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Abstract. Currently, acquired resistance to cisplatin (DDP) is
a substantial obstacle to reducing the morbidity and mortality
due to ovarian malignant tumors. Nevertheless, cisplatin plays
a vital role in killing the tumor cells while it may also be a
‘primer’ involved in chemotherapy resistance. We found that
the cisplatin-induced chemokine (C-C motif) ligand 5 (CCL5)
secretion derived from cancer-associated fibroblasts (CAFs)
promoted ovarian cancer cell resistance to cisplatin. Via a cyto-
kine chip assay, we identified a spectrum of secreted proteins
that were derived from the CAFs through cisplatin-induced
treatment. Among these, CCLS significantly attenuated the
cytotoxic effect of cisplatin chemotherapy in vitro and in vivo.
Additionally, CCL5 expression was also detected in 62 serous
ovarian cancer patient tissue specimens using IHC, and the
results demonstrated that chemotherapy resistant patients
displayed higher expression of CCLS5 than the chemo-sensitive
patients (P<0.05). Mechanistically, we found that CCL5
notably increased STAT3 and Akt phosphorylation levels in
ovarian cancer cells. These results indicated that cisplatin-
induced CCLS5 secretion derived from the CAFs may promote
cisplatin resistance, which was mediated by regulation of the
STAT?3 and PI3K/Akt signal pathways.

Introduction

Ovarian cancer is the fourth most lethal cancer among
women and the leading cause of gynecological cancer deaths
worldwide. Currently, the standard first-line therapy for this
malignancy includes aggressive cytoreductive surgery followed
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by chemotherapy with paclitaxel, platinum-based agents, or a
combination of these treatments. Ovarian cancer patients are
commonly initially sensitive to these therapies. However, the
5-year-survival has not improved over the past few decades (1)
and most survivors eventually relapse and develop resistance
to cisplatin therapy. Progression of a cisplatin-resistant tumor
ultimately leads to significant morbidity and mortality. The
molecular mechanism of cisplatin-resistance remains largely
unknown and is a major impediment to more effective cancer
treatment. Traditionally, most cytotoxic agents are selectively
targeted to cancers by exploiting differential tumor cell charac-
teristics, such as high proliferation rates, hypoxia and genome
instability, resulting in a favorable therapeutic index (2).
However, platinum-based therapies also affect stromal cells
in the tumor microenvironment such as cancer-associated
fibroblasts (CAFs), which can disrupt the normal function
and physiology of tissues and organs and contribute to tumor
drug-resistance (2). The underlying mechanism of cisplatin as
a stimulating factor in the stromal cells resulting in cisplatin
resistance has not been clarified in ovarian cancer. The present
study was undertaken to illuminate this issue.

CCLS5 (also known as RANTES), is a member of the
CC-chemokine family and plays a crucial role in chemo-
therapy resistance, relapse, metastasis and migration in
human malignancy (3). Many studies have demonstrated
that altered CCL5 expression in patients with breast tumors,
melanoma, lung, prostate, cervical and pancreatic cancer
is significantly correlated with disease progression, poor
prognosis and tumor cell chemotherapy resistance (4-7).
CCLS5 can be expressed and secreted either by tumors them-
selves or by the tumor microenvironment stromal cells and
substantially promotes the resistance of ovarian cancer cells
to cisplatin (8,9). However, the role of CCL5 and the mecha-
nisms underlying cisplatin resistance in ovarian cancers have
not yet been fully clarified.

The STAT3 is a member of family of transcription
factors that mediates the response to a variety of cytokines,
chemokines and growth factors and modulates the transcrip-
tion of genes involved in the regulation of a large variety of
vital functions, primarily including cell survival, metastasis,
migration, angiogenesis, chemotherapy resistance and the
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immune response (10-14). STAT3 contributes to oncogenesis
in many human cancers, including prostate, breast, naso-
pharyngeal carcinomas and ovarian cancers (15,16). STAT3
pathway activity has been associated with cisplatin resistance
in human ovarian carcinomas (17). Furthermore, a previous
study demonstrated that using small molecule inhibitors or
interference RNA could rescue the inherent and acquired
chemoresistance of ovarian cancer cells (18). Moreover, the
STAT3-CCLS5 signaling pathway has been shown to play an
important role in tamoxifen resistance in human breast cancer
cells (3). The PI3K/Akt signaling pathway also plays a lead
role in tumor progression and chemotherapy resistance and
this signaling pathway can be activated by CCL5 (19).

