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Abstract

Background Phosphorylated AKT is highly expressed or overexpressed in chemoresistant tumor samples. However, the
precise molecular mechanism involved in AKT phosphorylation-related chemoresistance in breast cancer is still elusive.
The present research was designed to estimate the effect of AKT phosphorylation on cell viability and chemoresistance in
breast cancer.

Methods We utilized MCF-7 and MDA-MB468 human breast cancer cell lines and developed multidrug-resistant MCF-7/
MDR and cisplatin-resistant MDA-MB-468 cells. Immunofluorescence analysis and Western blotting were employed to test
the level of glycogen synthase kinase 3 beta (GSK3p), phosphorylated phosphatase and tension homologue (p-PTEN) and
phosphorylated AKT (p-AKT) in MCF-7/MDR and MDA-MB468 cells. Xenograft assays in nude mice were performed
with MCF-7/MDR cells to verify chemoresistance and the signaling pathway upstream of phosphatidylinositide 3-kinase
(PI3K)/AKT.

Results An increase in GSK3p, p-PTEN and p-AKT expression was strongly induced in MCF-7/MDR and cisplatin-resistant
MDA-MB-468 cells, and augmented GSK3p phosphorylation and PTEN inactivation enhanced AKT signaling. The elevation
in GSK38, p-PTEN and p-AKT was associated with cell viability based on a CCK-8 assay. The results of in vivo and in vitro
assays indicated that GSK3f knockdown with lentiviral ShRNA (shRNA-GSK3p) promoted apoptosis and suppressed the
migration of cisplatin-resistant MCF-7/MDR cells, while these effects were reversed by activating p-AKT with the PTEN
inhibitor bpV(pic).

Conclusions AKT phosphorylation mediated by GSK3p and PTEN were correlated with cell viability, migration and apopto-
sis, which may promote chemoresistance in breast cancer. Furthermore, GSK3p can regulate cell viability through the PTEN/
PI3K/AKT signaling pathway and induce chemoresistance, serving as a valuable molecular strategy for breast cancer therapy.
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Background

Breast cancer is currently the most prevalent cancer among
women in most developed countries [1]. Nearly 22.9% of
all female cancers were diagnosed as breast cancer world-
wide during the past few years, and the incidence of Chi-
nese cases rose to 12.2% of all recently diagnosed breast
cancers in the world [2, 3]. Chemotherapy is the main
mode of treatment for breast cancer; however, for nearly
half of patients, multidrug resistance (MDR) to chemo-
therapeutic regimens is a common occurrence during
treatment and has become a clinical challenge [4]. Failure
to improve treatment success has been attributed to the
capacity of breast cancer cells to avoid the effects of con-
ventional chemotherapy. Upon activation, surviving drug-
resistant cells can gain the ability to regrow, resulting in
tumor relapse and metastasis. Therefore, understanding the
potential mechanisms that enable chemotherapeutic resist-
ance of cancer cells, as well as the underlying targets in
those pathways, is a key issue on which efforts to improve
therapeutic methods should focus. These therapeutic inter-
ventions will have a major effect not only on the treatment
success rate but also on the tumor recurrence rate [3].

Glycogen synthase kinase 3 beta (GSK3p) is a kinase
that regulates apoptosis in response to various stimuli,
and it is an important part of the phosphatidylinositol
3-kinase (PI3K)/AKT pathway, the well-studied tumori-
genesis mechanism [4]. Studies have demonstrated that the
PI3K/AKT pathway plays a key role in the progression and
development of most malignancy types. Targeting GSK3p
may provide a novel strategy for treating chemoresistant
cancers [5]. GSK3p downregulation, for example, resen-
sitized drug-resistant cells to chemotherapy [6, 7]. Addi-
tionally, increased GSK3 expression is associated with
acquired resistance to paclitaxel in ovarian cancer [5, 7],
and inhibition of GSK3p can sensitize human glioblastoma
cells to trimetazidine (TMZ) [8]. In our reported research,
GSK3p is a negative regulator of the PI3K/AKT signaling
pathway, and GSK3#-mediated phosphorylation or deac-
tivated PTEN may bring about deinhibition of PI3K/AKT
signaling in macrophage/microglia [9]. These observations
and the effects of GSK3f have also been proposed on other
multiple cell types [10]. Notably, GSK3f exerts a dual
role in chemoresistance, acting as a promoter or a tumor
suppressor.

