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Abstract
Glutathione S-transferases P1 (GSTP1) is a phase II detoxifying enzyme and increased expression of GSTP1 has been linked
with acquired resistance to anti-cancer drugs. However, most anticancer drugs are not good substrates for GSTP1, suggesting
that the contribution of GSTP1 to drug resistances might not be dependent on its capacity to detoxify chemicals or drugs. In
the current study, we found a novel mechanism by which GSTP1 protects human breast cancer cells from adriamycin
(ADR)-induced cell death and contributes to the drug resistance. GSTP1 protein level is very low in human breast cancer cell
line MCF-7 but is high in ADR-resistant MCF-7/ADR cells. Under ADR treatment, MCF-7/ADR cells showed a higher
autophagy level than MCF-7 cells. Overexpression of GSTP1 in MCF-7 cells by using the DNA transfection vector
enhanced autophagy and down-regulation of GSTP1 through RNA interference in MCF-7/ADR cells decreased autophagy.
When autophagy was prevented, GSTP1-induced ADR resistance reduced. We found that GSTP1 enhanced autophagy level
in MCF-7 cells through interacting with p110α subunit of phosphatidylinositol-3-kinase (PI3K) and then inhibited
PI3K/protein kinase B (AKT)/mechanistic target of rapamycin (mTOR) activity. Proline123, leucine160, and glutamine163,
which located in C terminal of GSTP1, are essential for GSTP1 to interact with p110α, and the following autophagy and
drug resistance regulation. Taken together, our findings demonstrate that high level of GSTP1 maintains resistance of breast
cancer cells to ADR through promoting autophagy. These new molecular insights provide an important contribution to our
better understanding the effect of GSTP1 on the resistance of tumors to chemotherapy.

Introduction

Drug resistance remains the main obstacle to effective
cancer therapies. The potency of both targeted therapy and
nontargeted chemotherapy is limited by drug resistance
[1]. Resistance to antitumor therapy can be classified
by two categories including intrinsic and acquired [2].
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Intrinsic resistance results from the factors that exist prior
to receiving the intended therapy and acquired resistance
develops during the course of treatment. Both intrinsic
and acquired resistances have been observed in che-
motherapy [3, 4].

The resistance to cancer chemotherapeutic drugs can be
induced by altered activity of specific enzymes which
decrease the cytotoxic activity of drugs in a manner
independent of intracellular drug concentrations [5].
Among these enzymes, glutathione S-transferase P1
(GSTP1) is mainly responsible for drug resistance targeted
at a wide range of chemotherapeutic agents. GSTP1 is an
important isozyme of glutathione S-transferase (GST)
family which is primarily known for their ability to cata-
lyze the conjugation of the reduced form of glutathione
to xenobiotic substrates for the purpose of detoxification
[6–8]. Tumor cell lines overexpressed GSTP1 are found to
be resistant to a variety of drugs [8, 9]. Early reports
demonstrated that GSTP1 inactivates chemotherapeutic
substances by conjugating them to GSH [10, 11]. How-
ever, many anticancer compounds are not substrates of
GSTP1, thus the reason for the high levels of GSTP1 are
not always clear. MCF-7/ADR cells (a breast cancer cell
line resistant to adriamycin) have ~50-fold more GSTP1
than the wild type MCF-7 cells which have very low
GSTP1 levels [12]. Since GSH conjugates of ADR do not
occur under physiological conditions, the relationship of
GSTP1 and ADR resistance is not easily explained by
GSTP1 catalytic properties [13]. Recent investigations
have suggested that GSTP1 has a diversity of functions in
cancer cells, some of which are unrelated to its capacity to
detoxify chemicals or drugs [14]. GSTP1 appears to act as
a non-catalytic ligand-binding protein to regulate cellular
signal pathway [15, 16]. Some reports suggest that the role
of GSTs in the development of drug resistance might be
due to the inhibition of the mitogen-activated protein
(MAP) kinase pathway by protein–protein interactions
[17, 18]. But the mechanism by which GSTP1 protects
cells against anticancer drugs remains equivocal.

Anti-cancer therapies, including the cytotoxic che-
motherapy and pathway inhibitory therapy, can induce
autophagy in most cancer cell lines [19, 20]. Autophagy is a
cellular degradation process, which can be induced by dif-
ferent metabolic stresses and its pro-survival function has
been demonstrated in various contexts including nutrient and
growth factor deprivation, endoplasmic reticulum stress,
development, hypoxia, and infection [21–23]. Cancer cells
may have high bio-energetic demands and require more
nutrients than normal cells. At advanced stages of tumor
development, the induction of autophagy allows cancer cells
to survive in the low-nutrient and low-oxygen conditions
[24]. It has been reported that chemotherapeutic drugs,
including topotecan, cyclophosphamide, temozolomide,

and gemcitabine, could induce autophagy which protected
cancer cells against anticancer treatments by blocking the
apoptotic pathway [24–26]. In the occurrence and progres-
sion of gastric cancer, autophagy plays an important role
especially during the development of resistance to che-
motherapy [27, 28].

In this study, we demonstrate that GSTP1 promotes
autophagy through interacting with the catalytic subunit of
PI3K, p110α, and then preventing PI3K-Akt-mTOR pathway
signaling. Our study indicates a novel mechanism by which
GSTP1 induces drug resistance of cancer cells.

