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The Exocrine Differentiation and Proliferation Factor (EXDPF) gene could promote exocrine
while inhibit endocrine functions. Although it is well known that ovary is an endocrine
organ, the functions of EXDPF in ovarian cancer development is still unknown. This study
demonstrated that EXDPF gene is significantly higher expressed in ovarian tumors
compared to normal ovarian tissue controls. EXDPF DNA amplification was exhibited in
lots of human tumors including 7.19% of ovarian tumors. Also, high expression of EXDPF
positively correlated with poor overall survival (OS) of ovarian cancer patients. EXDPF
expression could be universally detected in most epithelial ovarian cancer cells (SKOV3,
IGROV1, MACS, HO8910PM, ES2, COV362 and A2780) tested in this study. Knock-
down of EXDPF by siRNA delivered by plasmid or lentivirus largely inhibited ovarian cancer
cells, IGROV1 and SKOV3 proliferation, migration and tumorigenesis in vitro and/or in vivo.
Knock-down of EXDPF sensitized SKOV3 cells to the treatment of the front-line drug,
paclitaxel. Mechanism study showed that EXDPF enhanced DNA replication pathway to
promote ovarian cancer tumorigenesis. In conclusion, this study demonstrated that
EXDPF could be a potential therapeutic target as a pro-oncogene of ovarian cancer.

Keywords: EXDPF, PPDPF, ovarian cancer, DNA replication, target therapy
INTRODUCTION

Ovarian cancer has the highest mortality rate among gynecological cancers with a five-year overall
survival (OS) rate remains as low as 30% - 40% in these two decades (1–3). The estimated new cases
and death of ovarian cancer worldwide in 2020 was 313,959 and 207,252, respectively (4). This
means the ratio of mortality to incidence of ovarian cancer as high as 0.660. There are several factors
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that responsible for the high mortality of ovarian cancer. Firstly,
the symptoms of ovarian cancer at early stages are inapparent,
which causes about 2/3 of patients at a late or advanced disease
stage at diagnosis (5). At advanced disease stages, tumors are
generally disseminated or metastasized to multiple organs
especially to those in the abdominal cavity (6). Tumor
metastasis makes it very hard to remove all tumor nodes by
surgery, which often causes recurrence of cancer (7). Secondly,
about 2/3 of ovarian cancers will eventually develop resistance to
platinum, a kind of front-line chemotherapeutic drug against
ovarian cancer (8). Thirdly, there are lack of novel therapies that
could essentially improve OS of ovarian cancer patients. Take the
inhibitors targeting poly ADP ribose polymerase (PARP) and
immuno-therapy strategies targeting PD-1 and/or PD-L1 for
examples. Although, PARP inhibitors, both FDA approved and
under clinical trials, could increase 3 to 25 months of median
progression-free survival (PFS) of ovarian cancer patients with a
better response in BRCA mutated patients in clinical trials (9–
11), less efficacy of PARP inhibitors on OS of ovarian cancer
patients could be observed (12). Currently, three PARP
inhibitors, Olaparib, Rucaparib and Niraparib, are approved by
U.S. FDA to treat ovarian cancer patients. Generally, these PARP
inhibitors could only increase 2% - 4% of OS, which is just about
2-5 months (13–15). Fortunately, recent report showed that
Olaparib, as the maintenance treatment could improve 12.9
months of OS in BRCA mutated patients with platinum-
sensitive relapsed ovarian cancer compared to placebo control
(16). It is highly valuable to detect the effect of Olaparib treatment
on platinum-resistant patients as most of ovarian cancer patients
could derive platinum resistance. However, the OS improvement
by Olaparib treatment in relapsed platinum-resistant ovarian
cancer patients is still unclear. The efficacy of immunotherapies
in ovarian cancer was very week, which may be associated with
high immunosuppressive tumor microenvironment (17).
Although anti-PD-1 and/or anti-PD-L1 antibody treatments
rise in these few years, there is still no solid conclusion of the
effect of these immunotherapies on ovarian cancer patients.
However, the ~ 6 month improvement on the progression free
survival (PFS) duration of these immunotherapies is still very
weak (18, 19). The worse situation is that only 6% to 15% of
ovarian cancer patients respond to PD-1 and/or PDL-1
blockade therapies (18, 19).

