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Ipatasertib exhibits anti-tumorigenic effects and enhances
sensitivity to paclitaxel in endometrial cancer in vitro and in vivo
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Abstract. Endometrial cancer is the most common gyneco-
logic cancer and one of the only cancers for which incidence
and mortality is steadily increasing. Although curable with
surgery in the early stages, endometrial cancer presents a
significant clinical challenge in the metastatic and recurrent
setting with few novel treatment strategies emerging in the
past fifty years. Ipatasertib (IPAT) is an orally bioavailable
pan-AKT inhibitor, which targets all three AKT isoforms and
has demonstrated anti-tumor activity in pre-clinical models,
with clinical trials emerging for many cancer types. In the
present study, the MTT assay was employed to evaluate the
therapeutic efficacy of IPAT or IPAT in combination with
paclitaxel (PTX) in endometrial cancer cell lines and primary
cultures of endometrial cancer. The effect of IPAT and PTX
on the growth of endometrial tumors was evaluated in a
transgenic mouse model of endometrial cancer. Apoptosis
was assessed using cleaved caspase assays and cellular stress
was assessed using ROS, JC1 and tetramethylrhodamine
ethyl ester assays. The protein expression levels of markers of
apoptosis and cellular stress, and DNA damage were evalu-
ated using western blotting and immunohistochemistry. IPAT
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significantly inhibited cell proliferation, caused cell cycle Gl
phase arrest, and induced cellular stress and mitochondrial
apoptosis in a dose dependent manner in human endometrial
cancer cell lines. Combined treatment with low doses of IPAT
and PTX led to synergistic inhibition of cell proliferation and
induction of cleaved caspase 3 activity in the human endome-
trial cancer cell lines and the primary cultures. Furthermore,
IPAT effectively reduced tumor growth, accompanied by
decreased protein expression levels of Ki67 and phosphoryla-
tion of S6 in the LkbI""p53/# mouse model of endometrioid
endometrial cancer. The combination of IPAT and PTX
resulted in increased expression of phosphorylated-H2AX and
KIF14, markers of DNA damage and microtubule dysfunction
respectively, as compared with IPAT alone, PTX alone or
placebo-treated mice. The results of the present study provide
a biological rationale to evaluate IPAT and the combination of
IPAT and PTX in future clinical trials for endometrial cancer.

Introduction

It is predicted that in 2023, >66,200 women will be diagnosed
with endometrial cancer (EC) and >13,030 women will die of
the disease in the United States; this is one of few cancers for
which incidence and mortality is steadily increasing, which
is thought to be due, at least in part, to the worsening obesity
epidemic in the United States (1). Although most endome-
trial cancer is detected early and is curable with surgery, a
substantial proportion of patients are diagnosed with recurrent
or metastatic disease (2). Advanced EC has a poor prognosis
with a five-year survival of ~17% and median overall survival
from time of diagnosis of <12 months (3). Cytotoxic chemo-
therapy is generally less effective in patients with advanced
and recurrent disease and until recently, few other treatment
options were available (2,4,5). In fact, prior to the approval
of pembrolizumab for the treatment of recurrent or metastatic
mismatch repair deficient EC in 2018, no new treatments had
been approved by the U.S. Food and Drug Administration
for this disease since progestin therapy in the 1970s (4). As
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tumor genomics has gained traction, better understanding of
the molecular drivers of solid tumors has opened the door to
the use of newer, targeted therapies in EC (2,6).

A previous genomic analysis reported that the majority
of patients with EC have alterations in the PI3K/AKT/mTOR
pathway, and this was the case for both endometrioid and serous
histologies, as well as for all four EC molecular subtypes in
The Cancer Genome Atlas (POLE ultramutated, microsatellite
instability hypermutated, copy-number low and copy-number
high) (7). Mutations which affect the PI3K/AKT/mTOR pathway
cause its activation and allow for unchecked cell proliferation,
migration and survival (7). Clinical trials for recurrent or advanced
ECs have been previously attempted using mTOR inhibitors both
alone and in combination with progestins, selective estrogen
receptor modulators and chemotherapy (6,8). Unfortunately, these
agents exhibited far lower efficacy than expected, which was
thought to be due to lack of target selectivity and the activation of
alternative pathways or feedback loops that compensated for the
mTOR pathway (6,8). Given this limited success, the use of novel
AKT targeting inhibitors, dual inhibitors of AKT and mTOR, or
combinations of AKT/mTOR inhibitors with other antineoplastic
agents such as DNA repair agents may be an effective treatment
strategy for endometrial cancer.

Ipatasertib (IPAT) is an orally administered direct inhibitor
of all three isoforms of phosphorylated AKT, upstream from
mTOR, and has been reported to show promise in the treatment
of certain solid tumors in pre-clinical and clinical trials (9-17).
Recent studies have reported that IPAT has anti-proliferative
activity and synergy with chemotherapeutic agents in multiple
different types of cancer cell lines (7,14,18). In vivo, IPAT has
been reported to demonstrate efficacy in inhibiting tumor
growth alone and in combination with certain chemothera-
peutic agents [docetaxel, carboplatin and paclitaxel (PTX)] in
mouse models of breast, gastric and prostate cancer (7,14,18).
Our previous, recent study demonstrated that IPAT signifi-
cantly inhibited cell proliferation, induced cell cycle arrest and
apoptosis, reduced cellular invasion and increased sensitivity
to PTX in uterine serous carcinoma (USC) cells (19).

IPAT has been well-tolerated in phase I and II trials
performed in patients including those with breast, lung,
gastric and prostate cancer, and is currently under investiga-
tion in numerous phase II trials of various solid tumors,
including in endometrial cancer combined with megestrol
acetate (9,11-13,15-17). IPAT in combination with paclitaxel
improved progression-free survival in a phase II trial of
triple-negative breast cancer (20). A phase III trial of castrate
resistant prostate cancer reported improved progression-free
survival (PFS); however, overall survival data is still
maturing (21). Given that the PI3K/AKT/mTOR alterations
are highly prevalent in endometrioid histology ECs (8), to the
present study investigated the anti-tumorigenic properties of
IPAT and its synergistic anti-proliferative effect with PTX
in human endometrioid EC cell lines, primary cultures of
endometrioid EC and a genetically engineered mouse model
of endometrioid EC.

