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Abstract
Background Circadian clock protein PERIOD2 (PER2) acts as a tumor suppressor in cancer; however, little
is known about its involvement in chemosensitivity.

Methods This study aimed to investigate the role and underlying mechanisms of PER2 in ovarian cancer
sensitivity to cisplatin. Overexpression and knockdown of PER2 were performed to explore its role in
ovarian cancer cell sensitivity to cisplatin both in vitro and in vivo. The protein levels of PI3K, AKT,
caspase 3, E-cadherin, and other drug resistance-related molecules were determined in parental SKOV3
and SKOV3/DDP cells as well as in xenograft tumor tissues.

Results Compared with parental cells, SKOV3/DDP cells had dramatically decreased PER2 expression,
possibly due to hypermethylation in the PER2 promoter. PER2 overexpression signi�cantly inhibited
proliferation while promoting cisplatin-induced apoptosis in SKOV3 and SKOV3/DDP cells. In agreement,
PER2-overexpressing SKOV3/DPP cells yielded signi�cantly reduced tumor mass in cisplatin-treated mice
compared with control cells. Mechanistically, PER2 overexpression remarkably reduced the protein
amounts of PI3K, AKT, and MDR1, while increasing those of caspase 3 and E-cadherin in tumor tissues.
Knockdown of PER2 exhibited opposite effects. PER2 overexpression also reduced the serum levels of
TNF-α and IL-6 in tumor-bearing mice before the initiation of cisplatin treatment.

Conclusion This study suggests that loss of PER2 contributes to cisplatin resistance in SKOV3 cells,
possibly by activating the PI3K/AKT pathway and EMT, inhibiting apoptosis, and promoting drug e�ux
and in�ammatory responses. Overexpression of PER2 could reverse these alterations and sensitize both
parental SKOV3 and SKOV3/DDP cells to cisplatin.

Background
Ovarian cancer is one of the most common cancers worldwide, with the lowest 5-year survival rate of 30–
40% among all gynecologic malignancies [1, 2]. The standard treatment for ovarian cancer involves
maximum debulking surgery followed by platinum- and taxane-based chemotherapy [3]. Cisplatin
belongs to platinum drugs that induce DNA damage by crosslinking with purine bases, leading to cancer
cell apoptosis [4]. It has been widely used to treat various cancers for over four decades, and remains the
�rst-line treatment option for ovarian cancer in combination with taxanes [5, 6]. Although most patients
initially respond to this regimen, nearly 75% cases relapse with chemoresistance that is responsible for
treatment failure and 90% of ovarian cancer-related deaths [7]. Thus, it is important to explore the
molecular mechanisms underlying cisplatin resistance, in order to develop effective therapies for ovarian
cancer.

PER2 is a circadian factor that participates in circadian rhythm regulation [8]. Aberrant expression of
circadian factors can disrupt the circadian clock, leading to the development and progression of many
diseases, including cancer [9]. Recent studies have shown that PER2 acts as a tumor suppressor by
promoting apoptosis while inhibiting proliferation and invasion in different cancer cells, including
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leukemia, osteosarcoma, and glioma cells [10–12]. Our previous study demonstrated low PER2
expression in malignant tumors of the human ovary compared with benign lesions. Meanwhile, ectopic
expression of PER2 suppresses xenograft tumor growth of SKOV3 cells in nude mice [13], suggesting a
tumor-suppressive role for PER2 in ovarian cancer. However, the involvement of PER2 in cisplatin
sensitivity remains unknown.

Chemoresistance in cancer involves multiple mechanisms, including apoptosis evasion, EMT, increased
drug e�ux, and enhanced in�ammatory responses [3, 14]. The PI3K/Akt pathway plays a critical role in
regulating cell proliferation, cell cycle, and cell apoptosis [15]. Previous studies have linked PI3K/Akt
pathway activation with cisplatin resistance [16]. Hyperactivated PI3K/AKT pathway due to mutations
and other mechanisms plays an important role in mediating anti-apoptotic activity in chemoresistance
[17]. EMT, characterized by loss of E-cadherin, is a process in which epithelial cells acquire mesenchymal
features by losing their cell-cell adhesive properties and gaining migratory and invasive potential [18].
EMT contributes to cisplatin resistance in various malignancies, including ovarian cancer [19]. Multidrug
resistance 1 (MDR1) and MDR1-related protein 1 (MRP1) encode transporters that export drugs from
cells, leading to reduced intracellular drug accumulation [20]. Cisplatin induces MDR1 transcription in
ovarian cancer cell lines [21]. Meanwhile, N-linked glycosylation of MRP1 remarkably reduces cisplatin
accumulation in ovarian cancer cells, resulting in cisplatin resistance [22]. In addition, ovarian cancer
initiation and progression involve in�ammation [23]. In�ammatory mediators such as IL-6 and IL-8
promote drug resistance by increasing drug e�ux and reducing apoptosis [24].

