pathway (17). ATL-1 was found to inhibit melanoma
and colorectal cancer cell proliferation via the JAK2/STAT3 or
AKT/mTOR signaling pathway (18, 20). Ye Y et al. found that
ATL-1 could induce apoptosis and cell cycle arrest in melanoma
cells via ERK/GSK3beta signaling. Ma L et al. reported that ATL-
1 could attenuate gastric cancer stem cell traits via the Notch
pathway (23). However, the effect of ATL-1 on tumor
microenvironment has not been studied.
Frontiers in Oncology | www.frontiersin.org 10
We found that ATL-1 could significantly increase the
sensitivity to paclitaxel in triple-negative breast cancer in co-
cultured systems. Huang JM et al. found that ATL-1 sensitized
human ovarian cancer cells to paclitaxel by blocking activation of
the TLR4/MyD88-dependent pathway in cancer cells (22).
However, we found that when TNBC cells were cultured alone,
ATL-1 was not enough to affect the sensitivity to paclitaxel in
TNBC cells. This may be due to the difference in cell types. We
are the first to find that ATL-1 could affect chemotherapy
sensitivity through fibroblasts in the tumor microenvironment.
We found that ATL-1 could inhibit fibroblast transformation
into CAFs. Guo Y et al. reported that ATL-1 could repress the
myofibroblastic phenotype and fibrosis development in
unilateral ureteral obstruction kidneys by targeting fibroblast-
myofibroblast differentiation (FMD), as well as epithelial-
mesenchymal transition (EMT), which supports our findings
(16). We found the chemosensitization function of ATL-1 is
inseparable from co-cultured with fibroblasts. We speculate that
the addition of ATL-1 could downregulate the expression and
secretion levels of CTGF, which could inhibit fibroblasts
transform to CAF. The change in fibroblasts’ transformation
level could alter some proteins or exosomes secreted by
fibroblasts, which in turn affects the sensitivity of tumor cells
to paclitaxel. The verification of this hypothesis needs further
experiments. It has been reported that CAFs could induce
chemoresistance by secreting IL-6, IL-8 (6), HGF (5) and
exosomes (7, 8), which explains our findings supporting the
conclusion that ATL-1 could inhibit chemotherapy resistance
via fibroblasts.

To explain the biological function of ATL-1 we have
discovered, we examined differentially expressed migration-
related genes in MDA-MB-231 cells by qRT-PCR after ATL-1
treatment. Firstly we examined the genes that were involved in
our past or on-going experiments. As shown in Figure 2A, most
of these genes are classic genes closely related to cell migration.
The down-regulation of these classic genes by ATL-1 can prove
our observation to a certain extent that ATL-1 inhibits cell
migration. In addition, most of these classic genes are
associated not only with tumor cell migration but also with
chemoresistance of tumor cells. They promote chemoresistance
by different mechanisms. Because we are going to study the
mechanism of ATL-1 on chemosensitization, the examination of
these genes can provide ideas for us. For example, SOX9 is a key
transcription factor and related with chemoresistance (46);
HMGB2 is known to bind to DNA structure resulting from
cisplatin-DNA adducts and affect the chemosensitivity of cells
(47); CD44 is related with stemness of cancer cells (48); S100A4
and CTGF are r e l a t ed w i th fibrob l a s t i n tumor
microenvironment (43, 49). We chose CTGF for further study
because it might help us to explain the chemosensitization
function of ATL-1 from aspect of microenvironment and CAF.
The effect of ATL-1 on tumor microenvironment has not been
studied. As ATL-1 was reported to inhibit fibroblast-
myofibroblast differentiation (FMD) and repress fibrosis
development in unilateral ureteral obstruction kidneys (16).
We wondered whether ATL-1 could inhibit fibroblast
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activation via CTGF in tumor microenvironment. As CTGF and
CAF in tumor microenvironment have successfully explained the
chemosensitization function of ATL-1 in the following
experiments, we did not further examine other genes by RNA-
seq at that moment.

