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Abstract

Background: The PI3K/AKT/P70S6K pathway is an attractive therapeutic target in ovarian and uterine malignancies because
of its high rate of deregulation and key roles in tumor growth. Here, we examined the biological effects of MSC2363318A,
which is a novel inhibitor of AKT1, AKT3, and P70S6K.
Methods: Orthotopic murine models of ovarian and uterine cancer were utilized to study the effect of MSC2363318A on
survival and regression. For each cell line, 10 mice were treated in each of the experimental arms tested. Moreover, in
vitro experiments in 21 cell lines (MTT, immunoblot analysis, plasmid transfection, reverse phase protein array [RPPA]) were
carried out to characterize underlying mechanisms and potential biomarkers of response. All statistical tests were two-sided.
Results: MSC2363318A decreased tumor growth and metastases in multiple murine orthotopic models of ovarian (SKOV3ip1,
HeyA8, and Igrov1) and uterine (Hec1a) cancer by reducing proliferation and angiogenesis and increasing cell death.
Statistically significant prolonged overall survival was achieved with combination MSC2363318A and paclitaxel in the SKUT2
(endometrioid) uterine cancer mouse model (P< .001). Mice treated with combination MSC2363318A and paclitaxel had the
longest overall survival (mean ¼ 104.2 days, 95% confidence interval [CI] ¼ 97.0 to 111.4) compared with those treated with
vehicle (mean ¼ 61.9 days, 95% CI¼46.3 to 77.5), MSC2363318A alone (mean ¼ 89.7 days, 95% CI¼83.0 to 96.4), and paclitaxel
alone (mean ¼ 73.6 days, 95% CI¼53.4 to 93.8). Regression and stabilization of established tumors in the Ishikawa
(endometrioid) uterine cancer model was observed in mice treated with combination MSC2363318A and paclitaxel. Synergy
between MSC2363318A and paclitaxel was observed in vitro in cell lines that had an IC50 of 5 mM or greater. RPPA results
identified YAP1 as a candidate marker to predict cell lines that were most sensitive to MSC2363318A (R¼0.54, P¼ .02). After
establishment of a murine ovarian cancer model of adaptive anti-angiogenic resistance (SKOV3ip1-luciferase), we demon-
strate that resensitization to bevacizumab occurs with the addition of MSC2363318A, resulting in improved overall survival
(P¼ .01) using the Kaplan-Meier method. Mice treated with bevacizumab induction followed by MSC2363318A had the longest
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overall survival (mean ¼ 66.0 days, 95% CI¼53.9 to 78.1) compared with mice treated with control (mean ¼ 42.0 days, 95%
CI¼31.4 to 52.6) and bevacizumab-sensitive mice (mean ¼ 47.2 days; 95% CI¼37.5 to 56.9).
Conclusions: MSC2363318A has therapeutic efficacy in multiple preclinical models of ovarian and uterine cancer. These
findings support clinical development of a dual AKT/P70S6K inhibitor.

The PI3K/AKT/mTOR pathway plays a pivotal role in many ma-
lignant features involved in tumor pathogenesis (1). The PIK3CA
gene is a commonly mutated oncogene, affecting more than
30% of solid tumors (2). PTEN, which encodes phosphatase and
tensin homolog, is frequently mutated or suppressed, leading to
activation of the PI3K/AKT signaling pathway (3). Ovarian and
uterine cancers exhibit alterations in these pathways (4).
Frequent aberrations of this pathway in ovarian cancer include
mutations in PTEN (5) or hypermethylation of the promoter (6),
loss of heterozygosity at the INPP4B locus (7), somatic mutations
in mTOR and AKT1 (8), amplification of AKT2 (9), somatic acti-
vating mutations in the PIK3CA gene (10), and activating muta-
tions in the PIK3R1 gene (11). Alterations of the PI3K/AKT
signaling pathway in ovarian cancers are histology specific;
high-grade serous ovarian cancers frequently exhibit amplifica-
tions in PIK3CA and in one of the AKT isoforms in up to 20% and
10% to 15% of cases, respectively. Mutations of PIK3CA occur in
up to 20% endometrioid and 35% of clear cell ovarian carcino-
mas. PTEN loss of function mutations are found in 20% of endo-
metrioid ovarian carcinomas (12). The high prevalence of these
molecular alterations in ovarian and uterine cancers represents
an important therapeutic opportunity.

Dual AKT/P70S6K inhibition provides a novel therapeutic ap-
proach by promoting improved PI3K/AKT pathway inhibition
while avoiding the negative effects of AKT activation through
compensatory feedback loops, including IRS-1. Additionally, inhi-
bition of two targets further downstream in a hyperactive path-
way in solid malignancies could avoid the side effects seen with
historical pan-PI3K inhibitors. MSC2363318A (EMD Serono) is a
highly kinase-selective, ATP-competitive inhibitor of AKT1, AKT3,
and P70S6K (13). Here, we examine the biological effects of
MSC2363318A in orthotopic murine models of ovarian and uterine
cancer and identify YAP1 as a potential predictor of response.

