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Abstract: Ipatasertib (IPAT) is an orally administered, selective protein kinase B (AKT) inhibitor with promising data in 
solid tumors in both pre-clinical studies and clinical trials. Given that the PI3K/AKT/mTOR pathway is frequently dys-
regulated in uterine serous carcinoma (USC), we aimed to explore the functional impact of IPAT on anti-tumorigenic 
activity in USC cell lines and primary cultures of USC. We found that IPAT significantly inhibited cell proliferation 
and colony formation in a dose-dependent manner in USC cells. Induction of cell cycle arrest and apoptosis was 
observed in IPAT-treated ARK1 and SPEC-2 cells. Treatment with IPAT resulted in reduced adhesion and invasion of 
both cell lines with a concomitant decrease in the expression of Snail, Slug, and N-Cadherin. Compared with single-
drug treatment, the combination of IPAT and paclitaxel synergistically reduced cell proliferation and increased the 
activity of cleaved caspase 3 in both cell lines. Additionally, IPAT inhibited growth in four of five primary USC cultures, 
and three of five primary cultures also exhibited synergistic growth inhibition when paclitaxel and IPAT were com-
bined. These results support that IPAT appears to be a promising targeted agent in the treatment of USC.
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Introduction

In the United States, it is projected that more 
than 65,950 women will be diagnosed with 
endometrial cancer in 2022, and nearly 12,550 
will die of their disease [1]. Most women are 
diagnosed with endometrioid cancers at early 
stages and can be cured with surgery alone. 
Uterine serous carcinoma (USC) comprises 
approximately 10% of endometrial cancer ca- 
ses; however, it is more often diagnosed at 
advanced stages, and recurrence after initial 
treatment accounts for 80% of endometrial 
cancer deaths [2]. Due to the high recurrence 
rate and poor prognosis inherent to USC, there 
is an urgent need to develop new treatment 
regimens for this deadly disease.

USC has a distinct molecular biological profile 
compared with endometrioid endometrial can-

cer. Mutations in PIK3CA, FBXW7, and PTEN 
have been found in 29%, 12%, and 7% of USC 
tumors respectively, indicating that the PI3K/
AKT/mTOR pathway is frequently dysregulated 
in USC [3, 4]. Recent studies found that PIK3CA 
mutations induced high PIK3CA oncogenic ac- 
tivity via the AKT signaling pathway, resulting in 
malignant transformation and aggressive be- 
havior in endometrial cancer [3, 5, 6]. Addi- 
tionally, cancer cells including USC cells with 
identified PIK3CA mutations or high PI3K/AKT 
activity were more sensitive to PI3K/AKT/mTOR 
inhibitors [7, 8]. Taken together, these results 
suggest potential benefit of targeted therapy 
with specific small molecule inhibitors acting  
on the PI3K/AKT/mTOR pathway in USC. In 
recent years, several PI3K/AKT/mTOR inhibi-
tors have shown promising results in USC cells 
and mouse models, and multiple clinical trials 
are ongoing [8-11]. 
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Ipatasertib (IPAT) is an orally administered ATP-
competitive pan-AKT inhibitor of all three iso-
forms of phosphorylated AKT [12] (p-AKT). Un- 
like its mTOR-inhibitor predecessors, IPAT dis-
plays selectivity for its molecular target and 
potent inhibition of AKT signaling and associ- 
ated downstream targets [13, 14]. Targeting 
the PI3K/AKT/mTOR pathway by IPAT results in 
decreased cancer cell proliferation and tumor 
growth in variety of tumor models in vitro and in 
vivo [15, 16]. In pre-clinical studies, IPAT has 
also shown synergy with cytotoxic agents, par-
ticularly paclitaxel, in multiple cancer cell lines 
[15, 17, 18]. Clinical phase I trials showed that 
IPAT alone or IPAT in combination with chemo-
therapy or hormonal therapy was safe and well 
tolerated in patients with solid tumors [19, 20]. 
The recent phase II LOTUS trial demonstrated 
that the combination of IPAT with paclitaxel 
improved progression free survival in patients 
with PIK3CA/AKT1/PTEN altered triple-nega-
tive breast cancer [21]. Currently, multiple 
phase II/III trials are underway investigating 
IPAT’s activity alone and in combination in solid 
tumors including endometrial cancer. The pur-
pose of this study is to elucidate the anti-prolif-
erative efficacy of IPAT alone and in combina-
tion with paclitaxel on USC cell lines and in pri-
mary cultures. 