In the present study, we investigated the role and underlying mechanisms of PER2 in ovarian cancer cell
sensitivity to cisplatin both in vitro and in vivo. The results suggest that loss of PER2 in SKOV3/DDP cells
contributes to cisplatin resistance, and its overexpression may serve as a potential therapeutic strategy
for overcoming cisplatin resistance in ovarian cancer.

Methods

Cell lines and culture
SKOV3 cells were purchased from the American Type Culture Collection (Manassas, VA, USA), and
maintained in RPMI 1640 (Hyclone, GE Healthcare Life Sciences, Logan, UT, USA), supplemented with
10% fetal bovine serum (Gibco FBS, New Zealand), 1% penicillin, and 1% streptomycin in a 5% CO2

incubator at 37 °C with saturated humidity.

SKOV3/DDP cells were obtained from Shanghai YaJi Biological Co., Ltd (China), and maintained in RPMI
1640 supplemented with 10% FBS, 1% penicillin, 1% streptomycin, and 1 µg/mL of cisplatin.

Plasmid construction and transfection
For PER2 overexpression, human PER2 cDNA was cloned into the pcDNA3.1 vector (GeneCreate
Biological Co., Ltd, China). The empty vector was used as a negative control. PER2 knockdown was
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performed by transfection with si-RNA against PER2 (si-PER2; 5'- GCUGGUCCAGCUUCAUCAATT-3'), using
scrambled siRNA as a negative control. SKOV3 cells were transfected with the PER2-overexpressing
vector, si-PER2, or corresponding negative controls with Lipofectamine® 2000 (Invitrogen, Carlsbad, CA,
USA).

Tumor xenograft model
Ten BALB/c nude mice (5-week old, all female) were purchased from Beijing Huafukang biotechnology
co., Ltd (Beijing, China), and maintained under speci�c pathogen-free conditions. All animal care and
experimental procedures were approved by the Ethics Committee of Shanxi Medical University (Shanxi,
China). The animal experiments followed the Guidelines for Proper Conduct of Animal Experiments of
Shanxi Medical University. After 1 week of acclimation, mice were randomly divided into 2 groups (n = 
5/group). SKOV3 cells (1 × 107 in 0.2 mL of serum-free RPMI 1640) transfected with the empty or PER2-
overexpressing vector were inoculated into the right-back of each mouse by subcutaneous injection,
plasmid (1.5 mg/kg) was mixed with transfection reagent, and then was intratumor injected in PER2 + 
group every Monday and Thursday [25]. Tumor formation was monitored every other day. Cisplatin
(3 mg/kg, twice a week) was administered by intraperitoneal injection at 2 weeks (Tuesday and Friday)
after inoculation when the tumors became visible. Tumors were measured every week using a digital
caliper, and tumor volume (V) was derived by the following equation: V = (length × width2)/2. Mice were
sacri�ced at 3 weeks after cisplatin treatment initiation. Tumors were immediately removed and stored at
-80 °C until use.

Bisul�te-sequencing PCR
Genomic DNA was isolated from SKOV3 or SKOV3/DDP cells with a genomic DNA extraction kit (Aidlab,
Beijing, China). Bisul�te modi�cation of genomic DNA was performed with an EZ DNA Methylation-
GoldTM kit (Zymo Research, Irvine, CA, USA), followed by PCR ampli�cation with the primer sets shown in
Table 1. PCR products were puri�ed and inserted into the pClone007 vector (Tsingke Biological
Technology, Beijing, China) following the manufacturer’s instructions. DNA methylation status was
analyzed by sequencing.

