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• A novel PI3K/mTOR dual inhibitor, CMG002, is newly developed.
• We demonstrate here for the first time that CMG002 inhibits growth of chemoresistant cancer cells both in vitro and in vivo.
• CMG002 suppresses cell proliferation and induces G1 cell cycle arrest and apoptosis in chemoresistant ovarian cancer cells.
• CMG002 re-sensitizes chemoresistant cancer cells to PTX or platinum agents.
• CMG002 is a promising therapeutic strategy for chemoresistant ovarian cancer.
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Objective.Ovarian cancer is the leading cause of gynecologic-relatedmortality worldwide. Despite successful
initial treatment, overall survival rates are very low because tumors develop resistance to chemotherapeutic
drugs. The PI3K/mTOR pathway is a key signaling pathway involved in drug resistance of ovarian cancer cells.
The aim of this study was to examine the effect of a newly developed PI3K/mTOR dual inhibitor, CMG002, on
chemoresistant ovarian cancer cells.

Methods. We examined the effects of CMG002, and its synergistic effects when combined with paclitaxel or
cisplatin, on cell viability, cell cycle arrest, and apoptosis of PTX-resistant SKpac17 or cisplatin-resistant
A2780cis ovarian cancer cells in vitro. Western blot analysis was performed to assess expression of PI3K, p-
mTOR, p-Akt, p-S6, Bim, and caspase-3. In vivo studies were carried out in a xenograft mouse model, followed
by TUNEL and immunohistochemical staining of excised tumor tissue.

Results. CMG002 showedmarked toxicity against chemoresistant ovarian cancer cells and re-sensitized these
cells to chemotherapeutic agents by suppressing cell proliferation and inducing G1 cell cycle arrest and apoptosis.
In vivo xenograft studies revealed that treatment with CMG002, either alone or in combinationwith paclitaxel or
cisplatin, led to a marked reduction in tumor growth. CMG002 caused marked suppression of mTOR (Ser2448),
Akt (Ser473), Akt (Thr308), and S6 (Ser235/236) phosphorylation, both in vitro and in vivo.

Conclusion. Taken together, CMG002, a very potent PI3K/mTOR dual inhibitor, induced cytotoxicity in
chemoresistant ovarian cancer cells, suggesting that this novel inhibitor might be a new therapeutic strategy
for chemoresistant ovarian cancer.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Ovarian cancer is the leading cause of gynecologic-related mortality
worldwide [1]. The current standard treatment comprises cytoreductive
surgery followed by combination chemotherapy with platinum and
paclitaxel (PTX) [2]. Unfortunately, the majority of patients treated
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Fig. 1.Decrease of PI3K/mTOR signalingproteins induced byCMG002 treatment.Western blotting showed significant reduction of PI3K, p-AKT, p-mTOR, and p-S6with CMG002 treatment
at low dose in ovarian cancer cell line SKOV3 (A) or OVCAR3 (B). The reduction of these proteins was comparable with previously developed PI3K/mTOR inhibitor, NVP-BEZ235.
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with PTX eventually develop resistance, resulting in recurrence and low
survival rates [3]. Therefore, there is an urgent need to improve out-
comes for patients with relapsed and refractory ovarian cancer [4] by
developing new therapeutics that target chemoresistant cancer cells.

The phosphatidylinositol 3-kinase/protein kinase B/mammalian tar-
get of rapamycin (PI3K/Akt/mTOR) pathway is constitutively activated
in several human cancers. This pathway plays an important role in
many biological processes in cancer cells, including proliferation,
growth, survival, and metabolism [5–8]. PI3Ks are heterodimers com-
prising a regulatory and a catalytic subunit [9] and consists of three dif-
ferent classes (I, II, and III) that differ in terms of structure and
mechanism of activation. Class I PI3K is the most well-characterized
and includes Class IA (p110α, p110β, and p110δ) and class IB (p110γ)
enzymes. Aberrant activation of this pathway occurs in many human
cancers, including ovarian cancer [9,10]. PI3K regulates G1 cell cycle
Fig. 2.Effect of CMG002on the viability of chemosensitive and chemoresistant ovarian cancer ce
chemosensitive and chemoresistant ovarian cancer cell lines. SKOV3, SKpac17, A2780, andA278
(0–125 μM) of paclitaxel, cisplatin, CMG002, and BEZ. Cell viabilitywas thenmeasured by a CCK
best-fit lines were generated during the logarithmic growth phase. The IC50 values against SKO
(paclitaxel, 2.39 μM; cis 8.49 μM, CMG002, 99.52 nM; and BEZ, 586.6 nM), A2780 (paclitaxel,
879 nM; cis, 24.5 μM: CMG002, 213.1 nM: and BEZ, 522.3 nM) cells. B. Viability of cells treate
were treated with PTX (40 nM or 80 nM), CMG002 alone (80 nM or and 1 μM), CMG002 +
A2780 and A2780cis cells were treated with cis (15 μM), CMG002 alone (80 nM and 1 μM), CM
represents the mean of at least three independent experiments. *p b 0.05; **p b 0.01; ***p b 0.
progression in ovarian cancer cells via activation of the Akt/mTOR/
p70S6K1 signaling pathway [11,12]. Hence, inhibiting the PI3K/Akt
pathway can suppress cell proliferation and trigger cell death. In addi-
tion, inhibiting this pathway increases the efficacy of chemotherapeutic
agents and re-sensitizes drug-resistant cancer cell populations within
malignant human tumors to chemotherapeutic agents [13]. Thus, the
components of this pathway are attractive targets for cancer
therapeutics.