In the present study, we observed a significant correlation
between CCLS5, STAT3 and PI3K/Akt signaling pathways in
regulating cisplatin-induced cisplatin resistance in ovarian
cancer cells. We suggest that cisplatin-induced CCLS5 secre-
tion derived from CAFs promotes cisplatin resistance in
ovarian cancer.

Materials and methods

Cell culture. The human ovarian cancer cell line SKOV3
was purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA). A cisplatin-resistant ovarian
cancer cell line (C13*) was a gift from Professor Benjamin K.
Tsang, Ottawa Health Research Institute, Ottawa, Canada (20).
Cells were cultured in Macoy'5A medium (Gibco, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco), penicillin (100 units/ml) and streptomycin (100 pg/ml)
at 37°C in a humidified atmosphere containing 5% CO,.

Reagents. Recombinant human CCL5 (RANTES) was
purchased from PeproTech, Inc., (Rocky Hill, NJ, USA)
and anti-CCL5 neutralizing antibody was purchased from
R&D Systems (Minneapolis, MN, USA). Cisplatin (DDP)
was purchased from Sigma-Aldrich (St. Louis, MO, USA).
LY294002 was obtained from Selleck Chemicals (Houston,
TX, USA).

Patient samples. Sixty-two patients with serous ovarian
cancer staged as III-IV (FIGO) at Tongji Hospital (Wuhan,
Hubei, China) provided informed consent for the collection
of solid tumor specimens during the years 2010 to 2013.
All patients underwent debulking and subsequent platinum-
centered chemotherapy. The protocol was approved by the
Ethics Committee of Tongji Hospital. Platinum resistance or
platinum sensitivity was defined as relapsed or progression
within six months or after six months from the last platinum-
based chemotherapy, respectively.

Isolation and primary culture of fibroblasts and immuno-
cytochemistry (ICC) on cultured CAFs. Fresh tumor tissue
samples were obtained from patients who underwent initial
cytoreductive surgery diagnosed as high-grade serous ovarian
cancer through intraoperative fast biopsy. The detailed proce-
dure was performed as previously described (21). Primary
antibodies included a-smooth muscle actin (a-SMA) mono-
clonal antibody (1:100 dilution; Abcam, Cambridge UK);
mouse monoclonal antibody vimentin (1:100 dilution; Wuhan
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Boster Biological Technology, Ltd., Wuhan, China); mouse
monoclonal antibody cytokeratin 8 (1:100 dilution; Wuhan
Boster Biological Technology).

Conditioned medium. DDP was administered to CAFs at
proper concentrations for 12 h, and CAFs without DPP admin-
istration were used as control. The medium was replaced with
serum-free medium for culturing for another 24 h. The treated
supernatant was referred to as CM*, and the untreated super-
natant as the control medium.

SIRNA transfection assay. The STAT3 siRNA transfection
experiment was performed according to the manufacturer's
protocol using Lipofectamine™ 3000 (Invitrogen). The siRNA
sequences for STAT3 were 5-GGA GCA GCA CCU UCA
GGA UTT-3' as previously described (18).

CCLS5 neutralization assay. Anti-CCL5 antibody neutraliza-
tion was added to the culture cell using 10 xg/ml with or
without recombinant human CCLS5.

Drug sensitivity assay. A cell counting kit was used to
analyze cell viability. Cells were cultured in 96-well plates
overnight (1x10* cells/well). After 24 h, cells were treated
with DDP at indicated concentrations in CM* or control
medium for 48 h. After addition of CCK-8 for 2 h, the number
of survival cells was detected at the absorbance of 450 nm by
a microplate reader (Bio-Rad Laboratories). Each experiment
was performed three times. The results were analyzed using
GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA,
USA).

Apoptosis assay. Apoptosis assay was performed as previously
described (22).

