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Abstract

Ovarian cancer is the leading cause of death in gynecologic malignancies. Ovarian cancer as a metastatic
malignant tumor is highly recurrent and prone to drug resistance. Bioactive peptides are an emerging area of
biomedical research in reducing resistance of tumor cell to drugs. In this paper, we investigated the effects and
mechanisms of bioactive hexapeptide (PGPIPN) derived in milk protein on the sensitivity of ovarian cancer cells
to cis-dichlorodiammine platinum (DDP). Human ovarian cancer cell lines (SKOV3 and COCI), their
DDP-resistant sublines (SKOV3/DDP and COC1/DDP) and human primary ovarian cancer cells were cultured
in vitro under the combined treatment of DDP (close to IC50) and different concentrations of PGPIPN. The
viabilities, apoptosis and cell cycle changes were respectively measured by WST-8 and flow cytometry. The
mRNA and protein expression levels of HSF1, HSP70, MDR1, ERCCI1 and [3-actin gene were respectively
assayed by RT-qPCR and western blotting. The results showed that PGPIPN significantly increased the
sensitivity of human ovarian cancer cells to DDP in inhibiting viability and inducing apoptosis in vitro. But the
effects in sensitive cells were lower than DDP-resistant cells. PGPIPN significantly changed the cell cycles in all
human ovarian cancer cells, which leaded to a significant increase in the percentage of cells blocked at G2/M
phase and decrease the percentage of cells at G1 phases in a dose-dependent manner. PGPIPN affected the
expression levels of HSF1, HSP70, MDR1 and ERCCI1 genes. Compared with cells in DDP treatment alone, the
expression levels of HSF1 and HSP70 in human ovarian cancer cells treated with DDP and PGPIPN together
significantly decreased in dose-dependent manner. PGPIPN significantly decreased MDR1 and ERCCI of
drug-resistant ovarian cancer cell lines and human primary ovarian cancer cell in a dose-dependent manner.
Pifithrin-y (PFTy, HSP70 inhibitor) decreased or removed the effects of peptide in increasing the sensitivity of
ovarian cancer cells to DDP. This suggests that PGPIPN enhanced the sensitivity of ovarian cancer cells to DDP
partially via reducing the activity of HSF1/HSP70 signaling pathway, thus inducing cell apoptosis and decreasing
repairment of DNA damage.

Key words: human ovarian cancer, drug resistance, bioactive hexapeptide, apoptosis, cell cycle, signaling
pathway

Introduction

Ovarian cancer is a gynecological malignant
tumor with high mortality [1, 2]. Early ovarian cancer
is not easily diagnosed because it is concealed and
there is not a landmark clinical indicator [3]. Ovarian
cancer is prone to metastasis. Once metastasis occurs,
chemotherapy is mainly treatment to prolong the
survival of patients. However, chemotherapy is prone
to drug resistance and the therapeutic effect is

gradually reduced, resulting in high patient mortality
[4-6]. Relevant statistics showed that ovarian cancer
patients who respond to chemotherapy initially all
built drug resistance due to the long-term use of
chemotherapy drugs [7-10]. Drug resistance reduced
the effective treatment of patients, and thus the 5-year
survival rate of patients with advanced ovarian cancer
is lower than 30% [11]. Therefore, how to enhance the
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sensitivity of ovarian cancer to chemotherapy drugs
has gradually become a new research direction.
Current first-line treatment of high-grade
epithelial ovarian cancer includes debulking surgery
followed by combination chemotherapy, usually
platinum and paclitaxel [12]. Platinum mainly
includes carboplatin and cisplatin/ cis-diaminodichlo-
roplatinum (DDP or CDDP). DDP is a common
chemotherapeutic drug for the treatment of ovarian
cancer, which is widely used in the world due to its
broad anticancer effect, its synergistic effect with
other antitumor drugs, and its lack of cross-resistance
[13, 14]. But the use of DDP is associated with drug
resistance, limiting the clinical application of DDP.
The resistance of DDP mainly refers to the fact that the
patient does not achieve the therapeutic effect due to
repeated use of the initially metered DDP and the
dose must be increased. Related studies have shown
that DDP resistance mainly has three molecular
mechanisms: increased DNA repair, altered drug
accumulation in cells and increased drug inactivation
[15, 16]. The studies in recent years have found a
variety of drugs that can reverse tumor multidrug
resistance in vitro, but most these drugs have the
defect of cytotoxicity, which limits their clinical
application [13]. Therefore, the development of new
drugs with low toxicity and effective reversal of
tumor resistance has become more and more urgent.
In recent years, milk-derived bioactive peptides
have become a focus of anti-cancer medical research.
Some studies have found that milk-derived bioactive
peptides have an important role in immune
regulation and anti-tumor [17, 18]. Studies have also
found that some bioactive peptides also play a role in
enhancing the sensitivity of cancer cells to
chemotherapeutic drugs and reversing the resistance
of cancer cells [19, 20]. Many research scholars believe
that some milk-derived bioactive peptides are a
natural reversal agent to reverse cell resistance, but
the research has just started and there are few reports
on related research.  Pro-Gly-Pro-lle-Pro-Asn
(PGPIPN) is a hexapeptide derived from the 63-68
amino acid residue of bovine p-casein [21]. We found
in previous experiments that PGPIPN could
effectively reduce inflammation and promote the
immune of body, thereby reducing alcoholic liver
injury [22, 23]. It also can inhibit the proliferation,
invasion and metastasis of ovarian cancer cells and
induce the cells apoptosis [18, 24, 25]. At the same
time, our research indicated that PGPIPN had no toxic
side effects on normal cells (non-transformed cells),
but its anticancer efficiency was inferior to traditional
chemotherapy drugs, such as DDP. Our latest study
showed that the combination of PGPIPN and DDP
can significantly improve the DDP effect on