Methods

Cell culture and reagents

Two cell lines representing USC were utilized for 
all experiments: SPEC-2 (PTEN null) and ARK1 
(PTEN wild type, PI3K/AKT alterations) [22]. 
SPEC2 cells were maintained in DMEM/F12 
medium with 10% fetal bovine serum (FBS). 
ARK1 cells were maintained in RPMI 1640 
medium with 10% FBS. All media contained 
penicillin (100 U/mL) and streptomycin (100 
µg/mL). Cells were cultured in a humidified, 5% 
CO2 incubator at 37°C. IPAT was obtained fr- 
om Genentech, Inc. Antibodies were purchased 
from Cell Signaling Technology (Beverly, MA). 
Enhanced chemiluminescence Western blot-
ting detection reagents were purchased from 
Amersham (Arlington Heights, IL). All other 
reagents and chemicals were purchased from 
Sigma (St. Louis, MO).

MTT assay

The SPEC-2 and ARK1 cells were plated in 
96-well plates at a concentration of 3-8×103 

cells/well and grown for 24 hours. Cells were 
then treated with varying concentrations of 
IPAT for 72 hours. A volume of 5 µL/well of MTT 
(5 mg/mL) was added at the end of treatment, 
and plates incubated for 1 hour. The MTT reac-
tion was then terminated by addition of 100 
µL/well of DMSO. Absorption was measured at 
a wavelength of 575 nm with a Tecan micro-
plate reader (Morrisville, NC). The effect of IPAT 
on cell proliferation was calculated as a per-
centage of control. Control wells on the same 
96-well plates were treated with DMSO only. 
IC50 values were calculated using the AAT Bio- 
quest calculator. Experiments were performed 
in triplicate to assure consistency of results. 
For synergy studies, the cells were treated with 
IPAT, paclitaxel (TAX), or the combination for  
72 hours in 96-well plates. Effects of IPAT and 
TAX were calculated as a percentage of control. 
Control wells on the same 96-well plates were 
treated with DMSO only. The Combination In- 
dex (CI) was calculated using the Bliss Inde- 
pendence model to determine whether the 
drug effects were additive (CI=1), synergistic 
(CI<1), or antagonistic (CI>1) [23]. Each experi-
ment was repeated in triplicate for consistency 
of results. 

Colony assay

The SPEC-2 and ARK1 cells were plated in 
6-well plates at a concentration of 150 cells/
well and 100 cells/well, respectively. After 24 
hours, cells were treated with varying concen-
trations of IPAT for 36 hours. The plates were 
grown for 14 days, with media exchange every 
third day. Cells were treated with a mixture of 
6.0% glutaraldehyde and 0.5% crystal violet  
to stain individual colonies. The colonies were 
counted by bright-field microscopy. Each experi-
ment was performed in triplicate for consisten-
cy of results.

Cell cycle assay

The SPEC-2 and ARK1 cells were plated in 
6-well plates at a concentration of 2-4×105 
cells/well and grown for 24 hours. Cells were 
treated with varying concentrations of IPAT for 
30 hours and then harvested from plates. 
Pellets were washed in PBS twice, and cells 
were fixed with 90% methanol and kept in 
-20°C until cell cycle analysis. Before analysis, 
cells were centrifuged and the pellet resus-
pended using a solution containing propidium 
iodide (PI), RNase, and Triton X-100 for 30 min-
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utes. Cell cycle progression was analyzed by 
imaging cytometry using Cellometer Vision 
(Nexcelom Bioscience LLC). This experiment 
was performed in triplicate to assess for con-
sistency of results. 

Cleaved caspase-3, 8, and 9 ELISA assays

The SPEC-2 and ARK1 cells were plated in 
6-well plates at a concentration of 3×105 cells/
well for 24 hours. Cells were then exposed to 
varying concentrations of IPAT for 18 hours. 
150-180 µL of 1X caspase lysis buffer was 
added to each well. Protein concentration was 
analyzed using the BSA assay. Lysates (10-15 
µg) were transferred to black, clear bottom, 
96-well plates and incubated with reaction  
buffer and 200 µM of caspase substrates 
Ac-DEVD-AMC (AAT Bioquest, Sunnyvale, CA) 
for 30 min. Fluorescence of each well was ana-
lyzed using the Tecan microplate reader (Ex/
Em=400/505 nm). This experiment was per-
formed in triplicate to ensure consistency of 
results. 