Better understanding of the tumorigenesis mechanisms is the
critical factor to develop novel therapeutic strategies for high
improvement of OS of ovarian cancer patients. The few
understanding of ovarian cancer tumorigenesis is largely due
to very high heterogenicity of ovarian cancer. Based on
histopathology, ovarian cancer could be divided into epithelial
ovarian cancer, germ cell cancer, sex cord-stromal tumor and
metastatic tumors, usually arise from endometrium, breast,
colon, gastric and cervical cancers. Epithelial ovarian cancer
consists of 85% of ovarian cancers (20). As to epithelial
ovarian cancer, it also could be divided into 5 subtypes of
cancers that are high grade serous carcinoma (HGSC), low
grade serous carcinoma, mucinous carcinoma, endometrioid
carcinoma and clear cell carcinoma. HGSC consists of 75% of
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epithelial ovarian cancer and has the highest mortality rate
among epithelial ovarian cancers. The five-year OS of HGSC is
only 25% (21). The high genetic complexity and heterogenicity of
epithelial ovarian cancer are mainly exhibited by different
subtypes of epithelial ovarian cancer with different genomics,
epidemiology and histopathological alterations (22). Taking gene
mutation as an example, TP53, BRCA1/2, ATM, CSMD3, NF1,
CDK13 and RB1 gene mutations usually occur in HGSC (23, 24).
And the mutation rate of TP53 in HGSC reaches as high as 96%
(25). While KRAS, BRAF, ARIDIA, PIK3CA, PTEN, and
CTNNB1 gene mutations usually occur in other subtypes of
epithelial ovarian cancers. For example, usually, low-grade
serous carcinoma has ERBB2, BRAF and KRAS mutations
(26), mucinous carcinoma has KRAS mutation (27), clear cell
carcinoma has ARIDIA and PIK3CA mutations, and
endometrioid cell carcinoma has CTNNB1, PTEN and
PIK3CA mutations (28). Taking protein expression levels as an
example, Martin et al. simultaneously detected the expression
levels of 21 tissue-specific associated proteins in HGSC,
mucinous carcinoma, clear cell carcinoma, and endometrioid
carcinoma subtypes. They showed that the expression levels of 20
out of 21 of these proteins were significantly different among the
subtypes (29). These previous studies strongly show that the
genetic complexity and heterogenicity of epithelial ovarian
cancer is very high.

The ovary is an endocrine and a terminally differentiated
organ. The occurrence and development of epithelial ovarian
cancer are closely related to the ovarian endocrine system.
Studies have shown that the expression level of estrogen
receptor (ER) and progesterone receptor (PR) in epithelial
ovarian cancer are usually variable. And high expression of ER
or PR is favorable to the prognosis of several subtypes of ovarian
cancer (30). Except of ER and PR, endocrine associated genes are
less studied in ovarian cancer. To elucidate novel characteristics
associated with endocrine system in ovarian cancer, this study
used high throughput genome mRNA sequencing to screen the
mRNA expression profile of epithelial ovarian cancer. Our data
showed that EXDPF, also named Pancreatic Progenitor Cell
Differentiation and Proliferation Factor (PPDPF), was
significantly higher expressed in ovarian tumors compared to
the ovarian normal tissues from the same patients. The amino
acid length of EXDPF is 114, and the protein molecular weight is
11.78 kDa. Gene Ontology (GO) annotation shows that the
functions of EXDPF are associated with cell differentiation and
exocrine pancreas development, which is mainly based on a
previous study conducted in zebrafish (31). In zebrafish, EXDPF
has been shown to promote the growth and differentiation of
pancreatic exocrine glands while inhibit the growth and secretion
function of pancreatic endocrine glands (31).