Table 1
Primers

Gene Forward (5′-3′) Reverse (5′-3′)

Actin GTCCACCGCAAATGCTTCTA TGCTGTCACCTTCACCGTTC

PER2 GGACCAACAAGGTGCTGAGAGT TGAGGTAGGTAGCCCAGGAGAG

Methylated-PER2 GGGAGGGGTGTCTCACATCTGTAAT GGTTGCAGTGAGCCGAGATCATGCCA

PER2, Period 2.

Cell viability assay by cell counting kit-8 (CCK8)
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Parental SKOV3 and SKOV3/DDP cells were seeded in 96-well plates (4 × 103 cells per well) and
incubated overnight, followed by cisplatin (5 µg/mL) treatment. Then, 10 µL CCK8 solution was added to
each well after 0, 24, and 48 h of cisplatin treatment, respectively, followed by incubation in the dark for
1–4 h. Absorbance (OD value) was determined at 450 nm on a SpectraMax 190 microplate reader
(Marshall Scienti�c, Hampton, NH, USA).

Flow cytometry
Parental SKOV3 or SKOV3/DDP cells were transfected with the PER2-overexpressing vector, si-PER2, or
corresponding negative controls, followed by cisplatin treatment (5 µg/mL). Cells were harvested by
trypsinization, and washed twice with ice-cold phosphate-buffered saline (PBS) by centrifugation at
1,000 rpm for 5 min. After resuspension in 100 µL binding buffer, cells were stained with Annexin-V-
FITC/propidium iodide solution (Solarbio, Beijing, China) following the manufacturer’s instructions.
Apoptosis was analyzed on an Attune NxT �ow cytometer (Thermo, Waltham, MA, USA).

Quantitative real-time PCR
Total RNA was isolated with TriPure (Roche, USA), and reversely transcribed using M-MLV reverse
transcriptase (ELK Biotechnology, Wuhan, Hubei, China). Ampli�cation was performed with EnTurbo™
SYBR Green PCR SuperMix on a StepOne™ Real-Time PCR instrument (Life Technologies, Carlsbad, CA,
USA). Primers are shown in Table 1. β-actin was used as an internal control. Relative gene expression
was quanti�ed by the 2−ΔΔCt method.

Western blot
SKOV3 cells and tumor tissues were lysed and homogenized, respectively, in lysis buffer on ice. The
lysates were collected by centrifugation at 16,000 g for 10 min before heating at 95 °C for 5 min in
loading buffer. Samples were separated by 10% SDS-PAGE and transferred onto polyvinylidene di�uoride
membranes, followed by 1 h of blocking with 5% fat-free milk in Tris-buffered saline containing 0.1%
Tween 20 (TBS-T). The membranes were incubated with primary antibodies raised against PER2 (1:1000;
Proteintech, Rosemont, IL, USA), AKT (1:2000; Proteintech), PI3K (1:2000; Cell Signaling Technology,
Danvers, MA, USA), caspase3 (1:1000; Proteintech), E-cadherin (1:1000; Proteintech), MDR1 (1:1000;
Proteintech), MRP1 (1:1000; Abcam), DYRK2 (1:1000, Abcam), and GAPDH (1:10000; Abcam, Cambridge,
UK), respectively, overnight at 4 °C. The membranes were washed with TBS-T 3 times, and incubated with
horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. After TBS-T
washes, chemiluminescent signals were detected on X-ray �lms and quanti�ed with Image-J (NIH,
Bethesda, MD, USA).

Immunohistochemistry stain
Sections of para�n-embedded tissue were subjected to immunohistochemical staining. We randomly
selected at least 3 �elds of view for each slice in each group. The CD43 antibody (14486-1-AP15940-1-AP,
Proteintech Group, Inc. USA) was used at 1:300. Sections were incubated with primary antibodies (4 °C,
overnight), followed by incubation of the poly-horseradish peroxidase anti-rabbit secondary antibody
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(37 °C, 20 min, dilution ratio 1:200; A24531, Aspen. China). Next, diaminobenzidine (DAB) was used to
visualize the target proteins. Moreover, sections were counterstained with hematoxylin, dehydrated, and
mounted. The expression of CD43 were evaluated using Image-pro plus 6.0 (Media Cybernetics, Inc.,
Rockville, MD, USA).