Phosphatase and tensin homolog (PTEN), situated on
chromosome 10, is known as one of the most often deleted
or mutated genes in various human tumors and functions
in transforming phosphatidylinositol-3,4,5-triphosphate
(PIP3) into a diphosphate product (PIP2), leading to AKT
being negatively regulated [11] and then inhibiting tumor
progression by, for example, modulating cell growth,
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apoptosis, adhesion, migration and invasion. In contrast,
when PTEN suppression positively regulates the activity
of AKT, many cellular proteins including mTOR, caspase
9, Bad, IKK, and GSK3p [12]. Akt phosphorylates GSK3p
on serine 9 and GSK3a on serine 21 to inhibit their kinase
activity [12].

It was previously suggested that PTEN mutation in
prostate cancer cells induces AKT activation and restrains
GSK3p [13]. Here, we explored the role of GSK3p in medi-
ating chemoresistance in MCF-7/MDR breast cancer cells.
The results indicated that GSK3p induces PTEN phosphoryl-
ation, resulting in activation of AKT in MCF-7/MDR cells.
The AKT kinase activates a myriad of downstream targets
that advance tumor growth, survival, and chemoresistance.

Methods
Cell culture

The wild-type human breast cancer cell lines MCF-7,
MCEF-7/MDR and MDA-MB468 were obtained from the
Cell Bank of the Institute of Biochemistry and Cell Biology
(Shanghai, China) in 2016. The cisplatin-resistant cell line
MDA-MB468 was derived from the MDA-MB468 cell line.
The short tandem repeat (STR) profiling data were iden-
tified to prove the multidrug-resistant MCF-7/MDR and
cisplatin-resistant MDA-MB-468 cells derived from the
appropriate parent cell line by Shanghai Biowing Applied
Biotechnology Co. Ltd. These cells lines were preserved
in Dulbecco’s modified Eagle’s medium (Gibco, Waltham,
USA) supplemented with 10% fetal bovine serum (FBS)
(Gibco, Waltham, USA) at 37 °C in 5% CO,. All cell lines
were freshly thawed every 2 months and used within 20
passages. The cell lines were confirmed to be mycoplasma-
free through detection of their morphology and maturation
profiles. And a periodic mycoplasma detection test must be
performed in every cell line manipulated using real time
PCR detection as described by Corral-Vazquez et al. in our
laboratory [14].

Real-time quantitative PCR

Trizol reagent (Invitrogen, Carlsbad, USA) was applied
to extract total RNA from the cells and tissue specimens.
Real-time quantitative PCR (qPCR) was performed in a total
volume of 20 pL of SYBR Green PCR Master Mix (Roche,
Germany). All reactions were performed in duplicate. The
mRNA expression levels of PTEN, AKT and GSK3p were
normalized to GAPDH mRNA levels using the 2 44T
method. The PCR primers were synthesized at Invitrogen,
and the sequences for PTEN, AKT, GSK3p and GAPDH
were as follows: GAPDH, GCACCGTCAAGGCTGAGA
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AC and TGGTGAAGACGCCAGTGGA; GSK3p, ACC
AATATTTCCTGGGGACA and GTGCCTTGATTTGAG
GGAAT; PTEN, TTTGAAGACCATAACCCACCAC and
ATTACACCAGTTCGTCCCTTTC; and AKT, GTCATC
GAACGCACCTTCCAT and AGCTTCAGGTACTCAAAC
TCGT.