The role of EXDPF in cancers, especially in ovarian cancer, is
still unclear. By knock-down of EXDPF expression, this study
showed that EXDPF promoted ovarian cancer cell proliferation
and migration in cell cultures, and ovarian cancer tumorigenesis
and metastasis in mouse models. The underlying mechanisms of
promoting tumorigenesis by EXDPF are associated with
enhancing DNA replication signaling pathway.
May 2021 | Volume 11 | Article 669603
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MATERIALS AND METHODS

EXDPF Knock-Down
shRNA plasmid for EXDPF knock-down (shEXDPF, cat# sc-
105160-SH) and the control plasmid (shCON, cat# sc-108060)
were bought from Santa Cruz (Dallas, TX, USA). For knock-down
of EXDPF in IGROV1cells, shEXDPFwere delivered into IGROV1
cells at the presence of Polyethyleneimine (PEI, cat#23966-1,
Polysciences, Warrington, PA, USA) as a transfection adjuvant.
Twenty-four hours after transfection, cellswere treatedwith 1.0mM
puromycin for 5 days. IGROV1 cells transferred with control
plasmid were used as the vehicle negative control. Before
experiments, EXDPF knock-down or control IGROV1 cells were
cultured for 3 to 5 days without puromycin.

Lentivirus expressing shRNA targeting EXDPF were used for
knock-down of EXDPF in SKOV3 cells. For lentivirus packaging,
293T cells were co-transfected with shCON or shEXDPF plasmid
combining with the two packaging plasmids psPAX2 and pMD2.G
at the present of PEI. Cell culture supernatants containing target
virus were collected at 48 h and 72 h after transfection for virus
collection. Lentivirus expressing shCON (LT-CON) or shEXDPF
(LT-EXDPF) were used for infection of SKOV3 cells. Forty-eight
hours after infection, SKOV3 cells were treated with 1.0 mM
puromycin for a week. LT-CON or LT-EXDPF SKOV3 cells were
cultured for 3 to 5 days without puromycin before experiments.

RNA Sequencing
Three pairs of ovarian tumor tissues and the normal ovarian
tissues from the same patients of epithelial ovarian cancer
(numbered CZ001, CZ003 and CZ004) were derived from
primary debulking surgery (PDS). Specifically, normal ovarian
tissues were derived from tumor-adjacent tissues or the
contralateral normal ovary. Tissues were kept in Nalgene tubes
(ThermoFisher Scientific, #5012-0012) containing MACS tissue
storage solution (Miltenyi Biotec, #130-100-008) and frozen in
liquid nitrogen for storage. All patients have epithelial ovarian
cancers and the characteristics including tumor stages and ages
of patients are shown in Supplemental Table S1. Total RNA was
extracted using TRIzol reagent (Thermo Fisher SCIENTIFIC, MA,
USA) andRNAsequencing librarieswerepreparedusing an Illumina
Standard library preparation kit as our previous study (32). RNA
sequencing was conducted by Shanghai OE Biotech Co., Ltd
(Shanghai, China) using the Illumina HiSeqTM 2500 platform.
mRNA expression values were normalized as fragments per
kilobase of transcript per million mapped reads (FPKM). Statistical
analysis was calculated using the DESeq Software Package
(bioconductor.org), and P < 0.05 was considered statistically
significant. KEGG pathway enrichment analysis was performed to
detect the most affected pathways by knock-down of EXDPF. This
RNAsequencing rawdatacouldbeaccessed throughNationalCenter
for Biotechnology Information (NCBI) at Sequence Read Archive
(SRA) suing submission number SUB4998463.

qRT-PCR
Both tumor tissues and normal ovarian tissues from 8 epithelial
ovarian cancer patients (numbered CZ001, CZ003, CZ004,
CZ008, CZ009, FX002, HFZ002 and HFZ003) as mentioned
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above and several epithelial ovarian cancer cells (A2780,
COV362, ES2, HO8910PM, MACS, IGROV1, SKOV3,
SKOV3-LT-CON and SKOV3-LT-EXDPF) were used for total
RNA extraction using TRIzol reagent (Thermo Fisher). Specific
clinical characteristics of patients are shown in Supplemental
Table S1. cDNA was transcribed using a Superscript III Reverse
transcriptase kit (Life Technologies) and used to measure the
expression levels of target genes by SYBR Green Real-time PCR
master mix kit (Takara, Shiga, Japan) on a 7900HT machine
(Applied Biosystems, Foster City, CA, USA). The primer pairs
used for amplifying corresponding genes were listed in
Supplemental Table S2. GAPDH served as a housekeeping
gene control. Relative mRNA expression levels of target genes
were calculated by dividing Ct value of target genes by Ct value of
GAPDH. mRNA expression levels in normal ovarian tissues or
SKOV3-LT-CON control cells were normalized to 1.0.