Several PI3K pathway inhibitors have been developed and are being
evaluated in preclinical studies and early clinical trials; such inhibitors
include PI3K isoform inhibitors, AKT inhibitors, mTOR catalytic site in-
hibitors, and PI3K-mTOR dual inhibitors. One possible advantage of a
PI3K/mTOR dual inhibitor is suppression of mTORC1 and mTORC2 as
well as all catalytic isoforms of PI3K. These inhibitors might effectively
turn off this pathway completely, thereby overcoming feedback
ll lines. A. Dose-response curve and IC50 values of CMG002, BEZ, paclitaxel and cisplatin for
0cis cellswere seeded at 5 × 103 cells/well and treated for 72 hwith various concentrations
-8 assay. Datawere normalized to the values for untreated control cells. The IC50 values and
V3 (paclitaxel, 49.93 nM; cis, 752.7 nM; CMG002, 12.74 nM; and BEZ, 228.8 nM), SKpac17
1.06 μM; cis, 7.39 μM; CMG002, 70.47 nM; and BEZ, 388.9 nM), and A2780cis (paclitaxel,
d with CMG002 alone or in combination with PTX or cisplatin. SKOV3 and SKpac17 cells
PTX (40 nM), Ly (a pan PI3K inhibitor, 10 μM), or Ly (10 μM) + PTX (40 nM), for 48 h.
G002 + cis (15 μM), Ly (10 μM), or Ly (10 μM)+ cis (15 μM), for 24 and 48 h. Each bar

001, versus the control (con) group.
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inhibition normally observed with mTORC1 inhibitors (i.e., rapamycin
analogs). Recently, a dual PI3k/mTOR inhibitor, CMG002, was newly
developed.
Here, we performed in vitro and in vivo studies to examine whether
CMG002 inhibits the growth of chemosensitive and chemoresistant
human ovarian cancer cells. We found that CMG002 inhibited
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proliferation of chemosensitive and chemoresistant ovarian cancer cells
by inducing G1 cell cycle arrest and apoptosis. We also investigated
whether combined treatment with CMG002 plus conventional chemo-
therapeutic agents, PTX and cisplatin (cis), had a synergistic antitumor
effect. The results showed that CMG002 re-sensitized cancer cells to
these conventional chemotherapeutic agents and acted synergistically
to inhibit proliferation of chemoresistant ovarian cancer cells both
in vitro and in vivo.
2. Materials and methods

2.1. Compounds

A new product of PI3K/mTOR dual inhibitor, CMG002, was devel-
oped (Supplementary Fig. 1, Fig. 1) by CMG Pharmaceutical Co., Ltd.
(Seoul, South Korea). NVP-BEZ235 (BEZ) was kindly provided by CMG
Co., Ltd. The PI3K inhibitor Ly294002 (Ly) was purchased from Cell Sig-
naling Technology (Beverly, MA).
2.2. Cell lines

The human ovarian cancer cell line SKOV3 was obtained from
American Type Culture Collection (Manassas, VA). SKpac17, a PTX-
resistant subline, was established by continuous exposing SKOV3 cells
to a stepwise increase in PTX concentration for N8 months [14]. A2780
(cis-sensitive) and A2780cis (cis-resistant) cells were obtained from
European Type Culture Collection (Manassas, VA). SKOV3 and
SKpac17 cells were maintained in McCoy's 5A medium. A2780 and
A2780cis cells were maintained in RPMI 1640. The mutation profiles
of these cell lines are presented in Supplementary Table S1.
2.3. Cell viability assay

Cell viability was measured using the CCK-8 assay. Briefly, cells (5
× 103/well) were seeded into a 96-well plate and incubated overnight.
The cells were then treated with various concentrations (0–125 μM)
of paclitaxel, cis, CMG002, or BEZ for 72 h. Next, 10 μL of the CCK-8 re-
agent (Dojindo, Kumamoto, Japan) was added and the cells incubated
for 3 h. The optical density at 450 nmwasmeasured using a microplate
reader (Bio-TeK Instruments, Winooski, VT, USA). Cell viability was cal-
culated and expressed as a percentage of the untreated control cells. To
compare the synergistic effects of CMG002 plus PTX or cis with the ef-
fects of other PI3K inhibitors, cells were treated for 48 h with PTX
(40 nM), cis (10 μM), CMG002 (80 nM or 1 M), or Ly (10 μM).
2.4. Western blot analysis