Methods

For a full description of the following experiments, please see
the Supplementary Methods (available online).

Laboratory Measures

All cell lines were maintained in 5% CO2 at 37�C. Ovarian cancer
(A2780, ES2, HeyA8, Igrov1, Ovcar3, Ovcar4, Ovcar5, Ovcar8,
Ovca432, and SKOV3ip1) and uterine cancer (AN3CA, Hec1A,
Hec1B, Hec265, Ishikawa, KLE, RL95-2, Spec2, SKUT2, and KLE) cell
lines were obtained from the American Type Culture Collection.
The Ishikawa-luciferase and SKOV3-luciferase cell lines were
made following stable transduction with lentivirus carrying the
luciferase gene (the lentiviral vector was kindly provided by Craig
Logsdon’s lab at UT MD Anderson Cancer Center).

In Vivo Models

Six- to eight-week-old female athymic nude mice were pur-
chased from Taconic Farms (Hudson, NY). These mice were
cared for according to guidelines set forth by the American

Association for Accreditation of Laboratory Animal Care and the
US Public Health Service policy on Human Care and Use of
Laboratory Animals. All mouse studies were approved and su-
pervised by The University of Texas MD Anderson Cancer
Center Institutional Animal Care and Use Committee.

Reverse Phase Protein Arrays

Igrov1, Ovcar5, Hec1b, Ishikawa, RL95-2 KLE, RF-24 cells sensi-
tive to bevacizumab and RF-24 cells resistant to bevacizumab
were treated with 1 mM MSC2363318A for 18 hours. Cellular pro-
teins were denatured by 1% SDS (with beta-mercaptoethanol)
and diluted in five twofold serial dilutions in dilution buffer
(lysis buffer containing 1% SDS). Serial diluted lysates were ar-
rayed on nitrocellulose-coated slides (Grace Biolab) by Aushon
2470 Arrayer (Aushon BioSystems). A total of 5808 array spots
were arranged on each slide, including the spots corresponding
to positive and negative controls prepared from mixed cell ly-
sates or dilution buffer, respectively.

Statistical Analysis

Continuous variables were compared with the two-sample t
test (between two groups) or with analysis of variance (ANOVA;
for all groups) if normally distributed (as determined by the
Kolmogrov-Smirnov test). For variables with nonparametric dis-
tribution, the Kruskal-Wallis test and Dunn’s post-test were
used for multiple comparisons. All statistics were calculated by
GraphPad Prism. Survival experiments were analyzed by the
Kaplan-Meier method. A P value of less than .05 from a two-
tailed statistical test was considered statistically significant. All
statistical tests were two-sided unless otherwise noted. A right
tail Fisher exact test used to calculate P values where indicated.

Isobologram analyses were performed to calculate a combi-
nation index as previously described (38–40).

Results

Therapeutic Efficacy of MSC2363318A in Orthotopic
Models of Ovarian and Uterine Cancer

First, we carried out a dose-finding experiment with
MSC2363318A in an ovarian cancer model (Igrov1), and down-
stream markers were evaluated 12, 24, and 48 hours after the
last dose. (Supplementary Figure 1A, available online). A reduc-
tion in expression of downstream p-ribosomal S6 protein and a
resultant increase in pAKT473 (from feedback loops) were ob-
served at doses of 20 and 40 mg/kg, as previously reported (13).
A maximum tolerated dose experiment was then performed in
non-tumor-bearing mice after daily treatment for 14 consecu-
tive days with MSC2363318A with or without paclitaxel. Body
weight percentage differences were observed in all groups
treated that included MSC2363318A, but weight loss was the
least in the monotherapy and combination groups at the 25 mg/
kg dose (Supplementary Figure 1B, available online). Therefore,
daily administration of 25 mg/kg was chosen for subsequent
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experiments. No deaths were observed in any treatment group,
and weight was partially recovered during treatment.

Next, we carried out a series of experiments to characterize
the therapeutic efficacy of MSC2363318A. In the SKOV3ip1
model, tumor growth was statistically significantly decreased in
mice treated with MSC2363318A and MSC2363318A with pacli-
taxel compared with control (control: 1.9 g, SD¼ 2.0;
MSC2363318A: 0.14 g, SD¼ 0.14, P¼ .04; MSC2363318A and pacli-
taxel: 0.12 g, SD¼ 0.12, P¼ .03) (Figure 1A). Less distant metasta-
ses were observed at necropsy in monotherapy and
combination therapy groups (Figure 1, B and C), and reductions
in tumor nodules were observed in all treatment groups
(Supplementary Figure 1C, available online). There was a 16.8%
to 17.6% decrease in mouse body weight, but no noticeable
changes in mobility, feeding habits (Supplementary Figure 1D,
available online), or deaths were noted during drug treatment.
A reduction in downstream p-ribosomal S6 protein was seen in
both groups treated with MSC2363318A (Supplementary Figure
1E, available online). In the Igrov1 model (Supplementary Figure
2, A to C, available online), similar results for tumor growth and
metastatic spread were noted. Mice treated with MSC2363318A
had decreased weight, and combination MSC2363318A and pac-
litaxel-treated mice had the fewest metastatic nodules
(Supplementary Figure 2, D and E, available online).

