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Abstract: Background and Objective: Ovarian cancer is among the most lethal of all malignancies in women. While
chemotherapy is the preferred treatment modality, chemoresistance severely limits treatment success. Because
transforming growth factor-beta (TGF-B) could increase survival of ovarian cancer cells in the presence of cispla-
tin, we conducted a preclinical study of the antitumor effects of the TGF-B type | (TBRI) and type Il (TBRII) kinase
inhibitor LY2109761 in combination with cisplatin. Methods: SKOV3, OV-90 and SKOV3P"? cells were treated with
LY2109761, and/or cisplatin, and cell viability, apoptosis mMRNA and protein expression levels were then evaluated.
Furthermore, the efficacy of LY2109761 combined with cisplatin was further examined in established xenograft
models. Results: LY2109761 was sufficient to induce spontaneous apoptosis of ovarian cancer cells. Combination
with LY2109761 significantly augmented the cytotoxicity of cisplatin in both parental and cisplatin resistant ovarian
cancer cells. LY2109761 significantly increased apoptotic cell death in cisplatin-resistant cells. Combination treat-
ment of LY2109761 and cisplatin showed antiproliferative effects and induced a greater rate of apoptosis than the
sum of the single-treatment rates and promoted tumor regression in established parental and cisplatin resistant
ovarian cancer xenograft models. Conclusions: Chemotherapeutic approaches using LY2109761 might enhance the

treatment benefit of the cisplatin in the treatment of ovarian cancer patients.
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Introduction

Epithelial ovarian cancer (EOC), accounting for
more than 85% of human ovarian cancer, is the
fifth leading cause of death in female cancer
patients and has the highest mortality rate of
all gynecological cancers worldwide [1]. The
overall 5-year survival rate of ovarian cancer
patients diagnosed at an advanced stage is
less than 30% [2]. The poor survival is mainly
attributed to the high resistance of EOC to cur-
rent chemotherapeutic regimens [3]. Cisplatin
and its analogues are first-line chemotherapeu-
tic agents for the treatment of human ovarian
cancer [4, 5]. Cisplatin promotes its cytotoxicity
by forming DNA-protein cross-links, DNA mono-
adducts, and intrastrand DNA cross-links,
which all trigger apoptosis [6, 7]. To circumvent
cisplatin resistance various attempts using
combinational therapy have been tried. How-
ever, most trials were not very promising.
Therefore discovering new therapeutic targets

to overcome cisplatin resistance is urgent and
essential task for treatment of EOC.

Recent reports demonstrated that activation of
several biochemical pathways induces acquired
drug resistance during drug treatment [8-10].
Thus exploration of kinome for sensitization of
ECO cells to cisplatin can be useful tool to iso-
late new target kinases. Recent developments
in small molecule inhibitors for numerous pro-
tein kinases have enabled us to explore the pro-
tein kinase targets in ECO cells. Through the
screening a series of protein kinase inhibitors
(PKIs), we found that several PKIs show syner-
gism in combination with cisplatin in ECO [11-
15]. Among these newly found PKls, a TBRI/II
kinase selective inhibitor LY2109761, exhibited
substantial potency in reducing drug resistance
[16-18].

Transforming growth factor B (TGF-B) is a family
of dimeric polypeptide growth factors that initi-
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ate cell signaling by dimerizing the TGF-B type |
(TBRI) and type Il (TBRIl) serine/threonine
kinase receptors. This dimerization allows for
the constitutively active TBRIl kinase to trans-
phosphorylate and activate the TBRI kinase
which, in turn, propagates the signal by activat-
ing downstream Smad-dependent and Smad-
independent pathways [19, 20]. The tumor sup-
pressor function of TGF-B signaling is well
established. However, TGF-B signaling also
plays a key role in tumor-promoting effects in
advanced disease [21]. TGFB is a potent regula-
tor of cell proliferation and differentiation [22].
TGFB preferentially binds to TBRIl then the
ligand-bound TRRII forms heteromeric receptor
complex with TBRI, which triggers downstream
signals [23].