Western blot analysis. Western blot analysis was performed
as previously described (22). Primary mouse monoclonal
antibody against human MRP1 and MRP2 (1:1,000 dilution;
Wuhan Boster Biological Technology), rabbit polyclonal
antibody against human Bcl-2 (1:1,000 dilution; Epitomics,
Burlingame, CA, USA), rabbit polyclonal antibody against
human cleaved-PARP (1:1,000 dilution; Epitomics), rabbit
monoclonal antibody against human activated caspase-3
(1:1,000 dilution; Cell Signaling Technology, Inc., Beverly,
MA, USA) and p-Akt*™” (1:1,000 dilution; Cell Signaling
Technology), and goat monoclonal antibody against human
CCL5 (1:1,000 dilution; R&D Systems, Inc., Minneapolis,
MN, USA), and rabbit monoclonal antibody against human
p-STAT3 (Tyr705, 1:1,000 dilution; Abcam).

Cytokine/chemokine array. CAFs were first pretreated with
DDP at a concentration of 10 uM or without DDP for 12 h, and
then replaced with serum-free medium for another 24 h. Next,
the conditioned medium (defined as CM*) and control medium
were centrifuged and the supernatant was passed through
a 0.22 pum filter. The CM* and control medium were tested
using the RayBio Human Cytokine Antibody Array G Series 5
according to manufacturer's instructions. After blocking the
array chip, 100 ml of sample was added per sub-array for incu-
bation. Subsequent washes and biotin-conjugated antibody and
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Gene Sense Antisense

GAPDH 5'-GAAATCCCATCACCATCTTCCAGG-3' 5'-GAGCCCCAGCCTTCTCCATG-3'
CCLS5 5'-CTTGACCTGTGGACGACTGC-3' 5'-ATCCAGTGAGAAAAGCCCGT-3'
MIF 5'-CCGGACAGGGTCTACATCAA-3' 5'-GCGAAGGTGGAGTTGTTCCA-3'
MIP-1p3 5'-AGCACCAATGGGCTCAGAC-3' 5'-TCACTGGGATCAGCACAGAC-3'
MCP-3 5'-TGCTCAGCCAGTTGGGATTA-3' 5'-GTGGCTACTGGTGGTCCTTC-3'
IL-6 5'-ACCCCCAATAAATATAGGACTGGA-3' 5'-AAGGCGCTTGTGGAGAAGG-3'
IL-8 5'-TGTGAAGGTGCAGTTTTGCCA-3' 5-ACCCAGTTTTCCTTGGGGTC-3'
OPG 5'-CATGTTCGTGGCCCTCCTG-3' 5'-GGATCCATCTGCGCTCTGAA-3'
STAT3 5'-ACCTGCAGCAA-TACCATTGAC-3' 5'-AAGGTGAGGGACTCAAACTGC-3'

OPG, osteoprotegerin; CCLS is also known as RANTES.

fluorescent dye-conjugated streptavidin incubations followed,
and fluorescence detection was achieved using a 4000A Axon
GenePix laser scanner. Background-deducted signal values
were used and normalized against positive controls within the
chip. Data are expressed as a ratio of CM* to control media.

RNA extraction and real-time RT-PCR. Total RNA was
extracted from CAFs or cell lines using the PrimeScript
RT reagent kit (Takara) and SYBR Premix Ex Taq (Takara)
according to the manufacturer's instructions. Primer
sequences for the endogenous reference genes, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), and the specific
primer sequences used are shown in Table I. The comparative
Ct method was used to calculate the relative changes in gene
expression.

Colony formation assay. Chemosensitivity was also deter-
mined by a standard colony formation assay. Briefly, cells
seeded in 6-well plates were treated with or without contin-
uous CCL5 (100 ng/ml) at indicated doses and then exposed
to DDP (50 gmol/l). Plates were incubated at 37°C for 14 days
then stained with crystal violet and counted. Each assay was
performed in triplicate.

Paraffin section immunohistochemistry and immuno-
Sfluorescence. Immunohistochemistry and immunofluoresence
staining were done as previously described (23). The results
for CCLS5 staining were scored on the basis of the cell cyto-
plasm staining (score 0, no cytoplasm staining; score 1, weak
staining; score 2, moderate staining; score 3, strong staining).
For further statistical analysis, scores 0 and 1 were categorized
as low expression, and scores 2 and 3 were categorized as high
expression as previously described.