Materials and methods

Cell culture and reagents. The EC, HEC-1A and ECC-1 cell
lines, were used in the present study. HEC-1A cells were

maintained in McCoy's 5A medium with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Inc.). ECC-1 cells were
cultured in 1640 medium with 5% FBS. Both cell lines were
authenticated annually by Labcorp using short tandem repeat
profiling. Mycoplasma detection kit (Thermo Fisher Scientific,
Inc.) was used to test both cell lines for mycoplasma every
six months. All media were supplemented with 100 U/ml
of penicillin and 100 ug/ml of streptomycin. The cells were
cultured in a humidified 5% CO, environment at 37°C. IPAT
was donated from Genentech, Inc. PTX was purchased from
MedChemExpress. All antibodies were purchased from
Cell Signaling Technology, Inc. and ABclonal Biotech Co.,
Ltd. MTT, crystal violet, DMSO and propidium iodide were
purchased from MilliporeSigma.

MTT assay. HEC-1A and ECC-1 cells were plated in 96-well
plates at a concentration of 3x10° and 5x10° cells/well, respec-
tively, and cultured at 37°C for 24 h. The cells were then treated
with a range of concentrations of IPAT and PTX for 72 h.
MTT (5 mg/ml) was added at a dose of 5 pl/well at the end
of treatment. After 1 h of incubation, the MTT reaction was
terminated through the addition of DMSO at 100 pl/well. The
results were calculated by measuring absorption at 575 nm
using a microplate reader (Tecan Group, Ltd.). The effect of
IPAT was calculated as a percentage of control cell growth
obtained from DMSO-treated cells grown in the same 96-well
plates. ICs, values were calculated using an ICy, Calculator
(AAT Bioquest, Inc.). Each experiment was performed in
triplicate to assess the consistency of the results.

Colony formation assay. HEC-1A and ECC-1 cells were
seeded (1,000 cells/well) in 6 cm culture dishes and cultured
overnight, and medium was then replaced with fresh growth
medium containing the indicated concentrations of IPAT for
72 h. Cells were cultured at 37°C for 14 days with medium
changes every three to four days. Cells were stained with 0.5%
crystal violet and colonies were counted under the microscope.

Cleaved Caspase 3, 8 and assays. HEC-1A and ECC-1 cells
were plated in 6-well plates at a concentration of 3.5x10° and
5x10° cells/well, respectively. After treating with different
doses of IPAT and in combination with PTX for 14 h,
150-180 ul of 1x caspase lysis buffer was added into each well.
The BCA assay (Thermo Fisher Scientific, Inc.) was used to
determine the concentration of protein. Lysates (10-15 ug) in
black clear bottom 96-well plates were incubated with reac-
tion buffer and 200 yM of caspase 3, caspase 8 or caspase 9
substrate (AAT Bioquest, Inc.) for 30 min. The fluorescence
intensity for cleaved caspase 3 (excitation, 400 nm; emission,
505 nm), cleaved caspase 8 (excitation, 376 nm; emission,
482 nm) and cleaved caspase 9 (excitation, 341 nm; emission
441 nm) was assessed using a Tecan microplate reader. Assays
were performed in triplicate and repeated three times.

Cell cycle assay. For cell cycle analysis, HEC-1A and ECC-1
cells were treated with different concentrations of IPAT for
36 h. The cells were harvested using 0.25% trypsin at 37°C
and then fixed in 90% ice-cold methanol solution in a cold
room for 1 h. The cells were resuspended in RNase A solu-
tion for 30 min, followed by staining with propidium iodide
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for 10 min at room temperature. All samples were assessed
using a Cellometer (Nexcelom Bioscience LLC) to identify
cell cycle progression. The results were analyzed using FCS4
express software (Molecular Devices LLC).

Reactive oxygen species (ROS) assay. HEC-1A and ECC-1
cells were plated and grown in 96-well plates at a concentration
of 8x10° cells/well for 24 h. The cells were then treated with a
range of doses of IPAT for an additional 16 h. To measure intra-
cellular ROS production, cells were exposed to the oxidation
sensitive probe 2',7'-dichlorofluorescin diacetate (DCFH-DA)
at 10 uM for 1 h at room temperature. Fluorescence was then
quantified at 575 nm using a microplate reader (Tecan Group,
Ltd.) and normalized to corresponding MTT measurements of
the same plate.

Mitochondrial membrane potential assays. Mitochondrial
membrane potential was analyzed using the specific fluo-
rescent probes JC-1 and tetramethylrhodamine ethyl ester
(TMRE; AAT Bioquest, Inc.). HEC-1A and ECC-1 cells were
plated in 96-well plates at the concentration of 4x10° cells/well
for the TMRE assay and 1x10* cells/well for the JC-1 assay.
After 24 h, cells were exposed to a range of doses of IPAT
for 16 h. JC-1 (2 uM) or TMRE (80 xM) were added into
each well for 30 min at 37°C. The fluorescence intensity was
measured for JC-1 (excitation, 480 nm; emission 590 nm) and
TMRE (excitation, 549 nm; emission 575 nm). Each assay was
repeated at least three times.