Adhesion assay

Each well of a 96-well plate was coated with 
100 µL of laminin-1 (10 μg/mL) and allowed to 
incubate at 37°C for one hour. The fluid was 
then aspirated, and 200 µL/well of blocking 
buffer was added. Plates were incubated for  
45 minutes at 37°C, after which wells were 
washed with PBS and placed on ice. The SPEC-
2 and ARK1 cells were harvested, washed, and 
centrifuged. The cells were then resuspended 
in PBS and added to the wells at a density of 
25000 cells/well along with varying concentra-
tions of IPAT. Plates were incubated for 1 hour 
at 37°C. Media was aspirated from the wells, 
and cells were fixed with 100 µL of 5% glutaral-
dehyde/well and incubated for 30 minutes at 
room temperature. Adherent cells were washed 
with PBS and stained with 0.1% crystal violet 
solution (100 µL/well) for 30 minutes. Wells 
were then washed with sterile water and 100 
µL/well of 10% acetic acid was added to solubi-
lize the dye. Plates were shaken for 5 minutes 
and absorbance was measured at 575 nm 
using a Tecan microplate reader. Experiments 
were performed in triplicate to ensure con- 
sistency.

Wound healing assay

The SPEC-2 and ARK1 cells were plated in 
6-well plates at a concentration of 4×105 cells/

well and grown for 24 hours or until >80% con-
fluency as assessed by microscopy. Uniform, 
cruciate wounds through the cell monolayer 
were created using a 20 µL pipette tip. Cells 
were washed and treated with varying con- 
centrations of IPAT for 24 to 72 hours. Pho- 
tographs were taken at 24, 48, and 72 hours 
during treatment. The width of wounds was 
measured and analyzed using the software 
ImageJ (National Institutes of Health; Bethesda, 
MD). Experiments were performed in triplicate 
to ensure consistency of results.

Western immunoblotting

The SPEC-2 and ARK1 cells were plated at a 
concentration of 2.5×105 cells/well and grown 
for 24 hours or until 60-70% confluency rea- 
ched. Cells were then treated with varying  
concentrations of IPAT for 18-32 hours. Cell 
lysates were prepared in RIPA buffer, and iso-
lated protein solutions were kept on ice. BSA 
assay was used to determine the concentration 
of protein. Equal amounts of protein were sepa-
rated by gel electrophoresis and transferred 
onto a polyvinylidene difluoride (PVDF) mem-
brane. Membranes were blocked with 5% non-
fat milk solution and incubated with a 1:1000 
to 2000 dilution of primary antibodies over-
night at 4°C. Membranes were then washed 
and incubated with secondary, peroxidase-con-
jugated antibodies for 1 hour. Antibody binding 
was detected using an enhanced chemilumi-
nescence detection system on the ChemiDoc 
Image System (Bio-Rad, Hercules, California). 
After developing, the membranes were stripped 
and re-probed using anti α-tubulin or β-actin 
antibodies to confirm equal protein loading. 
Intensity for each band was measured and nor-
malized to α-tubulin as an internal control. 
Experiments were performed in triplicate to 
ensure consistency of results.

Primary culture of human-derived USC

After obtaining informed consent, tumor tis-
sues were collected from patients with USC at 
the time of hysterectomy. Tumors were identi-
fied by trained pathologists, and 5×5 mm cubed 
specimens were placed in culture media with 
antibiotics for transfer. Tissues were then di- 
gested in 0.2% collagenase I for 30-60 min in a 
37°C water bath with shaking. After two cen-
trifugations with PBS solution, cells were seed-
ed into 96-well plates, and cell proliferation 
was measured by MTT assay 72 hours after 
treatment with IPAT.
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Statistical analysis

Data are reported as mean ± SD. Statistical sig-
nificance was analyzed by a two-sided unpaired 
Student’s t-test from at least three experimen-
tal replicates. P-values of <0.05 were consid-
ered to have significant differences. GraphPad 
Prism 6 (La Jolla, CA USA) was used for all 
graphs and significance tests. 

Results

IPAT inhibits cellular proliferation in USC cells

To observe whether IPAT exhibits inhibitory 
activity against USC cells, we used different 
concentrations of IPAT to treat PTEN wild type 
ARK1 and PTEN null SPEC-2 cells for 72 hours. 
Cellular viability was measured using the MTT 
assay. IPAT significantly reduced cell viability in 
a dose-dependent manner in both cell lines. 
Mean IC50 values were 6.62 µM for ARK1 and 
2.05 µM for SPEC-2, respectively (Figure 1A). 
Given that colony formation assay is the gold 
standard to evaluate the ability of single cells to 

survive and the effects of cytotoxic agents on 
cancer cell viability [24], the clonogenicity of 
ARK1 and SPEC-2 cells was assessed. Cells 
were exposed to IPAT for 24 hours and then  
cultured for another two weeks. IPAT exhibited 
inhibitory effects on the clonogenicity of the 
two USC cell lines in a dose-dependent fashion. 
Compared to controls, a 25 µM concentration 
of IPAT reduced colony formation by 82.32%  
in ARK1 cells and 77.05% in SPEC-2 cells, 
P<0.01, (Figure 1B). These results suggest that 
USC cells are sensitive to IPAT.