Materials and methods

Cell culture and transfection

Wild type MCF-7 cell line (Cat No. KG031) and the
derived resistant cells (MCF-7/ADR) (Cat No. KG0311)
were purchased from KeyGEN BioTECH, China. MCF-7
and MCF-7/ADR were maintained in MEM (Wisent,
Canada) containing 10% fetal bovine serum (FBS) (Gibco,
USA), 100 IU/mL penicillin, and 10 mg/mL streptomycin
(Wisent, Canada) at 37 °C in a humidified 5% CO2 atmo-
sphere. To maintain the resistance property, MCF-7/ADR
cells were cultured in the presence of a low concentration of
ADR (1 μM) every 4 weeks. MDA-MB-468 cells (Cat No.
HTB-132) were purchased from ATCC and were main-
tained in L15 Medium containing 10% FBS (Gibco, USA),
100 IU/mL penicillin, and 10 mg/mL streptomycin (Wisent,
Canada) at 37 °C in 100% atmosphere. All the cell lines
were kept within 10 passages and preserved in liquid N2

after receipt, and were authenticated using short tandem
repeat profiling and confirmed to be free of mycoplasma
prior to use.

MCF-7, MCF-7/ADR, or MDA-MB-468 cells were
seeded into 12-well plates 24 h prior to transfection at
approximately 80% confluence. Transient transfection was
performed using LipofectamineTM 3000 Transfection
Reagent (Invitrogen, USA) according to the manufacturer’s
instructions. Briefly, Lipofectamine™ 3000 was added to
Opti-MEM™ Medium (Gibco, USA) along with plasmid
DNA and P3000 reagent and incubate for 15 min. Finally,
DNA–lipid complex was added to cells. In all cases, the
total amount of DNA was normalized by the addition of
empty control plasmids.

MTT assay

Cells were plated at 5000 cells/well in 96-well plates and
incubated at 37 °C, 5% CO2 for 24 h. After treatments, 3-(4,
5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazoliumbromide
(MTT, Sigma-Aldrich, USA) were added into medium at a
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final concentration of 0.5 mg/mL and incubated at 37 °C for 4
h. Reduced MTT shown as a purple formazan was dissolved
in dimethyl sulfoxide (DMSO, AMRESCO, USA) and
detected at the wavelength of 490 nm with microplate reader
(BIO-TEK, USA).

Reagents and antibodies

Anti-LC3B (#2775s), anti-phospho-4E-BP1 (Thr37/46)
(#2855), anti-mTOR (#2972), anti-phospho-mTOR (#5536)
antibodies were purchased from Cell Signaling Technology,
USA. Anti-Akt (21054), anti-phospho-Akt (11054) anti-
bodies were purchased from Signalway Antibody, USA.
Anti-GSTP1 (BS7629), anti-GAPDH (AP0063), and Goat
anti-Rabbit IgG (H&L)-HRP (BS12478) antibodies were
obtained from Bioworld, USA. GSTP1 antibody used for
co-immunoprecipitation (ab53943) and anti-SQSTM1/p62
(ab91526) antibodies were purchased from Abcam, USA.
Anti-Flag (20543-1-AP), anti-p110α (21890-1-AP), anti-
p85α (60225-1-Ig), FITC-conjugated Affinipure Donkey
Anti-Goat (SA00003-3), and Alexa Fluor 594-conjugated
Goat anti-Rabbit (SA00006-4) secondary antibodies were
purchased from Proteintech, USA. Goat anti-Mouse Alexa
Fluor 555 Secondary Antibody (A-21424), Goat anti-Rabbit
Alexa Fluor 488 Secondary Antibody (A-11034) were
purchased from Thermo Fisher Scientific, USA.

Plasmids

pcDNA3.1-Flag-GSTP1 and pcDNA3.1-Flag-GSTP1(Y7F)
(phenylalanine replaced tyrosine in the seventh amino-
terminal position) were kept in our lab. pcDNA3.1-Flag-
GSTP1(P123D) (PRO123 was replaced by aspartic acid
(ASP)), pcDNA3.1-Flag-GSTP1(P123K) (PRO123 was
replaced by lysine (LYS)), pcDNA3.1-Flag-GSTP1(2M)
(PRO123 and ALA163 were replaced by LYS and GLU,
respectively), pcDNA3.1-Flag-GSTP1(3M) (PRO123,
LEU160, and GLU163 were replaced by LYS, GLU, and
ALA, respectively), pLKO.1-GSTP1-shRNA, pPLK/GFP
+ Puro-ATG7-shRNA, and pPLK/GFP+ Puro-Beclin1-
shRNA were constructed according to standard techniques.
In brief, Flag-tag and DNA fragment encoding mutant
GSTP1 were generated by high fidelity PCR and cloned
into pcDNA3.1 vector; DNA fragment encoding GSTP1-
shRNA, Beclin1-shRNA, ATG5-shRNA, ATG7-shRNA,
TSC1-shRNA, and an unrelated shRNA sequence (Scram-
ble-shRNA) were generated by high fidelity PCR and
cloned into pLKO.1 and pPLK vectors separately.
pcDNA3.1-Flag-AKT(T308D/S473D) plasmid was kindly
provided by Dr. Qi Wang (Nanjing Normal University,
China). All plasmids were verified by sequencing in Gen-
script Biotech and purified using the Endofree Plasmid
Preparation kit (Qiagen, Germany).

Co-immunoprecipitation and immunoblot analysis

All cell pellets were rinsed with ice-cold PBS and lysed
with the lysis buffer. Lysates were centrifuged (12,500 × g)
at 4 °C for 15 min. Proteins were immunoprecipitated with
indicated antibodies. The precleared Protein A/G PLUS-
agarose beads (Santa Cruz Biotechnology, USA) were
incubated with immunocomplexes and washed with the
lysis buffer. The samples were separated by 12% SDS–
PAGE followed by transfer onto polyvinylidene fluoride
(PVDF) membranes (ISEQ00010, Merck Millipore, USA),
and detected by immunoblot analysis. The antibody–anti-
gen complexes were visualized by the Luminescent
Imaging Workstation (5200, Tanon, China) according to the
manufacturer’s instructions, using HRP-conjugated sec-
ondary antibodies. Quantification was directly performed on
the blot using the ImageJ analysis software.