We found that the expression of CTGF in TNBC cells and
fibroblasts could be reduced by ATL-1, which led to a decrease in
cancer cell migration and an increase in chemosensitivity.
Several studies have reported that CTGF can promote the
Frontiers in Oncology | www.frontiersin.org 11
migration of tumor cells (50–52), which supports our view.
Our data also showed that CTGF expression was significantly
higher in fibroblasts than in tumor cells (Figures 2D, 4C).
This also explains, to some extent, why ATL-1 treatment in
co-culture systems could significantly increase chemotherapy
sensitivity compared with treatment in single-culture systems
of tumor cells. As for how the significant reduction of CTGF
secretion level in fibroblasts affected the chemosensitivity of
TNBC cells, we have the following two hypotheses. On the one
A

B

C

D

FIGURE 6 | Atractylenolide-I sensitizes triple-negative breast cancer to paclitaxel in a mouse model. (A) MDA-MB-231 cells were inoculated orthotopically into the
mammary fat pad of 6-week-old female Balb/c mice (n = 6). When the tumors reached approximately 3 mm in diameter, paclitaxel treatment and ATL-1 treatment
were started. Primary tumor size was measured and quantified every three days for 6 weeks. The abscissa represents the time after the start of treatment.
(B) Representative images of metastatic tumors in lungs and liver, which were stained with HE. The numbers of micrometastatic lesions in the lungs and liver were
quantified. (C) The expression of CTGF in primary tumors was examined by Western blotting. (D) qRT-PCR was performed to evaluate the mRNA levels of the CAF
markers FAP and a-SMA in primary cultured fibroblasts derived from inoculated tumors. (A, B) Mean ± SD, *p < 0.05 by Student’s t test. (C, D) Three independent
experiments were performed for each of the Balb/c mice in the four groups. Mean ± SD, *p < 0.05, **p < 0.01 by Student’s t test.
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hand, ATL-1 can directly affect the sensitivity of tumor cells to
chemotherapy by reducing the secretion of CTGF by fibroblasts.
CTGF has been reported to increase drug resistance to paclitaxel
by upregulating survivin expression in human osteosarcoma cells
(53). CTGF can promote chemoresistance in glioblastoma
through TGF-b1-dependent activation of Smad/ERK signaling
(54). Even in vivo experiments have shown that CTGF
antagonism with the mAb FG-3019 enhances the
chemotherapy response in murine models of pancreatic ductal
adenocarcinoma (55). On the other hand, but to some extent that
we think is more important, CTGF can promote the
transformation of fibroblasts into CAFs, and CAFs can
promote chemotherapy resistance. ATL-1 can inhibit the
transformation of fibroblasts into CAFs induced by CTGF and
indirectly increase the chemotherapy sensitivity of tumor cells in
a co-culture system. CTGF can induce a variety of cells to
transform into CAFs in the tumor microenvironment. Tsang
M et al. found that CTGF is required for the activation of cancer-
associated fibroblasts in a murine model of melanoma (56). As a
downstream effector of the profibrotic molecule TGF-b, CTGF
can promote the differentiation of hepatic stellate cells into
tumor-promoting myofibroblasts (33). All these observations
support our findings.

CTGF expression was reported to be controlled by TGFB1
signaling in fibroblasts and Hippo-YAP signaling in TNBC cells
(57–59). In our results, we found that CTGF expression was
reduced by ATL-1 in TNBC cells and fibroblasts. But the specific
activated receptors and signaling pathways need to be further
studied. RNA-seq, KEGG and GO analysis will be need for our
further research.

Our mice model showed that paclitaxel treatment and
paclitaxel combined with ATL-1 treatment could reduce tumor
volume and numbers of metastasis. Compared with single
paclitaxel treatment, the addition of ATL-1 treatment could
further enhance therapeutic effect. This was consistent with
our results in vitro. But, we did not see any effect on single
ATL-1 treatment on metastasis, though we saw ATL-1 treatment
could inhibit TNBC cells migration via CTGF in the in-vitro
model. Actually, metastasis is facilitated by at least four essential
steps: detachment, migration, invasion and adhesion (60). These
four essential, metastatic steps are inter-related and affected by
multi-biochemical events and parameters (60). Just reducing the
migration ability by ATL-1 may not be sufficient to reduce tumor
metastasis in vivo models. Paclitaxel can cause the death of
tumor cells by disrupting the normal microtubule dynamics
required for cell division and vital interphase processes (61).
Paclitaxel can significantly inhibit the growth of primary tumors
and metastatic tumors and has been widely used in clinical
practice. Although the reduction of CTGF and fibroblasts
transformation induced by single ATL-1 treatment were not
sufficient to inhibit tumor metastasis, these two steps played key
roles in increasing the sensitivity of paclitaxel chemotherapy, and
we have seen the enhanced therapeutic effect of the combination
therapy in our in vivo models.