anti-cancer. In this study, we evaluated whether
PGPIPN can enhance the sensitivity of human ovarian
cancer to DDP (proliferation, apoptosis and cell cycle),
and explored the possible mechanism of this peptide
to sensitize ovarian cancer cells in human ovarian
cancer cell lines (SKOV3 and COC1), DDP-resistant
SKOV3 (SKOV3/DDP), DDP-resistant COC1 (COC1/
DDP), human primary ovarian cancer cell and human
primary normal ovarian cell. The purpose of our
study was to reduce the adverse reactions of patients
to chemotherapy drugs, and finally provide a new
treatment for drug-resistant ovarian cancer.

Materials and methods

Reagents

PGPIPN (purity >99.5%, confirmed by reversed
phase high performance liquid chromatography) was
supplied by Sangon Biotech Co., Ltd. Hematoxylin
solution (catalog #: MHS1) and eosin (catalog #:
861006) were purchased from Sigma-Aldrich, Merck
KgaA, Germany. Rabbit polyclonal or monoclonal
antibodies of human HSF1 (catalog #:ab52757), Hsp70
(catalog #:ab181606), MDR1 (P-glycoprotein, P-gp;
catalog #:ab170904), ERCC1 (catalog #: ab129267),
cytokeratin 7 (catalog #: abl81598), cytokeratin 19
(catalog #: ab52625) and {-actin (catalog #: ab8227)
were purchased from Abcam, USA. Secondary
antibody (horseradish peroxidase - conjugated goat
anti - rabbit IgG, catalog #: GAR-HRP) and Super
Signal West Pico kit (ECL Chromogenic kit) were
purchased from Thermo Fisher Scientific, Inc.
Secondary antibody (FITC-labeled Goat Anti-Rabbit
IgG (H+L), catalog #: A0562) and Hoechst 33342
(catalog #: C1022) were Beyotime Biotechnology Co.
Ltd., Shanghai, China. Pifithrin-p (PFTp, HSP70
inhibitor, catalog #: ab1202886) was purchased from
Abcam, USA.

Cell culture

Human ovarian cancer cell line SKOV3 and
COC1 were originally purchased from ATCC
(American Type Culture Collection, USA) and
preserved by the Biochemistry and Molecular Biology
Laboratory of Anhui Medical University. DDP-
resistant human ovarian cancer cell line SKOV3/DDP
and COC1/DDP were purchased from Shanghai Ran
Biotechnology Co., Ltd., China. SKOV3 and SKOV3/
DDP were cultured in McCoy's 5A (Modified)
medium, and cell line COC1 and COC1/DDP were
cultured in RPMI-1640 medium, all supplemented
with heat-inactivated 10% FBS (Fetal Bovine Serum),
penicillin (100 U/ml) in 5% CO, at 37 °C. After the
cells grow in the logarithmic phase were digested
with 0.4% trypsin, centrifuged, and changed the
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medium every other day. The drug-resistant strain
cell lines were resistant to DDP and were prepared by
repeated and intermittent treatment with 0.3 pg/ml
DDP.