Flow-cytometric apoptosis assays

Experiments were performed by using an annexin V-FITC
apoptosis detection kit (Vazyme Biotech, China) according
to the manufacturer’s protocol. Briefly, cells were harvested
and washed, and then stained with annexin V and PI in
binding buffer at room temperature for 15 min. Samples
were detected with the BD FACScalibur. For each sample,
8000 cells were analyzed. Data were analyzed by using
FlowJo 7.6 Software, both early apoptotic cells and late
apoptotic cells were nominated as apoptotic cells.

Generation of stable cells

MCF-7 and MCF-7/ADR cell lines stably expressing
mCherry-EGFP-LC3B were established using lentiviral
virus infection. Viruses (Cat No. LV00191-2e) were pur-
chased from Biogot Technology, China. Lentiviral viruses
were produced using a vector containing LC3B (pLVX-
mCherrym-C1-EGFP-LC3B) and two packaging vectors
(pMD2, psPAX) in HEK 293T cells. After 48 h infection,
both cell lines were maintained in puromycin (2.5 μg/mL)-
containing media for 4 weeks. After selection, cells were
applied to the evaluation of mCherry-EGFP-LC3B expres-
sion and used for the following experiments.

Immunofluorescence confocal microscopy

MCF-7 and MCF-7/ADR cells were grown on glass coverslips
in 24-well plates. After ADR treatment, cell were washed with
phosphate buffer saline (PBS) three times, fixed with 4% for-
maldehyde for 15min, blocked with 5% BSA blocking buffer
for 0.5 h, and incubated with primary antibody overnight at
4 °C followed by fluorochrome-conjugated secondary antibody
for 1 h followed by incubating with DAPI solution for 5min.
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Finally, the coverslips were mounted onto slides using
mounting medium, and the cells were examined using the
Nikon A1 confocal laser microscope system (Tokyo, Japan).

Transmission electron microscopy assay

After being treated with 10 μM ADR for 24 h, MCF-7
and MCF-7/ADR cells were harvested. Cells were washed
with cold PBS and fixed with fixation solution

(4% paraformaldehyde, 0.25% glutaraldehyde in 0.1 M
phosphate buffer) at 4 °C overnight. Then samples were
embedded and sectioned, and then observed under a trans-
mission electron microscope (Hitachi, Japan).

Mass spectrometry analysis

Proteins were immunoprecipitated using anti-GSTP1 or
anti-Flag antibody. Protein A/G PLUS-agarose beads

Fig. 1 GSTP1 contributes to the resistance of MCF-7 to ADR.
a Immunoblot analysis of GSTP1 protein in MCF-7 and MCF-7/ADR
cells. b, c MCF-7 cells transfected with pcDNA (2 μg/mL) or Flag-
GSTP1 (2 μg/mL) were treated with an indicated dose of ADR for 48 h
(b). MCF-7/ADR cells transfected with Scramble-shRNA (2 μg/mL)
or GSTP1-shRNA (2 μg/mL) plasmid were treated with 0, 0.1, 1, 10,
100 μM ADR for 48 h (c). Cell viabilities were detected by
MTT assay. d MCF-7 transfected with pcDNA (2 μg/mL) or Flag-
GSTP1 (2 μg/mL) plasmids and MCF-7/ADR cells transfected with
Scramble-shRNA (2 μg/mL) or GSTP1-shRNA (2 μg/mL) plasmid
were treated with 10 μM ADR for 48 h, and the apoptotic cells were

assessed by annexin V-FITC/PI staining. e MCF-7 cells were trans-
fected with either pcDNA (2 μg/mL), wild type GSTP1 (WT) (2 μg/
mL), or catalytically inactive mutant GSTP1 (Y7F) (2 μg/mL), and
24 h after transfection cells were treated with 10 μM ADR for 48 h.
Cell viability was detected using MTT assay. fMCF-7/ADR cells were
pre-treated with NBDHEX for 2 h followed by treatment with ADR for
48 h, and then the viability of cells was detected by MTT assay. Data
of at least 3 independent experiments performed in duplicates is pre-
sented as mean ± SEM. *P < 0.01, **P < 0.01, ***P < 0.001 compared
with control. ##P < 0.01, ###P < 0.001 compared with control plasmid
transfected cells
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were incubated with proteins for 2 h and washed six
times with the lysis buffer. 0.1 M glycine–HCl was
used to elute antigen from antibody and 1 M Tris–HCl
was added for neutralization. Following the proteins
were immunoprecipitated with anti-p110α antibody
and were incubated with Protein A/G PLUS-agarose
beads for 3 h. The GSTP1 complexes were eluted
from beads using 0.1 M glycine–HCl. Then, the endo-
genous and exogenous GSTP1 complexes were analyzed
in linear mode by MALDI-8020 (Shimadzu Kratos,
Manchester, UK).

Protein–protein docking

Crystal structure of GSTP1 was download from the Protein
Data Bank (PDB ID:1eog). Use relevant visualization
software to optimize the protein to obtain the desired
GSTP1 enzyme monomer. The structure of the C2 domain

from human PI3-kinase p110 subunit alpha was obtained
from PDB with ID 2enq. Protein–protein docking of
p110-α-C2 domain to GSTP1 was performed with Dis-
covery Studio (v.2.5.5), then set parameters, and 2000 poses
were generated. The initial screening of docking results is
based on shape matching function ZDock (binding site
RMSD) scores and filter out the best 50 docked complexes,
and then re-scored by calculating electrostatic energy,
VDW, and desolvation energy to screen out the most for-
ward three binding sites of GSTP1.

Statistical analysis

All statistical tests were performed with GraphPad Prism
5.0. Data were expressed as mean ± SEM. Statistical sig-
nificance was determined using unpaired Student’s two-
tailed t-test for two data sets. Statistical significance was
defined as *P < 0.05, **P < 0.01, ***P < 0.01.