The effect of IPAT on phosphorylation of AKT 
and S6 was determined by Western blotting. 
ARK1 and SPEC-2 cells were treated with 10 
µM of IPAT for a time course of up to 32 hours. 
Consistent with other studies, IPAT induced an 
increase in expression of p-AKT (Ser473) in a 
time-dependent fashion in both cell lines. In- 
creased expression in this setting indicates 
engagement and binding of IPAT with the p-AKT 
complex. Downstream, however, phosphorylat-
ed-S6 (p-S6) expression was downregulated in 
a time-dependent fashion indicating overall 

Figure 1. IPAT inhibits cell proliferation in USC cell lines. The ARK1 and SPEC-2 cells were treated with increasing 
concentrations of IPAT for 72 hours and subjected to the MTT assay in 96 well plates. IPAT significantly inhibited cell 
proliferation in a dose-dependent manner in both cell lines (A). Colony formation assays showed that IPAT reduced 
colony formation in both cell lines (B). Similar results were obtained from three independent experiments. Western 
immunoblotting was used to evaluate the effect of IPAT on expression of p-AKT and p-S6 in the ARK1 and SPEC-2 
cells. IPAT increased the expression of p-AKT and decreased the expression of p-S6 in a time-dependent fashion in 
both cell lines (C). IPAT treatment for 24 hours increased p-AKT expression and downregulated p-S6 expression in a 
dose-dependent manner in both cell lines (D). 
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inhibition of the AKT/mTOR/S6 pathway (Figure 
1C). Consistent with the results above, treat-
ment with IPAT at different concentrations for 
24 hours increased the expression of p-AKT 
and decreased p-S6 expression in a dose-
dependent manner in both cell lines (Figure 
1D).

IPAT induces cell cycle arrest

Given that IPAT targets cell proliferation through 
the AKT/mTOR pathway, cell cycle arrest was 
measured in both cell lines. ARK1 and SPEC-2 
cell lines were treated with varying concentra-
tions of IPAT for 30 hours. IPAT induced cell 
cycle arrest in the G1 phase in ARK1 cells and 
G2 phase in SPEC-2 cells in a dose-dependent 
fashion. After treatment with 25 µM IPAT, the 
proportion of ARK1 cells in G1 increased from 
~50% to ~58%, whereas in SPEC-2 cells, the 
proportion of cells in G2 phase increased from 
~15% to ~23%, and G1 phase arrest decreased 
from ~55% to ~38% (Figure 2A, P<0.05). To fur-
ther clarify the effect of IPAT on cyclins, we per-
formed Western immunoblotting for CDK-6, 
CDK-4, and Cyclin D1. The expression of CDK-
6, CDK-4, and Cyclin D1 all decreased in a 
dose-dependent manner in both cell lines after 
treatment with IPAT for 24 hours (Figure 2B). 

(Figure 3A-C). Furthermore, Western blotting 
results showed that the expression of BCL-2 
and MCL-1 decreased with increasing doses of 
IPAT in both cell lines (Figure 3D). These results 
indicate that apoptosis induced by IPAT occurs 
through activation of both extrinsic and intrin-
sic pathways in USC cells. 

IPAT inhibits cell migration and invasion in USC 
cells

To investigate whether IPAT has anti-invasive 
activity in USC cells, laminin adhesion, wound 
healing, and transwell assays were performed 
in both cell lines. In the assessment of cell 
adhesion, ARK1 and SPEC-2 cells were incu-
bated in laminin-coated 96-well plates and 
treated with different doses of IPAT for 4 hours. 
With 25 µM IPAT treatment, cell adhesion  
was decreased by 15% and 17% (P<0.01) in 
SPEC-2 and ARK1 cells, respectively (Figure 
4A). IPAT’s capacity to inhibit cell invasion was 
assessed using a transwell invasion assay with 
a matrigel-coated filter. Invasion of ARK1 and 
SPEC-2 cells was reduced by IPAT treatment in 
a dose-dependent manner (Figure 4B). At a 
dose of 25 µM, IPAT reduced cell invasion by 
15.4% and 20.3% in ARK1 and SPEC-2 cells, 
respectively (P<0.01). The anti-migratory activ-