Detection of EXDPF mRNA Expression in
Tumors and Normal Tissues in Database
TheHumanProteinAtlas onlinedatabase (https://www.proteinatlas.
org/) was used to compare EXDPF mRNA expression in 17 kind of
human tumors and 36 kind of human normal tissues. The mRNA
expressiondata in tumorswas indexed fromTCGAdatabase,while in
normal tissues was indexed from GTEx database. The gene name
PPDPForEXDPFcouldbeused as searchparameter in the searching
toolbar and all other parameters were set with default.

EXDPF DNA Alteration Analysis
EXDPF DNA alterations such as amplification, mutation and
deletion in different kind of tumors were analyzed in cBioPortal
online database (https://www.cbioportal.org/) by searching its
gene name PPDPF in Quick Search toolbar and other parameters
were set with default.

Relationship Between EXDPF
Amplification and Ovarian Cancer
Patient Prognosis
Kaplan Meier-plotter online dataset of ovarian cancer
database (http://www.kmplot.com/analysis/index.php?p=service&
cancer=ovar) was used to analyze the relationship of EXDPF
expression and overall survival (OS) of ovarian cancer patients.
This online database was generated using gene expression data and
survival information of 1287 ovarian cancer patients downloaded
from Gene Expression Omnibus and The Cancer Genome Atlas
(Affymetrix HG-U133A, HG-U133A 2.0, and HG-U133 Plus 2.0
microarrays) by Balázs Gyorffy and colleagues in 2012 (33). The
probe 227994_x_at of PPDPF genewas used for analysis. Auto select
best cutoff was chosen as the cut-off value parameter and data of
patients at Stage2, 3 and4 that represented the late stagepatientswere
selected for analysis.

Western Blot Analysis
Todetect theprotein levelsofEXDPF incontrol andEXDPFknock-
down cells, total proteins were derived by lysing cells with RIPA
buffer containing inhibitors of protease and phosphatase
(Beyotime, Jiangsu, China). BCA protein assay kit (ThermoFisher
Scientific) was used for detection of protein concentrations.
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Sixty mg total proteins were analyzed using electrophoresis on 10%
SDS-PAGE gels followed by blotting onto polyvinylidene fluoride
(PVDF) membranes. Anti-EXDPF antibody (#19912-1-AP,
Proteintech, Wuhan, China) and anti-GAPDH (#AP0063)
(Bioworld Technology, MN, USA) antibody were used for
detecting protein expression of EXDPF and GAPDH,
respectively. A secondary antibody, goat anti-rabbit IgG (#926-
32211, LI-COR) labeled by IRDye 800CW, was used for
luminescence by Image Studio Version 5.2 on an Odyssey CLx
infrared imaging system (LI-COR).

Cell Proliferation Assay
A total of 1 × 103 control or EXDPF knock-down SKOV3 cells in
a volume of 200 ml culture medium (RPMI-1640 containing 10%
FBS, 100 U/ml penicillin and 100 µg/ml streptomycin.) were
seeded into 96 well plates. And 1 × 105 control or EXDPF knock-
down IGROV1 cells in 2 ml culture medium were seeded into 6
well plates. Cells were detached by trypsin and counted using a
hemocytometer every day for up to 5 to 7 days.