Fig. 2 GSTP1 promotes autophagy in breast cancer cells. a MCF-7
and MCF-7/ADR cells were treated with 10 μM ADR for 24 h and
then were subjected to transmission electron microscopy assay. The
autophagosomes are indicated by red arrows. b MCF-7 and MCF-7/
ADR cells were treated with 10 μM ADR for 0, 6, 12, or 24 h followed
by immunoblotting with indicated antibodies. c MCF-7 and MCF-7/
ADR cells that stably expressed mCherry-EGFP-LC3B were treated
with 10 μM ADR for 24 h. After being stained with DAPI cells were
detected under a confocal microscope. d MCF-7/ADR cells were
transfected with Scramble-shRNA (2 μg/mL) or GSTP1-shRNA
(2 μg/mL) plasmids and after 24 h cells were incubated with 10 μM
ADR followed by immunoblotting with indicated antibodies. e MCF-
7/ADR cells stably expressing mCherry-EGFP-LC3B were transfected

with Scramble-shRNA (2 μg/mL) or GSTP1-shRNA (2 μg/mL) plas-
mid and after 24 h were stimulated with 10 μM ADR for 24 h. After
being stained with DAPI cells were detected under a confocal
microscope. f MCF-7 cells were transfected with pcDNA (2 μg/mL) or
Flag-GSTP1 (2 μg/mL), and after 24 h cells were incubated with 10
μM ADR for 24 h. The cell lysis was applied to immunoblotting with
indicated antibodies. gMCF-7 cells stably expressing mCherry-EGFP-
LC3B were transfected with pcDNA (2 μg/mL) or Flag-GSTP1
(2 μg/mL), and after 24 h were incubated with 10 μM ADR for 24 h.
After being stained with DAPI cells were observed under a confocal
microscope. Data of 3 independent experiments is presented as mean
± SEM. *P < 0.05, **P < 0.01, ***P < 0.01 compared with control
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Results

GSTP1 protects MCF-7 cells from ADR-induced cell
death

Consistent with the previous report [12], our immunoblot-
ting experiments demonstrated that ADR-resistant MCF-7/
ADR cells had much higher GSTP1 level than ADR-
sensitive MCF-7 cells (Fig. 1a). Furthermore, all MTT
detection, flow-cytometric apoptosis assay, and morpholo-
gical observation showed that MCF-7 cells were more
sensitive to ADR than MCF-7/ADR cells (Supplementary
Figure S1A–D). To explore whether the cellular level of
GSTP1 is related with the resistance of MCF-7 to ADR, we
transfected MCF-7 cells with Flag-GSTP1 plasmid and then
treated cells with ADR. Both MTT and flow-cytometric
apoptosis assay showed that forced expression of Flag-
GSTP1 significantly inhibited ADR-induced cell death
(Fig. 1b, d). When we knock down GSTP1 level in MCF-7/
ADR cells by transfecting GSTP1-shRNA plasmid, the
resistance of MCF-7/ADR cells to ADR significantly
reduced (Fig. 1c, d). These data indicated that high level of
GSTP1 might protect MCF-7 cells against cytotoxicity of
ADR. ADR was not the substrate of GSTP1 transferase
activity suggesting the ADR resistance of MCF-7 was
independent of GSTP1 catalytic activity [13]. GSTP1(Y7F)
is a catalytically inactive mutant, in which phenylalanine
replaced tyrosine in the seventh amino-terminal position. As
shown in Fig. 1e, overexpressed GSTP1(Y7F) in MCF-7
cells acted as similar as wild type GSTP1(GSTP1(WT)) in
reducing sensibility of cells to ADR. Furthermore, we
pretreated MCF-7/ADR cells with NBDHEX, a GSTP1
inhibitor, cell resistance to ADR only slightly reduced
(Fig. 1f). MDA-MB-468 is another kind of human breast
cancer cell line which has detectable but very low GSTP1
level (Supplementary Figure S1E). We found that both
GSTP1(WT) and GSTP1(Y7F) overexpression reduced
ADR-induced cell death (Supplementary Figure S1F).
These results indicated that GSTP1 contributes to protect
breast cancer cells against ADR treatment in a transferase
independent way.

GSTP1 promotes autophagy in MCF-7 and
MCF-7/ADR cells

To understand the mechanism involved in GSTP1-induced
resistance of human breast cancer cells to ADR, we first
observed the morphology of ADR-sensitive MCF-7 and
ADR-resistant MCF-7/ADR cells. The electron microscopy
observation demonstrated that MCF-7/ADR cells had a
higher autophagy level compared with MCF-7 cells under
ADR stimulation (Fig. 2a). Since autophagy has been found
to relate with drug resistance of cancer cells [19, 20], we

explored whether GSTP1 enhanced autophagy. The amount
of LC3-II, a key protein related with autophagy, represents
both the number of autophagosomes and SQSTM1/p62
(sequestosome 1) protein selectively degraded by autop-
hagy [29]. Results from the immunoblotting assay showed
that MCF-7/ADR cells had higher ratio of LC3-II/I and
lower SQSTM1/p62 protein level compared with MCF-7
cells before and after ADR treatment (Fig. 2b). Consistent
with this result, higher Beclin-1, ATG5, and ATG7 levels
were observed in MCF-7/ADR cells than MCF-7 cells
(Fig. 2b). Furthermore, the confocal microscopy observa-
tion demonstrated that the numbers of LC3 puncta in
MCF-7/ADR cells were also much more than MCF-7
(Supplementary Figure S2A).