Figure 2. IPAT induces cell cycle arrest in USC cell lines. The ARK1 and SPEC-
2 cells were incubated with vehicle or IPAT at 0.5, 5, or 25 µM for 30 hours. 
Cell cycle distribution was analyzed by Cellometer. IPAT induced cell cycle G1 
arrest in the ARK1 cells and G2 arrest in the SPEC-2 cells (A). Western blot-
ting analysis of the cell cycle regulatory proteins CDK4, CDK6, and Cyclin D1 
was performed on lysates from the ARK1 and SPEC-2 cells after 24 hours of 
IPAT treatment (B). α-Tubulin was included as a loading control. Error bars 
represent SEM from triplicates.

IPAT induces apoptosis in 
USC cells

To determine the effect of 
IPAT on the induction of apo- 
ptosis, we performed ELISA 
assays and Western blotting 
analysis to detect apoptosis 
in the USC cells. Treatment of 
ARK1 and SPEC-2 cells with 
IPAT at different doses for  
18 hours induced increased 
activity of cleaved caspase 3, 
cleaved caspase 8, and clea- 
ved caspase 9 in a dose-
dependent manner. In ARK1 
cells, 25 µM IPAT induced 
cleaved caspase 3, 8 and 9 
activities by 1.75 (P<0.05), 
1.51 (P<0.01), and 1.69 (P< 
0.05) fold respectively, when 
compared to control cells. In 
SPEC-2 cells, 25 µM IPAT 
increased cleaved caspase 
activity by 2.9, 1.59, and 1.61 
fold (P<0.01) respectively 
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Figure 3. IPAT induces apoptosis in USC cell lines. Cleaved caspase 3, 8, and 9 were detected by ELISA assays af-
ter ARK1 and SPEC-2 cells were treated with different concentrations of IPAT for 18 hours. IPAT increased cleaved 
caspase 3, 8, and 9 activity in both cell lines in a dose-dependent manner (A-C). The ARK1 and SPEC-2 cells were 
treated with different concentrations of IPAT for 24 hours, after which the expression of MCL-1 and BCL-1 was de-
tected by Western blotting analysis (D). *P<0.05, **P<0.01. 

Figure 4. IPAT inhibits cell adhesion and migration in USC cell lines. After the ARK1 and SPEC-2 cells were treated 
with vehicle control or IPAT for 4 hours, cell adhesion was assessed by laminin assay (A). Transwell assay was used 
to determine the effect of IPAT on cell invasion in both cell lines after 12 hours of treatment with IPAT (B). IPAT in-
hibited cell adhesion and invasion in both USC cell lines. Cell migration was assessed by wound healing assay in 
both cell lines. The migration of ARK1 and SPEC-2 cells in a wound healing assay was impaired at both the 24 and 
72 hour time-points after treatment with IPAT. Images showed the changes of migration after 48 hours of treatment 
(C). Western blotting showed that IPAT decreased the expression of Snail, Slug, and N-Cadherin in both cell lines (D). 
Each experiment was conducted in triplicate.
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ity of IPAT was evaluated by performing a wound 
healing assay on ARK1 and SPEC-2 cells. After 
the initial wound was created by scratching the 
monolayer of cells, the cells were treated with 
various concentrations of IPAT for 24 and 48 
hours. Wound healing was slower in IPAT treat-
ed cells than in control cells in a dose-depen-
dent manner. Treatment of cells with 25 µM 
IPAT for 48 hours reduced the migration  
of ARK1 and SPEC-2 cells up to 80.1% and 
49.3%, respectively (P<0.01) (Figure 4C). 
Western blotting showed that IPAT changed  
the expression of epithelial-mesenchymal-tran-
sition (EMT) markers. After 24 hours of treat-
ment, IPAT decreased the expression of Snail, 
Slug and N-Cadherin in both cell lines (Figure 
4B). These results confirm that IPAT effectively 
suppresses both migration and invasion in USC 
cells in vitro.