Western blotting. HEC-1A and ECC-1 cells were plated
in 6-well plates at a concentration of 5x10* cells/well and
cultured for 24 h or until 70-80% confluence as assessed
using an inverted light microscope. Cells were then treated
with different concentrations of IPAT at 37°C for different
times, as determined for each experiment. Cell lysates were
prepared using RIPA buffer (MilliporeSigma) and isolated
protein solutions were maintained on ice. The BCA assay was
used to determine the protein concentration. Equal amounts
of protein (30 ug/well) were separated by 12% gel electropho-
resis and transferred onto a polyvinylidene difluoride (PVDF)
membrane. The membranes were blocked using a 5% nonfat
milk solution for 1 h at room temperature and then incubated
with different primary antibodies overnight at 4°C. All anti-
bodies were from Cell Signaling Technology, Inc. and diluted
1:1,000 against phosphorylated (p)-AKT (cat. no. 9271), p-S6
(cat. no. 4858), CDK4 (cat. no. 12790), CDK®6 (cat. no. 3136),
Cyclin D1 (cat. no. 2978), Bcl-2 (cat. no. 4223), myeloid cell
leukemia-1 (Mcl-1; cat. no. 5453), Bip (cat.no. 3177), PRKR-like
endoplasmic reticulum kinase (PERK; cat. no. 5683), Calnexin
(cat. no. 2679), protein disulfide isomerase (PDI; cat. no. 3501)
and Bcl-xL (cat. no. 2764). The antibodies against a-tubulin
(cat. no. 3873) were diluted 1:3,000. Membranes were then
washed with TBST solution with 0.1% Tween 20 and incu-
bated with a secondary peroxidase-conjugated antibody
for 1 h. Antibody levels were assessed using an enhanced
chemiluminescence detection system on the ChemiDoc
System (Bio-Rad Laboratories, Inc.). After developing for
p-AKT or p-S6, the membranes were stripped and re-probed
using pan-AKT (1:1,000; cat. no. 4685) and pan-S6 (1:1,000;
cat. no. 2217) antibodies overnight at 4°C, and then incubated
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with peroxidase-conjugated goat anti-rabbit secondary anti-
bodies (1:4,000; cat. no. 7074) for 1 h at room temperature.
Intensity for each band was measured and normalized to either
[-actin or a-tubulin as an internal control. Experiments were
performed in triplicate.

Lkb1"fp53%% transgenic mouse model of EC. A LkbI"fp53/
genetically engineered mouse model of EC created previously
by our laboratory, has been previously reported for the study
of the effects of metabolism and targeted therapy on EC tumor
growth (22-24). All mice were handled according to protocols
approved by University of North Carolina at Chapel Hill
(UNC-CH) Institutional Animal Care and Use Committee
(approval no. 20-219). In the UNC animal facility, the mice
were housed with a 12 h light/dark cycle at 22+2°C and were
given free access to food and water. At six to eight weeks of
age, Lkb1"p53™"# mice were injected with one-sided intra-
uterine Adenovirus Cre (AdCre, University of Iowa Transfer
Vector Core; titer of 10''-10'?) to induce EC in the UNC
animal facility. Mice were anesthetized using intraperitoneal
injection of 75 mg/kg ketamine and 1 mg/kg medetomidine.
Immediately after surgery, mice were injected intraperitone-
ally with antisedan (1 mg/kg) and buprenorphine (0.1 mg/kg)
subcutaneously. Buprenorphine (0.1 mg/kg) was administered
subcutaneously to the mice every 8 h for two consecutive days
as an analgesic. Eight weeks after tumor induction, the mice
were divided into four groups and treated with either IPAT
(50 mg/kg, oral gavage, daily), PTX (10 mg/kg, intraperitoneal,
weekly), a combination of IPAT (50 mg/kg, oral gavage, daily)
with PTX (10 mg/kg, intraperitoneal, weekly), or placebo
for 4 weeks. Each group included 25-30 mice. The animals
were weighed weekly throughout the study. After 4 weeks of
treatment, all mice were anaesthetized using carbon dioxide
inhalation (45% volume displacement/min) and once fully
anesthetized, euthanized by cervical. The endometrial tumors
were then collected, measured and weighed. No tumor >1.5 cm
in diameter or 2 g in weight were found. Half of the endome-
trial tumor was snap-frozen and stored at -80°C, and the other
half was fixed in 10% neutral-buffered formalin for 24-48 h at
room temperature and paraffin embedded.

Immunohistochemistry (IHC). After the mouse endome-
trial tumor tissues were formalin-fixed for 24-48 h at room
temperature. The tumor tissues were paraffin-embedded at
the Animal Histopathology Core Facility at UNC-CH. Slides
(tissue thickness, 5 ym) were first incubated with protein block
solution (Dako; Aglient Technologies, Inc.) for 1 h at room
temperature and then with the primary antibodies against
Ki-67 (1:400; cat. no. 34330; Cell Signaling Technologies,
Inc.), p-S6 (1:500; cat. no. 4858; Cell Signaling Technologies,
Inc.), p-H2AX (1:100; cat. no. AP0687; ABclonal Biotech Co.,
Ltd.) and KIF14 (1:150; cat. no. A10275; ABclonal Biotech Co.,
Ltd.) for 2 h at 37°C. The slides were then washed with TBST
with 0.1% Tween 20 and incubated with a biotinylated goat
anti-rabbit secondary antibodies (1:250; cat. no. NC9256157,
Vector Laboratories, Inc.) at room temperature for 1 h. Further
processing was performed using ABC-Staining Kits (Vector
Laboratories, Inc.) for 10-15 min at room temperature, and
hematoxylin was used for counterstain for 1 min at room
temperature. IHC slides were scanned using a Motic EasyScan
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instrument (Motic Instruments) and scored using ImagePro
software (version 2.1.8; Media Cybernetics, Inc.).

Primary cell cultures of EC. Fourteen tumor specimens were
collected from EC patients undergoing hysterectomy at N.C.
Women's Hospital. All patients provided written informed
consent and approval was obtained from the UNC Institutional
Review Board committee (approval no. 20-3013). Tissues were
gently washed with PBS and then minced using scissors in
DMEM/F12 medium (Gibco; Thermo Fisher Scientific, Inc.).
Tissues cells were digested in 0.1% collagenase IA solution
(MilliporeSigma) containing 100 U/ml penicillin and strepto-
mycin for 0.5 to 1 h at 37°C. The cells were plated in 96-well
plates at 8x10° cells/well and 6-well plates at 5x10* cells/well,
and treated with IPAT or PTX for different time periods
at 37°C. Cell proliferation was assessed by MTT assay after
72 h of treatment and western blotting and cleaved caspase 3
assays were performed after 24 h of treatment, all according to
the aforementioned methods.