To compare actual autophagic flux in MCF-7 and MCF-
7/ADR cells, we established mCherry-EGFP-LC3B stably
expressing MCF-7 and MCF-7/ADR cell lines. Since the
GFP fluorescence quenches rapidly in acidic conditions of
the lysosome lumen and mCherry is stable, thus the yellow
punctum, which is colocalized of both GFP and mCherry
fluorescence, indicates a compartment, such as the phago-
phore or an autophagosome, that has not fused with a
lysosome, whereas the red punctum from an mCherry signal
indicates the fusion of autophagosomes and lysosomes [30].
Compared with MCF-7 cells, MCF-7/ADR cells showed a
higher level of accumulation of mature autolysosomes
defined by red puncta and autophagosomes identified by
yellow puncta before ADR treatment, and after ADR sti-
mulation, there were fewer yellow puncta compared with
red puncta in MCF-7/ADR cells. These results indicated
that MCF-7/ADR cells had higher autophagic level than
MCF-7 cells and ADR treatment enhanced autophagy flux
(Fig. 2c).

We then knocked down GSTP1 level in MCF-7/ADR
cells by transfecting plasmid-expressing GSTP1 shRNA. As
shown in Fig. 2d, the ratio of LC3-II/I significantly reduced
and SQSTM1/p62 level significantly increased along with
GSTP1 RNAi. Furthermore, confocal microscopy showed a
decrease of LC3 puncta induced by GSTP1 RNAi (Sup-
plementary Figure S2B). ADR-stimulated autophagic flux
also diminished by GSTP1 RNAi in MCF-7/ADR cells
(Fig. 2e). As expected, the overexpression of GSTP1 in
MCF-7 cells increased the ratio of LC3-II/I and reduced the
SQSTM1/p62 level (Fig. 2f). Results from confocal
microscopy showed that overexpressed GSTP1 in MCF-7
cells increased LC3 puncta (Supplementary Figure S2C)
and enhanced autophagic flux (Fig. 2g). Above experiments
on both MCF-7 and MCF-7/ADR cells demonstrated that
GSTP1 promoted autophagy. In the subsequent experi-
ments, we found that GSTP1-induced autophagy
was independent of its catalytic activity (Supplementary
Figure S3A, B). GSTP1 elevated autophagy was confirmed
in MDA-MB-468 cells (Supplementary Figure S3C).
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Autophagy enhanced by GSTP1 contributes to ADR
resistance of MCF-7

Above results indicated that GSTP1 promoted autophagy in
MCF-7 cells. To evaluate whether GSTP1-induced high
level of autophagy contributed to ADR resistance of MCF-
7, we knocked down autophagy-related protein, Beclin1,
ATG5, or ATG7, respectively, both in MCF-7/ADR cells
and MCF-7 cells transfected with Flag-GSTP1. As shown in
Fig. 3, autophagy inhibition by knockdown of Beclin1,
ATG5, or ATG7 increased ADR-induced cell death both in
MCF-7/ADR and GSTP1 overexpressed MCF-7 cells
(Fig. 3). For further investigation, we treated cells with
autophagy inhibitor 3-methyladenine (3-MA) [31] or
chloroquine (CQ) [32]. Results showed that both 3-MA and
CQ significantly inhibited GSTP1-induced increase of
autophagy both in MCF-7 cells transfected with Flag-
GSTP1 (Supplementary Figure S4A and Figure S5A) and
MCF-7/ADR cells (Supplementary Figure S4D and

Figure S5D). and importantly both 3-MA and CQ appar-
ently decreased ADR resistance of both MCF-7 cells
transfected with Flag-GSTP1 (Supplementary Figure S4B
and C, Figure S5B and C) and MCF-7/ADR cells (Sup-
plementary Figure S4E and F, Figure S5E and F). Fur-
thermore, autophagy blockage in GSTP1 overexpressed
MDA-MB-468 cells also resulted in the reverse of the
resistance to ADR (Supplementary Figure S6A, B). All
these results indicated that GSTP1 protected breast cancer
cells against ADR-induced cell death through enhancing
autophagy.

GSTP1 enhances autophagy through regulating
PI3K-Akt-mTOR signal cascade

The mammalian target of rapamycin (mTOR) plays a cru-
cial role in regulating autophagy [33]. Rapamycin inhibits
mTOR function followed by autophagy induction [22]. We
compared the mTOR activation in both MCF-7 cells and

Fig. 3 The resistance of breast cancer cells to ADR was diminished by
inhibition of GSTP1 enhanced autophagy. a MCF-7/ADR cells were
transfected with Beclin1-shRNA (2 μg/mL), ATG5-shRNA (2 μg/mL),
ATG7-shRNA (2 μg/mL), and equal Scramble-shRNA plasmids,
respectively and then were treated with 10 μM ADR for 24 h followed
by immunoblotting with LC3 antibody. b MCF-7/ADR cells were
transfected with Beclin1-shRNA (2 μg/mL), ATG5-shRNA (2 μg/mL),
ATG7-shRNA (2 μg/mL), and equal Scramble-shRNA, plasmids
respectively and then were treated with 10 μM ADR for 24 h. The
apoptotic cells were assessed by annexin V-FITC/PI staining. cMCF-7
cells were transfected with Scramble-shRNA (2 μg/mL), Beclin1-