IPAT displays synergy with paclitaxel

While multiple studies have shown synergy 
between IPAT and paclitaxel (TAX) in preclinical 
models including breast, prostate, and colorec-
tal cancers [14, 15, 25], the combined effects 

of IPAT and TAX have not yet been studied in 
USC cells. To evaluate for synergy in ARK1 and 
SPEC-2, both cell lines were treated with three 
different doses (approximating IC20, IC50 and 
IC70) of IPAT alone, TAX alone, and the combina-
tion of the two. Cell proliferation was deter-
mined by MTT assay after 72 hours of treat-
ment. Combination Index values (CI) were cal-
culated by Bliss Independence model for each 
combination point. Dose-dependent inhibition 
of cell growth with IPAT or TAX alone was 
observed in both cell lines. The IPAT/ TAX com-
bination doses above IC50 more potently re- 
duced cell viability when compared to each 
agent alone (Figure 5A). In the ARK1 and SPEC-
2 cells, 0.1 nM TAX reduced cell proliferation  
by 7.5% and 5.2%, respectively (P=NS), while 
0.5 µM IPAT decreased proliferation by 24.4% 
and 20.2%, respectively (P<0.01). In both cell 
lines, the combination of 0.1 nM TAX and 0.5 
µM IPAT was significantly more effective in 
inhibiting cell proliferation than each of the sin-
gle agents and produced 44.3% and 40.2% 
inhibition (P<0.01) in ARK1 and SPEC-2 cells, 
respectively. Cleaved caspase 3 assay showed 
that the combination of IPAT and TAX more 

Figure 5. IPAT displays synergy with paclitaxel in USC cell lines. The ARK1 and SPEC-2 cells were treated with 0.1 nM 
TAX, 0.5 µM IPAT or the combination of the two compounds for 72 hours. Cell viability was detected by MTT assay. 
The combination of IPAT and TAX was significantly more effective in inhibiting cell proliferation than either of the 
single agents alone in both cell lines (A). Combination of IPAT and TAX induced more cleavage caspase 3 activity 
than either IPAT or TAX alone after 18 hours of treatment (B). Both cell lines were incubated with TAX or IPAT at 
different concentrations as indicated for 72 hours. The CI values were analyzed by the Bliss Independence model 
for each combination point in ARK1 (C) and SPEC-2 cells (D). 
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potently induced cleaved caspase 3 activity 
than either IPAT or TAX alone after 18 hours of 
treatment (P<0.05 and P<0.01, respectively) 
(Figure 5B). The analysis of CI values at multi-
ple paired concentrations revealed synergistic 
activity in the low dose combination treatments 
in both cell lines (Figure 5C, 5D), demonstrat-
ing that combination IPAT and TAX may have a 
better anti-proliferative activity against USC 
cells than when used as single agents.

Primarily cultured USC cells display variable 
responses to IPAT, paclitaxel, and combination 
dosing

Primary cell culture from patient-derived tumors 
may better predict the anti-tumorigenic activity 
of cytotoxic agents than immortalized cell lines. 
We isolated primary cancer cells derived from 
patients with USC for the current study. Patient 
characteristics are described in Table 1. Five 
total primary cell cultures of USC were treated 
with varying concentrations of IPAT, TAX, and 
combination dosing. MTT assay showed that 
primarily cultured USC cells experienced vari-
able responses to IPAT and TAX after 72 hours 
of treatment. Four of the five primary cultures 
displayed decreased cell viability after treat-
ment with IPAT. TAX inhibited cell growth to 
varying degrees in all cell lines, however mag- 
nitude of response varied by the individual 
tumors (Figure 6A, 6B). Similar to findings in 
ARK1 and SPEC-2 cell lines, the combination of 
IPAT and TAX at low doses produced synergetic 
responses in three of five primary cultures 
(Figure 6C-E). In order to determine whether 
the expression of p-AKT and p-S6 was related 
to sensitivity to IPAT, we detected the expres-
sion of p-AKT and p-S6 using Western blotting 
in three untreated primary cell cultures (USC1, 
2 and 3) as well as the USC cell lines (ARK1 and 
SPEC-2). We were unable to collect sufficient 
protein for Western blotting in primary cultures 
USC4 and 5. Western blotting revealed differ-

ential baseline expression of p-AKT and p-S6 in 
each case. SPEC-2 showed the highest base-
line expression of p-AKT and low-moderate 
expression of p-S6. ARK1 cells displayed very 
low levels of baseline expression of p-AKT and 
p-S6. Primary culture USC3 showed moderate 
baseline expression of p-AKT and p-S6 com-
pared to USC1 and 2 (Figure 6F); however, 
USC3 appeared to be the most sensitive to in- 
hibition of cell proliferation (Figure 6A). While 
USC1 displayed higher baseline expression of 
p-AKT and p-S6, USC2 showed low expression 
of p-AKT and the highest expression of p-S6 
(Figure 6F). USC1 and 2 displayed the least 
sensitivity to IPAT inhibition of cell proliferation. 
Thus, in both primary culture and immortalized 
cell lines, baseline expression of p-AKT and 
p-S6 was not only variable, but independent of 
cell sensitivity to inhibition by IPAT (Figure 6F). 