Western blotting

Cells were washed with ice-cold phosphate-buffered saline,
and lysed on ice for 30 min in lysis buffer (50 mM Tris-
HCI [pH 7.4], 150 mM NaCl, 1% Triton X-100, 10% glyc-
erol) supplemented with protease and phosphatase inhibi-
tors (2 mM AEBSF, 0.3 pM Aprotinin, 0.13 mM Bestatin,
14 pM E64, 0.01 mM Leupeptin, 5 mM sodium fluoride,
1 mM sodium pyrophosphate, 1 mM f-glycerophosphate,
1 mM sodium orthovanadate; P1045, Beyotime Institute of
Biotechnology) at 4 °C. The lysis mixture was centrifuged
at 13,200 rpm for 10 min at 4 °C, and the supernatant con-
taining cellular proteins was boiled with Laemmli (SDS)-
sample buffer. After separation on a 12% SDS-PAGE gel,
proteins were transferred onto a nitrocellulose membrane
(Millipore, USA). After blocking with 5% nonfat milk, the
membrane was incubated with anti-phosphorylated-AKT
(P-AKT(T308)) (1:2000, Cell Signaling Technology, Dan-
vers, USA), anti-PTEN (1:1000, Cell Signaling Technology,
Danvers, USA), anti-p-PTEN (Thr366) (1:500, Merck Milli-
pore, Billerica, MA, USA), anti-GSK3 (1:1000, Cell Sign-
aling Technology, Danvers, USA) or anti-p-actin (1:8000,
Sigma Aldrich) antibodies. The membrane was then washed
adequately and incubated with a secondary antibody (Jack-
son, West Grove, USA). The proteins were observed with
ECL detection reagents. Experiments were repeated for three
times.

Infection with lentiviral shRNA

Lentiviral shRNA targeting human GSK3f (Santa Cruz
Biotechnology, Dallas, USA); mouse bpv(pic) (Santa Cruz
Biotechnology, Dallas, USA); and lentivirus containing a
control, nontargeting sequence of shRNA (Santa Cruz Bio-
technology, Dallas, USA) with titers of ~5 X 10 infectious
units per pL were purchased from Santa Cruz Biotechnol-
ogy. Cells were infected with 1.5 pL of virus per well in six-
well plates for 48 h, and knockdown of GSK3f was verified
by Western blot and qPCR analyses.

Immunofluorescence

Round glass slides were coated with gelatin and laid on the
bottom of a 24-well plate wells. Cells were cultivated at
a density of 1x10* cells per well. Then, the slides were
first incubated with primary antibody against mouse GSK3p

(1:200, Cell Signaling Technology, Danvers, USA) in a
humidified chamber at 4 °C overnight. Goat anti-rabbit sec-
ondary antibody (labeled with Alexa488, 1:1000 dilution;
Jackson, West Grove, USA) was added and incubated with
cells for 1 h at 37 °C. After three washes, nuclei were coun-
terstained with DAPI. Immunostaining was visualized with a
confocal laser scanning microscope (SPS8, Leica, Germany).

Immunohistochemical staining

Sliced specimens were incubated at 58 °C for ~3 h, and sub-
jected to xylene treatment for dewaxing, hydrated through
alcohol gradients, and washed with PBS. Antigen was
repaired by using microwave repair at 650 W for 20 min and
cooled to room temperature. After treatment with 3% H,0,
and normal goat serum to block the activity of endogenous
catalase and nonspecific binding for 10 min, the sections
were incubated with p-AKT (1:200, Cell Signaling Technol-
ogy) at 4 °C overnight. Each section was then incubated with
biotin labeled goat anti-rabbit immunoglobulin G for 10 min
at 37 °C and streptavidin biotin—peroxidase complex meth-
ods were employed (Zhongshan Biotechnology Company,
Beijing, China). Counterstained with hematoxylin when
positive expression was observed in 10 min under micro-
scope. Simultaneously, negative control was performed
without primary antibody. Four samples in each group were
selected for observing the distribution and change pattern
of immunohistochemical staining in the periodontal tissues
under a light microscope. Moreover, five visual fields were
randomly chosen in the compression side and tension side
for analysis by Image-Pro Plus (Media Cybernetics, Silver
Spring, USA).

Cell Counting Kit-8 (CCK-8) assay

CCK-8 (Dojindo Molecular Technologies, Kumamoto,
Japan) assays were applied to assess cell proliferation fol-
lowing the manufacturer’s instructions. MCF-7/MDR and
MCEF-7 cells were seeded in 96-well culture plates (3000
cells per well). After treatment for 24 h, 100 pL of 10%
CCK-8 reagent diluted in DMEM was supplemented into
each well and incubated with the cells for another 1 h. The
absorbance was calculated for each well at 450 nm with a
Microplate Spectrophotometer (Multiskan™ GO, Thermo
Fisher Scientific). The results are displayed as the mean of
three more independent experiments.