shRNA (2 μg/mL), ATG5-shRNA (2 μg/mL), and ATG7-shRNA
(2 μg/mL) plasmids, respectively and then transfected with pcDNA
(2 μg/mL) or Flag-GSTP1 (2 μg/mL) plasmids. After 24 h cells were
applied to immunoblot detection with LC3 antibody. d MCF-7 cells
were transfected with Scramble-shRNA (2 μg/mL), Beclin1-shRNA
(2 μg/mL), ATG5-shRNA (2 μg/mL), and ATG7-shRNA (2 μg/mL)
plasmids, respectively and then transfected with pcDNA (2 μg/mL) or
Flag-GSTP1 (2 μg/mL) plasmids for 24 h. The apoptotic cells were
assessed by annexin V-FITC/PI staining. Data of 3 independent
experiments is presented as mean ± SEM. ***P < 0.001 compared with
control
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Fig. 4 GSTP1 regulates PI3K-Akt-mTOR signal cascade. a MCF-7
and MCF-7/ADR cells were treated with 10 μM ADR for indicated
time and then were subjected to immunoblotting with p-PI3K/PI3K, p-
AKT/AKT, p-ERK/ERK, p-mTOR/mTOR, and GSTP1 antibodies.
b MCF-7 cells were transfected with pcDNA (2 μg/mL) or Flag-
GSTP1 (2 μg/mL) plasmids followed by treatment with 10 μM ADR
for 24 h. The cell lysates were subjected to immunoblotting with
indicated antibodies. c MCF-7/ADR cells transfected with Scramble-
shRNA

(2 μg/mL) or GSTP1-shRNA (2 μg/mL) plasmids were treated with
10 μM ADR for 24 h followed by immunoblotting with indicated
antibodies. d MCF-7 cells were co-transfected with Akt mutant
plasmid, CA-AKT (T308D/S473D) (1.5 μg/mL), and Flag-GSTP1
(2 μg/mL) plasmid, and then were treated with 10 μM ADR for 24 h
followed by immunoblotting with indicated antibodies. Data of 3
independent experiments is presented as mean ± SD. *P < 0.05, **P <
0.01, ***P < 0.001 compared with control
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MCF-7/ADR cells under ADR stimulation using immuno-
blotting detection. Results showed that the ratio of
phosphorylated mTOR to mTOR was apparently lower in

MCF-7/ADR cells than in the MCF-7 cells before and after
ADR treatment (Fig. 4a), suggesting that GSTP1-induced
high autophagy level in MCF-7/ADR cells was related to
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the low level of mTOR activation. As mTOR was activated
by PI3K-Akt or ERK pathway [34, 35], we next analyzed
which pathway was involved in mTOR activation, and
found that the phosphorylation levels of PI3K and Akt were
lower in MCF-7/ADR than in MCF-7 (Fig. 4a). However,
phosphorylated ERK1/2 level in MCF-7 cells was as same
as in MCF-7/ADR cells 12 h after ADR stimulation and
ADR did not affect ERK1/2 phosphorylation in MCF-7
cells suggesting mTOR activation was not dependent on
ERK1/2 pathway. Further experiments showed that trans-
fection of GSTP1 in MCF-7 cells significantly inhibited the
activation of PI3K-Akt-mTOR pathway (Fig. 4b), in con-
trary, GSTP1 RNAi in MCF-7/ADR cells reversed ADR-
induced inhibition of PI3K-Akt-mTOR signaling (Fig. 4c).
To further evaluate the effect of GSTP1 on PI3K-Akt-
mTOR pathway, we co-transfected a constitutively active
form of Akt (CA-AKT) and Flag-GSTP1 plasmids into
MCF-7 cells and then conducted immunoblotting detection.
The results showed that CA-AKT prevented GSTP1-
induced autophagy elevation (Fig. 4d). Since Akt can reg-
ulate autophagy independently of mTOR pathway, we then
genetically inhibited mTOR upstream regulated protein
tuberous sclerosis-1 (TSC1). The results showed that TSC1
knockdown significantly inhibited GSTP1 enhanced
autophagy and drug resistance (Supplementary Figure S7).
All these results indicated that GSTP1 promoted autophagy
through inhibiting the activation of PI3K-Akt-mTOR but
not ERK1/2-mTOR pathway.

GSTP1 binds p110α subunit of PI3K via its
C-terminal domain to prevent PI3K-Akt-mTOR
signaling

To elucidate the mechanism by which GSTP1 regulated PI3K-
Akt-mTOR signaling, we performed immunoprecipitation

experiments to detect the specific association of endogenous
GSTP1 with PI3K, Akt, and mTOR in MCF-7/ADR cells.
Results indicated that there was no association between GSTP1
and p85α subunit of PI3K, Akt, and mTOR under ADR sti-
mulation or not (Fig. 5a, c, d). Interestingly, a weak association
of GSTP1 with p110α subunit of PI3K was detected in MCF-
7/ADR cells without ADR treatment, but the association of
GSTP1 and p110α remarkably increased after ADR stimula-
tion (Fig. 5b, e). Furthermore, the immunofluorescence assay
demonstrated the co-localization (yellow) of GSTP1 (green)
and p110α (red) (Fig. 5f). These results suggested the binding
of GSTP1 with p110α subunit of PI3K. To confirm the inter-
action between GSTP1 with p110α, we conducted the mass
spectrum of MALDI-TOF detection. As expected, endogenous
GSTP1 in MCF-7/ADR cells associated with p110α (Supple-
mentary Figure S8A and B, Fig. 5g). Furthermore, when
MCF-7 cells were transfected with Flag-GSTP1, both immu-
noprecipitation and mass spectrum of MALDI-TOF experi-
ments demonstrated that the overexpressed exogenous GSTP1
in MCF-7 cells also bound to p110α (Fig. 5h–j, Supplementary
Figure S8C). Altogether, above results suggested that
GSTP1 specifically interacted with p110α subunit of PI3K, the
upstream of mTOR.