Statistical analysis. All measurement data were presented
as mean + standard deviation. The differences between two
groups were analyzed using an unpaired Student's t-test.
Statistical comparison of multiple groups was performed
using one-way ANOVA with Tukey's multiple comparison
test. Linear regression analysis was performed to analyze
the relationship between the expression levels of AKT and
S6 phosphorylation and the sensitivity of EC cells to IPAT.
Statistical analysis was performed using both SAS (version 9.4;
SAS Institute Inc.) and GraphPad Prism (version 8; GraphPad
Software; Dotmatics) statistical software packages. All tests
were two-sided with P<0.05 considered to indicate a statisti-
cally significant difference.

Results

Effect of IPAT on cell proliferation in EC cells. The HEC-1A
and ECC-1 EC cell lines were treated with IPAT at different
concentrations for 72 h. Cell proliferation was assessed using
the MTT assay. IPAT demonstrated a dose dependent reduc-
tion in cell proliferation in both cell lines. The ICs, dose was
4.65 uM in HEC-1A and 2.92 uM in ECC-1 cells, respec-
tively (Fig. 1A). Colony formation assays were performed to
evaluate the long-term effects of IPAT on cell growth in these
two cell lines. HEC-1A and ECC-1 cells were treated with
0.1, 1 and 10 uM IPAT for 48 h and then the culture media
was changed every 3 days until day 14 of incubation. Colony
formation was significantly inhibited at 10 M IPAT, in both
cell lines. The colony-forming ability of HEC-1A and ECC-1
was reduced by 76.34 and 79.92% respectively, after exposure
to 10 uM of IPAT for 48 h (Fig. 1B). These results suggested
that IPAT has a potent anti-proliferative activity in EC cells.
The effect of IPAT on the AKT/mTOR signaling pathway
was evaluated using western blotting analysis in the HEC-1A
and ECC-1 cell lines. The results demonstrated that treatment
with 5 uM IPAT for 30 min markedly increased the expression
of phosphorylated AKT and markedly decreased the expres-
sion of phosphorylated S6 in both cell lines. Furthermore,
these changes were maintained in a time-dependent manner
after increasing the duration of exposure to at least 30 h

(Fig. 1C). Increasing IPAT concentrations increased the
expression of phosphorylated AKT (ser473) in HEC-1A cells
and decreased phosphorylated expression of S6 (ser235/236)
in both cell lines after 24 h of treatment (Fig. 1D). Together,
these results demonstrated that IPAT inhibits cell proliferation
via the AKT/mTOR/S6 signaling pathway in EC cells.

Effect of IPAT on cell cycle progression in EC cells. To
evaluate the effect of IPAT on cell cycle in both cell lines, the
cell cycle profile was analyzed after treating the HEC-1A and
ECC-1 cells with a range of doses (0.1-10 uM) of IPAT for 36 h.
IPAT induced marked GI1 phase arrest with an accompanying
decrease in the number of cells in S phase in a dose-dependent
fashion in both cell lines. Treatment of HEC-1A and ECC-1
cells with 10 uM IPAT markedly increased the G1 phase, by
17.81 and 19.4% respectively, and decreased the S phase by
12.28 and 22.16%, respectively (Fig. 2A). Western blotting
demonstrated that IPAT markedly downregulated the protein
expression levels of cell cycle associated proteins cyclin D1,
CDK-4 and CKD-6 with increased doses of IPAT in both cell
lines after 24 h of treatment (Fig. 2B).

Effect of IPAT on apoptosis in EC cells. To evaluate whether
growth inhibition by IPAT was related to apoptosis, its
apoptotic effect on HEC-1A and ECC-1 cells was evaluated
using cleaved caspase 3, 8 and 9 assays. HEC-1A and ECC-1
cells were treated with varying concentrations of IPAT for
18 h and a significant dose-dependent increase in the activi-
ties of cleaved caspase-3, 8 and 9 was demonstrated when
compared with controls (Fig. 3A-C). Treatment of ECC-1
cells with 10 uM IPAT significantly increased the activities
of cleaved caspase-3, cleaved caspase-8 and cleaved caspase-9
by 98.9, 61.8 and 89.8%, respectively. In the HEC-1A cells,
10 uM IPAT increased the activities of cleaved caspase 3 by
87.6%, cleaved caspase 8 by 53.5% and cleaved caspase 9 by
69.4%, respectively. Furthermore, western blotting for the
apoptosis-associated proteins Bcl-2 and Mcl-1 demonstrated
a marked dose-dependent decrease with increasing doses of
IPAT after 24 h of treatment (Fig. 3D). These results suggested
that the inhibition of cell growth and the induction of apop-
tosis by IPAT depend on both extrinsic and intrinsic apoptotic
pathways in EC cells.