Fresh primary ovarian tumor tissues classified as
high grade serous carcinoma (HGSC, III-IV grade)
according to WHO criteria were collected from 6
ovarian cancer patients with progressive disease/
stable disease (PD/SD) who underwent debulking
surgery at the first affiliated hospital of Anhui
Medical University between January 2017 and
December 2018. These patients have received DDP or
carboplatin chemotherapy. For comparison, normal
ovarian glandular epithelium cells (NOGECs) were
cultured from fresh primary normal ovarian tissues
harvested from 6 patients with uterine fibromas,
which were confirmed as negative for any neoplastic
disease by pathological examination. Prior to tissue
deposition, all patients signed written consent forms
confirming their donation of tissue for research
purposes according to the Declaration of Helsinki.
This study was approved by the Biomedical Ethics
Committee of Anhui Medical University (approval
number: 20170213). Fresh primary ovarian tumor
tissues were slowly washed with PBS 2-3 times, the
tumor tissue was cut into small pieces about 1 mm?,
transferred to 50 ml sterile centrifuge tube with 0.4%
trypsin and digested at 37 °C for 40-50 min. Then the
tumor tissue fragment was centrifuged at 800 rpm for
5 min, and the cell pellet was resuspended in
RPMI-1640 medium with 10% fetal bovine serum
(FBS) containing 0.1 mg/1 epidermal growth factor
(EGF), 0.1 mg/] insulin-like growth factor (IGF) and
0.1 mg/1 B-estradiol, then cultured in 5% CO, at 37 °C.
After 48 h, we washed the unattached tissue with PBS,
and the adherent cells were further cultured until the
confluence rate was 70-80 %, and then digested with
0.4% trypsin for purity identification. To determine
purity, cells were analyzed wusing immuno-
fluorescence of cytokeratin 7 (for ovarian cancer cells)
or cytokeratin 19 (for normal ovarian epithelium
cells).

H&E stained

The cells in the logarithmic growth were
pretreated with different drug groups and put on
sterilized slides at the bottom of the 6 well plates.
Then put in 37 °C, 5% CO; incubator for 48 h. The
slides were removed from the plates, fixed, and the
cells were stained with hematoxylin and eosin. Next,
they were washed with water and oven-dried. The
slides were sealed with a neutral resin, observed
under an upright microscope and photographed.
Fresh ovarian normal and tumor tissues and were
fixed with 4% paraformaldehyde solution at room

temperature for 24 h, dehydrated with alcohol,
embedded in paraffin and prepared into tissue
sections. These tissues stained with hematoxylin and
eosin (H&E) were observed and analyzed under an
optical microscope at x100 magnification.

Cell viability assay

The logarithmically grown cells were seeded into
96-well plates in sextuplicate at a starting density of 5
x 103 cells/well, and incubated with the medium
containing various drugs (0 as control, 25 pmol/L
(pM) DDP, 25 pM DDP+0.15 pM PGPIPN, 25 pM
DDP+1.5 pM PGPIPN and 25 pM DDP+15 pM
PGPIPN, respectively). After cultured for 24, 48 and
72 h, these cells were incubated with WST-8 (water-
soluble tetrazolium 8) solution by Cell Counting Kit-8
(CCKS) for 4 h at 37 °C and 5% CO;. The cells were
rocked on a shaker for 2 min; the supernatants were
collected and measured at 450 nm.

In addition, the above cell lines (SKOV3,
SKOV3/DDP, COC1 and COC1/DDP) were also
seeded into 96-well plates respectively in sextuplicate
at a starting density of 5 x 10° cells/well, and
incubated with the medium containing various drugs
(0 as control, DDP, DDP+PGPIPN, DDP+PFTy,
DDP+PGPIPN+PFTp and PFT respectively) for 48 h,
in which the concentrations of DDP, PGPIPN and
PFTp were respectively 25, 1.5 and 20 pM. The assays
of cell viability were as aforementioned mathod.

The percent viability of cells was calculated
using the following formula. Viability (%) = (the
experimental group A4sonm /control group Agsonm) *
100%. Each  experiment  was  triplicated
independently. The experiments were duplicated
with primary ovarian cancer and normal cells from six
patients, respectively.