The overexpression of TGF(B ligands has been
reported in various malignant entities including
ECO [24-29]. In patients with ECO, enhanced
expression of TGF-beta | and TGF-beta3, as well
as the loss of expression of T beta R-l and T
beta R-lll, contribute to ovarian carcinogenesis
and/or tumor progression [29]. These multiple
roles of TGFB in ECO initiation and progression
have promoted the development of therapeutic
agents based on the inhibition of the TGFp
pathway [30, 31]. LY2109761, a novel TBRI/II
kinase inhibitor, has shown a SMAD2-selective
inhibitory profile with antitumor activity in vari-
ous tumor models such as colorectal cancer
[32], pancreatic cancer [33], and hepatocellu-
lar carcinoma [34]. LY2109761 was also as the
radiosensitizers to improve the treatment of
glioblastoma [35].

In the present study, we investigated the com-
bination effects of cisplatin and LY2109761 in
established human EOC cell lines in vitro and in
Vivo in a subcutaneous and an orthotopic tumor
model. Our data indicate that LY2109761 is an
effective treatment approach alone and aug-
ments the cisplatin treatment response in ECO
cells.

Material and methods
Cell culture and reagents

Human epithelial ovarian cancer cell lines
SKOV3 and OV-90 was obtained from American
Type Culture Collection, cisplatin (DDP) resis-
tant SKOV3 cell line (SKOV3PP?) was obtained
from Yiyeqi. cc (Shanghai, China). They were all

4924

routinely cultured in RPMI 1640 (Life Tech-
nologies, Inc., Shanghai, China), supplemented
with 10% heat-inactivated FBS. All cells were
cultured in a 5% CO, humidified atmosphere at
37°C. LY2109761 is an orally active TBRI/II
kinase dual inhibitor, which was purchased
from Selleck (Houston, TX, USA). Test com-
pounds were dissolved in dimethyl sulfoxide
(DMSO) and diluted with culture medium
[DMSO final concentration, 0.1% (v/v)]. Stock
DDP solution was prepared in DMSO (330 mM),
stored as aliquots at 20°C, and used within 2
weeks. DDP was further diluted in medium
before adding to the cells.

MTT assay

SKOV3, 0V-90 and SKOV3PP® cells were seeded
at a density of 3.5 x 103 per well in 96-well
microtiter culture plates. After overnight incu-
bation, medium was removed and replaced
with fresh medium containing different con-
centrations of LY2109761 (0.5-10 uM) for 72 h.
On completion of incubation, viability was
assessed after adding 50 L trypan blue solu-
tion (0.4% in PBS) in culture medium. After 1 to
2 min, the number of dead cells, which retained
the dye, was compared with the total number to
calculate the percentage of viable cells. Cell
growth inhibition was also detected using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay. To determine the
effect of drug combination, SKOV3, OV-90and
SKOV3PPP cells were plated onto 96-well plates.
After 72 h treatment with DDP (0.15-3.0 uM)
and/or LY2109761 (0.5-10 uM), cell viabilities
were measured using MTT assays.

Detection of apoptosis by ELISA

The cell death detection ELISA kit was used for
assessing apoptosis according to the manufac-
turer’s protocol. Briefly, cells were treated with
LY2109761 or/and DDP for different periods of
time. After treatment, the cells were lysed and
the cell lysates were overlaid and incubated in
microtiter plate modules coated with anti-his-
tone antibody for detection of apoptosis.