Wound-healing cell migration assay
MCEF-7/MDR and MCF-7 cells were grown to confluence
in 6-well plates, and the cell monolayer was then scratched

with the narrow end of a sterile 200 pL pipette tip. The
medium was promptly replaced to eliminate floating cells
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and exchanged with DMEM containing 5% FBS. The width
of the scratch was measured at two points in each well after
initial wounding. The cells were incubated for 24 h at 37 °C
in a CO, incubator, and then, the scratch width was remeas-
ured. The relative motility and migration ability of the cells
into the cell-free zone is expressed as the normalized percent
change in the scratch width after 24 h.

Nude mice for xenograft assays and evaluation
of response to cisplatin

Twenty BALB/c background female nude mice (7-8 weeks
old, 18-22 g body weight; Shanghai Experimental Animal
Center, Chinese Academy of Sciences, China) were fed
and maintained in air conditioned, light-controlled animal
facilities. All animal care and experimental protocols were
carried out according to the Chinese Animal Management
Rules of the Ministry of Health and were authorized by the
Animal Ethics Committees of Nantong University. Mice
were randomly assigned to five groups (Cisplatin + bpv(pic),
Cisplatin + control, Cisplatin + shRNA-GSK3p, Vehi-
cle +bpv(pic), and Vehicle + shRNA-GSK3p groups) and
intraperitoneally anesthetized with 10% chloral hydrate
(0.2 mL/20 g body weight). MCF-7/MDR (1 x 10°) cells
per mouse were subcutaneously injected into the left dor-
sal flank with an abundant blood supply. Each group con-
tained 4 mice. Mice were weighed, and subcutaneous tumor
growth was then assessed biweekly by measurement of the
tumor diameters with a Vernier caliper. Tumor volume was
determined by the ellipsoid volume calculation formula:
D x d%*2, where D and d are the longest and shortest diam-
eters, respectively. When tumors were visible (> 100 mm3),
an i.p. cisplatin injection (Nuo Xin, Jiangsu Hausen Pharma-
ceutical Co., Ltd. production, Chinese medicine Zhunzi H
20040813) was administered at its optimal dose based on a
schedule of three times (5 mg/kg per injection) every seventh
day. The vehicle group was injected with equal volumes of
saline, using the same injection schedule. The five groups of
nude mice were administered negative control ShRNA lenti-
virus (1.5 % 10* infectious units/mL, 0.5 mL), PTEN inhibi-
tor bpV(pic) (1 pM, 0.5 mL) or lentiviral shRNA-GSK3p
(1.5% 10* infectious units/mL, 0.5 mL) with and without
drug treatment via intratumoral injection. Mice were killed
by anesthesia overdose with subsequent cervical dislocation
for tumor removal, and tumors were harvested for immuno-
histochemical and other analyses.

Statistical analysis
Statistical calculations were performed using the SPSS
17.0 software package (SPSS, Inc., Chicago, IL, USA).

Two tailed Student’s ¢ test was used to evaluate differ-
ences between two groups. One-way analysis of variance
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(ANOVA) was carried out to compare the mean results for
greater than or equal to three groups. The data are displayed
as the mean + standard deviation (SD), and p <0.05 was
deemed to indicate a statistically significant difference.

Results
Evaluation of chemoresistant MCF-7/MDR cells

To test the chemoresistance of these cells, we treated
them with the indicated concentrations of cisplatin (from
1 to 8.1 nM) and performed CCK-8 assays. As shown in
Fig. 1, the 50% inhibitory concentration (IC50) in MCF-7
wild-type cells was 0.7425+0.0183 and in MDA-MB-468
cells was 4.076 +0.578; however, the values increased to
1.075+0.031 and 17.28 +1.86, respectively, in the cor-
responding resistant-type cells. The results indicated that
MCF-7/MDR and cisplatin-resistant MDA-MB-468 cells
were less sensitive to cisplatin chemotherapy.