In vivo xenograft studies. Twelve female nude BALB/c mice
(Beijing HFK Bioscience Co., Ltd., Beijing, China) were
subcutaneously injected 5x0° C13* cells resuspended in 100 pl
phosphate-buffered saline into the left flank and 5x10° C13*
cells mixed with 2.5x10° CAF cells injected into the right flank.
Mice were housed under specific pathogen-free conditions
and all animal experiments were carried out in accordance

with the Guide for the Care and Use of Laboratory Animals
of Tongji Hospital in Wuhan, China. When tumors reached a
mean size of 50 mm?, the mice were randomly assigned into
two groups with 6 mice per group. The experiment group was
treated with DDP 5 mg/kg intraperitoneally once a week for
four weeks. The control group mice were injected with sterile
saline. Tumor volumes were calculated as length x width?/2.
The tumors were weighed at sacrifice following cervical dislo-
cation under anesthesia.

Statistical analysis. All data are expressed as mean + SD. The
means were calculated at least from three independent experi-
ments. Statistical significance of differences was analyzed
by two-tailed Student's t-test or ANOVA. P-value <0.05 was
considered statistically significant. The statistical analyses
were done using the SPSS 17.0 (SPSS Inc., Chicago, IL, USA).

Results

DDP-induced cytokine secretion derived from CAFs promotes
ovarian cancer cellresistance to DDP invitro. A previous study
indicated that chemotherapy-induced cytokine or chemokine
secretion from the tumor microenvironment promoted pros-
tate cancer therapy resistance (2). We first obtained primary
human CAFs isolated from patients diagnosed with high-
grade serous ovarian cancer undergoing initial cytoreductive
surgery. Morphological and immunocytochemical evalua-
tion showed that CAFs displayed no cytokeratin 8 staining,
but strongly expressed vimentin and a-SMA, the makers of
mesenchymal cells (Fig. 1A). To verify whether DDP contrib-
utes to the cytokine secretion of the tumor microenvironment
while killing tumor cells, which results in the cisplatin resis-
tance of the ovarian cancer, we administered DDP to C13*
and SKOV3 cells at the proper concentration for 48 h in CM*
or control conditional medium, and CCK8 was used to detect
C13* or SKOV3 cell viability. Ovarian cancer cells were more
resistant to DDP in CM* than control medium (Fig. 1B and C).
The apoptosis rates of C13* or SKOV3 cells were also calcu-
lated by flow cytometric analysis (Fig. 1D and E). Western
blotting assay indicated that the anti-apoptosis protein Bcl-2
was increased and that the apoptosis proteins cleaved-PARP
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Figure 1. DDP induced cytokine secretion derived from CAFs promotes ovarian cancer cell resistance to DDP in vitro. (A) Characterization of CAFs,
which stain negative for CK8 (cytokeratin 8), positive for VIM (vimentin) and a-SMA (a-smooth muscle actin). (B and C) C13* and SKOV3 cells displayed
more resistance to DDP in CM* than control medium, cell viability was performed after treatment with a range of concentrations of DDP for 48 h via
CCK-8. (D and E) The apoptosis rates of C13* and SKOV3 cells were detected by flow cytometry after DDP treatment in control medium or in CM*.
(F and G) Expression level of apoptosis-associated proteins or drug-resistance-associated proteins were reduced or increased, respectively, though western

blot assay.

and cleaved caspase-3 were markedly decreased. MRP1/2
(multidrug-resistance proteins 1/2) is a major protein involved
in MDR (multidrug resistance) (24-26). MDR has a profound
effect on cancer chemotherapy. In contrast, MRP1 and MRP2
were significantly increased compared with control (Fig. 1F
and G).

CCLS5 is strongly secreted from CAFs after cisplatin treat-
ment. To determine which factors influence acquired cisplatin
resistance after cisplatin treatment, cytokine/chemokine assay

was performed according to the manufacturer's protocol. As
shown in Fig. 2A and B, a series of factors were secreted and
increased in CM* compared with the control medium. Many
of these factors were associated with tumor cell malignant
phenotype, including chemotherapy resistance and tumor
progression, migration and invasion (27-29). CCL5 was signif-
icantly increased up to ~72-fold compared with the control
medium. We also detected these cytokines with qRT-PCR
and found that CCL5 expression was increased up to 12-fold
compared with control (Fig. 2C). A previous study demon-
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Figure 2. CCLS is strongly secreted from CAFs after DDP treatment. (A and B) Cytokine chip was used to screen high express and specific cytokines, thus
CCLS increased up to ~72-fold in CM* compared with that in control medium. (C) CAFs were treated with or without indicated concentrations of DDP for 12 h
and then replaced with serum-free medium for culturing for another 24 h. qRT-PCR and western blot analysis were used to detect related cytokines and the
results showed that CCL5 (RANTES) was highly expressed in CAFs treated with DDP than without DDP treatment. (D) Paraffin section immunofluorescence
stain was used to locate CCL5 and CAFs. The high grade serous ovarian cancer tissue sections were counterstained with DAPI (blue signal), a-SMA positive
stromal cells co-expressed CCL5 (red signal), suggesting that CAF cells may produce CCL5. Data represent the means + standard deviation. "P<0.05. Each

experiment was repeated in triplicate.