ELISA
Blood samples were obtained from mouse tail vein at 1 and 2 weeks after tumor cell implantation,
respectively. The serum levels of TNFα and IL-6 were measured with ELISA kits (Jiangsu Kete Organism
Co Ltd., 96T) following the manufacturer’s instructions.

Statistical analysis
All data were expressed as the mean with standard errors. For each cell line, comparison was performed
using One-way ANOVA or two-way ANOVA among more than two groups. Data was visualized by the
GraphPad Prism7 software. For all the presented data, three independent experiments were performed to
acquire the average results, p < 0.05 considered statistically signi�cant.

Results

Loss of PER2 in SKOV3/DDP cells
Our previous �ndings suggest a tumor suppressor role for PER2 in ovarian cancer. To further explore
whether PER2 is associated with cisplatin resistance in ovarian cancer, we determined the mRNA
expression of PER2 in parental SKOV3 and SKOV3/DDP cells. As shown in Fig. 1A, SKOV3/DDP cells
exhibited cisplatin resistance, as evidenced by signi�cantly enhanced cell viability in the presence of
cisplatin compared with parental cells. Then, qRT-PCR revealed that PER2 mRNA levels were dramatically
decreased in SKOV3/DDP cells compared with that parental cells (Fig. 1B), suggesting a possible relation
between PER2 downregulation and cisplatin resistance in SKOV3 cells. To explore the possible
mechanism underlying loss of PER2 in SKOV3/DDP cells, refer to Hamilton method[9], we detected the
DNA methylation status of CpG islands within the PER2 promoter. As shown in Fig. 1C and 1D, PER2 had
signi�cantly increased promoter methylation at nine CpG sites in SKOV3/DDP cells compared with
parental cells, especially No.7 and No.9 sites which had signi�cant difference, suggesting that CpG
promoter methylation possibly contributed to loss of PER2 in SKOV3/DDP cells.

PER2 increases the sensitivity of SKOV3 and SKOV3/DDP
cells to cisplatin
To examine the role of PER2 in cisplatin sensitivity, we performed respectively function assays for si-
PER2 and overexpression plasmid transfected into SKOV3 and SKOV3/DDP cells in the presence of
cisplatin. Figure 2A-C show that the expression of PER2 was more lower or higher in SKOV3/DDP cells
than SKOV3 by CCK-8, *p < 0.05, **p < 0.01, ***p < 0.001. Then, cell viability assay showed that PER2
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knockdown signi�cantly promoted whereas its overexpression inhibited, the proliferation in both SKOV3
and SKOV3/DDP cells (Fig. 3A-B). Consistent results were observed for cell apoptosis (Fig. 3C-D),
compared with the proliferation of cell viability. These �ndings suggested that PER2 inhibited cell
proliferation while promoting cell apoptosis, thus increasing the sensitivity of both parental SKOV3 and
SKOV3/DDP cells to cisplatin.

PER2 suppresses the PI3K/Akt pathway and regulates genes involved in cell apoptosis, EMT, and drug
transportation

Cisplatin resistance involves multiple mechanisms, including activation of the PI3K/Akt pathway, EMT,
apoptosis evasion, and dysregulated drug transportation [16, 19, 25]. To explore the possible
mechanisms underlying the bene�cial role of PER2 in cisplatin sensitivity, we quantitated the expression
levels of representative molecules involved in these processes. As shown in Fig. 4A, SKOV3/DDP cells
had signi�cantly increased protein levels of PI3K and Akt compared with parental SKOV3 cells,
suggesting an activated PI3K/Akt pathway in SKOV3/DDP cells. Loss of caspase-3 and E-cadherin
suggested inhibited apoptosis and enhanced EMT in SKOV3/DDP cells.

After PER2 was silenced, the expression of Akt, PI3K and MDR1 in SKOV3 and SKOV3/DDP was
signi�cantly up-regulated, whereas Caspase3 and E-cadherin were signi�cantly down regulated. However,
after overexpression of PER2, the expression of Akt, PI3K and MDR1 in SKOV3 and SKOV3/DDP cells was
signi�cantly down regulated, caspase 3 and E-cadherin were signi�cantly up-regulated (Fig. 4B).
Overexpression of PER2 signi�cantly reversed the above alterations in both parental and DDP-resistant
SKOV3 cells, whereas its knockdown showed opposite effects. In addition, PER2 knockdown further
upregulated MDR1 that was signi�cantly enhanced in SKOV3/DDP cells. In contrast, overexpression of
PER2 signi�cantly attenuated the protein expression of MDR1 in both cell lines.