Flow Cytometry Analysis

After 48 h of different drugs (0, 25 pM DDP, 25
pM DDP+0.15 pM PGPIPN, 25 pM DDP+1.5 pM
PGPIPN and 25 uM DDP+15 pM PGPIPN,
respectively) incubations in 6-well culture plates, the
cells were digested with trypsin without EDTA and
washed twice with pre-cooled PBS. The apoptosis of
cells was measured by flow cytometry (FCM) using
FITC-conjugated Annexin-V and propidium iodide
(PI) from Apoptosis Detection Kit (Bestbio, Shanghai)
according to the manufacturer's instructions. The
cycle of cell stained with PI was measured by FCM
from Cell Cycle Detection Kit (Bestbio, Shanghai)
according to the manufacturer's instructions. For cell
cycle distribution analysis, per sample analyzed
10,000 cells. The analysis of cell apoptosis and cycle
was performed using Flowjo 7.6.1 software. The
experiments in cell lines were performed with
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triplicate, and the experiments were duplicated with
primary ovarian cancer cells from six patients.

Reverse transcription-quantitative PCR
(RT-qPCR)

The primers were designed by Primer 6.0
software according to genes sequences searched by
Primer-Bank, and synthetized by Shanghai
Shenggong Biological Co., Ltd. (Table 1). The ovarian
cancer cells were harvested after different drug (the
drug administrations and concentrations were
consistent with the aforementioned flow cytometry)
treatments for 48 h, in which the total RNAs were
extracted with TRIzol transcription kit (cat. no.
15596026; Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer’s instructions. RNA
was reverse-transcribed to cDNA using TRIzol
transcription kit (Thermo Scientific) following the
manufacturer’s instructions. The reverse transcription
reaction conditions were 42 °C for 1 h and 70 °C for 5
min. Real time PCR adopts TaKaRa SYBR Green as
real time PCR Master Mix in ABI7500 fluorescent real-
time PCR instrument (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The reaction conditions were as
follows: 95 °C pre-denaturation 300 s; 95 °C x20 s, 56
°Cx30 s, 72 °Cx30 s (40 cycles). B-actin was used as
the housekeeping gene. For each target gene, mRNA
expression levels were calculated using the 2724Cq
method (ACq=target gene Cq - B-actin Cq value). The
experiments in cell lines were performed with
triplicate in two independent sets, and the
experiments were duplicated with primary ovarian
cancer cells from six patients. And a mixture lacking a
complementary DNA template was used as the
negative control.

Western blotting

The ovarian cancer cells under were collected
and harvested after different drug (the drug
administrations and concentrations were consistent
with the aforementioned flow cytometry) treatments
for 48 h, in which the cell proteins were extracted and
the proteins of the above cells were separated by
SDS-PAGE, and transfer to PVDF membrane. After
blocking with 5% milk, the membranes were
incubated with primary antibodies (1:1,000) and then
incubated with horseradish peroxidase conjugated
secondary antibody (HRP - conjugated goat anti -
rabbit IgG, 1:8,000) overnight. Proteins were detected
using the ECL system and exposed in a
chemiluminescent imaging system (Clinx Science
Instruments Co., Ltd.), and intensities were quantified
using Quantity-One software version 4.62 (Bio-Rad).
The P-actin was used as a loading control. The
experiments in cell lines were performed with

triplicate in two independent sets, and the
experiments were duplicated with primary ovarian
cancer cells from six patients.

Statistical analysis

All statistical analyses were performed using
SPSS 20.0 software (IBM Corp.). Data are presented in
mean * SD. The comparisons between the treatments
and control were analyzed with one-way ANOVA
followed by Tukey’s post hoc test. Results were
considered statistically significant at P<0.05.

Table 1. Sequences of the primers for real-time PCR

Gene Primers (5'-3")

HSF1 Forward: CCATGAAGCATGAGAATGAGGC
Reverse: CTTGTTGACGACTTTCTGTTGC

HSP70 Forward: ACCTACTCTTGTGTGGGTGTT
Reverse: GACATAGCTTGGAGTGGTTCG

MDR1 Forward: GGGTTCTT CATGAATCTGG
Reverse: CTGAATGTAAGCAGCAA CC

ERCC1 Forward: TGCCCATTCACTGCCTCCT
Reverse: GCCTCGGTTCTGTGCCTTT

P-actin Forward: GACACTTTCGAACACGTGATAG
Reverse: TACAAGTCTGCGTCCTTATTGT

Results

Culture and identification of primary cells

The primary ovarian cancer cell lines were
successfully isolated and established from 6 ovarian
cancer patients who underwent debulking surgery in
the first affiliated hospital of Anhui Medical
University. Immunocytochemistry analysis of anti-
cytokeratin 7 staining (Figure 1) revealed the more
than 90% purity of ovarian cancer cell within the
isolated cell populations. For comparison, we also
isolated and established normal ovarian glandular
epithelium cells (NOGECs) lines from 6 patients with
uterine fibromas, which were confirmed as negative
for any neoplastic disease by pathological
examination. The anti-cytokeratin 19 was used for
immunocytochemistry analysis of NOGECs, in which
purity of NOGECs was about 80.95% within the
isolated cell populations (Figure 1).