IC50 Detection
A total of 1 × 103 control or EXDPF knock-down SKOV3 cells in a
volume of 100 ml culture mediumwere seeded into 96 well plates and
cultured overnight. Cells were treated for another 72 h with paclitaxel
at serial diluted concentrations from 10,000 nM to 4.57 nM. Cell
viability was measured by 3- (4,5-dimethylthiazol-2-yl)- 5- (3-
carboxymethoxyphenyl)- 2- (4- sulfophenyl)- 2H-tetrazolium (MTS)
using a Cell Proliferation Assay kit (#G5430, Promega, Wisconsin,
USA). Untreated cells were used as 100% viability controls and 50%
inhibition concentration (IC50) values were calculated.

Colony Growth Assay
A total of 1 × 103 control or EXDPF knock-down cells (IGROV1
or SKOV3) in a volume of 2 ml culture medium were seeded into
6 well plates. After culturing for 10 days in a 5% CO2 incubator at
37°C, cells were fixed with 4% paraformaldehyde and stained
with 2% crystal violet. Cell colonies were photographed and
counted as a clone based on containing more than 50 cells.

Cell Migration Assay
Cell migration assay was performed as described in our previous
publications (32, 34). Briefly, polycarbonate membrane filter with 8
mm pore-transwells (Costar Group, DC, USA) were inserted into 24
well culture plates. A total of 1 × 105 cells were resuspended in 200
ml RPMI-1640 medium without FBS, and seeded into a transwell.
Each well of the 24 well plates was filled with 700 ml culture
medium. Cells were cultured for another 18 h and fixed with 4%
paraformaldehyde follow by staining with 2% crystal violet. Non-
migrating cells that remained in the chamber were scraped off with
cotton swabs. Migrated cells stuck to the bottom of the transwell
membrane were photographed and counted at five random fields
under a microscope with a magnification of 200-fold.

Cell Cycle Assay
Control or EXDFP knock-down SKOV3 cells (1 × 105/ml)
treated with or without various concentrations of paclitaxel
were seeded into 6 well plates in a volume of 2 ml culture
Frontiers in Oncology | www.frontiersin.org 4
medium and cultured for 24 h. Cells were harvested, washed and
fixed with 70% ethanol at 4°C for another 24 h. Cells were stained
with 50 mg/ml propidium iodide (PI) containing 400 U/ml
RNase and detected using a FACSCalibur flow cytometer (BD
Biosciences, CA, USA). Cell cycle distributions expressed by PI
content were analyzed by FlowJo (FlowJo LLC, OR, USA) or
ModFit LT software (Verity Software House, ME, USA).

Cell Apoptosis Assay
Control or EXDFP knock-down SKOV3 cells (1 × 105/ml) treated
with or without various concentrations of paclitaxel were seeded
into 6 well plates in a volume of 2 ml culture medium and cultured
for 24 h. Cells were stained using an Annexin V and PI staining
kit (V13242, Thermo Fisher Scientific, MA, USA) and detected on
a FACSCalibur (BD Biosciences). Annexin V and/or PI positive
apoptotic cells were analyzed using FlowJo software (FlowJo LLC,
OR, USA).

Xenograft Nude Mice Models
For the subcutaneous tumor model, 1 × 106 IGROV1 control or
EXDPF knock-down cells were injected subcutaneously into the
right front flank of 6 - 8 weeks old BALB/c null nude mice. Each
group contains 6 mice. Four weeks later, mice were sacrificed.
Tumor nodes were removed, photographed and weighed.

For intraperitoneal metastasis tumor model, 1 × 106 SKOV3
control or EXDPFknock-down cellswere injected intraperitoneally
into the abdomen of 6 - 8 weeks old BALB/c null nude mice. Each
group contains 6mice. In thismodel, tumor nodes could be formed
in multiple abdominal organs or tissues, mainly in small intestinal,
colon,mesenterium, liver andmuscular tissues of abdominal cavity
as showed by previous studies (34–38). Four weeks later, mice
were sacrificed. All tumors nodes from abdominal organs or tissues
were surgically removed, photographed, counted and weighed.