Western blotting

Western blot was used to measure the expres-
sion levels of proteins. Cells cultured with
LY2109761 were harvested and the proteins in
total cell extracts were generated using RIPA
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buffer supplemented with protease inhibitors.
LY2109761 treated cells were prepared using
protein Extraction Kit (Affymetrix, Santa Clara,
Guangzhou, China) according to the manufac-
turer’s protocol. Protein samples were separat-
ed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) then trans-
ferred to polyvinylidene fluoride (PVDF) mem-
brane. Anti-phospho (p)-SMAD2 and total
SMAD2 (Cell Signaling) were used as primary
antibodies. An anti-B-actin monoclonal anti-
body (Sigma) as internal loading control. Anti-
rabbit 1gG peroxidase antibodies (Sigma, St.
Louis, MO, USA) were used for secondary anti-
body and enhanced chemiluminescence (ECL)
solution (Santa Cruz Biotechnology, Inc.) was
used for detection.

RT-PCR

Total cellular RNA was extracted with TRIzol
reagent (Invitrogen), and reverse-transcribed
with a reverse transcription kit (Invitrogen).
Primer pairs designed to amplify p-SMAD2 and
B-actin were synthesized at Shanghai PharmNet
Biotechnologies. The sequences used were:
p-SMAD2 primer, sense, 5-AGCCACGAGAAA-
CAGGAAGCAGG-3’; antisense, 5-TCGAAAGAA-
CGTCACTGACTTTA-3’; B-actin primer, sense,
5-GGGCGCCCCAGGCACCA-3, antisense, 5-CT-
CCTTAATGTCACGCACGATTT-3. Extracted RNA
(2 yL) was subjected to PCR using 1 pL of sense
and antisense primers, 1 yL ofp-actin primers,
2.5 L of MgCl, (25 mmol/L), 1 L of deoxynu-
cleotide triphosphates, 2.5 yl of 10x PCR buf-
fer, 5 units of Tag DNA polymerase, and 14 uL
of double distilled water in a 25 L reaction vol-
ume. The cycling variables were: one 4-minute
cycle at 94°C, 35 cycles at 94°C for 52 sec-
onds, 55°C for 1 minute, 72°C for 50 seconds;
final extension was at 72°C for 10 minutes.
PCR products (1.5 uL) were electrophoresed on
1.2% agarose gels and the gray scale ratio of
p-SMAD2/B-actin was calculated.

In vivo tumor model

All animal experiments were carried out accord-
ing to the Chinese Laws of animal welfare and
were approved by the Ethics Commission of the
Weifang Medical College. Four-week-old female
ICR-SCID mice were obtained from Weifang
Medical College. Briefly, the female ICR-SCID
mice were injected s.c. with 10 SKOV3 or
SKOV3PPP cells in 100 L of PBS at a single dor-
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sal site. When the tumors reached a size of
about 50-100 mm?® (10-15 days after trans-
plantation), mice were treated with LY2109761.
LY2109761 was administered orally at 50 mg/
kg twice daily (days 1-5 of each week) until the
end of observation (4 weeks). During which, the
DDP (5 mg/kg) was administered i.p at 5 mg/
kg once week for 4 weeks. Tumor volume for
the subcutaneous experiment was determined
1 times/4 days by direct measurement with
calipers (V= 1/2 x (L x W?).

Immunohistochemistry

Five-um-thick sections of paraffin-embedded,
formalin-fixed s.c. tumor tissues were stained
with H&E for histological examination. Ki67 and
p-SMAD2 detection was performed as the man-
ufacture’s instruction.

TUNEL assay

Apoptosis induction in the tumor was measured
using the TUNEL kits. The TUNEL staining was
performed with an in situ apoptotic cell detec-
tion kit following the manufacturer’s protocol.
The slides were observed under an Olympus
fluorescence microscope attached to a charge-
coupled device camera. The images were
acquired under x 40 objectives using the
Image-Pro software. Apoptotic index was deter-
mined by calculating the average number of
nuclei apoptotic cells in 5 high-power micro-
scopic fields (x 400) selected from a central
region in viable tumor areas, avoiding areas
containing necrosis.