To analyze which region of GSTP1 was necessary for
binding p110α, protein molecular docking simulation was
conducted and visualized by Discovery Studio software
(Fig. 6a). The most possible binding sites of GSTP1 was
PRO123, LEU160, and GLU163, according to high ZDock
scores, high density values, and low ZRank scores (Sup-
plementary Table S1). To verify whether these residues are
necessary for the interaction of GSTP1 with p110α, we
constructed two GSTP1 mutant plasmids, GSTP1(P123D)
(PRO123 was replaced by ASP) and GSTP1(P123K)
(PRO123 was replaced by LYS), and transfected them into
MCF-7 cells respectively. Following immunoprecipitation
and immunoblotting experiments showed that GSTP1
(P123D) acted as same as GSTP1(WT) in associating with
p110α while the interaction of GSTP1(P123K) with p110α
slightly reduced (Supplementary Figure S9A and B). We
then constructed GSTP1(2M) (PRO123 and ALA163 were
replaced by LYS and GLU respectively) and GSTP1(3M)
(PRO123, LEU160, and GLU163 were replaced by LYS,
GLU, and ALA, respectively) mutants (Supplementary
Figure S10), and transfected them into MCF-7 cells
respectively. Interestingly, the immunoprecipitation results
showed that the complex of GSTP1(2M)/p110α was fewer
than the complex of GSTP1(WT)/p110α and the complex of
GSTP1(3M)/p110α was almost not detected (Fig. 6b–e),
suggesting that these amino acids were essential for the
association of GSTP1 and p110α.

We then evaluated the importance of these amino acids
for GSTP1 to enhance autophagy and protect MCF-7 cells
against ADR-induced cell death. Compared with GSTP1

Fig. 5 GSTP1 associates with p110α of PI3K to prevent PI3K-Akt-
mTOR signaling. a–d Lysates from MCF-7/ADR cells stimulated with
ADR or not were subjected to immunoprecipitation with anti-GSTP1
and were detected by immunoblotting with anti-p85α (a), anti-p110α
(b), anti-Akt (c), anti-mTOR (d), and anti-GSTP1 antibodies.
e Lysates from MCF-7/ADR cells stimulated with ADR or not were
subjected to immunoprecipitation with anti-p110α and were detected
by immunoblotting with anti-p110α and anti-GSTP1 antibodies.
f MCF-7/ADR cells were stimulated with 10 μM ADR for 24 h fol-
lowed by immunostaining with GSTP1 and p110α antibodies, and then
with FITC-conjugated Donkey Anti-Goat and Alexa Fluor 594-
conjugated Goat anti-Rabbit secondary antibodies. After being stained
with DAPI cells were observed under a confocal microscope. g The
endogenous GSTP1 complex was analyzed by MALDI-TOF. h, i
MCF-7 cells were transfected with GSTP1 (2 μg/mL) or pcDNA (2 μg/
mL) and then were stimulated with 10 μM ADR or not. Immunopre-
cipitation was performed with anti-p110α and anti-Flag antibodies
followed by immunoblotting with the anti-GSTP1, anti-p110α, and
anti-Flag antibodies. j The exogenous GSTP1 complex was analyzed
by MALDI-TOF
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(WT), the cell viability of MCF-7 cells overexpressed
GSTP1 (P123K), GSTP1 (2M) and GSTP1 (3M) sig-
nificantly reduced after ADR treatment and greatest reduc-
tion was observed in GSTP1 (3M) overexpressed cells
(Fig. 6f). Immunoblotting assay showed that all GSTP1
(P123K), GSTP1 (2M), and GSTP1 (3M) but GSTP1
(P123D) overexpression increased the ratio of p-Akt/Akt
and reduced the level of autophagy compared to GSTP1
(WT), but GSTP1 (2M) and GSTP1 (3M) performed more
effective than GSTP1 (P123K) (Fig. 6g, h). All these results
suggested that PRO123, LEU160, and GLU163, which

located in C terminal of GSTP1, are important for GSTP1 to
interact with p110α, and promote autophagy and drug
resistance in MCF-7.

Discussion

To date, chemoresistance is still one of the main problems
in cancer therapy. Since high expression of GSTP1 was
detected in many tumors and cancer cell lines including
ovarian, non-small-cell lung (NSCLC), breast, colon,

Fig. 6 Proline123, Leucine160, and Glutamic163 of GSTP1 are
pivotal for the interaction between GSTP1 and p110α. a Schematic
presentation of model for initial binding of GSTP1 (ribbon) and p110α
(ball-and-stick) and top 3 scored interacting residues of GSTP1. b, c
MCF-7 cells were transfected with GSTP1 (WT) (2 μg/mL) or GSTP1
(2M) (2 μg/mL) and stimulated with 10 μM ADR. Lysates were sub-
jected to immunoprecipitation with anti-p110α antibody (b), anti-Flag
(c), and rabbit immunoglobulin G (rIgG). The precipitates were ana-
lyzed by immunoblotting with p110α, GSTP1, and GAPDH (used as
the internal control) antibodies. d, eMCF-7 cells were transfected with
GSTP1 (WT) (2 μg/mL) or GSTP1 (3M) (2 μg/mL) and stimulated
with 10 μMADR. Lysates were subjected to immunoprecipitation with
p110α (d), Flag (e), and rabbit immunoglobulin G (rIgG). The