We also examined the biological effects of MSC2363318A in
orthotopic uterine cancer models. Ten days following inocula-
tion of Hec1a cells into the uterine horn, treatment with
MSC2363318A and paclitaxel was initiated. In the Hec1a model,
tumor growth was statistically significantly decreased in mice
treated with MSC2363318A with paclitaxel compared with con-
trol (control: 0.98 g, SD¼ 0.68; MSC2363318A and paclitaxel:
0.14 g, SD¼ 0.13, P< .001) (Figure 1D). The most statistically sig-
nificant reduction in distant metastatic sites occurred with
combination treatment (Figure 1, E and F; Supplementary Figure
2F, available online); there was modest reduction in mouse
weights in the MSC2363318A treatment groups (Supplementary
Figure 2G, available online). A reduction in downstream p-ribo-
somal S6 protein was seen in both groups treated with
MSC2363318A (Supplementary Figure 2H, available online).
Given the robust antitumor effects of MSC2363318A-based ther-
apy, we investigated whether survival could be improved by
such therapy in the SKUT2 model, which has both PTEN and
PIK3CA mutations, leading to increased pathway activation.
Survival was analyzed by the Kaplan-Meier method (P< .001).
Mice treated with combination MSC2363318A and paclitaxel
had the longest overall survival (mean ¼ 104.2 days, 95% confi-
dence interval [CI] ¼ 97.0 to 111.4 days) compared with those
treated with vehicle (mean ¼ 61.9 days, 95% CI¼ 46.3 to 77.5
days), MSC2363318A alone (mean ¼ 89.7 days, 95% CI¼ 83.0 to
96.4 days), and paclitaxel alone (mean ¼ 73.6 days, 95% CI¼ 53.4
to 93.8 days) (Figure 1G). To evaluate the effect of MSC2363318A
on tumor reduction, mice were injected with luciferase-labeled
Ishikawa cells (PTEN mutant) and monitored with IVIS imaging
(Figure 1H). Regression and stabilization of established tumors
were observed in mice treated with combination MSC2363318A
and paclitaxel (Figure 1I).

Biological Effects of MSC2363318A on Proliferation and
Apoptosis

In the SKOV3ip1 model, treatment with combination
MSC2363318A and paclitaxel resulted in the greatest reduction
of cellular proliferation as determined by Ki67 (mean ¼ 18.0

Ki67-positive cells per high-powered field [HPF], 95% CI¼ 5.2 to
30.8) compared with vehicle (mean ¼ 105.9 positive cells per
HPF, 95% CI¼ 99.7 to 112.1), MSC2363318A alone (mean ¼ 89.9
positive cells per HPF, 95% CI¼ 76.9 to 102.9), and paclitaxel
alone (mean ¼ 51.4 positive cells per HPF, 95% CI¼ 45.3 to 57.5).
Increased cleaved caspase 3–positive cells per HPF were ob-
served after treatment with MSC2363318A alone (mean ¼ 34.7
positive cells per HPF, 95% CI¼ 20.0 to 49.3) and combination
MSC2363318A with paclitaxel (mean ¼ 32.2 positive cells per
HPF, 95% CI¼ 17.9 to 46.5) compared with vehicle (mean ¼ 12.1
positive cells per HPF, 95% CI¼ 9.7 to 14.5) and paclitaxel (mean
¼ 22.6 positive cells per HPF, 95% CI¼ 16.0 to 29.1) (Figure 2A).
Statistically significant reductions in CD31 and Ki67 with in-
creases in cleaved caspase 3 occurred in the combination
MSC2363318A and paclitaxel-treated mice inoculated with
Igrov1 cells (Supplementary Figure 3, available online). In the
Hec1a model, all treatment groups had a statistically significant
reduction in Ki67, but this effect was most pronounced in the
combination MSC2363318A and paclitaxel group (mean ¼ 90.0
Ki67-positive cells per HPF, 95% CI¼ 79.8 to 100.1). An increase
in cleaved caspase 3 was observed in the Hec1A model after
treatment with MSC2363318A alone (mean ¼ 9.6 positive cells
per HPF, 95% CI¼ 8.0 to 11.1) and MSC2363318A with paclitaxel
(mean ¼ 11.1 positive cells per HPF, 95% CI¼ 8.0 to 14.2).