Cells were washed first with phosphate-buffered saline (PBS,
pH 7.4) and then suspended in 100 μL lysis buffer (Pro-Prep, iNtRON
Biotechnology, South Korea). Equal amounts of protein were loaded
into each well of a 8–12% SDS-polyacrylamide gel, separated by electro-
phoresis, and electrically transferred to a polyvinylidene difluoride
membrane (GE Health Care, Piscataway, NJ). After blocking the mem-
brane with 5% skim milk, target proteins were detected using specific
antibodies (Supplementary Table S2). Thereafter, blots were incubated
with secondary antibodies, and positive bands detected using a
luminol-based chemiluminescence detection kit (Bio-Rad).
Fig. 3. Synergistic effect of combined treatment with CMG002 plus PTX or cisplatin on apoptosi
cells/mL) inplates and treatedwith PTX, cis, CMG002alone, or CMG002+PTXor cis, for 48h (co
E. Histograms show the percentage of apoptotic cells. C and F. Representative images showmor
magnification, ×200). All experiments were repeated three times, with similar results. G. Wes
with CMG002 for 48 h. Total cell lysates were prepared and equal amounts of protein elec
transferred to a nitrocellulose membrane for Western blotting with antibodies specific for
control). Experiments were repeated three times with similar results.
2.5. Flow cytometry analysis

Cells were harvested and then resuspended in 1 mL of 0.9% NaCl,
followed by addition of ice-cold 90% ethanol (2.5 mL). After incubation
at room temperature for 30 min, cells were centrifuged and resus-
pended in 1 mL PBS containing 50 μg/mL propidium iodide and 100
μg/mL ribonuclease A, and then incubated at 37 °C for 30 min. Flow cy-
tometry analysis was performed using a FACSCalibur flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

2.6. TUNEL analysis of apoptosis

The In Situ Cell Death Detection Kit (Roche, Mannheim, Germany)
was used to detect and quantify apoptosis by flow cytometry, according
to the manufacturer's instructions. In brief, SKpac17 and A2780cis cells
(1× 106 cells/mL)were seeded in 100-mmdishes and then treatedwith
PTX (40 nM), cis (10 μM), CMG002 (80 nM or 1 μM), Ly (10 μM), PTX
(40 nM) + CMG002 (80 nM or 1 μM), or cis (10 μM) + CMG002
(80 nM or 1 μM) for 48 h. Cells (2 × 107) were fixed with 75% ethanol
for 2 h at −20 °C, and incubated with 0.1% Triton X-100 and 0.1% so-
dium citrate for 2 min on ice. The cells were then incubated with a
TUNEL labeling mixture for 1 h at 37 °C in the dark and analyzed by
flow cytometry.

2.7. Immunohistochemistry (IHC) and TUNEL staining

IHC analysis of paraffin-embedded tumor sections was performed
using anti-pAkt (Thr308), anti-pAkt (Ser473), anti-pmTOR (Ser2448),
and anti-pS6 (Ser235/236) antibodies. Slides were deparaffinized, and
then underwent antigen retrieval in citrate buffer. Slides were incu-
bated overnight at 4 °C with an appropriate primary antibody diluted
in PBS. Staining was completed using ABC kits (VECTOR Laboratories,
Burlingame, CA, USA) and enzyme substrates from VETOR, according
to themanufacturer's instructions. Finally, sectionswere counterstained
with hematoxylin. Deparaffinized slides were used for TUNEL stain
using an ApoTag Plus Peroxidase In Situ Apoptosis Detection Kit (EMD
Millipore Corp. Temecula, CA, USA), according to the manufacturer's
instructions.

2.8. Tumor xenograft model

SKpac17 (5× 106) and A2780cis (1× 107) cells were inoculated sub-
cutaneously into the right and left dorsal flanks of 5-week-old BALB/C
nude mice (OrientBio, Sungnam, Korea). When the subcutaneous tu-
mors reached approximately 30 mm3, mice were assigned randomly
to one of eight groups (n = 6–8 per group). Mice bearing tumors
were orally administered CMG002 or BEZ (10 mg/kg or 20 mg/kg dis-
solved in 40% PEG-400/16% 2-hydroxypropyl-b-cyclodextrin) for five
consecutive days per week. Mice with SKpac17 xenografts were
injected intraperitoneally once per week with PTX (10 mg/kg) or cis-
platin (2 mg/kg). Tumor volume was measured three times a week
and calculated using the following formula: length2 × width2 × 0.5
(length = longest diameter across the tumor, width = corresponding
perpendicular diameter).