GSK3p, p-PTEN and p-AKT were highly expressed
in chemoresistant MCF-7/MDR cells

To investigate whether GSK3p, p-PTEN and p-AKT were
highly expressed in chemoresistant-type MCF-7/MDR cells,
we performed an immunofluorescence analysis of GSK3p in
MCF-7/MDR and MCF-7 cells. The results showed that the
expression of GSK3p, p-PTEN and p-AKT was significantly
increased in MCF-7/MDR cells in contrast with MCF-7 cells
(Fig. 2a, b). Moreover, western blotting was used to ana-
lyze the expression levels of GSK3p, p-PTEN and p-AKT
(Fig. 2c). We found that the average GSK3p, p-PTEN and
p-AKT protein levels in MCF-7/MDR cells were signifi-
cantly greater than those in MCF-7 cells (Fig. 2d; p <0.05
or p<0.01). Similar increases were also found in cispl-
atin-resistant MDA-MB-468 cells (Supplemental Fig. 1).
Together, these results suggested that the expression of
p-PTEN and p-AKT was correlated with the increase of
GSK3p expression in chemoresistant MCF-7/MDR cells
and cisplatin-resistant MDA-MB-468 cells.

The increase in GSK3B expression and inactivated
PTEN enhanced phosphatidylinositide 3-kinase
(P13K)/AKT signaling

To establish whether the expression level of GSK3p,
p-PTEN and p-AKT was correlated with cell viability, we
manipulated the GSK3f and p-PTEN level via GSK3p
knockdown with lentiviral shRNA (shRNA-GSK3p) to
promote apoptosis and suppress the migratory ability of
MCF-7/MDR cells, and these effects were reversed by
p-AKT activation with the PTEN inhibitor bpV (pic).
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First, Western blotting showed that ShARNA-GSK3p
decreased the level of GSK3p, whereas bpV(pic) decreased
the level of PTEN in a dose-dependent manner in MCF-7/
MDR cells (Fig. 3a, b). To measure the function of AKT
phosphorylation downregulation and upregulation of the
viability and proliferation of chemoresistant MCF-7/MDR
cells, CCK-8 assays were performed. The CCK-8 assay
results showed that GSK3f downregulation significantly
suppressed the viability of the chemoresistant MCF-7/MDR
cells compared with PTEN downregulation (Fig. 3c, p <0.05
or p<0.01). These results indicated that the increase in
GSK3p expression and inactivated PTEN-enhanced PI3K/
AKT signaling.

GSK3p regulated the migration potential
of chemoresistant MCF-7/MDR cells

To further investigate the effect of GSK3f on the migration
of chemoresistant MCF-7/MDR cells, a wound-healing cell
migration assay was performed. The results showed that the
number of migratory cells in the GSK3f downregulation
group was significantly reduced compared with that in the
PTEN inhibitor bpV(pic) group (Fig. 4a, b, p <0.05). These
results revealed that downregulation of AKT phosphoryla-
tion correlated with the migratory ability of chemoresistant
MCF-7/MDR cells.

GSK3p regulated the chemoresistance potential
in nude mice

To observe whether shRNA-GSK3p decreased the tumori-
genic properties of breast cancer cell lines, xenograft trans-
plantation into nude mice was performed. Within 10-14 days
after subcutaneous injection of MCF-7/MDR cells, palpa-
ble subcutaneous tumors developed in all 12 nude mice
at the site of inoculation. The dimensions of these tumors
ranged from 1.5 to 2.0 cm within 5 weeks postinjection. The
growth and size of the tumors were significantly higher in
the bpv(pic) group with or without cisplatin treatment than
in the control group (Fig. 5a, b, p <0.01). However, inhibi-
tion of GSK3p expression by shRNA-GSK3p decreased the
volume of tumors (Fig. 5a, b, p <0.05 or p <0.01), with no
apparent effects on body weight, suggesting a lack of toxicity
(Fig. 5¢). In summary, GSK3p augmented the chemoresist-
ance properties of breast cancer cell lines by inducing PTEN
phosphorylation.