strated that CCL5 could be secreted or expressed by tumor
cells or by extracellular matrix (ECM) (4,6,7,9). We found that
CCL5 was derived from the tumor microenvironment of CAFs,
which was further confirmed through immunofluorescence
double staining co-localization, a-SMA-positive stromal cells
co-expressed CCLS5, suggesting that CAF cells may produce
CCLS5 (Fig. 2D).

CCLS5 stimulation enhanced ovarian cancer cell resistance
to cisplatin. To verify the function of CCLS5 in ovarian cancer
cells, Annexin V/PI double staining assay was used to assess
C13* or SKOV3 cell apoptosis. CCL5 stimulation significantly
decreased tumor cell apoptosis rates compared with cisplatin
treatment alone (Fig. 3A and C). In addition, C13* and SKOV3
cells were selected to determine cell viability via CCK-8
after treatment with or without CCLS5 stimulation for 48 h.
C13* and SKOV3 cells were more resistant to cisplatin after
CCL5 treatment compared with C13* and SKOV3 cells not
undergoing CCLS5 treatment (Fig. 3D and E). Moreover, C13*
cells treated with CCL5 (100 ng/ml) exhibited ~20% increased
colony formation compared with control after exposure to
DDP (50 umol/l) (Fig. 3F). These results support that CCL5
stimulation enhances cisplatin resistance.

CCLS5 stimulation promotes cisplatin resistance of ovarian
cancer cells via the p-STAT3 and PI3K-Akt signaling path-
ways in vitro and in vivo. Previous studies have demonstrated
that constitutively activated phosphorylation of STAT3

contributed to the development of tumor growth, drug resis-
tance and angiogenesis (30). The PI3K/Akt signaling pathway
plays a vital role in the regulation of numerous cellular func-
tions, including tumor progression, angiogenesis, adhesion,
migration, survival and drug resistance, in many human
cancers (31) and is involved in cisplatin-based chemotherapy
resistance in epithelial ovarian cancer (32). In addition, the
Akt signaling pathway can be activated via chemokines or
cytokines, such as CCL5 (19,33,34). We hypothesized that
these two pathways were involved in the regulation of cisplatin
resistance by CCL5. We treated C13* and SKOV3 cells
with a range of CCL5 concentrations for different durations.
Phosphorylation of STAT3 (Tyr705) and Akt (serd73) was
increased in a time- and dose-dependent manner, as indicated
by western blot assay (Fig. 4A and B). Then, 100 ng/ml CCL5
with or without DDP was administered for 48 h because this
concentration and duration resulted in the highest STAT3 and
Akt phosphorylation. Western blot assay demonstrated that
p-STAT3 and p-Akt expression was strongly enhanced when
cells were treated with DDP combined with CCL5 compared
with that with DDP alone (Fig. 4C and D). Expression of the
anti-apoptosis protein Bcl-2 was increased, and expression of
the apoptosis proteins cleaved PARP and cleaved caspase-3
was decreased (Fig. 4C and D). We next examined the effect
of anti-CCL5 antibody on the apoptosis rate of C13* and
SKOV3 cells. Flow cytometry indicated that the apoptosis rate
was increased via concomitant administration of anti-CCL5
neutralization antibody (Fig. 4E and F), and p-STAT3 and
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Figure 3. CCL5 promotes ovarian cancer cell resistance to DDP. (A) C13* and SKOV3 cells were treated with CCL5 (100 ng/ml) with or without DDP at
indicated concentrations, which were morphologically assessed by a Leica microscope (SKOV3 data not shown). (B and C) CCL5 weakened DDP induced
apoptosis rates of C13* and SKOV3 cells by FITC. (D and E) C13* and SKOV3 cells were treated with recombination human CCLS5 (100 ng/ml) and then
treated with an increasing concentration of DDP for 48 h. Cell viability was detected using CCK-8 method. (F) Colony formation of C13* cells was evaluated
with or without recombination human CCL5 (100 ng/ml) every 3 days and then exposed to DDP (50 zmol/l) for 2 weeks. Data represent the means + standard

deviation. "P<0.05. Each experiment was repeated in triplicate.