2.9. Statistical analysis

Statistical analysis was performed using SPSS software version
21.0 (SPSS, Chicago, IL). Quantitative data were obtained from
s of chemoresistant ovarian cancer cells. SKpac17 and A2780cis cells were seeded (5 × 104

n: control). A andD.Apoptosiswas assessed byflowcytometry after TUNEL staining. B and
phological changes. All images were obtained under a phase-contrastmicroscope (original
tern blot analysis for apoptosis related proteins. SKpac17 and A2780cis cells were treated
trophoretically separated on 8–12% SDS-polyacrylamide gels. The proteins were then
Bim, Mcl-1 (G, left panels), cleaved caspase-3 (G, right panels), and β-actin (loading
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three or more experiments and expressed as the mean ± S.D. Com-
parisons between two different treatment groups were analyzed
using analysis of variance, followed by a multiple comparison test
using a Bonferroni adjustment. A p value b 0.05 was considered sta-
tistically significant.

3. Results

3.1. CMG002 reduces the viability of chemoresistant ovarian cancer cells
more potently than other PI3K/mTOR inhibitors

We examined the effects of CMG002 on the viability of SKOV3,
SKpac17 (PTX-resistant), A2780, and A2780cis (cis-resistant) cells
using a CCK-8 assay and compared the results with those for another
dual PI3K/mTOR inhibitor (BEZ). Exposure to 0–125 μM CMG002, BEZ,
PTX, or cis for 72 h reduced the viability of chemosensitive (SKOV3
and A2780) and chemoresistant (SKpac17 and A2780cis) ovarian can-
cer cells in a dose-dependentmanner (Fig. 2A). CMG002was able to re-
duce the viability of chemoresistant SKpac and A2780cis cells with IC50
values of 99.52 nM and 213.1 nM, respectively. The values were much
lower than those for BEZ (IC50= 586.6 nM and 522.3 nM, respectively).

We then examined whether combination treatment with CMG002
plus primary chemotherapeutic agents (PTX or cis) increased cytotoxic-
ity against chemoresistant ovarian cancer cells (Fig. 2B). We found that
CMG002 caused a significant reduction in the viability of Skpac17 cells
(by 77% at 80 nM and 50% at 1 μM) as well as SKOV3 cells (by 68% at
80 nM and 42% at 1 μM). By contrast, there was no significant reduction
in the viability of SKpac17 cells treated with PTX. However, the com-
bined treatment of Skpac17 cells with CMG002 and PTX showed stron-
ger cytotoxic effects (cell viability was reduced by 67% [PTX + 80 nM
CMG002] and 46% [PTX + 1 μM CMG002]).

In addition, treatment of A2780cis cells with CMG002 reduced via-
bility by 62% [80 nM] and 47% [1 μM], whereas no significant reduction
was found in the viability of A2780cis cells treated with cis alone. How-
ever, the combination treatment with CMG002 plus 15 μM cis reduced
viability by 67% [80 nM CMG002] or 41% [1 μM CMG002]. Treatment
of SKpac17 with Ly [10 μM] alone (81%) or with Ly + PTX [40 nM]
(77%) had little effect. Similar results were observed for A2780cis cells
after treatment with Ly alone (99%) and after treatment with Ly plus
cis (85%).

These results indicate that CMG002 reduces the viability of
chemoresistant as well as chemosensitive ovarian cancer cells, and
that it has a synergistic effect against chemoresistant cancer cells
when used alongside primary chemotherapeutic agents.

3.2. Combined treatment of chemoresistant ovarian cancer cells with
CMG002 plus PTX or cis induces apoptosis

To assess the apoptotic effects of CMG002 and its ability to re-
sensitize cells to PTX or cis, we exposed chemoresistant SKpac17 and
A2780cis cells to either CMG002 alone or to CMG002 plus PTX or cis
for 48 h. Flow cytometry analysis of TUNEL-positive cells revealed that
CMG002 induced apoptosis in Skpac17 (Fig. 3A–C) and A2780cis
(Fig. 3D–F) cells. The percentage of apoptotic Skpac17 cells was much
higher after CMG002 treatment (80 nM, 7.8%; 1 μM, 42%; p b 0.05 and
p b 0.01, respectively) than after treatment with PTX (40 nM, 2.5%) or
Ly (10 μM; 6.7%). Moreover, the number of apoptotic cells detected
after combined treatment with CMG002 and PTX was higher (16.7% in
CMG002 [80 nM] + PTX and 87% in CMG002 [1 μM] + PTX, p = 0.06
and p b 0.001, respectively) than that with PTX + Ly (13.8%). Similar
Fig. 4. Effect of CMG002on cell cycle arrest of paclitaxel or cisplatin-sensitive or -resistant ovaria
(B) cells were treated with PTX (40 nM), CMG002 alone (1 μM), CMG002 + PTX (40 nM), Ly
analyzed by flow cytometry. Histograms show the percentage of cells in G1, S, and G2/M phas
cyclin B1, cyclin E, and β-actin (loading control). D and E. Cell cycle analysis for A2780 and
CMG002 + cis, Ly (10 μM), or Ly + cis, for 24 h. Histogram shows the percentage of cells in
specific for cyclin D3, cyclin B1, and β-actin (loading control).
results were obtained for A2780cis cells (CMG002 [1 μM] vs. CMG [1
μM] + cis = 26% vs. 65%). In comparison, treatment with Ly only or Ly
+ cis had no significant effect on apoptosis in chemoresistant cells.
Taken together, CMG002was consistently a more potent inducer of ap-
optosis in chemoresistant ovarian cancer cells than Ly (a pan PI3K inhib-
itor), and showed a synergistic effect when used along with PTX or cis.