Statistical analysis

All in vivo experiments included at least 10
mice per group. Results consisting of three or
more groups were analyzed using single-factor
ANOVA. Analysis of results containing two
groups was done using the Student’s t test,
assuming unequal variance. Values of P < 0.05
were considered statistically significant.

Results

Effects of LY2109761 on phospho (p)-SMAD2
expression

We first examined the effect of LY2109761, a
SMAD2-selective inhibitory profile on phospho
(p)-SMAD2 (p-SMAD2) and total SMAD2 in
SKOV3, 0OV-90 and SKOV3PPP cells. SKOV3,
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Figure 1. Effect of LY2109761 on p-SMAD2. A, RT-PCR assay; B, Western blot assay.
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Figure 2. Effects of LY2109761 on cell growth and apoptosis. SKOV3 and OV-90 cells were treated with 0.5, 5 and
10 uM of LY2109761for 1-3 days. The growth inhibitory effects of LY2109761 on cells by MTT assay (A, B). The
apoptosis effects of LY21097610n cells by ELISA assay (C, D). Vs control; “P < 0.05, "*P < 0.01.

0V-90 and SKOV3PP® cells were treated with the three cells, and p-SMAD2 protein was
LY2109761 at concentration of 0.5-10 yM for almost inhibited at 24 hours. LY2109761 did
24 hours. p-SMAD2 and total SMAD2 was not have significant effect on total SMAD2 (data
detected by western blot assay. The results not shown).

showed that LY2109761 inhibited p-SMAD2

MRNA (Figure 1A) and p-SMAD2 protein (Figure Effects of LY2109761 on cell growth

1B) expression in a dose and time-dependant

way. Treatment with 10 pyM for 12 hours, The baseline expression of p-SMAD2 was
p-SMAD2 mRNA was completely inhibited in determined in SKOV3 and OV-90 cell lines. The
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Figure 3. Combination of LY2109761 with DDP efficiently reduces the viability and increases the apoptosis of OC
cells. SKOV3 and OV-90 cells were treated with 0.5, 5 and 10 uM of LY2109761 in combination with DDP for 72 h
then cell viability was determined by MTT assay and ELISA assay as described in Materials and Methods. Data are
expressed as mean  SD. Student’s t-test was applied for statistical analysis for comparison between DDP treat-

ment and combined treatment. *P < 0.05; **P < 0.01.

results showed that p-SMAD2 was overex-
pressed in the two cell lines (Figure 1). Next, we
examined the growth inhibitory effects of
LY2109761 using the MTT assay in SKOV3 and
0V-90. The treatment of OC cells for 1-3 days
with 0.5, 5 and 10 uM of LY2109761 resulted
in cell growth inhibition in a dose- and time-
dependent manner in 2 OC cell lines (Figure
2A, 2B). Next, we examined whether the inhi-
bition of cell growth was also accompanied
by the induction of apoptosis induced by
LY2109761. ELISA analysis was employed to
investigate the degree of apoptosis induced by
LY2109761.

Effects of LY2109761 on cell apoptosis

SKOV3 and OV-90 cells were treated with 0.5,
5.0 and 10 pM LY2109761 for 24-72 hr. After
treatment, the degree of apoptosis was mea-
sured in 2 cell lines. The induction of apoptosis
was found to be dose and time-dependent
(Figure 2C, 2D). These results provided con-
vincing data showing that LY2109761 could
induce apoptosis in OC cells.

LY2109761 enhance the cytotoxicity of DDP

In order to evaluate the combinatorial effect of
LY2109761 with DDP, we measured cell viabili-
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ty after treatment of cells with DDP and
LY2109761. Combined treatment of DDP and
LY2109761 significantly reduced cell viability of
(Figure 3A, 3B). Similarly, combined treatment
of LY2109761 with DDP also effectively pro-
moted apoptosis of both cell lines compared
to single treatment with DDP or LY2109761
(Figure 3C, 3D).