Effect of IPAT on cellular stress in EC cells. ROS have been
implicated in cellular responses to stress and are involved
in the mediation of apoptosis via mitochondrial DNA
damage (25). To evaluate the involvement of oxidative stress
in the anti-proliferative effect of IPAT in EC cells, intracel-
lular ROS levels were assessed using the ROS fluorescence
indicator DCHF-DA. Treatment with different doses of IPAT
for 16 h significantly increased cellular ROS production in
a dose-dependent fashion in the HEC-1A and ECC-1 cells
(Fig. 4A). At a dose of 10 uM, IPAT significantly increased
ROS production by 21.1 and 23.4% in HEC-1A and ECC-1
cells compared with control cells, respectively. Changes in
markers for mitochondrial membrane potential were assessed
after 16 h of IPAT treatment in both cell lines. Both TMRE and
JC-1 assays demonstrated that IPAT reduced mitochondrial
membrane potential with increasing doses of IPAT in both cell
lines. IPAT (10 uM) decreased JC1 production by 31.5% and
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Figure 1. Effect of IPAT on cell proliferation and the AKT/mTOR signaling pathway in endometrial cancer cells. HEC-1A and ECC-1 cells were treated
with a range of concentrations of IPAT for 72 h. (A) MTT results demonstrated that IPAT inhibited cell proliferation in a dose-dependent manner in both
cell lines. (B) IPAT reduced colony formation in both cell lines. (C) Treatment of both cell lines with 5 M IPAT for 30 min enhanced the protein expression
levels of p-AKT and decreased those of p-S6, and these effects of IPAT persisted for at least 30 h. (D) Different concentrations of IPAT effectively increased
phosphorylation of AKT and downregulated phosphorylation of S6 in both cell lines. "P<0.05 and “P<0.01. IPAT, ipatasertib; p, phosphorylated; C, control.

TMRE production by 21.1% in HEC-1A cells and decreased
JC1 production by 38.1% and TMRE production by 12.5% in
ECC-1 cells (Fig. 4B and C). Western blotting demonstrated
that IPAT induced the expression of PDI, Calnexin, BiP
and PERK which are all cellular stress associated proteins
(Fig. 4D). These results suggested that an increase in cellular
stress may be one mechanism by which IPAT inhibits cellular
proliferation in EC cells.

IPAT demonstrated synergistic activity with paclitaxel in EC
cells. As the combination of IPAT and PTX was previously
reported to synergistically reduce cell proliferation compared
to either agent alone in uterine serous carcinoma cells (19),
the present study evaluated whether IPAT could increase the
sensitivity of EC cell lines to PTX. PTX effectively inhibited
cell proliferation in a dose dependent manner in both cell lines
after 72 h of treatment, with an IC;, of 2.93 nM in HEC-1A
and 1.13 nM in ECC-1 cells (Fig. 5A). Depending on the effect
of IPAT or PTX on cell proliferation, both cell lines were

treated with three different doses of IPAT alone, PTX alone or
the combination for 72 h. MTT results demonstrated that the
combination of low dose IPAT with PTX produced synergistic
activity (combination index <1) compared with monotherapy
alone in both cell lines (Fig. 5B). Apoptosis in the cell lines
was then assessed, in the presence of either agent alone or
in combination, using the ELISA cleaved caspase-3 assay.
HEC-1A and ECC-1 cells were treated with IPAT, PTX and
the combination of IPAT and PTX for 16 h. Cleaved caspase-3
activity was significantly increased in the combination treat-
ment compared with either agent alone (Fig. 5C). IPAT (1 uM)
increased caspase-3 activity by 84.4 and 43.6%, and 1 nM PTX
enhanced caspase-3 activity by 114 and 71.2% in the ECC-1 and
HEC-1AA cells, respectively. The combination of 1 uM IPAT
and 1 nM PTX was demonstrated to be more potent than each
either agent alone in inducing cleaved caspase-3 activity, with
a significant 178.2 and 96.6% increase in ECC-1 and HEC-1A
cells, respectively. Furthermore, results from the western blot-
ting assay demonstrated that the combination 1 M IPAT and
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Figure 2. IPAT induced cell cycle G1 arrest in endometrial cancer cells. The HEC-1AA and ECC-1 cells were incubated in the presence of different doses
of IPAT for 36 h. (A) IPAT induced dose-dependent cell cycle G1 phase arrest in both cell lines. (B) Western blotting demonstrated a decreasing trend in the
protein expression levels of cell-cycle related proteins, including CDK4, CDKG6 and cyclinDI in both cell lines after 24 h of treatment in both cell lines. IPAT,

ipatasertib; C, control.

1 nM PTX had a greater ability to reduce the expression of
Bcl-xL in HEC-1A and ECC-1 cells compared with control,
PTX or IPAT alone (Fig. 5D). These results indicated that the
synergistic effect of the combination treatment was due in part
to effects on apoptotic pathways in EC cells.

IPAT inhibited tumor growth and increased sensitivity to
PTX in vivo. Given that IPAT significantly inhibited EC cell
proliferation and induced apoptosis in vitro, the effect of IPAT,
PTX and the combination of IPAT and PTX on tumor growth
in the Lkb1"p53#* mouse model of EC was evaluated. The
mice were divided into four groups (25-30 mice per group)
and treated with IPAT (50 mg/kg, oral gavage, daily), PTX
(10 mg/kg, intraperitoneal, weekly), the combination of IPAT
and PTX, or vehicle for 4 weeks, starting 10 weeks after tumor
induction with AdCre. During treatment, the daily oral dose

of IPAT was well tolerated without significant toxicity or body
weight changes compared with control mice (data not shown).
Tumor weights were significantly reduced by 52.2% in the
IPAT group compared placebo after 4 weeks of treatment. PTX
demonstrated similar anti-tumor activity compared with IPAT,
and the combination of IPAT and PTX effectively inhibited
tumor growth and exhibited significantly increased anti-tumor
efficacy compared with IPAT alone or PTX alone (Fig. 6A).
To explore the mechanism of action underlying syner-
gistic anti-tumor effects of IPAT in combination with PTX,
the expression of Ki67, p-S6, p-H2AX and KIF-14 in the
endometrial cancer tissues from LkbI"p53## mouse model
was assessed using immunohistochemistry. IPAT treatment
significantly inhibited the expression of p-S6, and the protein
expression level of Ki67 was significantly reduced in IPAT,
PTX and the combination groups compared with the control
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Figure 3. IPAT induced apoptosis in endometrial cancer cells. Cells were treated with the indicated concentrations of IPAT for 18 h. ELISA assays were used
to assess the activities of (A) cleaved caspase 3, (B) 8 and (C) 9 in whole cell extracts. IPAT induced activities of cleaved caspase 3, 8 and 9 in a dose-dependent
manner in both cell lines. (D) The protein expression levels of Bcl-2 and MCL-1 was assessed by western blotting. IPAT reduced the protein expression levels
of Bcl-2 and MCL-1 in both cell lines "P<0.05 and “P<0.01. IPAT, ipatasertib; C, control.

group (Fig. 6B). Furthermore, EC tissues from each treatment
group and the control group were stained for the DNA damage
marker p-H2AX and the microtubule motor protein KIF-14.
The protein expression levels of p-H2AX and KIF14 in PTX
and PTX + IPAT groups were significantly higher compared
with those in the control and IPAT groups. Compared with
the other groups, the combination of IPAT and PTX had the
greatest effect on the protein expression levels of Ki67, p-S6,
p-H2AX and KIF-14. These results suggested that IPAT
increased sensitivity to PTX through DNA damage pathways
in EC in vivo.