Next, we explored the effect of CMG002 on expression of anti- and
pro-apoptotic proteins (Fig. 3G). We found a significant increase in ex-
pression of Bim upon treatmentwith CMG002, either alone or in combi-
nation with PTX or cis. BimEL (23 kDa) was main form identified in
SKpac cells whereas BimL (19 kDa) was the main form in A2780cis
cells. Among the anti-apoptotic proteins tested, treatment with
CMG002 led to a significant reduction in expression of Mcl-1. However,
expression of other pro-apoptotic proteins (Bax and Bak), or of anti-
apoptotic proteins (Bcl-2 and Bcl-xL) was unchanged by CMG002 treat-
ment (data not shown). Expression of cleaved caspase-3 increased sig-
nificantly in SKpac and A2780cis cells upon combined treatment with
CMG002 + PTX or cis.

3.3. CMG002 induces cell cycle arrest at G1 phase

On cell cycle analysis in chemosensitive and chemoresistant ovarian
cancer cells treated with CMG002, either alone or in combination with
PTX, for 24 h (Fig. 4A–C) and 48 h (Supplementary Fig. S2), the results
showed that 64% of control SKOV3 and 55% of control SKpac17 cells
were in G0/1 phase; however, CMG002 arrested both cell lines at G0/
G1 (SKOV3, 88%; SKpac17, 80%, p b 0.05). We found it interesting that
PTX induced G2/M arrest in SKOV3 cells; however, the percentage of
G2/M arrested cells fell from 94% to 56% when PTX was combined
with CMG002 (Fig. 4A). By contrast, PTX had no effect on the cell cycle
of PTX-resistant SKpac17 cells (Fig. 4B). However, G1 arrest was ob-
served even in SKpac17 cells treated with CMG002 or Ly, either alone
(80% vs. 66%, respectively) or in combination with PTX (PTX
+ CMG002 = 78%; PTX + Ly = 63%).

Exposure of SKOV3 cells to CMG002 alone reduced expression of
cyclins D3, B1, and E; therewas no change in expression after treatment
with PTX or Ly alone (Fig. 4C). However, expression of cyclin B1 in-
creased after treatmentwith PTX; this was not reversed after combined
treatment with CMG002. Even in PTX-resistant SKpac17 cells, CMG002
led to a significant reduction in expression of all three cyclins, whereas
PTX or Ly alone, or PTX + Ly, had no effect.

Treatment of A2780 and A2780cis cells with CMG002 (Fig. 4D–F,
Supplementary Fig. S3), either alone or in combinationwith cis, induced
cell cycle arrest at G0/G1 phase (A2780: 88% and 81% by CMG002 alone
or CMG002 + cis, respectively; A2780cis: 88% and 83%, by CMG002
alone or CMG002 + cis, respectively). By contrast 65% of A2780 and
68% of A2780cis (p b 0.05) control cells were at G0/G1. Western blot
analysis revealed that CMG002 caused a significant reduction in expres-
sion of cyclin D3 in A2780 and A2780cis cells.

Taken together, CMG002 induces G1 arrest even in
chemoresistant SKpac17 and A2780cis cells by decreasing expres-
sion of cyclin D3 and cyclin E, which was not observed after treat-
ment with PTX or cis alone.