PGPIPN enhanced DDP inhibition of human
ovarian cancer cell viability

Compared with cells in DDP treatment alone, the
viabilities of drug-resistant ovarian cancer cells
(SKOV3/DDP and COC1/DDP) treated with DDP
and PGPIPN together significantly decreased in
dose-dependent manner (P<0.05 or P<0.01). But the
effects in sensitive cells (SKOV3 and COC1) were not
obvious (Figure 2). Compared with cells treated with
in DDP treatment alone, treatment of primary ovarian
cancer cells with DDP and PGPIPN together led to a
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significant dose-dependent decrease in cell viability,
of which effects were better than that in human
ovarian cancer line cells (P<0.05 or P<0.01, Figure 2).
However, the above treatment had no effect on
non-transformed cells (NOGECs, Figure 2). These
results indicated that PGPIPN reduced the resistance
of ovarian cancer cells to DDP.

PGPIPN increased DDP-induced apoptosis in
human ovarian cancer cells

According to analysis of flow cytometry using an
annexin V-TITC and PI double-staining method,
PGPIPN could significantly promote the apoptosis of
resistant cell lines (SKOV3/DDP and COC1/DDP)
and human primary ovarian cancer cells inducing by
DDP for 48 h, which displayed dose-dependent
manners (Figure 3). Compared with cells in DDP
treatment alone, the apoptosis rates of drug-resistant
ovarian cancer cells (SKOV3/DDP and COC1/DDP)
and human primary ovarian cancer cells treated with
DDP and PGPIPN together significantly increased
(P<0.05 or P<0.01). However, the effects in sensitive
cells (SKOV3 and COC1) were not obvious except for
large doses of peptides (Figure 3). This indicates that
PGPPN has the effect of promoting DDP-induced

L

apoptosis of ovarian cancer cells.

PGPIPN enhanced DDP effect on cell cycle of
human ovarian cancer

To investigate the effect of combination
(DDP+PGPIPN) on cell cycle progression, we
performed flow cytometry analysis and examined the
synergistic effect on G1, S and G2/M phase within the
cell cycle in SKOV3, SKOV3/DDP, COC1l and
COC1/DDP human ovarian cancer cell lines, and
human primary ovarian cancer cell. The results
showed that the cell cycles were significantly changed
under combining drugs for 48 h in all human ovarian
cancer cells. The results also showed PGPIPN resulted
in a marked increase in the percentage of cells blocked
at G2/M phase and significantly reduced the
percentage of cells at G1 phases, which showed a
dose-dependent manner (Figure 4). These results
suggest that the combination of DDP and PGPIPN
causes the highest number of cells arrested at G2/M
phase compared to DDP alone in both human ovarian
cancer cell lines and primary ovarian cancer cell
(P<0.05 or P<0.01). This indicates that PGPPN has the
effect of promoting DDP-induced G2/M arrest of
ovarian cancer cell cycle.

Figure 1. The culture and identification of human primary ovarian cancer cells. (A) Pathological section of normal human ovarian tissue with benign pathology (H&E
stained, x40). (B) Pathological section of human ovarian cancer tissue (H&E stained, x100) that was classified as serous ovarian adenocarcinoma (IV grade) according to WHO
criteria. (C) Human primary ovarian cancer cells subcultured in medium (H&E stained, X200). (D) Cultured human primary normal ovarian glandular epithelium cells (NOGECs)
stained with nuclear dyes-Hochest 33258 (x100). (E) Cultured human primary NOGECs stained with anti-cytokeratin 19-FITC (x100). (F) The confocal of D and E pictures
(%100). (G) Cultured human primary ovarian cancer cells stained with nuclear dyes-Hochest 33258 (x100). (H) Cultured human primary ovarian cancer cells stained with

anti-cytokeratin 7-FITC (x100). (I) The confocal of G and H pictures (x100).
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Figure 2. PGPIPN increased the sensitivity of human ovarian cancer cells to DDP in the inhibition of cell viability in vitro, of which the effect of resistant
cells were better than that of sensitive cells. Data are mean * SD, the experiment in cell lines were performed in triplicate, and the experiments were duplicated with
primary ovarian cancer cells from six patients. P<0.05, *P<0.01 compared with human ovarian cancer cell lines, human primary ovarian cancer cells or human primary normal

ovarian cells intervened by DDP alone in the same time.