For the lung metastasis tumor model, 1 × 106 SKOV3 control
or EXDPF knock-down cells were injected into the tail vein of
6 - 8 weeks old BALB/c null nude mice. Each group contains 6
mice. Mice were sacrificed six weeks later. Lungs were removed,
fixed with 4% paraformaldehyde, embedded in paraffin and cut
into 5 mm slices follow by Haematoxylin Eosin (HE) staining.
Tumor burdens were analyzed using ImageJ software and
expressed as the percentage of areas of tumors to the whole lung.

Statistical Analysis
All experimentswere at least triplicated. Statistical data are shownas
mean ± standard deviation (SD). Statistical differences between
different groups were analyzed using GraphPad Prism 5.0 software
(GraphPad Software Inc., CA, USA) by Student’s t-test for
Gaussian distribution data and by Mann-Whitney nonparametric
test for non-Gaussian distribution data. A p < 0.05 was considered
that the difference was statistically significant.
RESULTS

EXDPF Higher Expressed in Ovarian Tumors
Compared to Normal Ovarian Tissue Controls
As ovarian cancer is highly heterogenicity, elucidation of novel
genes involved in ovarian cancer development is critical for
May 2021 | Volume 11 | Article 669603
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thoroughly understanding the underlying mechanisms of
tumorigenesis. By using RNA sequencing, we found that
EXDPF is higher expressed in ovarian tumors compared to
normal ovarian tissues from the same 3 patients (Figure 1A).
This result was confirmed by qRT-PCR in 8 pairs of samples
(Figure 1B). Furthermore, we detected the EXDPF gene
expression levels in several epithelial ovarian cancer cell lines
by qRT-PCR. All tested 7 cell lines (A2780, COV362, ES2,
HO8910PM, MACS, IGROV1 and SKOV3) expressed
significantly higher EXDPF mRNA than normal ovarian tissues
(Figure 1C). Using the Human Protein Atlas online database, this
study showed that ovarian cancer had one of the highest mRNA
expression levels of EXDPF among 17 tested tumors, while normal
ovarian tissues had weak or low expression of EXDPF among 36
normal human tissues (Figure 1D). The cBioPortal online dataset
contains DNACopyNumberAlteration (CNA) andmutation data
of tumor samples from TCGA database. Here, we showed that
EXDPF DNA is amplified in 7.2% tumors of ovarian cancer
patients, which is the second highest proportion just lower than
that of Uterine tumors of 10.5% (Figure 1E). Based on the above
results, we conclude that EXDPF is general highly expressed in
ovarian tumors. Then, we investigated the relationship between
expression levels of EXDPF and ovarian cancer patient prognosis in
Kaplan Meier-Plotter online database. Our study showed that
higher expression of EXDPF is significantly correlated with
shorter OS of ovarian cancer patients (Figure 1F).

EXDPF Promotes Ovarian Cancer
Tumorigenesis and Metastasis
To investigate the role ofEXDPF inovarian cancerdevelopment,we
knock-down EXDPF expression in two cell lines that have the
highest mRNA expression levels of EXDPF among all cell lines
tested in this study. A plasmid expressing shRNA targeting EXDPF
was used for temporary knock-down of EXDPF in IGROV1 cells.
And lentivirus expressing shRNA targeting EXDPF was used for
permanently knock-down of EXDPF in SKOV3 cells. EXDPF
mRNA expression levels were decreased more than 90% percent
in both IGROV1 and SKOV3 cells (Figure 2A). The decrease of
protein levels of EXDPF was validated by Western blotting
(Figure 2B).

One of the key roles of cancer cells is the high ability of
proliferation. So, we detected the effect of EXDPF knock-down
on ovarian cancer cell proliferation. As shown in Figure 2C,
knock-down of EXDPF significantly inhibited proliferation of
both IGROV1 and SKOV3 cells. Also, the colony growth ability
of IGROV1 and SKOV3 cells was tremendously inhibited by
EXDPF knock-down (Figure 2D). Transwell assay was used to
measure the effect of EXDPF on migratory ability of ovarian
cancer cells. EXDPF knock-down largely hampered IGROV1
and SKOV3 cell migration (Figure 2E).