Effect of IPAT and PTX on cell proliferation in primary
cultures of human EC. Given that primary cell cultures from
human tumors have the potential capacity to predict the sensi-
tivity of cytotoxic agents, which established cancer cell lines
are not able to do (26), the effect of IPAT on cell proliferation
was evaluated in primary cell cultures of human EC. A total
of fourteen primary cell cultures of EC were isolated and
cultured for the present study (Table I). Each cell culture was
treated with different concentrations of IPAT, PTX and the
combination for 24 and 72 h. Treatment with IPAT for 72 h
resulted in reduced cell viability in 11/14 primary cultures,
while all primary cultures exhibited diverse responses to
PTX (Fig. 7A). The combination of low doses of IPAT and

PTX demonstrated synergistic responses in 8/14 primary
cultured cells. The representative EC6 sample, demonstrated
that the combined treatment increased inhibition of cell
proliferation compared with PTX or IPAT alone (Fig. 7B).
Three unresponsive IPAT primary cultures (EC9, EC11 and
EC12) did not demonstrate any synergistic inhibition of
cell proliferation in combination with PTX. Four of the 11
primary cultures which demonstrated an inhibitory response
to IPAT were assayed for cleaved caspase 3 activity. The
results demonstrated that the combination treatment had a
markedly greater effect on inducing the activity of cleaved
caspase 3 in three cases. The combined treatment increased
the activity of cleaved caspase 3 in the representative EC6
sample, (Fig. 7C).

To evaluate the relationship between the expression of
p-AKT and p-S6, and sensitivity to IPAT, the protein expres-
sion levels of p-AKT and S6 were assessed using western
blotting in the 14 untreated primary cell cultures, HEC-1A
and ECC-1 cells. Marked differential expression of p-AKT
and p-S6 were demonstrated in primary cultures and EC
cells (Fig. 7D). Sensitivity to IPAT was not associated with
the protein expression levels of p-AKT or p-S6 through
comparison of expression levels and sensitivity to IPAT using
linear regression models in primary cultures and EC cell lines
(Fig. 7E).
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were detected by the ROS, JC-1 and TMRE assays. HEC-1A and ECC-1 cell lines were treated with a range of concentrations of IPAT for 16 h, and (A) IPAT
significantly increased the levels of intracellular ROS in a dose-dependent manner in both cell lines. (B) TMRE and (C) JC-1 assays demonstrated that IPAT
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tetramethylrhodamine ethyl ester.

Discussion

More than 80% of patients with EC have =1 genetic alterations
that affect the activity and function of the PI3K/AKT/mTOR
signaling pathway and these alterations result in this pathway
being the most commonly dysregulated signaling pathway in
EC (27,28). IPAT is an orally administered direct inhibitor of
all three isoforms of p-AKT that has been reported to have
anti-tumor efficacy in numerous pre-clinical models (9-12).
Recent phase I-1I clinical trials have reported that oral daily
IPAT was well tolerated with few adverse events and resulted
in clinical activity (target engagement with a tolerable
safety profile and limited cancer control) in advanced solid
tumors (12,16,17). To generate pre-clinical data on the effect of
IPAT on EC, the anti-proliferative and anti-tumorigenic effects
of IPAT were assessed in human EC cell lines, primary cultures
of EC and a transgenic mouse model of EC. Treating EC cell
lines with IPAT led to marked inhibition of the AKT/mTOR

signaling pathway, markedly reduced cellular proliferation,
and induced cellular stress, cell cycle G1 arrest and apoptosis.
The combination of IPAT and PTX synergistically inhibited
cell viability and induced apoptosis in EC cells and primary
cultures of EC tumors, compared with treatment with either
drug alone. Additionally, IPAT significantly reduced tumor
growth and increased sensitivity to PTX in the LkbI*#p53##
mouse model of EC, accompanied by a marked decrease in
Ki67 and p-S6 protein expression levels and a marked increase
in the protein expression levels of p-H2A X and KIF14 in endo-
metrial tumor tissues. These data suggested that the targeting
of AKT by IPAT not only effectively inhibited cell prolifera-
tion and tumor growth and but also enhanced the efficacy of
PTX in the treatment of EC in vitro and in vivo.

Previous studies reported that IPAT increased the phos-
phorylation of AKT and decreased the phosphorylation of
the proline rich AKT substrate PRAS40 in a dose dependent
manner in cancer cells (18,29). Treatment with effective doses
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Figure 5. IPAT increased the sensitivity to PTX in EC cells. Both cell lines were treated with different concentrations of IPAT and PTX for 72 h. (A) An MTT
assay demonstrated that PTX significantly reduced cell proliferation in a dose-dependent manner. (B) HEC-1A and ECC-1 were treated with the indicated
concentrations of IPAT, PTX and the combination of IPAT + PTX for 72 h. Cell viability was determined by MTT assay. The CI was calculated by Bliss
analysis. (C) Combination treatment demonstrated increased effects on cleaved caspase 3 activity compared with IPAT or PTX alone. (D) Western blotting
analysis demonstrated that the combination treatment produced a more effective inhibitory effect on the expression of Bcl-xL in both cell lines after 24 h of
treatment. "P<0.05 and “P<0.01. IPAT, ipatasertib; PTX, paclitaxel; C, control; CI, combination index.