PGPIPN regulates the expression of genes
associated with HSF1/HSP70 signaling
pathway in enhancing the effect of DDP

This study examined the mRNA expression
levels of HSF1, HSP70, MDR1 and ERCC1 by RT-
qPCR in SKOV3, SKOV3/DDP, COC1, COC1/DDP
and human primary ovarian cancer cells, of which
MDR1 and ERCC1 are important drug-resistance

genes. Compared with cells in DDP treatment alone,
PGPIPN significantly reduced the mRNA level of
HSF1 and HSP70 in both human ovarian cancer cell
lines and primary ovarian cancer cell, which
displayed a dose-dependent, and the effect of
drug-resistant cells (SKOV3/DDP, COC1/DDP) were
significantly better than that of sensitive cells (SKOV3,
COC1) (Figure 5). Similarly, PGPIPN significantly
reduced MDR1 and ERCC1 mRNAs of drug-resistant
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ovarian cancer cell lines and human primary ovarian
cancer cell in a dose-dependent manner. However, the
mRNA expression of sensitive cells (SKOV3, COC1)

(Figure 5). Overall, PGPIPN could reduce the mRNA
level of genes associated with HSF1/HSP70 signaling
pathways in drug-resistant ovarian cancer cell lines

did not change significantly in PGPIPN treading,
except for SKOV3 cells at high doses of the peptide
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Figure 3. PGPIPN increased DDP-induced apoptosis in human ovarian cancer cells for 48 h in vitro. (A) Representative flow cytometry dot plot of human ovarian
cancer cells stained with Annexin-V-FITC and PI. (B) Histogram of apoptosis rates of lines (SKOV3, COCI1) and their DDP-resistant sublines (SKOV3/DDP, COCI1/DDP). (C)
Histogram of apoptosis rates of human primary ovarian cancer cell. The data are shown as means * SD, the experiment in cell lines was performed in triplicate, and the
experiments were duplicated with primary ovarian cancer cells from six patients, *P<0.05, *P<0.01 compared with cells in DDP treatment alone.
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Figure 4. PGPIPN induced G2/M-phase accumulation of human ovarian cancer cells under combining drugs for 48 h. (A) Representative cell cycle profiles by
flow cytometry. (B) The histograms were analyzed by Flowjo software to display the cell cycle distribution. The data are shown as means * SD, the experiment in cell lines was
performed in triplicate, and the experiments were duplicated with primary ovarian cancer cells from six patients, *P<0.05, “P<0.01 compared with cells in DDP treatment alone.
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Figure 5. PGPIPN regulates the mRNA expression levels of HSF1, HSP70, MDR1 and ERCCI. 3-actin was used as the reference gene. Data are presented as the
mean * SD (cell line: n=6; primary ovarian cancer cell: n=12). *P<0.05 and *P<0.01 vs. human ovarian cancer cells in DDP treatment alone.

Western blotting was used to analyze HSF1,
HSP70, MDR1 and ERCC1 proteins, which are related
to HSF1/HSP70 signaling pathway in SKOV3,
SKOV3/DDP, COC1, COC1/DDP and human
primary ovarian cancer cells. Compared with cells in
DDP treatment alone, the protein expression levels of
HSF1 and HSP70 in human ovarian cancer cells
treated with DDP and PGPIPN together significantly
decreased in dose-dependent manner (P<0.05 or
P<0.01, see in Figure 6). PGPIPN significantly
decreased MDR1 and ERCC1 proteins of drug-
resistant ovarian cancer cell lines and human primary