In Vitro Effect of MSC2363318A in Ovarian and Uterine
Cancer Cell Lines

The effect of MSC2363318A on a panel of 10 ovarian cancer cell
lines was tested, and IC50 levels ranged from 0.7 to 12.9 mM
(Figure 3A). Ovca432 was identified as the most sensitive (IC50 ¼
0.7 mM), and SKOV3ip1 was the most resistant (IC50 ¼ 12.9 mM).
In a panel of nine uterine cancer cell lines, the IC50 ranged from
0.0004 to 33.8 mM (Figure 3B). AN3CA and KLE were the most sen-
sitive and resistant cell lines, respectively. Cell lines were char-
acterized by mutation status, and we hypothesized that those
mutations leading to activation of the PI3K/AKT pathway (such
as PTEN-inactivating mutations and PIK3CA mutations) would
be the most sensitive to MSC2363318A inhibition (Table 1).

Because of the inhibition of tumor growth and proliferation
in vivo, we tested these effects in vitro using resistant (defined
as IC50 � 5 mM) ovarian and uterine cancer cell lines, SKOV3ip1
and Ishikawa, respectively. We observed decreased proliferation
in both cell lines when treated daily at the previously calculated
concentrations that inhibited 20% of cell growth (IC20) and IC50
doses (Figure 3C). This was also validated in sensitive (IC50 < 5
mM) ovarian and uterine cancer cell lines, Igrov1 and Hec1b, re-
spectively, at both concentrations (Supplementary Figure 4A,
available online). Next, we examined the molecular signaling
events involved in the PI3K/AKT pathway after treatment with
varying concentrations of MSC2363318A. The expression level
of downstream targets, pPRAS-40, and p-ribosomal S6 protein
were reduced after treatment of SKOV3ip1 at concentrations
above 0.1 mM (Figure 3D) between one and 24 hours
(Supplementary Figure 4B, available online).

Paclitaxel, in combination with MSC2363318A, contributed to
the most profound in vivo effects and was tested in vitro. There
was a dose-dependent decrease in cell viability after combina-
tion therapy with paclitaxel at the IC20 and IC50 concentrations
of MSC2363118A. The combination index (CI), obtained after
performing an isobologram analysis, showed synergistic cyto-
toxicity in Ishikawa and SKOV3ip1 cells with these two treat-
ments (Figure 3, E and F). The only other cell line that showed
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Figure 1. Effects of MSC2363318A on ovarian and uterine tumor growth. Mice inoculated with (A–C) SKOV3ip1 cells (intraperitoneally) and (D–F) Hec1a cells (via intra-

uterine injection) received vehicle (control), MSC2363318A (25 mg/kg oral daily), paclitaxel (4 mg/kg intraperitoneally weekly), or a combination of MSC2363318A and

paclitaxel. Tumor growth and metastatic locations are shown (n¼10 per group). G) Survival of mice treated with vehicle (control), MSC2363318A, paclitaxel, or combi-

nation therapy in SKUT2 uterine orthotopic model (n¼10 per group). H) The effect of MSC2363318A on regression of established tumors from mice injected with

Ishikawa-luciferase was evaluated. Mice were randomly assigned to treatment with vehicle, MSC2363318A, paclitaxel, or combination therapy. The same mouse from

each group is shown at each time point (n¼7 per group). Photon measurements are from bioluminescence readings. Signal intensity was quantified as the sum of all

detected photons within the region of interest per second (x105). I) Representative images from days 42, 49, 63, and 70 after cell injection are shown. Error bars repre-

sent the standard deviation (SD). Nonparametric Kruskal-Wallis test and Dunn’s post-test for multiple comparisons. All statistical tests were two-sided.
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similar synergy was SKUT2 (Supplementary Figure 4C, available
online). In the Igrov1 and Hec1b cell lines, concurrent paclitaxel
and MSC2363318A treatment at IC20 and IC50 doses demon-
strated additive effects (Supplementary Figure 4, D and E, avail-
able online). Combination MSC2363318A with paclitaxel also
contributed to a statistically significant increase in apoptosis
rates in SKOV3ip1 and Ishikawa (Supplementary Figure 4F,
available online).

YAP1 as a Predictor of In Vitro Response to
MSC2363318A

To identify potential markers of response to MSC2363318A, we
used RPPAs after treatment of ovarian (Igrov1 and Ovcar5) and
uterine (Hec1b, Ishikawa, KLE, and RL95-2) cancer cell lines
(Figure 4A). Network analysis identified the top networks that
were activated in the ratio of resistant to sensitive cell lines
(Table 2). Given the robust in vitro and in vivo effects on angio-
genesis, we investigated the upregulated pro-angiogenic

signaling molecules by a network overlaid with the ratio of re-
sistant to sensitive total protein changes (Figure 4B). After fur-
ther analysis of only resistant cell lines with and without
MSC2363318A treatment, we observed an increase in total YAP1
levels (Supplementary Figure 5A, available online), which was
not seen in the sensitive cell lines (Supplementary Figure 5B,
available online). We plotted the logarithmic ratio values for
YAP1 and pYAP1 from the cell lines using the RPPA data of the
treated over untreated ratio (Figure 4C). There was higher total
YAP1 expression in resistant cell lines, and we validated our
findings by immunoblot analysis (Supplementary Figure 5C,
available online). Mean YAP1 protein expression from the
immunoblot replicates (Figure 4D) were evaluated and quanti-
fied in a panel of uterine and ovarian cancer cell lines, and a
Spearman’s correlation was performed (R ¼ 0.54, P¼ .02), sug-
gesting that more resistant cell lines have higher YAP1 expres-
sion and vice versa (Figure 4E).