In summary, our study demonstrated that ATL-1 could
inhibit tumor cell migration via downregulation of CTGF in
Frontiers in Oncology | www.frontiersin.org 12
triple-negative breast cancer cells. Moreover, ATL-1 reduced the
expression of CTGF in fibroblasts and inhibited fibroblast
transformation into CAFs. ATL-1 increased the sensitivity of
TNBC cells to paclitaxel by downregulating the expression of
CTGF in fibroblasts. These results indicate that ATL-1 can
increase chemosensitivity to paclitaxel and suppress breast
cancer metastasis. Our findings provide a theoretical basis for
the clinical application of ATL-1.
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Supplementary Figure 1 | ATL-1 increased the sensitivity of tumor cells to
paclitaxel. (A) CCK8 assays showed that 50 mM ATL-1 alone had no growth-
inhibiting effect on MDA-MB-231 and HS578T cells cultured alone (–) or co-cultured
with fibroblasts (HFF1 or WI-38 cells). (B) CCK8 assays showed the growth-
inhibiting effects of paclitaxel on MDA-MB-231 and HS578T cells cultured alone (–)
or co-cultured with fibroblasts (HFF1 or WI-38 cells) with or without 50 mM ATL-1
treatment for 48 hrs. (C) Trypan blue exclusion assay showed the live cell counts
after paclitaxel treatment on MDA-MB-231 and HS578T cells cultured alone or co-
cultured with fibroblasts with or without 50 mM ATL-1 treatment for 48 hrs. (A–C)
Three technical replicates were performed for each of the three biological replicates.

Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.
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Supplementary Figure 2 | ATL-1 inhibits triple-negative breast cancer cell
migration via CTGF. (A) Western blotting demonstrated that CTGF expression was
knocked down in MDA-MB-231 and HS578T cells. Wound healing (B) and
transwell migration (C) assays showed that the reductions in MDA-MB-231 and
HS578T cell migration induced by ATL-1 were attenuated by sh-CTGF. Three
technical replicates were performed for each of the three biological replicates. Mean

± SD, **p < 0.01, ***p < 0.001 by Student’s t test.

Supplementary Figure 3 | The effects of recombinant CTGF (rCTGF) and ATL-1
on the transformation of fibroblasts into CAFs in co-culture systems. (A, B) qRT-
PCR demonstrated that treatment with different concentrate of rCTGF in the co-
culture system for 48 hrs had different effect on the mRNA levels of CAF markers
(FAP and a-SMA) compared with no rCTGF treatment. (C) qRT-PCR demonstrated
that treatment with 50 mM ATL-1 in the co-culture system for 48 hrs downregulated
the mRNA levels of CAF markers compared with no ATL-1 treatment. Three
technical replicates were performed for each of the three biological replicates.

Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.

Supplementary Figure 4 | ATL-1 increased the sensitivity of TNBC cells to
paclitaxel by downregulating the expression of CTGF in fibroblasts. CCK8 (A) assay
showed the growth-inhibiting effects of paclitaxel on MDA-MB-231 and HS578T
cells cultured alone (–) or co-cultured with fibroblasts with or without ATL-1
Frontiers in Oncology | www.frontiersin.org 13
treatment and rCTGF treatment for 48 hrs. (B) CCK8 showed the IC50 of paclitaxel
on MDA-MB-231 and HS578T cells cultured alone (–) or co-cultured with
fibroblasts with or without ATL-1 treatment for 48 hrs. (C) Trypan blue exclusion
assay showed the live cell counts after paclitaxel treatment on MDA-MB-231 and
HS578T cells cultured alone(–) or co-cultured with fibroblasts with or without 50 mM
ATL-1 treatment for 48 hrs. ATL-1 increased the growth-inhibiting effects of
paclitaxel in co-culture systems (NC), which was attenuated by the overexpression
of CTGF in fibroblasts (CTGF-OE). (A–C) Three technical replicates were performed

for each of the three biological replicates. Mean ± SD, *p < 0.05, **p < 0.01, ***p <
0.001 by Student’s t test.

Supplementary Figure 5 | ATL-1 increased the sensitivity of TNBC cells to
paclitaxel by downregulating the expression of CTGF in fibroblasts. (A) Western
blotting demonstrated that CTGF expression was knocked down in HFF1 and WI-38
cells. (B) CCK8 showed the IC50 of paclitaxel on MDA-MB-231 and HS578T cells
cultured alone (–) or co-cultured with fibroblasts with or without ATL-1 treatment.
(C) Trypan blue exclusion assay showed the cell counts after paclitaxel treatment on
MDA-MB-231 and HS578T cells cultured alone (-) or co-cultured with fibroblasts with
or without 50 mM ATL-1 treatment. ATL-1 increased the growth-inhibiting effects of
paclitaxel in co-culture systems (NC), which was attenuated by sh-CTGF. (A–C) Three
technical replicates were performed for each of the three biological replicates. Mean ±

SD, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.
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