ovarian cancer cell in a dose-dependent manner
(P<0.05 or P<0.01, see in Figure 6). MDR1 and ERCC1
proteins were low in the drug-sensitive cell lines
(SKOV3/DDP, COC1/DDP), and PGPIPN had little
effect on these two protein expression levels, although
the peptide at moderate- and high doses could affect
ERCC1 protein expression levels in SKOV3 cell (see in
Figure 6). Consequently, PGPIPN had the most
significant effects on the HSF1/HSP70 pathway,
which resulted in reduced protein MDR1 and ERCC1
associated with drug-resistance especially in resistant
strain cells.
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Figure 6. PGPIPN regulated the contents of proteins associated with HSF1/HSP70 signaling pathway in human ovarian cancer cell lines and primary
ovarian cancer cells.SKOV3 and its DDP-resistant subline SKOV3/DDP. (A) The related proteins were detected with western blotting in SKOV3 and SKOV3/DDP,
and B-actin was used to show the similar amount of protein loaded in different lanes. (D) The related proteins were detected with western blotting in COCI and COCI/DDP,
and B-actin was used as the reference protein. (G)The related proteins were detected with western blotting in human primary ovarian cancer cells, and B-actin was used as the
reference protein. (B, C, E, F and H) Relative intensities of protein bands in A, D and G were determined using Quantity-One software and normalized using B-actin band
intensity. Data in B, C, E, F and H are presented as mean * SD (cell line: n=6; primary ovarian cancer cell: n=12). “P<0.05, “P<0.01 vs. cells in DDP treatment alone.

To verify the result that PGPIPN regulates
HSF1/HSP70 signaling pathway in enhancing the
effect of DDP, we conducted the experiment of
inhibiting HSP70. The results suggested that once the
HSF1/HSP70 signaling pathway was inhibited by

HSP70 inhibitor (PFTp), PGPIPN did not further
inhibit the cell activities. Since HSF1/HSP70 pathway
had been downregulated by PFTp, and there was not
further potential for the peptide to suppress this
pathway (Figure 7). So HSP70 inhibitor (PFTp)
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replaced or removed the effects of the peptide in
increasing the sensitivity of ovarian cancer cells to
DDP, i.e. PFTp replaced the partial function of the
peptide (Figure 7). This suggested that PGPIPN may
regulate HSF1/HSP70 signaling pathway activity and
following cascade to enhance the sensitivity of
ovarian cancer cells to DDP.

Discussion

At present, the main chemotherapeutic drugs for
ovarian cancer are cisplatin, paclitaxel and so on[26].
However, due to the emergence of drug resistance in
ovarian cancer, the therapeutic effect of cisplatin is
less potent, and there is still the high mortality of
ovarian cancer [27]. There is an urgent need for a new
drug in clinical practice to improve the results of
chemotherapy,  reduce  the  resistance  of
chemotherapy, and improve the survival rate of
patients. Existing drugs that improve the sensitivity of
patients to chemotherapy include calcium blockers
(verapamil), antisense sequences of resistance-related
genes, oligonucleotides, hormones (progestins), and
so forth [28, 29]. The problem with these drugs all has
toxic side effects, such as cardiovascular and renal
toxicity, making it not widely used clinically.
Therefore, the discovery of a new non-toxic or
low-toxic reversal drug is urgently needed.

Bioactive peptides have achieved certain results
in the treatment of tumors and the sensitization of
chemotherapeutic drugs [30-32]. In this research, we
used milk-derived hexapeptide (PGPIPN), which is a
product of bovine casein proteolysis. The results of
this experiment indicate that PGPPN can enhance the
effect of cisplatin on ovarian cancer cells and enhance
the sensitivity of ovarian cancer to cisplatin.
According to our previous experiments, PGPIPN also
inhibited cell growth alone, but the peptide inhibited
the viability of ovarian cancer cells much less than
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clinical first-line drug, DDP. As PGPIPN and DDP
together decreased the viabilities of drug-resistant
ovarian cancer cells much more than these of sensitive
cells, this suggested PGPIPN and DDP were
synergistic effects, not additive effects. Our results
also show that the peptide may increase the
sensitivity of ovarian cancer cells to DDP by HSF1/
HSP70 signaling pathway, but related mechanisms
need further research.