To address the role of YAP1 overexpression and resistance to
MSC2363318A, we transfected Ovca432, Igrov1, and Hec1b cells
with YAP1 or empty vector and characterized them by
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least five slides per treatment group (n�25) were examined. Error bars represent the SD. Nonparametric Kruskal-Wallis test and Dunn’s post-test for multiple compar-
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immunoblot (Supplementary Figure 5D, available online). There
were minimal differences in cell viability after treatment with
MSC2363318A in the cell lines with empty vector or YAP1
(Supplementary Figure 5E, available online). We did not observe
increased pAKT473 expression in the YAP1-expressing cells after
MSC2363318A treatment (Supplementary Figure 5F), suggesting
that resistance to MSC2363318A is correlated with, but not

dependent on, YAP1 overexpression. To further test our hypothe-
sis, YAP1 gene expression was obtained from the publicly
available NCI-60 CellMiner (14) for breast cancer cell lines with
previously reported MSC2363318A IC50s (13) and for the ovarian
cancer cell lines evaluated. A Spearman’s correlation was per-
formed (R ¼ 0.47, P¼ .13) (Supplementary Figure 5G, available
online).
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Figure 3. Effects of MSC2363318A on ovarian and uterine cancer cell lines. A) Cell viability after treatment with MSC2363318A between 0 to 50 mM for 96 hours and mean

inhibitory concentration (IC50) after treatment with MSC2363318A in ovarian and (B) uterine cancer cell lines. Data represent average of triplicate measurements, and

error bars represent the SD. C) Percentage of EdU incorporation in SKOV3ip1 and Ishikawa cells treated daily with control (PBS) and MSC2363318A at cell line–specific

IC20 and IC50 concentrations measured after 72 hours. Data represent average of triplicate measurements, and error bars represent the SD. D) Immunoblot analyses of

downstream and pathway markers after treatment of SKOV3ip1 cells with 0, 0.01, 0.1, 0.5, 1, 5, and 10 mM concentrations of MSC2363318A after 18 hours. E) SKOV3ip1

and (F) Ishikawa were treated with different concentrations of paclitaxel alone or in combination with the cell line–specific IC20 or IC50 for 96 hours followed by MTT
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test for multiple comparisons. All statistical tests were two-sided.
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Anti-angiogenic Effects of MSC2363318A and
Bevacizumab

To address whether MSC2363318A affects endothelial cells in
vitro, we assessed endothelial cell tube formation. A decrease
in the number of nodes formed was observed after treatment
of bevacizumab-sensitive RF-24 endothelial cells with
MSC2363318A monotherapy (mean ¼ 15.4 number of nodes per
HPF, 95% CI¼ 9.2 to 14.0) and combination therapy (with bev-
acizumab; mean ¼ 6.1 number of nodes per HPF, 95% CI¼ 3.8 to
8.4) compared with control (mean ¼ 35.4 number of nodes per
HPF, 95% CI¼ 30.0 to 40.8) (Figure 5A). Clinically, patients de-
velop resistance to anti-angiogenic therapies, so we established
a bevacizumab-resistant RF-24 clone (Supplementary Figure 6A,
available online). Cell viability was assessed for the sensitive
and resistant RF-24 cells (Supplementary Figure 6B, available
online), and the sensitive line had a statistically significantly
lower IC50 (P< .001). Endothelial cell tube formation was as-
sessed in the resistant RF-24 cell line (Figure 5B). We observed a
statistically significant reduction in percent EdU incorporation
in both the sensitive and resistant RF-24 cell lines treated with
combination MSC2363318A and bevacizumab (Supplementary
Figure 6C, available online). The addition of MSC2363318A and
bevacizumab to resistant RF-24 cells led to a 78.5% reduction in
the MSC2363318A IC50, which was less than the MSC2363318A

IC50 of sensitive RF-24 cells (Figure 5C). Treatment of resistant
and sensitive RF24 cells with 1 mM of MSC2363318A led to a re-
duction of p-S6 ribosomal protein and increase in pAKT473