Discussion

Uterine serous carcinoma is an aggressive enti-
ty with a propensity for recurrence and poor 
outcomes. Especially in the recurrent setting, 
there are few effective antitumor agents avail-
able, and until the approval of pembrolizumab 
in 2018, no new therapies had been approved 
for nearly 50 years for use in recurrent endo-
metrial cancers. Agents targeting the PI3K/
AKT/mTOR pathway are under investigation in 
several endometrial cancer clinical trials, due 
to the ubiquitous nature of alterations in this 
pathway in endometrial cancers including USC 
[17, 26]. Although promising in preclinical stud-
ies, mTOR inhibitors have fallen short of ex- 
pectations in phase Ib/II trials evaluating their 
efficacy in recurrent endometrial cancers [13]. 
This is thought due to the lack of target selec-
tivity as well as activation of alternative path-
ways or feedback loops that compensate for 
inhibition of the AKT/mTOR pathway [26]. IPAT 
is a highly selective inhibitor of phosphorylated 
AKT which competitively binds and inactivates 

Table 1. Patient characteristics
Cases Age Race Stage Tumor size* Histology HER2 (FISH)
USC1 57 Black II 2.2 Serous Negative
USC2 64 White IA 3.1 Serous N/A
USC3 62 Black IA 0.8 Serous Negative
USC4 84 White IA 2.2 Serous Mixed Negative
USC5 62 Black IIIC1 N/A Serous carcinosarcoma Positive
N/A: Not reported. *Tumor diameter, Centimeter.
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the p-AKT complex and disrupts the mTOR 
pathway. In pre-clinical studies of several solid 
tumors, IPAT has shown potent anti-prolifera-
tive effects both alone and synergistically with 
paclitaxel [15, 17, 18, 27, 28]. In the current 
study, we evaluated the effects of IPAT on cell 
proliferation, apoptosis, and invasion along 
with paclitaxel synergy in USC cell lines. We  
further evaluated IPAT’s ability to inhibit cell 
viability and induce apoptosis alone and in 
combination with paclitaxel in primary cell cul-
tures of patient-derived USC. Our findings dem-
onstrate that IPAT effectively targets phosphor-

tosis through intrinsic apoptotic and extrinsic 
apoptotic pathways. Previous studies reported 
that the anti-proliferative activity of IPAT is 
dependent on the activity state of AKT, and 
high AKT activity predicts sensitivity to IPAT in 
many cancer cell lines and mouse models [15, 
28]. We show that expression levels of phos-
phorylated AKT and S6 were not associated 
with sensitivity to IPAT in primary cultures or 
USC cell lines. Our results may be related to the 
small number of samples tested or the unique 
molecular prolife of USC, both of which require 
further study and clarification.

Figure 6. IPAT inhibited cell proliferation and increased the sensitivity to pa-
clitaxel in primary cultures of USC. Five primary cultures of human USC were 
cultured in 96-well plates and treated with IPAT or TAX at indicated doses 
for 72 hours. MTT assay was used to detect cell viability (A and B). Three of 
five primary cultures showed synergic inhibition after combination treatment 
with IPAT and TAX (C-E). The SPEC-2 and ARK1 cell lines, and three primary 
culture cells were seeded in six well plates and cultured for 48 hours. The 
expression of phosphorylated AKT and S6 protein was detected by Western 
blotting (F). Sensitivity to IPAT was independent of the baseline expression 
levels of phosphorylated AKT and S6 in the established USC cell lines and 
the primary culture cells of USC. 

ylation of AKT to disrupt AKT/
mTOR/S6 pathway, inhibits 
cell proliferation, induces 
apoptosis, and reduces inva-
sion. Additionally, IPAT exhib-
its synergy with paclitaxel to 
inhibit cell proliferation in USC 
cell lines and primary cell 
cultures.