LY2109761 abrogate DDP resistance

Since LY2109761 efficiently enhanced the
cytotoxicity of DDP, we further evaluated the
combinatorial effects in DDP-resistant cells.
MTT assay revealed that LY2109761 effect-
ively reduced the cell viability of SKOV3PPP
cells in combination with DDP (Figure 4A).
Similarly, combined treatment of LY2109761
with DDP also effectively promoted apoptosis
of SKOV3PPP cell (Figure 4B).

Effect of LY2109761 on OC growth in vivo

To further determine a role of LY2109761 in
progression of OC, we did an in vivo animal
experiment. We selected SKOV3 and SKOV3PPP
cells in the in vivo study. The female ICR-SCID
mice were injected s.c. with 10® SKOV3 or
SKOV3PPP cells in 100 uL of PBS at a single
dorsal site. When the tumors reached a size

Int J Clin Exp Pathol 2015;8(5):4923-4932



LY2109761 and Chemoresponse

A 2500

2000 r

mm®)
o

1500 + _, sKovi

_m LY2109761

DDP
LY2109761 +DDP

1000

Vohum of tumor

500 +

4 v}
SKOV3PPP

Ki 67 (%)

SKOV3

DDP

TUNEL positive cells (%)

SKOV3

LY2109761 LY2109761-DDP

8 F

6 F

4 8

o L -
5 .

LY2109761 LY2109761+DDP

B 2000 -

1
1

1

Volum of tumor (mm3)

Ki 67

TUNEL positive cells (%)

1400 |

1000 +

800 |
600 -

-O—SKOVESDDP

-#-1Y2109761

-—DDP
==1Y2109761+DDP

200 -

800 -
600 |

24

12 16 20 28 Days

LY2109761+DDP
T 7

L

LY2109761 LY2109761+DDP

SKOV3

8t
6 |
4 }
2+
0 L

skov3PPP LY2109761 LY2109761+DDP

Figure 4. Combination of LY2109761 with DDP on tumorigenicity in nude mice. SKOV3 and SKOV3PP® cells were
injected into nude mice, as described in Materials and methods. Tumor volume was determined every 4 days for
28 days. At the end of the experiment, animals were sacrificed and tumors were excised for volume measurement
and histological study. A. Growth curve of tumor xenografts in SKOV3 cells; B. Growth curve of tumor xenografts in
SKOV3PPP cells; P < 0.05, P < 0.01 ,compared to the controls. C. The resected tumors were stained with antibod-
ies against p-SMAD2 Representative images of the staining are shown. D. The resected tumors were stained with
antibodies against Ki-67.The percentages of Ki-67-positive cells were indicated. “P < 0.05. E. The resected tumors
were stained with TUNEL. The percentages of TUNEL-positive cells were indicated. P < 0.05.

of about 0.15 cm?3, mice were treated with
LY2109761, which was administered orally at
50 mg/kg twice daily (days 1-5 of each week)
for 4 weeks. During which, the DDP (5 mg/kg)
was administered i.p at 5 mg/kg once week for
4 weeks. We found that SKOV3 and SKOV3PPP
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tumors administered orally LY2109761 alone
formed substantially smaller tumors in nude
mice compared with the untreated controls
(Figure 4A, 4B). DDP treatment alone also
formed substantially smaller SKOV3 tumors,
and DDP treatment alone did not increase or

Int J Clin Exp Pathol 2015;8(5):4923-4932
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decrease tumor volume in SKOV3PP® tumors
compared with the untreated controls, howev-
er, combination with LY2109761 and DDP sig-
nificantly decreased the substantial tumor vol-
ume in both of the SKOV3 and SKOV3PPP
tumors (Figure 4A, 4B).