of IPAT with xenograft mouse cancer models can inhibit
p-PRAS40 activity and target p-S6 in tumor tissue, which
suggested that IPAT is a potent inhibitor of AKT/mTOR
signaling and that inhibition of AKT/mTOR signaling is
essential for a robust anticancer response in vivo (18,29).
The results of our previous study demonstrated that IAPT
increased phosphorylation of AKT (ser473) and decreased
phosphorylation of S6 (ser235/236) in a dose- and time-depen-
dent manner in USC cells, which provided further evidence
that IPAT inhibits the AKT/mTOR pathway (19). Growing
evidence has suggested that the activation of AKT/mTOR
and its downstream signaling pathways is responsible for cell
survival, angiogenesis, cell cycle progression, apoptosis and
cellular stress, and subsequently, inhibition of the AKT/mTOR
pathway results in inhibition of cell proliferation, cell cycle
arrest, and the induction of apoptosis and cellular stress
in EC cells (28,30). Previous studies of IPAT in numerous
tumor types reported that IPAT inhibited the activity of the
AKT/mTOR signaling pathway, induced cell cycle Gl arrest
and increased apoptosis in cancer cells, which ultimately

resulted in a robust anti-tumorigenic response in xenograft
models with a hyperactive PI3K/AKT/mTOR signaling
pathway (18,31). Previous studies reported that IPAT inhibited
tumor cell growth through numerous mechanisms, including
activation of PUMA, FoxO3a and NF-«B regulated apoptosis,
as well as induction of autophagy signaling and ROS-mediated
caspase activation (32-34). Importantly, compared with other
allosteric AKT inhibitors such as MK-2206, IPAT was able
to overcome MK-2206 resistance in prostate cancer cells and
xenograft mouse models, thereby expanding the practicability
of IPAT for clinical applications (35).

In the present study, similar effects of IPAT on phosphory-
lation of AKT (ser473) and S6 (ser235/236) were demonstrated
in EC cells, which provided further evidence that IPAT is a
potent inhibitor of the AKT/mTOR signaling pathway in
EC. Treatment of EC cell lines with different concentrations
of IPAT also reduced cell proliferation, caused cell cycle
G1 phase arrest and induced mitochondrial apoptosis in a
dose-dependent manner. Furthermore, IPAT was effective
in inhibiting cell proliferation in 11/14 primary cultures and
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Figure 6. Effect of IPAT and PTX on tumor growth in Lkb##p53## mice. Lkb1"p53"# mice were divided into four groups: control, IPAT, PTX and IPAT +
PTX. The mice were treated with IPAT (50 mg/kg, oral gavage, daily), PTX (10 mg/kg, intraperitoneal, weekly), the combination and vehicle for 4 weeks.
(A) Average tumor weights from each group at the end of treatment were compared and analyzed. IPAT or PTX significantly inhibited tumor growth, and the
combination treatment synergistically further inhibited tumor growth in the mice. (B) The expression of Ki67, p-S6, p-H2AX and KI14 was assessed using
immunohistochemical staining in the EC tissues. IHC results were scored by multiplying the percentage of positive cells (P) by the intensity (I). "P<0.05 and

“P<0.01. P<0.01 vs. control. IPAT, ipatasertib; PTX, paclitaxel.

decreasing tumor growth with reduced protein expression
levels of Ki67 and p-S6 in the LkbI*#p53™f mouse model of
EC. Taken together, these findings demonstrated the inhibi-
tory effect of IPAT on the AKT/mTOR signaling pathway,
and that the targeting of AKT by IPAT enables concomitant
downregulation of p-S6 and suppresses tumor growth through
a combination of increased cellular stress and induction of
apoptosis and cell cycle arrest in EC.

Aberrant PI3K/AKT signaling regulates ROS production
in cancer cells through multiple molecular mechanisms that
contribute to the regulation of mitochondrial oxidative metab-
olism and NADPH oxidase activation (36). Elevated cellular
ROS levels contribute to the loss of mitochondrial membrane
potential and subsequently directly cause DNA damage, acti-
vate apoptotic and autophagy pathways, ultimately resulting
in increased efficacy of anti-tumor agents or the reversal of
chemotherapeutic resistance in cancer cells (37,38). IPAT
significantly increased intracellular ROS level and activated
apoptotic signaling pathways in TR AIL-resistant HT-29 cells,
with reversal of TRAIL-resistance being dependent on ROS
generation, DNA damage and p53-mediated PUMA up-regu-
lation (32). The results of the present study support the role
of IPAT in inducing ROS production as we found that IPAT
decreased mitochondrial membrane potential in a dose-depen-
dent manner in EC cells, which indicated that induction of ROS
may be a critical early step in the anti-tumorigenic activity of
IPAT. Due to the role of cellular stress in IPAT-induced growth

inhibition, further investigation of how IPAT-induced cellular
stress affects apoptosis and cell growth inhibition in EC cells
and Lkb1"p53** mouse model is required.