Taken together, these data suggested that loss of PER2 might contribute to cisplatin resistance, possibly
by activating EMT and PI3K/Akt signaling, inhibiting cisplatin-induced cell apoptosis, and promoting drug
e�ux. Overexpression of PER2 could reverse these alterations to restore cisplatin sensitivity.

PER2 enhances the sensitivity of SKOV3/DPP cell-derived tumors to cisplatin and alleviates systemic
in�ammatory response in mice

We next established a nude mouse xenograft model to further investigate the role of PER2 in cisplatin
sensitivity. Figure 5A-B shows that PER2-overexpressing SKOV3/DPP cells yielded signi�cantly reduced
tumor masses compared with control cells during cisplatin treatment, indicating that PER2 increased the
sensitivity of xenograft tumors to cisplatin. Figure 5C, IHC staining showed an apparent decrease in CD34
expression in OE-PER2 groups of SKOV3/DDP cells. These results were consistent with the tumor volume
(Fig. 5A-B), and strongly implied that PER2 enhances the sensitivity of SKOV3/DPP cell-derived tumors to
cisplatin.
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PER2 overexpression also resulted in signi�cantly decreased protein levels of PI3K, AKT, MDR1, and
MRP1, but increased protein amounts of caspase-3, E-cadherin, and DYRK2 in tumor tissues (Fig. 6A),
consistent with in vitro data (Fig. 4A-B). To further explore whether PER2 modulates systemic
in�ammation to affect chemosensitivity, we detected the serum levels of TNF-α and IL-6 in tumor-bearing
mice before the initiation of treatment. Figure 6B shows that mice bearing PER2-overexpressing tumors
had signi�cantly lower serum levels of TNF-α and IL-6 compared with the control group. This �nding
suggested that PER2 overexpression might alleviate systemic in�ammation to sensitize ovarian tumors
to cisplatin treatment.

Discussion
The present study suggested that ectopic expression of PER2 sensitizes ovarian cancer cells to cisplatin
possibly by modulating multiple mechanisms, serving as a promising therapeutic strategy to overcome
chemoresistance in patients with ovarian cancer.

Consistent with recent studies associating loss of PER2 with chemoresistance in cancer [17, 26, 27], we
found that SKOV3/DDP cells had dramatically decreased mRNA levels of PER2 compared with parental
cells. Previous studies have shown that microRNAs, such as miR-24, miR-449a, and miR-484, inhibit PER2
transcription by binding to its 3’-untranslated region [28, 29]. Epigenetic mechanisms, including histone
modi�cations and DNA methylation, also play important roles in regulating gene expression. It has been
reported that sevo�urane anesthesia suppresses PER2 expression by reducing histone acetylation of the
proximal region of the PER2 promoter [30]. Hypermethylation of the PER2 promoter alters PER2
expression in glioma cells, increasing the survival of cancer cells and promoting carcinogenesis due to
disrupted circadian clock [31]. In this study, we found that SKOV3/DDP cells had signi�cantly increased
promoter methylation at the nine CpG sites compared with parental cells, suggesting that CpG promoter
methylation possibly contributes to loss of PER2 in SKOV3/DDP cells.