Activated PI3K/AKT and its 
downstream target mTOR are 
key signaling molecules in- 
volved in the control of cell 
proliferation, cell cycle arrest, 
apoptosis, and invasion in a 
variety of solid tumors. IPAT  
is highly selective for AKT 
binding and because it com-
petes with ATP for binding 
sites, it prevents dephosphor-
ylation of the p-AKT complex 
in a dose-dependent manner 
[15]. Increase in phosphory- 
lation of AKT inhibits down-
stream signaling to biomark-
ers such as S6 and reduces 
cell proliferation in many pre-
clinical models in vitro and in 
vivo [15, 17]. Consistent with 
prior works, we showed that 
IPAT increased AKT phosph- 
orylation at Ser473 which 
subsequently decreased S6 
phosphorylation in USC cells 
(Figure 1B, 1C). Additionally, 
several studies in preclinical 
models implicate a crucial ro- 
le of IPAT in induction of apo- 
ptosis and cell cycle arrest 
[15, 16, 29, 30]. In our USC 
cell lines, IPAT showed dose-
dependent induction of apop-
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Dysregulation of signaling transduction has be- 
en recently recognized as a major pathway reg-
ulating EMT and angiogenesis, and ultimately 
resulting in a more motile phenotype in endo-
metrial cancer [31, 32]. Targeting of AKT by 
MK2206, an allosteric inhibitor of AKT, signifi-
cantly inhibited tumor growth in a USC patient-
derived xenograft model and reduced cell in- 
vasion in endometrial cancer cell lines [33]. 
Additionally, combination IPAT and dasatinib or 
sunitinib, activated CDC42-associated kinase 
1 (ACK1) inhibitors, generated synergetic inhi- 
bition of cell proliferation and invasion in KRAS-
mutant non-small-cell lung cancer (NSCLC) 
cells [30]. Using adhesion, transwell, and wo- 
und healing assays, we found for the first time 
that IPAT effectively suppressed cell adhesion, 
migration, and invasion of USC cells in a dose-
dependent manner. The anti-invasive activity  
of IPAT was conceivably associated with the 
process of EMT, which was supported by down-
regulation of N-Cadherin, Slug, and Snail pro-
tein expression on Western blotting. Our results 
show IPAT exhibits dramatic inhibition of USC 
cell invasion by targeting PI3K/AKT/mTOR sig-
naling pathways and therefore may have anti-
metastatic therapeutic potential in USC. 

Genetic mutations driving activation of the 
PI3K/AKT/mTOR pathway contribute to the cen-
tral mechanism involving chemoresistance in a 
variety of solid tumors including endometrial 
cancer [34, 35]. Combination treatments usu-
ally block crucial oncogenic pathways that in- 
volve drug resistance and therefore sensitize 
cancer cells to the cytotoxic agents [36]. Inhi- 
bition of AKT/mTOR signaling sensitizes cancer 
cells to paclitaxel in paclitaxel-resistant and 
sensitive cancer cell lines [37-39]. The PI3K 
inhibitor, NVP BKM-120, in combination with 
paclitaxel and carboplatin, synergistically sup-
pressed tumor growth in an endometrial can-
cer xenograft model, independent of PIK3CA 
gene mutation [40]. Similar synergistic effects 
of IPAT and paclitaxel have been reported in 
breast cancer cells which were sensitized th- 
rough induction of apoptosis [18]. We found 
that inhibition of the AKT/mTOR pathway by 
IPAT in combination with paclitaxel significantly 
enhanced cytotoxicity in USC cell lines and pri-
mary cultures, indicating that IPAT may improve 
on the efficacy of paclitaxel. As further evidence 
of this, recent phase I and II clinical trials have 
confirmed that IPAT in combination with pacli-

taxel is well tolerated and holds the promise of 
a progression free survival benefit in advanced 
breast cancer and other solid tumors harboring 
mutations in PIK3CA/AKT and PTEN [20, 21, 
41, 42].

While the world of targeted therapies is expand-
ing rapidly, agents available for endometrial 
cancer, and particularly USC, are lacking. Our 
results demonstrate that IPAT appears promis-
ing in USC. IPAT exhibits significant antitumor 
activity in USC cell lines and primary cultures, 
including inhibiting invasion and increasing syn-
ergy with paclitaxel. Multiple clinical trials are 
currently underway investigating IPAT in com- 
bination with traditional platinum-based regi-
mens, anti-microtubule agents, and immuno-
therapies, particularly PD-1/PD-L1 inhibitors. 
One such trial, called EndoMAP, pairs multiple 
targeted agents, including IPAT, with the anti-
PDL-1 monoclonal antibody atezolizumab for 
women with recurrent or persistent endometri-
al cancer (NCT04486352). While much data is 
forthcoming, completed studies support fur-
ther investigation of IPAT alone and in combina-
tion with other targeted agents, particularly in 
the setting of difficult-to-treat recurrent and 
metastatic solid tumors such as USC.
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