AKT was overexpressed in MCF-7/MDR bpv(pic) cell
lines and tissues

Here, we tested AKT expression in MCF-7 and MCF-7/

MDR cells. As shown in Figs. 1 and 2b, based on Western
blot analysis, we found that AKT was overexpressed in
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Fig.2 Expression level of A
GSK3p, p-PTEN and p-AKT in
chemoresistant MCF-7/MDR
cells. a Immunofluorescence
analysis of GSK3p in chemore-
sistant MCF-7/MDR cells. Blue:
DAPI; red: GSK3 labeled with
Alexa Fluor 594-conjugated
secondary antibody. Scale bars,
20 pm. b The fluorescence
intensities of GSK3p quanti-
fied using ImageJ software are
presented. ¢ Western blot image
of p-AKT, p-PTEN and GSK3p
in wild-type and chemoresist-
ant types of MCF-7/MDR cells.
B-Actin was applied as the
loading control. d The relative
band intensities were quantified
using ImageJ software and are
presented as the ratio of p-AKT,
p-PTEN and GSK3p to B-actin.
The values are the mean+SD B
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MCEF-7/MDR cell lines compared with normal cells, show-
ing that AKT may play a vital role in the chemoresistance
of breast cancer. Thus, we assessed GSK3f and PTEN
expression and studied AKT expression in MCF-7/MDR
cells transplanted into nude mice (Fig. 5d, ). Immunohis-
tochemical staining analysis was used to detect the differ-
ence between these treated groups. The p-Akt protein was
expressed in the cytoplasm or nucleus, and the positive
expression was visualized as brownish yellow particles by
immunohistochemical staining, as shown in Fig. 5d. By
data analysis of mean optical density, it was shown that
higher volumes of tumors associated with highly positive
AKT levels (Fig. 5e, p<0.05 or p<0.01). These results
demonstrated that AKT is highly expressed in chemore-
sistant cancer cell lines and that knockdown of GSK3f
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decreased the expression of AKT in tumor tissues com-
pared with that in the control group.

Discussion

The widespread malignancy of breast cancer deserves
deeper investigation. In recent decades, progress in breast
cancer therapy has occurred; however, drug resistance is
still the primary clinical obstacle. To improve the current
chemotherapy program, a greater understanding of poten-
tial chemoresistance mechanisms is indispensable. There
is increasing evidence showing that GSK3p is aberrantly
activated in different types of cancer, including breast can-
cer, and thus GSK3p has become a new potential treatment
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Fig.3 Effect of GSK3p downregulation manipulated through PTEN
upregulation on cell viability in chemoresistant MCF-7/MDR cells.
a Western blot analysis of GSK3p, p-PTEN and p-AKT in chemore-
sistant MCF-7/MDR cells, which shows the response to lentiviral
shRNA-GSK3p and the PTEN inhibitor bpV(pic). p-Actin was used
as the loading control. b The relative band intensities were quan-
tified using ImageJ software, and the ratio of GSK3p, p-PTEN and
p-AKT to B-actin is presented. The values are the mean+SD (n=3;
*p<0.05, and **p<0.01 versus wild-type cells). ¢ MCF-7/MDR
cells were plated in liquid culture and treated with vehicle control,

bpv(pic) shRNA-GSK3f control  bpv(pic) shRNA-GSK3p

shRNA-GSK3p (1.0 pL/ml of virus), or bpv(pic) (1 pM) for 48 h.
CCK-8 assays were then carried out to assess the viability of cells
treated with cisplatin (0, 0.1, 0.3, 0.9, 2.7, 8.1 ng/ml) for 48h to
determine the shape of the dose—response curve. d Real-time quan-
titative PCR analysis of GSK3f, PTEN and AKT mRNA expression
levels after each cell treatment. mRNA expression was normalized to
that of GAPDH. The means of three independent biological replicates
are presented, and error bars represent the SD. All experiments were
performed three times. Significant differences are indicated with an
asterisk
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Fig.4 Effect of AKT phosphorylation manipulated via lentivi-
ral shRNA-GSK3f and the PTEN inhibitor bpV(pic) on migration
in chemoresistant MCF-7/MDR cells. a Representative images of
migration assays. Migration assays were performed using a 6-well
transwell system. Chemoresistant MCF-7/MDR cells were transfected
with GSK-3p shRNA or treated with bpV(pic) for 48 h. b The scratch
width was remeasured, and the ability of the cells to migrate into
the cell-free zone (relative motility) is presented as the relative fold
change in the scratch width after 48 h. n=4; *p <0.05; **p <0.01