Previous studies have reported PI3K/Akt pathway activation in different cisplatin-resistant cancer cells
[25, 32]. Similarly, the above results showed that SKOV3/DDP cells had signi�cantly increased protein
levels of PI3K and Akt compared with parental cells. Once activated, Akt phosphorylates Bcl-2-associated
death protein (BAD) on ser-136 and facilitates its dissociation from the Bcl-2/Bcl-X complex, thereby
suppressing the apoptosis-inducing function of BAD [33]. Cisplatin treatment induces BAD
phosphorylation at ser-112 via Erk and at ser-136 via PI3K/Akt, protecting cancer cells from apoptosis
[34]. However, the mechanisms underlying cisplatin-induced activation of PI3K/Akt remains largely
unknown. A recent study assessing A549/DDP cells showed that PER2 knockdown activates, whereas its
overexpression inhibits the PI3K/AKT pathway [35]. In agreement, we found that PER2 reduced the
protein levels of PI3K and Akt in SKOV3/DDP cells and SKOV3 cell-derived tumor tissues. These �ndings
suggest that PER2 is an upstream suppressor of PI3K/Akt, and can reverse PI3K/Akt-mediated cisplatin
resistance in cancer.
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Recent studies have shown that PER2 suppresses cancer cell proliferation while promoting apoptosis in
oral squamous cell carcinoma, osteosarcoma, lung adenocarcinoma, and liver carcinoma [35–38]. PER2
overexpression downregulates Bcl-2 while increasing the expression of cleaved caspase 3 in
osteosarcoma cells [37]. Similarly, overexpression of mouse PER2 also downregulates Bcl-XL and Bcl-2
while upregulating Bax in mouse lung carcinoma cells [39]. Consistent with these �ndings, the current
results showed that PER2 could enhance the protein expression of caspase 3 and promote apoptosis,
which was suppressed in SKOV3/DDP cells. Xenograft tumors derived from PER2-overexpressing SKOV3
cells exhibited increased sensitivity to cisplatin and enhanced expression of caspase 3 compared with
those from parental cells. These results suggest that PER2 increases cisplatin sensitivity and reverses
cisplatin resistance by inducing apoptotic cell death in ovarian cancer.

Treatments with TNFα and IL-6 induce platinum resistance in ovarian cancer cell lines by upregulating
MDR1 [14]. Our in vivo data showed that mice bearing PER2-overexpressing tumors had signi�cantly
lower serum levels of TNF-α and IL-6 compared with the control group before the initiation of cisplatin
treatment. This �nding suggests that PER2 overexpression might alleviate systemic in�ammation to
sensitize ovarian tumors to cisplatin. We also found that PER2 signi�cantly reduced the protein levels of
MDR1 and MRP1 in both SKOV3 and SKOV3/DDP cells, which has not been reported elsewhere. This
�nding suggests that PER2 increases the sensitivity of ovarian cancer cells to cisplatin, possibly by
reducing drug transporter-mediated drug e�ux.

Conclusion
In summary, loss of PER2, accompanied by PI3K/Akt upregulation and caspase 3 and E-cadherin
downregulation, is associated with cisplatin resistance in ovarian cancer cells. PER2 overexpression
reverses these alterations and sensitizes ovarian cancer cells to cisplatin both in vitro and in vivo,
constituting a potential therapeutic strategy for overcoming cisplatin resistance in ovarian cancer.

List Of Abbreviations
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Abbreviation                  full name

PER2                              period circadian regulator 2

EMT                               epithelial-mesenchymal transition

PI3K                               phosphatidylinositol 3-kinase

Akt                                 protein kinase B

MDR1                            multidrug resistance 1

MRP1                             MDR1-related protein 1

TNF-α                            tumor necrosis factor-alpha

DYRK2                         Dual-speci�city tyrosine-phosphorylation-regulated kinase 2

IL-6                                interleukin 6

PBS                                phosphate-buffered saline

BAD                              Bcl-2-associated death protein

SKOV3 cells                 Human epithelial ovarian cancer SKOV3 (parental) cells

SKOV3/DDP cells        cisplatin-resistant SKOV3 cells

ELISA                           enzyme-linked immunosorbent assay

IHC                                immunohistochemistry

CCK-8                           cell counting kit-8

qRT-PCR                      quantitative real-time PCR

SD                                 standard deviation

si-RNA                          small interfering RNA

DDP                              cisplatin-resistant

NC                                negative control

OE                                overexpressing
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Figure 1

Low expression of circadian clock protein PER2 in SKOV3/DDP cells. (A) SKOV3 and SKOV3/DDP cells
were treated with cisplatin (5 μg/mL), performed by CCK-8, ***p < 0.001 vs SKOV3 cells. (B) qRT-PCR was
performed to detect endogenous mRNA expression of PER2 in SKOV3 and SKOV3/DDP cells. ***p <
0.001 vs SKOV3 cells. (C) Bisul�te-sequencing PCR was performed to detect the DNA methylation status
of CpG islands within the PER2 promoter. (D) The methylated numbers of CpG islands in the PER2
promoter, about No.7 and No.9 sites, was signi�cantly higher than in SKOV3 cells.
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Figure 2