There are four types of heat shock transcription
factors (HSF1, 2, 3 and 4). Heat shock factor 1 (HSF1)
is the main transcriptional regulator of heat shock
response, which can protect organisms from various
environmental and pathological stimuli [33]. Recent
studies have found that HSF1 may be related to
tumorigenesis, and is activated in the process of
canceration, and is closely related to the survival and
proliferation of cancer cells [34]. The expression of
HSF1 in many tumor cells is immense, and ultraviolet
radiation and thermal stimulation, etc. can activate
the expression of HSF1 gene. HSFs can activate the
expression of heat shock proteins (HSPs) in cells by
sensing changes inside and outside the cell. HSF1
protects cancer cells from apoptosis and induces drug
resistance by stimulating the transcription of genes
encoding HSPs. This stimulatory action depends on
the association of trimeric HSF1 to sequences within
HSP gene promoter [35, 36]. HSPs can regulate
denatured proteins and structural proteins in cells
through a series of reactions. By regulating a series of
proteins, HSF1 and HSP can aggravate the
deterioration of tumor cells, make tumor cells grow
and proliferate, and promote the expression of tumor
cell genes and proteins. There are many reports about
the high expression of HSP70 in malignant tumors.
And there are reports that after HSF1 is activated, it
can regulate the expression of Hsp70 and induce
carboplatin resistance in cancer cells [37].
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Figure 7. HSFI/HSP70 signaling pathway inhibitors reduced the effect of PGPIPN. (A) SKOV3 and DDP-resistant subline SKOV3/DDP. (B) COCI and
DDP-resistant subline COCI1/DDP. Data are mean * SD, the experiment was performed with sextuplicate in three independent sets, *P<0.05, “P<0.01 compared with DDP
intervention alone in the same cell line; #P<0.05, #P<0.01 compared with DDP and PGPIPN synergistic intervention in the same cell line.
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Multidrug resistance (MDR) is considered to be
one of the bottlenecks in the successful clinical
treatment of many chemotherapy drugs. MDR1
(P-glycoprotein, P-gp) is a unique ATP-dependent
membrane transporter and is one of the key
regulators present in many tissues and organs [38, 39].
MDR proteins have a variety of types, and MDR1 is a
new type of protective barrier that prevents
xenobiotin from entering the body. Some studies have
showed that MDR1 could pump drugs out of the cell,
which prevented cancer drugs from reaching their
cellular targets, resulting in a reduction in the
accumulation of many chemotherapeutic agents in the
cell and interfering with the DNA replication
pathway [40]. The upregulation of p-gp is closely
related to the increase of chemoresistance in cancer
cells [41].The overexpression of MDRI1 energized by
ATP will help the development of MDR and
ultimately reduce the effectiveness of chemo-
therapeutic agents. In addition to inducing HSPs to
reduce chemotherapy-mediated cell killing, HSF1 also
seems to be involved in multiple ways of regulating
the expression of MDR1. It is known that the MDR1
gene contains heat shock elements (HSE) in the
promoter region, and HSF1 can independently
activate the expression of MDR1 [42].

In recent years, there have been many studies on
the direct relationship between ERCC1 and cisplatin
resistance in ovarian cancer. Studies have shown that
in patients who have received cisplatin chemotherapy
drugs, ERCC1 is expressed at high doses [43]. ERCC1
is one of the most important components of the
nucleotide excision repair (NER) enzyme family; it is
involved in the process of DNA excision and repair.
The high expression of ERCC1 can repair damaged
DNA molecules, increase the number of surviving
cancer cells, and lead to tumor resistance to DDP [44].
If the expression of ERCC1 is interfered, it will
increase the sensitivity of chemotherapeutic drugs
and thus achieve the purpose of treating tumors.

This experiment confirms that PGPIPN could
increase the sensitivity of ovarian cancer cells to DDP
in human ovarian cancer cell lines (SKOV3, COC1),
their DDP-resistant cell lines (SKOV3/DDP, COC1/
DDP) and human primary ovarian cancer cells.
PGPIPN is a bioactive peptide derived from milk
protein. Some bioactive peptides from bovine caseins
could bind the opioid receptor on the cytomembrane
to influence the proliferation, cytokine secretion,
immune response and cell differentiation [45, 46].
Recent studies have reported effects of bioactive
peptides derived from milk proteins on the activities
of toll-like receptor and human insulin receptor [47,
48]. To gain insight into the mechanism by which
PGPIPN increase the sensitivity of ovarian cancer cells

to DDP, we used RNA-Seq technology to identify
transcriptional alterations induced by PGPIPN in
human primary ovarian cancer cell. We found HSF1
and HSP70, etc. were downregulated (data not
shown). In this study, we validated the altered
expression of HSF1, HSP70, MDR1 and ERCC1 genes
by qPCR and western blotting. Therefore, it was
speculated that PGPIPN may regulate HSF1/HSP70
signal transduction and alter the expression level or
activity of proteins in human ovarian cancer cells,
which leads to the reduction of MDR1 and ERCC1
expression, thereby increasing the sensitivity of
ovarian cancer cells to DDP. However, this requires
further investigation. Moreover, the present results
provide new ideas for the development of ovarian
cancer chemotherapy adjuvant drugs.
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