3.4. CMG002 inhibits the PI3k/Akt/mTOR signaling pathway

We, then, monitored expression of downstream proteins, and found
that phosphorylated Akt (Ser473 and Thr308), phosphorylated mTOR
(Ser2448), and phosphorylated S6 (at Ser235/236) in all cell lines was
inhibited by CMG002 (when used alone and in combination with PTX;
n cancer cells. A, B. Cell cycle analysis for SKOV3 and SKpac17 cells. SKOV3 (A) and SKpac17
(10 μM), or Ly (10 μM)+ PTX (40 nM) for 24 h (con: control). Cells were harvested and
e (A and B, right panels). C. Western blot analysis using antibodies specific for cyclin D3,
A2780cis. A2780 (D) and A2790cis (E) cells were treated cis (15 μM), CMG002 (1 μM),
G0/G1, S, and G2/M ( D and E, right panels). F. Western blot analysis using antibodies
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Fig. 5. Effect of CMG002 on the PI3K/mTOR signaling pathway. A and B. Western blot analysis for PI3K/mTOR signaling proteins. The SKOV3, SKpac17 (A), A2780, and A2780cis cells
(B) were seeded at 5 × 104 cells/mL and treated with PTX (40 nM), cis (15 μM), CMG002 (1 μM), CMG002 + PTX, CMG002 + cis, Ly, Ly + PTX, or Ly + cis, for 48 h. Western blots
were performed with antibodies specific for p-Akt (Ser473), p-Akt (Thr308), Akt1, p-mTOR (Ser2448), p-S6 (Ser235/236), S6, and β-actin (loading control). Experiments were
repeated three times, with similar results. Protein bands (A and B, left panels) were quantitated by densitometric analysis. The ratio of the intensity of protein bands relative to β-actin
was calculated (A and B, right panels). Experiments were repeated tree times with similar results. **p b 0.01; ***p b 0.001, versus the control group.
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p b 0.001); however, treatment with PTX or cis alone had no effect on
expression of these proteins in PTX-resistant SKpac17 cells or A2780cis
cells (Fig. 5A& B). Treatmentwith Ly did not cause a significant reduction
in expression of these proteins. These data demonstrate that CMG002
suppresses expression of downstreamproteins of the PI3k/Akt/mTOR sig-
naling pathway, including mTORC1 and mTORC2.
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Fig. 6. Effect of CMG002 and NVP-BEZ235 on growth of PTX-resistant SKpac xenografts. A. Tumor growth inhibition effect of CMG002 in comparison with NVP-BEX235 on SKpac
xenografts. Changes in tumor volume (A, upper panel). There was no difference in body weight between the groups (A, middle panel). Tumor growth inhibition (TGI) was quantified
and expressed as a percentage relative to the control. *p b 0.05; **p b 0.01, versus control (A, lower panel). B. Tumor size and weight at the end of the experiment. The graph
represents the tumor weight of each group relative to control. Results are expressed as the mean ± SEM (SKpac17: control (n = 4), PTX (n = 8), CMG002 [10 mg/kg] (n = 10),
CMG002 [20 mg/kg] (n = 8), NVP-BEZ235 [20 mg/kg] (n = 10), CMG002 [10 mg/kg] + PTX (n = 8), CMG002 [20 mg/kg] + PTX (n = 8), and NVP-BEZ235 [20 mg/kg] + PTX (n =
8)). C. TUNEL stain for extracted tumor tissue. Original magnification, ×100 (C, upper panel). The graph represents the percentage of apoptotic cells of each group. The number of
TUNEL-positive cells in five high power fields was counted and data expressed as the percentage of apoptotic cells within the total tumor cell population (mean ± S.D.; 10 fields in
two slides) (C, lower panel). ***p b 0.001, versus control group. D. Western blot analysis of p-Akt (Sre473), p-Akt (Thr308), p-S6 (Ser235/236), and β-actin expression in SKpac17
xenograft tumors.
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3.5. Antitumor effects of CMG002 in a chemoresistant xenograft model

To assess the in vivo efficacy of CMG002, we treated female nude
mice bearing SKpac17 or A2780cis xenografts with vehicle, CMG002
(20 mg/kg) alone, or a combination of CMG002 + PTX (10 mg/kg)
(SKpac17 xenografts) or CMG002 + cis (2 mg/kg) (A2780cis xeno-
grafts). Compared with vehicle, CMG002 alone inhibited growth of
SKpac17 xenografts by 78% (p b 0.01) and that of A2780cis xenografts
by 60% (p b 0.05); these values increased further when CMG002 was
used in combination with PTX (SKpac17: 89.6% inhibition; p b 0.001)
or cis (A2780cis: 79% inhibition; p b 0.001) for 9–11 days (Supplemen-
tary Fig. S4A & B). Consistent with the above data, the weights of ex-
tracted tumors from the CMG002 alone or combined treatment
groups were significantly lower than those from the control group
[Skpac17 (p b 0.05): CMG002, 38.1%; CMG+ PTX, 11.8% of the control
value; A2780cis (p b 0.05): CMG002, 40.2%; CMG002 + cis, 22% of the
control value].

TUNEL staining of A2780cis xenograft tumor tissue revealed that
CMG002, either alone (42.1%) or in combination with cis (52.3%), led
to a significant increase in the percentage of TUNEL-positive cells
when compared with the control (16.3%) or cis only (17.7%) groups (p
b 0.001; Supplementary Fig. S4C). As expected, Western blotting re-
vealed that expression of phosphorylated Akt (Ser473 and Thr308)
and phosphorylated mTOR (Ser2448) in tumors treated with CMG002
alone or in combination with cis was much lower than that in the con-
trol and cis-only groups (Supplementary Fig. S4D). Itwas not possible to
perform TUNEL staining and Western blotting of SKpac xenografts be-
cause not enough tumor tissue could be extracted.