Expression of PER2 in SKOV3 and SKOV3/DDP cells under cisplatin. (A) SKOV3 cells were transfected
with si-PER2 or si-control after 48 h, expression of PER2 mensurated by qRT-PCR, β-actin used as an
internal control. (B) SKOV3 and SKOV3/DDP cells were transfected with si-PER2 after 48 h. The
expression of PER2 was performed by qRT-PCR, with β-actin as an internal control. (C) The PER2-
overexpressing vector, or negative control transfected to the SKOV3/DDP and parental cells, to performed
the expression of PER2 by qRT-PCR.
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Figure 3

PER2 increases the sensitivity of SKOV3 and SKOV3/DDP cells to cisplatin. SKOV3 and SKOV3/DDP
cells were transfected with si-RNA or overexpressing vector for PER2, followed by 5 μg/mL cisplatin
treatment, vs si-NC or empty vector. (A-B) Cell viability was determined at different times after treatment
by CCK-8, respectively. OD value was determined at 450 nm on a microplate reader. *p < 0.05, **p < 0.01,
vs NC, n = 6. (C-D) The percentages of apoptotic cells were determined at 48 h after treatment. Data are
mean ± SD. **p < 0.01, ***p < 0.001. n = 3.
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Figure 4

PER2 suppresses the PI3K/Akt pathway and MDR1 while enhancing caspase-3 and E-cadherin protein
expression in SKOV3 cells. (A) Western blot was performed the protein levels of PER2, AKT, PI3K, caspase
3, and E-cadherin for SKOV3 and SKOV3/DDP cells, with GAPDH as an internal control, and quanti�cation
with Image-J. P value of PER2 was 0.0071, PI3K 0.0271 , caspase 3 0.0399, E-cadherin 0.0005. (B)
Western blot was performed at 48 h after treatment to determine the protein levels of PER2, AKT, PI3K,
caspase 3, E-cadherin, and MDR1 for SKOV3 and SKOV3/DDP cells transfected with si-RNA or
overexpressing vector, vs si-NC or empty vector, with GAPDH as an internal control. *p < 0.05, **p < 0.01,
***p < 0.001. n = 3.



Page 19/20

Figure 5

PER2 promotes the sensitivity of SKOV3/DPP cell-derived tumors to cisplatin in vivo. (A) Tumors were
measured every week with a digital caliper, and tumor volume (V) was derived by the following equation V
= (length ×width2)/2. Data are mean ± SD. **p < 0.01, ***p < 0.001, vs control; n = 5. (B) Mice were
sacri�ced after 3 weeks of cisplatin treatment, and tumors were immediately removed and imaged. The
tumor volume were more bigger than OE-NC group, vs OE-PER2. (C) IHC detection found that expression
of CD34 were higher in OE-PER2 group.
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Figure 6

PER2 enhances the sensitivity of SKOV3/DPP cell-derived tumors to cisplatin and alleviates systemic
in�ammatory response in vivo. (A) Tumor tissue samples(Three repetitions in each group) were randomly
selected from each group. Western blot was performed to determine the protein levels of PER2, AKT, PI3K,
caspase 3, E-cadherin, MDR1, DYRK2, and MRP1 in tumor tissue samples, with GAPDH as an internal
control. The expression of PER2, Caspase 3, E-cadherin and DYRK2 in the tumor tissue injected with PER2
overexpression was higher than that in the tumor tissue injected with empty plasmid; the expression of
Akt, PI3K, MDR1 and MRP1 in the tumor tissue injected with PER2 overexpression plasmid was lower
than that in the tumor tissue injected with empty plasmid. (B) The serum levels of IL-6 and TNF-α were
measured by ELISA at 1 and 2 weeks, respectively, post-tumor cell inoculation. P value of IL-6 was 0.0059
and 0.0032 at 1 and 2 weeks, P value of TNF-α was 0.0064 and 0.0022 at 1 and 2 weeks. Data are mean
± SD. **p < 0.01, ***p < 0.001 vs OE-NC; n = 5.
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