target. Aberrant expression of GSK3f has been reported
to be relevant to survival, immortalization, proliferation
and invasion of tumor cells, and renders them resistant or
insensitive to radiation and chemotherapeutic agents [15].
Based on other studies, GSK3p inhibition permits therapy-
resistant colon and pancreatic cancer cells to become sus-
ceptible to 5-fluorouracil (5-FU) [16] and renal cell cancer
cells to become sensitive to a synthetic multikinase inhibi-
tor (sorafenib) that targets growth and angiogenesis sign-
aling [17]. Generally, these studies propose that GSK3f
exists in various cancer types and is involved in multiple
molecular pathways used to escape chemotherapy, radio-
therapy and targeted therapies.

As a serine/threonine kinase, AKT phosphorylates a host
of cellular proteins, including GSK3a, GSK3p, FoxO tran-
scription factors, MDM2, BAD and p27KIP1, to promote
survival and cell cycle entry [18]. PTEN is a lipid phos-
phatase that negatively activates the AKT pathway, slowing
tumor progression. MAF1-induced PTEN activation was
found to depress AKT/mTOR signaling in liver cancer [19].
Additionally, the tumor-suppressor PTEN was disabled, and
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the subsequent activation of the PI3K/AKT pathway induced
cancer aggressiveness in human prostate cancer [19].

Here, we discovered that the activity of GSK3p was sig-
nificantly upregulated in MCF-7/MDR cells. In addition,
a negative correlation between PTEN and GSK3p was
found. The increase of GSK3f then phosphorylates PTEN
at Thr366, leading to a loss of PTEN activity. This loss of
PTEN function results in activation of Akt, because PIP3 is
no longer converted to PIP2. Notably, knockdown of GSK3f
abolished the increase of phosphorylation of PTEN, and then
promoted apoptosis and suppressed the migration of cispl-
atin-resistant MCF-7/MDR cells, confirming that inactiva-
tion of PTEN is dependent on GSK3p. It was also indicated
that GSK3p knockdown with lentiviral shRNA (shRNA-
GSK3p) promoted apoptosis and suppressed the migration
of cisplatin-resistant MCF-7/MDR cells, while these effects
were reversed by activating p-AKT with the PTEN inhibi-
tor bpV(pic). Therefore, we proposed that GSK3p induces
PTEN phosphorylation, resulting in AKT activation in
MCF-7/MDR cells that leads to increased migratory and
invasive properties and the development of chemoresistance,
probably contributing to cancer progression.

Our next step was to investigate the molecular mecha-
nisms associated with PTEN repression. It has been reported
that up-regulating GSK3p inactivated PTEN through phos-
phorylation, then promoting PI3K/Akt signaling on multi-
ple cell types [9, 10, 20]. The biological activity of PTEN
toward anionic lipid substrates is considered to be dependent
on its phosphorylation status at various residues between
Ser-362 and Ser-385, located in the PTEN C-terminal tail,
with phosphorylation maintaining PTEN in an inactive
state sites of phosphorylation. Previous studies indicated
that the sites of phosphorylation, Ser-385 and Ser-370, may
be phosphorylated by protein kinase CK2 (17, 18, 23), and
Thr-366 may be phosphorylated by GSK3p on the multi-
ple cell types. We performed Western blotting to analyze
alterations in the expression of GSK3p in MCF-7 cells and
MCF-7/MDR cells. Aberrant activation of PTEN signal-
ing was found following an increase in GSK3f. Consist-
ent with our findings, previous reports showed that GSK3p
may be a positive regulator of cancer cell proliferation and
survival [21, 22], further supporting GSK3p as a therapeu-
tic target against cancer. A previous report demonstrated
that GSK3p-dependent signal transduction cascades, which
underlie the PTEN/PI3K/AKT axis, may modulate the pro-
tection of oligodendrocytes via HDAC inhibition [9]. Recent
reports suggested that GSK3p could be a novel target for
treatment of human leukemia and pancreatic, colon, blad-
der and renal cancer [23-25] and plays an important role in
human breast cancer. Excessive GSK3f expression has been
shown to be related to several indicators of poor prognosis,
and breast cancer patients with GSK3p expression in the
highest quartile (246 of 1686 cases) exhibited a 2.7- and
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Fig.5 Effect of AKT phosphorylation manipulated via shRNA-
GSK3p and bpv(pic) on the chemoresistant MCF-7/MDR cells
transplanted into nude mice with and without cisplatin treatment. a
Tumor xenografts in the bpv(pic)-treated group were larger than those
in the shRNA-GSK3pB- and control-treated groups with and with-
out cisplatin treatment. b Volume of xenograft tumors in the Cispl-
atin +bpv(pic), Cisplatin+ control, Cisplatin+shRNA-GSK3p, Vehi-
cle+bpv(pic), and Vehicle+shRNA-GSK3b groups respectively.
¢ Weight of xenograft tumors in the control, bpv(pic), and shRNA-
GSK3p groups. d Representative immunohistochemical images
of p-AKT expression in xenograft tumors. The p-Akt protein was