p-Akt levels were decreased, as indicated by western blot
assay (data not shown). To further confirm whether the STAT3
and Akt signaling pathways are involved in the regulation
of cisplatin resistance via CCLS5, small interfering RNA for
STAT?3 and small molecular inhibitor LY294002 for inhibiting
Akt were used. CCL5-induced anti-apoptosis was abolished
by STAT?3 siRNA and the PI3K-Akt inhibitor LY294002, as
indicated using flow cytometry Annexin V/PI (Fig. 4G and H).
In contrast, CCL5-induced phosphorylation levels of STAT3
and Akt were decreased by STAT3 siRNA and LY294002
treatment (data not shown). These results suggest that CCL5

stimulation enhanced cisplatin resistance via the STAT3 and
PI3K/Akt signaling pathways.

Expression and clinicopathological characteristics of CCL5
in ovarian cancer patients. Previous studies have demon-
strated that high tissue and plasma CCLS5 levels are correlated
with advanced breast cancer and could be used as a prognostic
indicator for breast, cervical and gastric cancers (6,35,36).
Serum CCLS5 may be useful in differentiating benign ovarian
tumors from malignancy (37). We examined ovarian cancer
tissue excised from a patient prior to chemotherapy and
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Figure 4. CCL5 promotes DDP resistance of ovarian cancer cells via activating phosphorylation of the STAT3 and AKT signaling pathways. (A and B) C13*
and SKOV3 cells were treated with a range of CCLS5 concentrations for different durations and concentrations. Phosphorylation of STAT3 (Tyr705) and Akt
(ser473) was increased in a time- and dose-dependent manner assayed by western blot analysis. (C and D) C13* and SKOV3 cells were treated with DDP, CCL5
or combination of both for 48 h, then western blot analysis was used to detect the apoptosis-related proteins levels and the levels of phosphorylation of STAT3
and AKT. (E and F) Effect of CCL5 neutralization treatment. C13* and SKOV3 cells were treated with DDP, CCL5, CCL5 antibody (10 pgg/ml) and their
combination for 48 h, then the apoptosis rates were detected by FITC. (G and H) Effect of STAT3 siRNA or small molecular inhibitor LY294002 treatment.
C13* and SKOV3 cells were first transfected with STAT3 siRNA for 24 h, then treated with DDP, CCL5,LY294002 (20 #M) or combination of both for another
48 h. Data represent the means + standard deviation. "P<0.05. Each experiment was repeated in triplicate.

relapsed tissues after four courses of standard chemotherapy,
CCLS5 expression was significantly increased after exposure to
chemotherapy, as demonstrated by IHC (Fig. 5A). Moreover, we
assessed CCLS5 expression in 62 serous ovarian cancer patient

tissue sections using IHC. CCL5 was strongly expressed and
secreted both by tumor cells and the tumor stromal cells. Clinic
data demonstrated that platinum-resistant patients had higher
CCL5 expression than platinum-sensitive patients (Fig. 5B
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after chemotherapy detected by IHC. CCLS5 displayed strongly positive expression after chemotherapy. (B) CCL5 displayed significantly higher expression in
ovarian cancer patients resistant to DDP treatment compared with in ovarian cancer patients sensitive to DDP treatment analyzed by IHC. (C) CCLS expression
was higher in platinum-resistant patients than platinum-sensitive patients.

s 9)
o
o

|
o
w
3

-~ C13*+DDP
@ 0.4- E - CAFs+C13*+DDP
0.3 g 2001
o E
= S T
5 0.2 S :
E Z 100- :
Fot{ LT £ \L
'—
0.0 1 0 T T T T T -_I
C13*+DDP CAFs+C13* 0 1 2 3 4 5 6
+DDP Weeks
™ 7y $
R e "'"-r' 5
Ml ."""";:.‘1‘ S
k Qid.‘,'a. -':" =
R T
= Lo, -‘E“‘:

-

: 2 SRy
_."F'.. t..‘-"“-‘;‘"a'l;v
Jlamtaigss , ¥y o

& I, 00

Figure 6. CCL5 derived from CAFs promotes ovarian cancer cell resistance to DDP in vivo. (A-C) C13* cells alone and C13* cells with CAFs were subcu-
taneous injected into the left and the right flank, respectively. Tumor volumes were calculated and the tumor weight was measured as described in Materials
and methods. Arrows represented the start and the end of DDP treatment, n=6 per group. (D) CCLS5, p-STAT3, p-Akt and Ki-67 proteins were significantly
increased in the right flank tumors compared with the left flank tumors after DDP treatment, whereas activated caspase-3 was decreased. Data represent the
means * standard deviation. "P<0.05, “'P<0.01.
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and C) (P<0.0001). Moreover, CCL5 expression was also  No significant associations were observed between CCL5
positively associated with cancer stage (Table IT) (P<0.0001).  expression and clinical variables, such as age, differentiation
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Table II. Correlation of CCL5 expression with clinicopathological characteristics of late-stage ovarian cancer patients (N=62).

CCL5
Variables N Low (n=24) n (%) High (n=38) n (%) P-value
Age (years) median (range) 52 (38-72)
Differentiation
Well 3 2 (8.3) 1(2.6) 0.568
Moderate 20 8(33.3) 12 (31.6)
Poor 39 14 (58.4) 25 (65.8)
Lymph node metastasis
Positive 15 4(16.7) 11 (28.9) 0.366
Negative 47 20 (83.3) 27 (71.1)
FIGO stage
Ia-I1Ic 51 21 (87.5) 30 (78.9) <0.0001*
v 11 3(12.5) 8(21.1)
Chemotherapy
Sensitive 37 21 (87.5) 16 (42.1) <0.0001*
Resistant 25 3(12.5) 22 (57.9)

aP-values <0.05.

and lymph node metastasis. These data suggest that CCLS is
significantly associated with platinum-based chemotherapy
response.

CCL5 derived from CAFs promotes ovarian cancer cell
resistance to DDP in vivo. To further investigate the above
effects, we injected the human ovarian cancer C13* cells and
primary human ovarian cancer-associated fibroblasts (CAFs)
into athymic BALB/c nude mice. The tumor weight and tumor
growth were assessed after DDP treatment for four weeks.
As shown in Fig. 6A-C, the tumor weight and tumor volume
of C13* cells with CAFs in the right flank increased rapidly
compared with C13* cells alone in the left flank. IHC assay
indicated that the right tumors displayed an increased prolif-
eration percentage of Ki-67 positive tumor cells and decreased
apoptosis rates of activated caspase-3 positive tumor cells.
Tumors in the right flank exhibited increased CCL5 expres-
sion compared with left flank tumors. Moreover, expression
of p-STAT?3, and p-Akt were strongly increased in the group
injected with C13* mixed with CAFs compared with the group
injected with C13* alone after DDP treatment for four weeks
(Fig. 6D). Taken together, these results demonstrated that
CCLS5 derived from CAFs promoted not only ovarian cancer
cell resistance to DDP in vitro, but also ovarian cancer cell
proliferation, growth and resistance to DDP in vivo.

Discussion

Cisplatin-based treatment is the first-line chemotherapy for
ovarian cancer patients after tumor debulking surgery. However,
acquired cisplatin resistance commonly results in treatment
failure and high incidence of tumor relapse and mortality.

Therefore, better understanding of the mechanisms involved
in the regulation of cisplatin resistance is crucial for improving
ovarian cancer treatment. Many studies have focused on cell-
autonomous mechanisms of cisplatin resistance. In contrast, we
propose that cisplatin-induced CCL5 secretion derived from
the tumor microenvironment, whose dominant components are
CAFs, confers acquired resistance to cisplatin. Recent studies
have demonstrated that cells in the tumor microenvironment
could modulate the response of cancer cells to chemotherapy
through the production of secreted factors. Sun et al (2) found
that treatment-induced damage to the tumor microenviron-
ment promoted prostate cancer therapy resistance through
WNTI16B. Nuclear factor-«B (NF-xB) is a key component
in mediating WNT16B upregulation upon DNA damage
caused by chemotherapy (38). Bruchard et al (39) argued that
chemotherapy-triggered cathepsin B released in myeloid-
derived suppressor cells activates the Nlrp3 inflammasome
and promotes tumor growth, indicating a new mechanism of
chemotherapy resistance. Two other studies have shown that
paracrine signaling from tumor microenvironment cells can
affect cancer cell drug sensitivity (40,41).