We then evaluated the histopathological results
of p-SMAD2 in response to LY2109761. We
showed that high p-SMAD2 expression was
found in the SKOV3 and SKOV3PP? tumors, DDP
treatment alone did not increase p-SMAD2
expression in the two groups tumors, however,
treatment with LY2109761 significantly inhibit-
ed p-SMAD2 expression in the two groups
tumors (Figure 4C).

We analyzed the number of proliferating cells
using the proliferation marker Ki-67. The com-
bined treatment with LY2109761 and DDP pre-
sented fewer Ki-67 positive cells, compared
with LY2109761 or DDP alone and control (P <
0.01) (Figure 4D). Furthermore, the TUNEL
assay showed that the combined treatment
with LY2109761 and DDP induced significantly
increased apoptosis of tumor cells (Figure 4E).
The group receiving combination therapy
showed the highest apoptotic index (P < 0.01).
These results suggest that combination of
LY2109761 and DDP significantly reduced cell
proliferation and induced apoptosis in vivo.

Discussion

Chemoresistance is a therapeutic problem that
severely limits successful treatment outcomes
for many human cancers. This is particularly
true of ovarian cancer, where the development
of resistance is a common occurrence [4, 5,
20]. The past few years have seen an enormous
growth in our understanding of the mecha-
nisms that regulate drug induced apoptosis,
and thus influence chemosensitivity.

TGF-B overproduction is a universal event in
cancer cells and is a poor prognostic marker
[24-29, 36, 37]. TGF-B initiates cell signaling by
dimerizing the TGF-B type | (TBRI) and type I
(TBRI) serine/threonine kinase receptors.
Many studies have reported that overexpres-
sion of TGF-f signal increased the chemoresis-
tance in cancer cells [38-40], and vice versa
[32, 35]. LY2109761, TBRI/II kinase inhibitor
reduced clonogenicity and increased radiosen-
sitivity in GBM cell lines and cancer stem-like

4929

cells, augmenting the tumor growth delay pro-
duced by fractionated radiotherapy in a supra-
additive manner in vivo. In an orthotopic intra-
cranial model, LY2109761 significantly reduced
tumor growth, prolonged survival, and extend-
ed the prolongation of survival induced by radi-
ation treatment [18].

In our study, we found that LY2109761 treat-
ment promoted apoptosis in SKOV3 and OV-90
cells , and cisplatin (DDP) resistant SKOV3 cell
line (SKOV3PPP). Our observation on potentiat-
ing of growth inhibition was consistent with the
induction of apoptosis as in EOC cells. To sup-
port our in vitro results, an in vivo tumor model
was used to assess the anti-tumor activity of
LY2109761. Our in vivo results are consistent
with in vitro findings showing that the
LY2109761 treatment was an effective agent
for EOC

Many studies on clinical specimens have shown
that TGF-B expression is associated with resis-
tance to chemotherapy or radiation therapy
[36-38], and linked to poor prognosis [39-43],
suggesting that cancer cells survive with TGF-f3.
It is tempting to speculate that TGF-$ plays a
fundamental role in the development of drug
resistance in ovarian cancer. In the current
study, the anticancer drug cisplatin did not up
or down-regulation of TGF-B signals in ovarian
cancer cells (data not shown), which suggested
that TGF-B signals was not associated with the
acquired cisplatin drug resistance in the EOC
cells. It is associated with the endogenous drug
resistance in the EOC cells. In this study, we
observed that inhibition of TBRI/Il kinase recep-
tors by LY2109761 combined with cisplatin is
much more superior to the single agents in
vitro. Our in vivo results are consistent with in
vitro findings. Furthermore, abrogation of TGF-
signals by LY2109761 treatment sensitizes
resistant SKOV3PP? cells to cisplatin.

In summary, the inhibition of TGF-B signals by
LY2109761 could be useful for potentiating the
anti-tumor activity of cisplatin in vitro, which
appears to be responsible for the observed bet-
ter anti-tumor activity in vivo. Combination of
LY2109761 and cisplatin could be a promising
approach for the treatment of human EOC.
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