(Supplementary Figure 6D, available online).
Next, we evaluated the effects of MSC2363318A on angiogen-

esis in vivo. In the SKOV3ip1 tumor model, there was decreased
MVD after treatment with MSC2363318A alone (mean ¼ 7.8 posi-
tive cells per HPF, 95% CI¼ 5.3 to 10.3) or in combination with
paclitaxel (mean ¼ 7.5 positive cells per HPF, 95% CI¼ 5.8 to 9.3)
compared with control (mean ¼ 20.4 positive cells per HPF, 95%
CI¼ 13.9 to 27.0) (Figure 6A). Similar effects on CD31 were ob-
served in the Hec1a orthotopic murine model (Figure 6B). We
further investigated the effects of MSC2363318A in combination
with bevacizumab. Substantial reductions in tumor weight were
observed in all groups, but most profoundly (96.2% reduction
compared with control) in the group treated with MSC2363318A
and bevacizumab (Figure 6, C to E). Although mouse weight was
decreased in the combination bevacizumab and MSC2363318
group compared with control, this was not statistically signifi-
cant (Supplementary Figure 6E, available online). Tumor nod-
ules were decreased in all treatment groups (Supplementary
Figure 6F, available online). In the HeyA8 tumors, there was de-
creased MVD after treatment with MSC2363318A alone (mean ¼
6.6 positive cells per HPF, 95% CI¼ 4.9 to 8.3) and in combination
with bevacizumab (mean ¼ 6.3 positive cells per HPF, 95%

Table 1. Mutation status of ovarian and uterine cancer cell lines*

Cell line AKT1 AKT2 AKT3 PIK3CA RPS6KB2 PTEN

Uterine cancer cell lines
AN3CA WT WT WT WT WT Mut

p.R130fs
Hec1a WT WT WT Mut

p.G1049R
WT WT

Hec1b WT WT WT Mut
p.G1049R

WT WT

Hec265 WT WT WT WT WT Mut
p.L318fs

Ishikawa WT Mut
p.Y273H

WT WT WT Mut
p.E288fs,
p.V317fs

KLE WT WT WT WT WT WT
RL952 WT WT WT WT WT Mut

p.M134I,
p.R173H

SKUT2 WT WT WT Mut
p.R88Q

WT Mut
p.T321fs,
p.V317fs

Ovarian cancer cell lines
A2780 WT WT WT Mut

p.E365K
WT Mut

p.KGR128del
ES2 WT WT WT WT WT WT
HeyA8 WT WT WT WT Mut

p.T366M
WT

Igrov1 WT WT WT Mut
p.R38C

WT Mut
p.V317fs,
p.Y155C

OVCAR3 WT WT WT WT WT WT
OVCAR4 WT WT WT WT WT WT
OVCAR8 WT WT WT WT WT WT
SKOV3ip1 WT WT WT Mut

p.H1047R
WT WT

*Mut ¼mutant; WT ¼wild-type.
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Figure 4. Differential expression of proteins in the PI3K/AKT/P70S6 signaling pathway after MSC2363318A treatment as detected by reverse-phase protein array.

A) Heatmap of proteins whose expression was different before and after treatment with MSC2363318A (1 mM) for 18 hours. B) Upregulated pro-angiogenic signaling mol-

ecules by a network overlaid with the ratio of resistant to sensitive total protein change using ingenuity pathway analysis. C) Logarithmic ratio values for YAP1 and

p-YAP1 in cancer cell lines. Protected cell lines were classified by an IC50 of 5 mM or greater. D) Expression of YAP1 in uterine and ovarian cancer cell lines and quantifi-

cation of immunoblots. Error bars represent the SD. E) Spearman’s correlation (R) of YAP1 protein expression and cell line–specific IC50 for MSC2363318A. All statistical

tests were two-sided.
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CI¼ 4.6 to 8.0) compared with vehicle (mean ¼ 15.4 positive cells
per HPF, 95% CI¼ 10.6 to 20.3) (Figure 6F). Treatment with
MSC2363318A and bevacizumab resulted in decreased cellular
proliferation and increased apoptosis (Supplementary Figure
6G, available online).

Because of the emergence of resistance to anti-angiogenesis
therapy clinically, we investigated the efficacy of MSC2363318A
in models of adaptive resistance. After intraperitoneal estab-
lishment of luciferase-labeled SKOV3ip1 ovarian tumors, mice

were randomly assigned to two treatment groups: 1) control
and 2) bevacizumab treatment. Mice receiving bevacizumab
treatment were subsequently divided into bevacizumab-
sensitive or -resistant groups based on imaging. Bevacizumab-
resistant mice were defined as those with increased tumor
growth as evidenced by increased bioluminescence intensity in
previously stable tumor burden (Figure 6G). At the emergence of
resistance, MSC2363318A was added to bevacizumab treatment.
The addition of MSC2363318A at the emergence of resistance

Table 2. Top 10 networks in the ratio of resistant to sensitive ovarian and uterine cancer cell lines

Diseases or functions annotation P* Predicted Activation z-score No. of molecules