In the tumor microenvironment, CAFs not only play
crucial roles in tumor growth, progression, and metastasis,
but are also involved in drug resistance. Here, we investigated
the role of cisplatin-induced CCLS5 secretion from CAFs in
ovarian cancer cell resistance to cisplatin. CCLS5, also known
as RANTES, is a member of the CC-chemokine family and
plays a critical role in tumor progression and prognosis (3). A
previous study demonstrated that CCLS5 could be used as a
prognostic indicator for breast and cervical cancer (6). High
plasma CCLS5 levels were positively associated with advanced
breast cancer, and tumor-cell derived CCL5 might promote
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breast cancer progression and metastasis (6). To the best of our
knowledge, this is the first study to investigate whether CCL5
promotes ovarian cancer cell resistance to cisplatin in vitro
and in vivo. Human recombination CCLS5 neutralization anti-
body was used to verify whether CCL5 substantially promoted
cisplatin resistance, and acquired cisplatin resistance was
abolished in vitro. These results partly explain CCL5-induced
cisplatin resistance. We focused on the STAT3 signaling
pathway, a member of STAT transcription factor family,
given its significant role in tumorigenesis and regulation of
chemotherapy resistance in cancer cells (17,18,42). Previous
studies have demonstrated that STAT3 and CCL5 contribute
to the maintenance of tamoxifen resistance in breast cancer,
and STAT3 phosphorylation is constitutively activated and
retained via CCLS5 stimulation (3,9,43). Based on these reports,
we examined the signaling pathways activated by CCL5
in vitro and in vivo and found that STAT3 phosphorylation
was enhanced in a time- and dose-dependent manner. We also
found that AKT phosphorylation levels, which play a vital
role in tumor malignancy phenotype, were significantly acti-
vated by CCL5 stimulation, consistent with previous reports
(19,33,34). Next, we used small molecular interfering RNA to
knock down STAT3 gene expression or the small molecular
inhibitor LY294002 to inhibit the PI3K-Akt signaling pathway.
Acquired cisplatin resistance was significantly reversed via
CCLS5 stimulation, similar to administration of the CCL5-
neutralizing antibody. Expression levels of the anti-apoptotic
gene Bcl-2 appeared to be positively associated with p-STAT3
levels, in agreement with a previous study, indicating that
STAT3 activation plays a critical role in inhibiting apop-
tosis and promoting proliferation by regulating the Bcl-2
family (44-46).

Previous studies have demonstrated that tumor cells are the
main driver of lymphangiogenesis and angiogenesis promo-
tion by secreting specific factors (47,48). Here, we focused on
elements in the tumor microenvironments and preliminarily
explored the mechanisms of cisplatin-induced CCL5 secre-
tion derived from CAFs, which results in acquired resistance
to cisplatin. The present study has several disadvantages. We
confirmed cisplatin-induced CCL5 secretion may promote
cisplatin resistance in ovarian cancer in vivo and in vitro but
did not confirm whether other chemotherapy drugs or small
molecular-targeted therapies have similar effects. Thus,
further research in other tumor types investigating proper
combination therapies in vivo should be conducted.

This study found, for the first time, that cisplatin-induced
CCLS secretion derived from CAFs was able to promote
tumor progression and drug-resistance through the p-STAT3
and p-Akt signal pathways. Taken together, our results
support several conclusions. First, we observed that cisplatin
resistance occurs via the tumor microenvironment, not only
the tumor cells, which more closely reflects the real body
environment, providing a novel foundation for the mechanism
of cisplatin resistance. Second, our results suggested that
components of the tumor microenvironment are important
contributors to acquired cisplatin resistance. Third, clinical
data confirmed that CCL5 expression is strongly correlated
with chemotherapy sensitivity, which may provide a reference
for clinical drug use. Lastly, we demonstrated that combining
approaches that target constituents of the tumor microenvi-
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ronment might enhance conventional cancer chemotherapy.
Therefore, STAT3 knockdown, small molecule inhibitors, or
CCLS5 blockade using neutralizing antibody in combination
with conventional cisplatin treatment may provide a new
therapeutic approach for ovarian cancer patients with acquired
cisplatin resistance.
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