Xenograft in BALB/c null nude mice is a widely used animal
model for investigation of tumor development in vivo. Here, we
compared the tumor growth ability in nudemice of EXDPF knock-
down and the control IGROV1 cells inoculated subcutaneously. As
expected, the weights of tumors grown from EXDPF knock-down
cells (0.19 ± 0.18 gram) were significantly decreased compared to
Frontiers in Oncology | www.frontiersin.org 5
that from control IGROV1 cells (1.14 ± 0.69 gram), p = 0.0003
(Figure 2F). Inoculating cancer cells intraperitoneally could, at least
to some extent, mimic ovarian cancer growth and metastasis in
abdomen. In this study, SKOV3 cells with or without EXDPF
knock-down were injected into the abdominal cavity of nude
mice. Four weeks later, all tumor nodes from the organs or tissues
of abdomen were collected, counted and weighed. As shown in
Figure 2G, knock-down of EXDPF in SKOV3 cells strongly
decreased tumor counts (6.83 ± 2.23 vs. 25.00 ± 4.98, p < 0.0001)
and weights (0.71 ± 0.51 gram vs. 1.68 ± 0.71 gram, p = 0.0152) in
nude mice compared to the control cells. Injection of tumor cells
into mice through the tail vein is a good model of lung metastasis.
Here, one million EXDPF knock-down or control SKOV3 cells
were injected intravenously into the nude mice. Six weeks later,
mice were sacrificed and lungs were removed followed by HE
staining for tumor nodes detection. Tumor burden, presented by
the percentage of tumor area to the whole lung area, of mice
inoculated with EXDPF knock-down SKOV3 cells was extremely
lower than that of control mice (0.52 ± 0.37 vs. 39.71 ± 10.14,
p = 0.0026) (Figure 2H).

Knock-Down of EXDPF Sensitized SKOV3
Cells to Paclitaxel Therapy
Synthetic lethality is an effective therapeutic strategy against
cancer. Here, we detected the synthetic effect of EXDPF knock-
down and paclitaxel chemotherapy. The data showed that when
SKOV3 control cells treated alone with paclitaxel, there were
only about 5% of Annexin V staining positive apoptotic cells at
high dose (1 mM) of paclitaxel (Figure 3A). However, the
apoptotic cells rose to more than 10% in EXDPF knock-down
SKOV3 cells when treated with even low dose (0.1 mM) of
paclitaxel (Figure 3A). PI staining showed more percentage of
cells with DNA degradation in EXDPF knock-down SKOV3 cells
treated with serial diluted paclitaxel from 1 mM to 0.01 mM
compared to control cells (Figure 3B). We then hypothesized
that EXDPF knock-down could decrease the IC50 of paclitaxel on
SKOV3 cells. Indeed, the IC50 of paclitaxel on EXDPF knock-
down SKOV3 cells is 3.03 nM which is 22.5-fold lower than that
of 68.3 nM on SKOV3 control cells (Figure 3C). These data
demonstrated the positive synthetic effect of EXDPF knock-
down combined with paclitaxel treatment.