3.6. CMG002 inhibits growth of chemoresistant tumors more effectively
than BEZ

To confirm CMG002-mediated inhibition of tumor growth, we re-
peated the in vivo study by treating the SKpac17 xenografts with
CMG002 alone (10 mg/kg and 20 mg/kg) or in combination with PTX
(Fig. 6). BEZ (20 mg/kg), another dual PI3K/mTOR inhibitor, was used
as a reference compound. After 14 days, we noted that the tumor
growth-inhibiting effect of CMG002, either alone or in combination
with PTX, was similar to the result in the previous experiments
(CMG002 alone [10 mg/kg], 52%; CMG002 [10 mg/kg] + PTX, 66.7% (p
b 0.01); CMG002 alone [20 mg/kg], 60.3%; CMG002 [20 mg/kg]
+ PTX, 73% (p b 0.01); BEZ [20 mg/kg], 54.3%; and BEZ [20 mg/kg]
+ PTX, 31% (p b 0.01, compared with the control and PTX only groups).
Next, treatmentwas stopped for 15 days (fromDay 15 to Day 30) to ob-
serve rebound phenomena. At Day 31, tumor growth was still inhibited
relative to that in control mice. Drugs were then re-administered from
Day 32, and mice were sacrificed at Day 44. At this point, tumor growth
inhibition reached 35.4% and 47.9% (CMG002 and CMG002 + PTX, re-
spectively, p b 0.01 compared with the control and PTX-only groups)
in CMG002 [10 mg/kg] treated group; 52.7% and 56% (CMG002 and
CMG002 + PTX, respectively, p b 0.01) in CMG002 [20 mg/kg] treated
group; 44.2% and 41.8% (BEZ and BEZ + PTX respectively, p b 0.01) in
BEZ [20 mg/kg] treated group. The weights of tumors in the CMG002
alone and CMG002 + PTX groups were significantly smaller than
those in the control group: CMG002 [10 mg/kg], 51.3%; CMG002
[10 mg/kg] + PTX, 40.5%; CMG002 [20 mg/kg], 40.5%; CMG002
[20 mg/kg] + PTX, 29%; and PTX only; 87% of the control) (Fig. 6B; p b

0.001). The weights of tumors treated with BEZ [20 mg/kg] were
48.6% and 54% of the control (BEZ alone and BEZ + PTX, respectively).

These data indicate that CMG002 significantly inhibits the growth of
chemoresistant xenografts even by a lower dose (10 mg/kg), which ef-
fects were comparable with those afforded by a higher dose of BEZ
(20 mg/kg). In addition, combined treatment with CMG002 and PTX
had a synergistic effect, however, BEZ did not have this effect.

Finally, we examined the role of apoptosis on CMG002-mediated
tumor inhibition (Fig. 6C). CMG002-treated (10 or 20 mg/kg) tumor
tissues showed a significant increase in the percentage of TUNEL-
positive cells (22% and 24.8% at 10 and 20 mg/kg, respectively; p b

0.001), compared with that of control of PTX alone treated group (1%).
BEZ at 20 mg/kg also induced apoptosis (16.8%, p b 0.001), which was
less than that of CMG002 [20 mg/kg] group (p b 0.05). Notably, combi-
nation treatment led to an even more significant increase in the per-
centage of apoptotic cells (CMG002 [10 mg/kg] + PTX, 32.8%; CMG
[20 mg/kg] + PTX, 37.4%; and BEZ [20 mg/kg] + PTX, 25.6%; p b

0.001). Next, we performedWestern blotting (Fig. 6D) and immunohis-
tochemistry (Supplementary Fig. S5), found that phosphorylated Akt,
mTOR, and S6 were significantly downregulated in CMG002-treated
tumor tissues compared with tissues treated with vehicle or PTX
alone.We evaluated the liver histology as well as body weightmonitor-
ing. There was no necrotic area on H&E sections suggesting liver
toxicity.

4. Discussion

The high mortality rate of ovarian cancer is mainly related to its re-
currence from the adoption of chemoresistance. The development of
chemoresistance is reportedly associated with activation of the PI3K/
AKT/mTOR pathway in cancer cells [15,16]. Therefore, strategies
aimed at inhibiting the PI3K/AKT/mTOR pathway might overcome
chemoresistance [17] and increase disease free survival.

The PI3K/Akt/mTOR pathway is activated constitutively in many
human cancers, providing a unique opportunity for intervention using
chemotherapeutics. Comparedwith the other types of PI3K pathway in-
hibitor, PI3K/mTOR dual inhibitors target all catalytic forms of PI3K, as
well asmTORC1 andmTORC2. To do this, theymust overcome feedback
inhibition normally associated with mTORC1 inhibitors, which effec-
tively blocks this pathway and limits efficacy [18].