Metabolism of DNA 2.45 x 10�33 Increased 2.657 44
Apoptosis of tumor cell lines 2.61 x 10�71 Increased 2.311 102
Degradation of DNA 8.50 x 10�24 Increased 2.240 27
Apoptosis of bone cancer cell lines 4.88 x 10�24 Increased 2.238 24
Leukocyte migration 4.76 x 10�25 Increased 2.204 52
Angiogenesis 2.15 x 10�29 Increased 2.132 52
Apoptosis of tumor cells 1.40 x 10�40 Increased 2.060 44
Apoptosis of leukemia cell lines 3.91 x 10�37 Increased 2.043 41
Cell death of tumor cells 5.34 x 10�40 – 2.000 48
Necrosis of tumor 9.72 x 10�41 – 2.000 49

*A right tail Fisher exact test was used to calculate the P values. No prediction could be made when the Activation z score is equal to 2.000.
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Figure 5. In vitro effects of MSC2363318A in combination with anti-angiogenic therapy. A and B) Representative pictures of endothelial vessel formation of sensitive

and bevacizumab-resistant RF-24 cells and quantification of the number of nodes (points at which where three or more elongated cells meet) formed on the gel matrix

after prior treatment with 0.5 mg of bevacizumab, the cell line–specific IC20 of MSC2363318A, or combination therapy; n ¼ 3 wells per group and mean number of nodes

is quantified from five pictures per well. Images were taken at 40�magnification. Each scale bar represents 100 mm. C) Viability of sensitive and bevacizumab-resistant

RF-24 cells after treatment with MSC2363318A between 0 to 50 mM 6 0.5 mg of bevacizumab for 96 hours and mean inhibitory concentration (IC50). Data represent aver-

age of triplicate measurements, and error bars represent the SD. Nonparametric Kruskal-Wallis test and Dunn’s post-test for multiple comparisons. All statistical tests

were two-sided.
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Figure 6. In vivo effects of MSC2363318A in combination with anti-angiogenic therapy. Immunohistochemistry was performed to evaluate the effects of

MSC23633318A, paclitaxel, or combination therapy on tumor-associated angiogenesis (CD31). Representative sections (final magnification, �20) are shown for the four

treatment groups with the average number of CD31-positive vessels per field in mice inoculated with SKOV3ip1 (A) and Hec1a (B). Each scale bar represents 100 mm.

Mice inoculated with HeyA8 ovarian cancer cells (C–E) received vehicle (control), MSC2363318A (25 mg/kg oral daily), bevacizumab (6.25 mg/kg intraperitoneally twice

weekly), or a combination of MSC2363318A and bevacizumab beginning 10 days after inoculation. Tumor size and sites of metastases were recorded, and representa-

tive pictures are shown (n¼10 mice per group). F) Immunohistochemistry was performed to evaluate the effects of MSC23633318A, bevacizumab, or combination ther-

apy on cancer cell angiogenesis as determined by CD31 quantification. Representative sections (final magnification, �20) are shown for the four treatment groups with

the average number of CD31-positive vessels per field in mice. G) Schematic for experiment when mice were injected with luciferase-labeled SKOV3ip1 cells and biolu-

minescence imaging was used to confirm tumor. After 21 days, mice received vehicle (control) or bevacizumab (6.25 mg/kg twice weekly). Mice were subsequently di-

vided into groups depending on the sensitivity of their tumor to anti-angiogenic therapy. The resistant group received MSC2363318A. H) Survival of these groups is

shown (n¼ 10 in control and resistant groups; n¼14 in sensitive group). Error bars represent the SD. Nonparametric Kruskal-Wallis test and Dunn’s post-test for multi-

ple comparisons. All statistical tests were two-sided.
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halted tumor growth and prolonged survival, as compared with
either control or bevacizumab treatment alone using the
Kaplan-Meier method (P¼ .01) (Figure 6H). Mice treated with
bevacizumab induction followed by MSC2363318A had the lon-
gest overall survival (mean ¼ 66.0 days, 95% CI¼ 53.9 to 78.1)
compared with mice treated with vehicle (mean ¼ 42.0 days,
95% CI¼ 31.4 to 52.6) and bevacizumab-sensitive mice (mean ¼
47.2 days, 95% CI¼ 37.5 to 56.9).

Discussion

The key findings in this manuscript are that dual inhibition of
AKT and P70S6K has therapeutic efficacy in multiple preclinical
models by enhancing cellular apoptosis, inhibiting proliferation,
and reducing angiogenesis. Synergy was observed in both ovar-
ian and uterine cancer cell types with the combination of
MSC2363318A and paclitaxel. Addition of MSC2363318A to anti-
angiogenic therapy potentiated the effects of bevacizumab and
restored sensitivity in the adaptive resistance setting. Finally,
we identified YAP1 as marker that correlates with sensitivity to
inhibition with MSC2363318A.

Genetic and/or epigenetic changes lead to activation of the
PI3K/AKT signaling pathway in multiple cancers. Additionally,
previous analyses have found this pathway to be activated in
half of high-grade serous ovarian carcinomas. Uterine cancers
harbor the highest rates of PI3K/AKT pathway alterations, in-
cluding PTEN mutations (15,16). Other frequently identified
pathway mutations in uterine cancer include PIK3CA (25%–
40%), PIK3R1 (15%–25%), and less commonly, AKT1-3 mutations
(2%–5%) (17–20). PI3K/AKT activation in gynecologic malignan-
cies provides the rationale for development and testing of ther-
apies targeting this signaling pathway.