precipitates were analyzed by immunoblotting with p110α, GSTP1,
and GAPDH antibodies. f MCF-7 cells were transfected with GSTP1
(WT) (2 μg/mL), GSTP1 (P123D) (2 μg/mL), GSTP1 (P123K)
(2 μg/mL), GSTP1 (2M) (2 μg/mL), or GSTP1 (3M) (2 μg/mL) plas-
mids and then treated with 10 μM ADR for 48 h. Cell viability was
detected using MTT assay. g, h MCF-7 cells were transfected with
either GSTP1 (WT) (2 μg/mL), GSTP1 (P123D) (2 μg/mL), GSTP1
(P123K) (2 μg/mL), GSTP1 (2M) (2 μg/mL), or GSTP1 (3M)
(2 μg/mL) plasmids were subjected to immunoblotting with p-Akt (g),
LC3B (h), or GAPDH antibodies. Data of 3 independent experiments
is presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001
compared with control
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pancreas, and lymphomas and in a wide range of drug-
resistant cell lines and tumors, GSTP1 is of particular
interest with regard to cancer [8]. GSTP1 was originally
identified as a cytosolic phase II detoxification enzyme, thus
chemoresistance has been considered to relate with its
enzyme activity [36]. However, most cancer drugs are not
good substrates for GSTP1, the reason(s) for the high levels
of expression of GSTP1 are not always clear. On the other
hand, GSTP1 has established important roles in the
regulation of kinase activity such as MAPKs and post-
translational S-glutathionylation reactions [14, 17]. Some
researchers conjectured that capacity of GSTP1 to regulate
kinase pathways and S-glutathionylation of proteins may
contribute to the GSTP1 overexpressing, drug-resistant
phenotype [17, 37, 38].

ADR-resistant MCF-7/ADR cells have high level of
GSTP1 compared with ADR-sensitive MCF-7 cells, which
provided a suitable model for analyzing the mechanism. In
the present study, the results from both RNAi in MCF-7/
ADR cells and overexpression in MCF-7 cells demon-
strated that GSTP1 played a key role in the resistant of
MCF-7 cells to ADR. The results also showed that the
effect of GSTP1 on the drug resistance in MCF-7/ADR
cells was independent of its enzyme activity, which was
coincident with the previous report that ADR was not the
substrate of GSTP1 [14]. Interestingly, we found for
the first time that the high level of GSTP1 contributed to
the high level of autophagy in MCF-7 cells. The chemo-
drug treatment may induce stress tolerance that enables
tumor cell survival and drug-resistant cells often have high
levels of autophagy [39–42]. Autophagy served as a
source of back-up energy that was used by tumor cells for
their survival against reactive oxygen species and genomic
instability induced by anticancer therapy [40, 43–46].
When we inhibited autophagy by using autophagy inhi-
bitor 3-MA and CQ or downregulating the autophagy-
related proteins including Atg5, Atg7, and Beclin1, the
protection of GSTP1 to MCF-7 cells against ADR was
suppressed. These findings displayed a novel mechanism
that GSTP1 protected MCF-7 cells against the cytotoxicity
of ADR and resulted in the drug resistance through raising
the autophagy level.

Pathways involving in autophagy have well been docu-
mented, including AMPK, PI3K-Akt, MAPK/Erk1/2, and
p53/Genotoxic stress [47]. All these signaling pathways are
generally targeting mTOR, a critical regulator of autophagy
induction [48–50]. The PI3K-Akt-mTOR pathway plays a
central role in the regulation of autophagy and blockade of
autophagy via inhibiting the PI3K-Akt-mTOR pathway
displays a great contribution to overcome chemotherapy
resistance and resensitize the tumor cells to anticancer
therapy [40, 51–53]. Our results demonstrated that GSTP1

promoted autophagy in a transferase activity independent
manner, we thus conjecture that GSTP1 might act as a non-
catalytic ligand-binding protein to regulate autophagy
pathways. We found that GSTP1 inhibited the activation of
PI3K-Akt-mTOR but not MAPK/ERK1/2 pathway.
Through inhibiting PI3K-Akt-mTOR signaling, GSTP1
promoted autophagy and strengthened the resistance of
MCF-7 cells to ADR. It has been reported that GSTP1
could interact with JNK, TRAF2, STAT3, etc., to regulate
cellular signal transduction [16, 17, 54]. To analyze how
GSTP1 regulated autophagy pathway, immunoprecipitation,
MALDI-TOF, and immunofluorescence assay were con-
ducted. These experiments confirmed that GSTP1 interacted
with p110α subunit of PI3K, but not mTOR, AKT, and
p85α subunit of PI3K. PI3K are heterodimeric molecules
composed of a p85α regulatory subunit and a p110α cata-
lytic subunit [55]. In the presence of activating signals, the
p85 subunit binds to activated RTKs, recruiting p110 to the
plasma membrane, where a conformational change induced
by binding relieves inhibition of p110 catalytic activity. Our
finding strongly suggested that GSTP1 interacted with
p110α to inhibit PI3K catalytic activity.

We used Discovery Studio 4.5 software to simulate the
possible domain of GSTP1 to bind with p110α subunit of
PI3K. Results suggested that PRO123, LEU160, and
ALA163 which composed a pocket in C-terminal of GSTP1
might be required. Through constructing PRO123,
LEU160, and GLU163 mutation plasmids and transfecting
them into MCF-7 cells, we confirmed that the C-terminal
structure composed by PRO123, LEU160, and GLU163
was necessary for GSTP1 to associate with p110α of PI3K
and as a result, to inhibit the activation of PI3K-Akt-mTOR
autophagy pathway. MDA-MB-468 is another type of
human breast cancer cell line with relative low GSTP1
level. Our finding indicated that the overexpression of
GSTP1 in MDA-MB-468 cells also enhanced autophagy
and increased the resistance of cells to ADR suggesting the
effect of GSTP1 on autophagy not only in MCF-7 but also
in other breast cancer cell lines. Till now, there seems no
report about GSTP1 mutation in breast cancer cells.

In conclusion, the present study demonstrated that in
breast cancer cells, GSTP1 interacted with PI3K catalytic
subunit p110α and thereby enhanced the autophagy level
induced by ADR. The pocket in C-terminal domain
composed of PRO123, LEU160, and GLU163 was
necessary for GSTP1 to interact with p110α. By this
mechanism, GSTP1 protected breast cancer cells against
ADR-induced cell death and increased drug resistance
(Fig. 7). These new molecular insights provide an
important contribution to our better understanding of the
mechanism by which GSTP1 enhanced the resistance of
tumor cells to chemotherapy.
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