This study is the first to provide evidence for the efficacy of a newly
developed PI3K/mTOR dual inhibitor, CMG002, in preclinical models of
PTX-resistant or cis-resistant ovarian cancer cells. We investigated
whether this PI3K/mTOR dual inhibitor exerts a significant antitumor
effect when used either alone or in combinationwith conventional che-
motherapeutic agents. We found that treatmentwith CMG002 caused a
significant reduction in the viability of chemoresistant ovarian cancer
cells as well as chemosensitive cells. We also compared the effect of
CMG002 with that of other PI3K/mTOR inhibitors, Ly and BEZ [19,20].
Low concentrations of CMG002 inhibited proliferation of
chemosensitive SKOV3 and A2780 cells more effectively than the
other PI3K inhibitors. In addition, CMG002 reduced the viability of
PTX-resistant SKpac17 cells and cis-resistant A2780cis cells; the other
PI3K inhibitors had less significant effect on these resistant cells when
used at similar concentrations.

CMG002 induced apoptosis in PTX-resistant SKpac cells; this was not
the case for PTX alone. Combined treatmentwith CMG002 and PTX led to
even greater apoptosis induction, suggesting that CMG002 re-sensitizes
PTX-resistant cells to PTX. A similar effect was seen in cis-resistant
A2780cis cells co-treated with CMG002 and cis. This response was ac-
companied by a significant increase in expression of cleaved caspase 3
in cells co-treated with CMG002 and PTX or cis. Bim and Mcl-1 were
the major pro- and anti-apoptotic proteins regulated by CMG002.

We also demonstrated that the anti-proliferative activity of CMG002
is also due to induction of G1 cell cycle arrest. Ly reportedly inhibits
PI3K activity and reduces proliferation of ovarian cancer cells by inducing
G1 cell cycle arrest; this is accompanied by decreased expression of G1-
associated proteins, including cyclin D1 [11]. Inhibiting mTOR or PI3K in
different cell types shows similar effects [21,22]. The mTORC1 increases
S6 kinase activity, which then phosphorylates S6 and plays an important
role in cell cycle progression via G1 phase [23]. Here, we found that
CMG002 induced G1 arrest even in PTX-resistant SKpac cells, whereas
PTX did not induce G2 arrest in PTX-resistant SKpac cells (it usually did
in PTX-sensitive SKOV3 cells). This change was accompanied by reduced
expression of cyclin D3 and cyclin E. Intriguingly, PTX is a microtubule
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inhibitor that binds to tubulins or microtubules to suppress microtubule
dynamics and function; this induces G2/M cell cycle arrest [24]. Here,
we found that PTX increased expression of cyclin B1 in SKOV3 cells; this
was also the case after combination treatment with PTX and CMG002.
CMG002 also induced G1 arrest in A2780 and cis-resistant A2780cis
cells, which was accompanied by decreased expression of cyclin D3;
this was not observed after treatment with cis alone.

A number of PI3K pathway inhibitors have been developed and are
being evaluated in preclinical studies. Rapamycin analogs that specifi-
cally inhibit mTORC1 are themost clinically advanced, however, the ac-
tivity of traditional mTORC1 inhibitors is limited [25], because it may
cause feedback-mediated activation of the PI3K/Akt pathway [18,26].
Several studies demonstrated that a previously developed PI3K/mTOR
dual inhibitor, BEZ, is an effective treatment option for various cancers
[19,27–29]; indeed, the drug has entered phase I testing [30,31]. Mon-
tero et al. [32] showed that BEZ effectively suppresses proliferation of
four ovarian carcinoma cell lines, and previous preclinical studies dem-
onstrate that BEZ sensitizes nasopharyngeal carcinoma cells to the anti-
tumor effects of cis [33].

Here, our in vivo study demonstrated that CMG002was amore potent
inhibitor of PTX-resistant SKpac tumor growth than BEZ, evenwhen used
at a low dose (10 mg/kg); indeed, the effects of low-dose CMG002 were
equivalent to those of BEZ at 20 mg/kg. In addition, CMG002 re-
sensitized resistant cells to the effects of PTX or cis, whereas BEZ did not
re-sensitize PTX-resistant cells to PTX. We showed that CMG002 plus
PTX or cis induced a synergistic increase in apoptotic cell death, suggest-
ing that CMG002 re-sensitizes PTX or cis-resistant ovarian cancer cells to
these drugs; therefore, CMG002 might overcome resistance to taxol or
platinum agents. In vivo testing revealed that CMG002 induced marked
suppression of tumor growth, either alone or in combination with PTX
or cis; indeed, combination treatment had a more pronounced effect
(with no change in body weight). This supports our notion that
CMG002 re-sensitizes resistant cells to the effects of PTX or cis.

In summary, we demonstrate here for the first time that a newly de-
veloped novel PI3K/Akt/mTOR dual inhibitor, CMG002, inhibits growth
of chemosensitive and chemoresistant ovarian cancer cells (both in vivo
and in vitro) by inducing apoptosis and G1 arrest. In addition, CMG002
re-sensitizes resistant cells to the effects of PTX or platinum agents.
Thus, CMG002 (either alone or in combination with PTX or cis) is a
promising therapeutic option for chemoresistant ovarian cancer.
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