The PI3K/AKT signaling pathway participates in the
regulation of oncogenic activity and the development of
resistance in cancer cells to various chemotherapeutics drugs.
Each AKT isoform exhibits different biologic functions and
has a distinct impact on chemoresistance to chemotherapeutic
agents including PTX, cisplatin and doxorubicin in EC cell
lines (39,40). AKT inhibition enhances the effect of cytotoxic
agents, and the AKT inhibitor AZD5363, in combination with
chemotherapeutic drugs, markedly reduces cell viability and
induces apoptosis in EC cells (41). Alteration of AKT activity
induced by chemotherapeutic agents may be an intrinsic or
adaptive resistance mechanism for cancer survival; therefore,
targeting AKT might be used to improve sensitivity to chemo-
therapeutic agents and promote therapeutic efficacy (12).
Two randomized phase II clinical trials have reported that
the combination of IPAT with PTX was well tolerated and
significantly improved PFS compared with PTX alone
in inoperable locally advanced/metastatic triple-negative
breast cancer (13,20). Although a recent phase III clinical
trial reported no improvement in efficacy for IPAT + PTX
in PIK3CA/AKT1/PTEN-altered hormone receptor-positive
HER2-negative advanced breast cancer, the safety profile for
the combination treatment was consistent with known adverse
effects of IPAT alone and PTX alone (42). Although PTX has
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Table I. Clinical and pathological characteristics of 14 patients with endometrial carcinoma.
Case Age Race Figo stage® Tumor size, cm Histology HER2
ECl1 54 Hispanic (White) IA 35 Endometrioid, grade 2 Negative
EC2 73 White IA 45 Endometrioid, grade 1 Negative
EC3 46 Hispanic (White) 1A 2.2 Endometrioid, grade 1 N/A
EC4 46 Black 1A 3.5 Endometrioid, grade 3 N/A
EC5 63 Black IA 45 Endometrioid, grade 1 N/A
EC6 43 Black IIC1 0.5 Endometrioid, grade 1 N/A
EC7 80 White 1B 5.3 Endometrioid, grade 2 N/A
ECS8 40 White 1A 3.7 Endometrioid, grade 1 N/A
EC9 67 White IA 48 Endometrioid, grade 2 N/A
EC10 74 White IB 6 Endometrioid, grade 1 N/A
EC11 54 Hispanic (White) IA 33 Endometrioid, grade 1 N/A
EC12 64 White 1B 5 Dedifferentiated endometrial N/A
adenocarcinoma
EC13 69 White 1A 3.3 Endometrioid, grade 1 N/A
EC14 73 White 1A 2.6 Uterine carcinosarcoma N/A
AFIGO 2009 (47). EC, endometrial cancer; N/A, not tested.
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Figure 7. Effect of IPAT on cell viability in primary cultures of EC. Fourteen human EC tissues were collected, and primary epithelial tumor cells were
isolated. The cells were plated into 96 well plates and treated with IPAT for 72 h. (A) An MTT assay indicated that IPAT exhibited inhibitory effects on cell
proliferation in 11/14 primary cell cultures of EC. The primary cultures of EC6 cells were treated with 1 #M IPAT, 1 nM PTX or combination for 72 h for MTT
assay, or for 18 h for measurement of cleaved caspase 3 activity. The results demonstrated that the combination treatment produced greater effects on (B) cell
proliferation and (C) cleaved caspase 3 activity in the primary cultures of EC6 cells. (D) The protein expression levels of p-AKT and p-S6 was semi-quantified
using western blotting in the HEC-1A, ECC-1 and 14 primary culture cells. (E) The phosphorylation of AKT (ser473) and S6 (ser235/236) was not associated
with the sensitivity of IPAT in EC cell lines or primary cultures of EC. IPAT, ipatasertib; PTX, paclitaxel; p, phosphorylated; EC, endometrial cancer.
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been reported to display its anticancer effects by promoting
microtubule polymerization and stabilization and arresting
cells in the metaphase of the bipolar spindle, its ability to cause
DNA damage and induce oxidative stress and apoptosis which
suggested that PTX may have other cellular cytotoxic modes
of action (43,44). In the present study, the possible synergistic
effect of the combination of IPAT and PTX was evaluated and
it was demonstrated that the combination of IPAT and PTX
significantly enhanced the cytotoxic and apoptotic properties
of either drug alone in EC cells or primary cultures of EC.
Furthermore, IPAT + PTX demonstrated potent inhibition
of tumor growth with increased expression of DNA damage
and microtubule markers and markedly decreased the expres-
sion of p-S6, compared with IPAT alone or PTX alone in the
Lkb1"fp53#% mouse model, which indicated that IPAT may
potentiate the efficacy of PTX. Thus, it was hypothesized that
increased DNA damage, inhibited AKT/mTOR/S6 pathway
and altered microtubule function; moreover, altered micro-
tubule function may be potential mechanisms by which the
combination of IPAT and PTX synergistically inhibits EC
tumor growth.

Inhibition of p-AKT enhances the effect of cytotoxic
agents, which indicated that p-AKT levels could be asso-
ciated with sensitivity to cytotoxic agents (12,45). High
expression of p-AKT strongly predicted the sensitivity to
IPAT in multiple pre-clinical cancer models (18,31). In the
double-blind randomized phase II FAIRLANE trial, cancer
patients with high p-AKT scores, but not mTOR scores,
demonstrated significantly higher objective response rates
with IPAT treatment, which indicated that baseline func-
tional protein levels of p-AKT might have predictive value
for IPAT (46). However, our previous study demonstrated
that baseline expression of p-AKT and S6 was independent
of cell sensitivity to inhibition by IPAT in primary cultures
of USC and USC cell lines (19). Similar results were demon-
strated in the present study. By analyzing the baseline protein
expression levels of p-AKT and S6 and the sensitivity of
IPAT to inhibit cell growth, it was demonstrated that the
expression levels of p-AKT and p-S6 in EC cell lines and
primary cultures were not correlated with the sensitivity of
IAPT to inhibit cell proliferation. Due to its potential clinical
importance, further work will be needed to identify the
relationship between IPAT sensitivity and the expression of
p-AKT and S6 in future EC clinical trials.

In summary, the present study evaluated the potential
effects of IPAT and the combination of IPAT + PTX on cell
proliferation and tumor growth in human endometrioid EC
cells, primary cultures of endometrioid EC tumors and the
Lkb™"p53™"* mouse model of endometrioid EC. Our results
demonstrated that IPAT inhibited cell viability and tumor
growth through the induction of cellular stress, cell cycle G1
arrest and apoptosis, and that IPAT synergistically potentiated
the effect of PTX on tumor growth inhibition. These results
provided a strong biological rationale for clinical trials inves-
tigating IPAT alone and the combination of IPAT and PTX in
patients with EC.
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