1.7-fold increased risk of distant relapse at 5 and 10 years
after tumor resection, respectively [26].

Typically, GSK38 is recognized as a latent downstream
gene product of AKT because its mRNA and protein levels
were both increased with PTEN. Furthermore, AKT facili-
tated GSK3p phosphorylation, which is more likely to sup-
press cytoplasmic PTEN, while PTEN is a negative regulator
of the PI3K/AKT signaling pathway [9]. Therefore, GSK3p-
mediated phosphorylation/restraint of PTEN may result in
derepression of PI3K/AKT signaling, leading to significant
attenuation of cell proliferation, invasion and migration.

Interestingly, GSK3p is also regulated by the activity of
AKT, and activated GSK3p (the nonphosphorylated state) is
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expressed in the cytoplasm or nucleus, and the positive expres-sion
was visualized as brownish yellow particles. Cells were considered
negative when their staining (tan to light brown) was equal to back-
ground or not greater than the staining produced by nonspecific DAB
adsorption. Cells were rated weakly positive when they appeared
from light to medium brown and were darker than nonspecific DAB
staining. Strongly positive cells were stained dark brown to black. e
Quantitative analysis showing the mean optical density (MOD) of
AKT expression in xenograft tumors; the results are presented as the
mean+SD. n=4; *p <0.05; **p <0.01

reported to modulate cell cycle and apoptosis [27]. AKT can
prevent the apoptotic activity of GSK3p through its phos-
phorylation [28]. It was suggested that AKT can suppress the
expression of GSK3p, which further increases the expression
of PTEN, and it functions in converting PIP3 into a PIP2,
thereby negatively regulating the activity of AKT through a
positive feedback loop. Whether this is a general mechanism
conserved in multidrug-resistant breast cancer remains to be
further established.

In brief, the results of this study reveal the signaling
pathway triggered by GSK3p, subsequently altering the
activation of PI3K/AKT. GSK3p induces PTEN phospho-
rylation, resulting in activation of AKT in MCF-7/MDR
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Fig.6 Illustration of the mechanism underlying negative GSK3p
regulation of the activity of AKT. PI3K converts phosphatidyl
(4,5)-biphosphate (PIP2) to phosphatidylinositol (3,5)-triphosphate
(PIP3), thus promoting the activation of the prosurvival kinase AKT
and leading to chemotherapeutic resistance. PTEN counterbalances
this effect by converting PIP3 back to PIP2. GSK3f activation then
phosphorylates PTEN at Thr366, resulting in a loss of PTEN activ-
ity. Because PIP3 is no longer being converted to PIP2, this missing
of PTEN function leads to increased AKT activation. Activated AKT
also phosphorylates GSK3p, thereby depressing its chemoresistance
effect. Knockdown of GSK3p prevents the chemoresistance effects
of AKT, whereas the PTEN inhibitor bpV(pic) exerted an additional
effect over that of AKT

Chemotherapeutic Resistance
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Loss of Differentiation
Tumorous Growth

cells. AKT activates a myriad of downstream products
that promote tumor growth, survival, and chemoresistance
(Fig. 6). This supports the therapeutic potential of GSK3
against breast cancer and supplies novel potential targets
for the control of chemoresistance in breast cancer.
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