The first PI3K inhibitors (eg, Wortmannin and LY294002) led
to pan-inhibition of this pathway, but their therapeutic potential
remained limited (21). Second-generation PI3K inhibitors tar-
geted specific PI3K isoforms and are being evaluated in preclini-
cal and clinical studies. The third generation inhibitors include
dual PI3K/mTOR inhibitors, which targeted PI3K class I isoforms
and mTOR complexes 1 and 2 and lead to greater inhibition of
the entire pathway (22). Three isoforms of AKT possess biologic
relevance in cancer pathogenesis, and phosphorylation activates
multiple downstream signaling cascades including tuberous
sclerosis complex 2 (TSC2) protein, tuberous sclerosis 1 (TSC1),
mTOR, BAD, and caspase-9 (22,23). AKT inhibitors in preclinical
and clinical development include perifosine, MK-2206, RX-0201,
Erucylphosphocholine, PBI-05204, GSK690693, and XL-418
(23,24). XL-418, which inhibited both AKT and P70S6K, was
tested in a phase I clinical trial in patients with advanced solid
tumors. This study ended because of low drug exposure
(NCT00460278). Previous mTOR complex-1 (mTORC1) inhibitors
including everolimus or temsirolimus have been efficacious clin-
ically, but their activity may be limited to the AKT pathway
feedback loop activation (25,26). This is via induction of insulin
receptor substrate-1 expression and abrogation of feedback
inhibition within the PI3K/AKT pathway, which may cause hy-
persensitivity to inhibitors of the PI3K/AKT pathway. Inhibition
of P70S6K further downstream confers a potential advantage
over previously developed PI3K/AKT pathway inhibitors and can
overcome activation of AKT in the feedback loop. Consistent
with previous reports, MSC2363318A-treated cells have in-
creased pAKT473 expression, suggesting activation of the phos-
phorylated substrate, but pPRAS40 was not increased compared
with control cells, which suggests successful inhibition of AKT

activity. Historical studies have also shown a reduction in
pGSK3a/b, providing further evidence of AKT inhibition (13).

Yes-associated protein (YAP) is one of the main downstream
effectors of the Hippo signaling pathway, known to play a role
in many oncogenic features (27,28). Unphosphorylated YAP trans-
locates and accumulates in the nucleus, where it forms complexes
with other transcriptional factors, leading to expression of target
genes. Phosphorylated YAP promotes its cytoplasmic transloca-
tion and degradation. Previous studies have shown that levels and
nuclear localization of YAP are elevated in some solid malignan-
cies (29), including ovarian and endometrial cancer (30,31).
Downregulation of the Hippo signaling pathway has been shown
to promote ovarian cancer growth and is a key tumor suppressor
pathway, but also makes ovarian cancer cells resistant to chemo-
therapy (28), specifically cisplatin (32). YAP1 signatures have been
identified to be predictors of poor prognosis and survival (32–34),
as well as those that may benefit from taxane-based chemother-
apy (33). The PI3K/AKT pathway is hypothesized to interact in
YAP-mediated drug resistance, and it has been previously shown
that YAP is involved in crosstalk between the PI3K/AKT and Hippo
signaling pathways (35,36). One possible mechanism for the ele-
vated YAP1 expression could be via YAP1-mediated IGF expres-
sion and consequent activation of the PI3K/AKT pathway (37).
Patients with ovarian and endometrial tumors with high YAP1 ex-
pression and increased PI3K/AKT activation could theoretically
benefit the most from MSC2363318A.

The first phase I trial of MSC2363318A in patients with ad-
vanced malignancies has recently opened (NCT01971515). Future
directions include administration of MSC2363318A as an adjuvant
therapy in combination with taxane-based therapy after surgical
cytoreduction. Moreover, MSC2363318A monotherapy could be
tested in a maintenance therapy setting. Other alternatives in-
clude combining MSC2363318A with bevacizumab in patients
with adaptive resistance. Finally, the identification of high YAP1
expression identifies those tumors that are most sensitive to inhi-
bition by MSC2363318A. By identifying the subset of patients
whose tumors would be most sensitive to dual AKT/P70S6K inhi-
bition, lower treatment doses could be considered, overtreatment
of patients who would not benefit could be avoided, and untoward
toxicities in patients who will not respond could be prevented.

Our study has some potential limitations. Despite the safety
of MSC2363318A in preclinical experiments, unexpected toxic-
ities may be identified in early clinical trials. Further preclinical
safety will need to be evaluated prior to future clinical develop-
ment. In summary, MSC2363318A-based therapy may be thera-
peutically beneficial to ovarian and uterine cancer patients
and YAP1 represents a potential predictive biomarker for sensi-
tivity to this treatment.
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