EXDPF Promotes Ovarian Tumorigenesis
Through Enhancing DNA Replication
To investigate the underlying mechanisms of EXDPF promoting
ovarian cancer development, we used whole genome mRNA
sequencing to compare the genomic mRNA expression pattern in
EXDPF knock-down and control SKOV3 cells. KEGG pathway
enrichment analysis showed thatDNA replication pathway had the
highest probability affected byEXDPFknock-down (Figure 4A). In
DNA replication pathway, mRNA expression levels of 16 genes
(PCNA, MCM3, MCM2, FEN1, MCM7, MCM4, MCM5, LIG1,
POLD1, RPA1, MCM6, PRIM1, POLD3, DNA2, POLA1 and
POLE2) were significantly decreased and 1 gene was increased
(RNASEH2B)uponEXDPFknock-down (Figures4B,C).Weused
qRT-PCR assay to validate the above 17 and EXDPF gene
May 2021 | Volume 11 | Article 669603
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FIGURE 1 | EXDPF over-expressed in ovarian tumors which correlated positively with poor OS of patients. (A) Total mRNA from three pairs of samples, both epithelial
ovarian tumors and ovarian normal tissue controls from the same patients, were used for RNA sequencing. EXDPF mRNA expression levels were presented as fragments per
kilobase of transcript per million mapped reads (FPKM). Statistical analysis was tested between ovarian tumors and normal tissues. (B) Eight pairs including the 3 pairs used
for RNA sequencing of ovarian tumors and normal ovarian tissue controls were used for total RNA extraction followed by qRT-PCR assay. EXDPF expression levels were
present as the ratio of Ct values of EXDPF to that of GAPDH. EXDPF expression levels of normal tissues were normalized to 1.0. Statistical analysis was tested between
ovarian tumors and the normal tissue controls. (C) Total mRNA was extracted from seven epithelial ovarian cancer cell lines (SKOV3, IGROV1, MACS, HO8910PM, ES2,
COV362 and A2780) and normal ovarian tissues as in panel (B) and detected by qRT-PCR assay as above. Statistical analysis was performed between ovarian cancer cell
lines and the normal tissue controls. (D) EXDPF mRNA expression levels in ovarian tumors (upper panel) and normal ovarian tissues (lower panel) indexed from TCGA and
GTEx database, respectively, were compared using The Human Protein Atlas online dataset. Rectangle marks ovarian cancer or normal ovarian tissue data. (E) cBioPortal
online database was used to detect the DNA Copy Number Alteration (CNA) of EXDPF in 32 different human tumors. Data were indexed from TCGA database. Ovarian
cancer had the second highest DNA amplification of EXDPF among these cancers tested. Red bar represents DNA amplification and green bar represents DNA mutation. (F)
Kaplan Meier-Plotter online database was used to analyze the relationship between EXDPF mRNA expression levels and ovarian cancer patient overall survival (OS). Red line
shows the samples with higher EXDPF expression levels while black line with lower EXDPF expression levels. Data are presented as mean ± SD. **p < 0.01; ***p < 0.001.
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FIGURE 2 | Knock-down of EXDPF inhibits ovarian cancer tumorigenesis. (A) EXDPF mRNA expression levels in IGROV1 (left panel) and SKOV3 (right panel) cells
were knock-down by shRNA plasmid (shEXDPF) and lentivirus expressing shRNA targeting EXDPF (LT-EXDPF), respectively. IGROV1 transfected with control
plasmid (shCON) and SKOV3 infected with control lentivirus (LT-CON) served as negative controls. (B) Decreased EXDPF protein levels caused by RNA interference
in IGROV1 (left panel) and SKOV3 (right panel) cells were detected by Western Blotting. (C) EXDPF knock-down and control IGROV1 (left panel) or SKOV3 (right
panel) cells were cultured and counted for successive 5 to 7 days. Cell numbers were compared between EXDPF knock-down and control groups at each day.
(D) One thousand of IGROV1 and SKOV3 cells, both EXDPF normal expression control (shCON and LT-CON, respectively) or knock-down (shEXDPF and LT-
EXDPF, respectively) cells, were seeded into 6 well plates and cultured for 10 days for colony counting. Representative images of colonies in a well of 6 well plates
were shown in the left panels, and statistical data were shown in the right panels. (E) For detection of the ability of cell migration, 1 × 105 EXDPF knock-down or
control cells as elucidated in panel (D) were seeded into a well of transwells and plated into 24 well plates. Transferred cells were counted after a culture duration of
18 h. The left panels show the representative images and the right panels show the statistical data compared between EXDPF knock-down and control groups.
Images were token by a microscope under 200-fold magnitude. (F) BALB/c null nude mice were subcutaneously inoculated with 1 × 106 EXDPF knock-down
(shEXDPF group) or control (shCON group) IGROV1 cells. Mice were sacrificed 4 weeks later and tumors were collected and weighed. Tumor images were shown in
left panel. Statistical data of tumor weights were shown in the right panel. (G) EXDPF knock-down (LT-EXDPF group) or control (LT-CON group) SKOV3 cells were
inoculated intraperitoneally into nude mice at the amount of 1 × 106. Four weeks later, mice were sacrificed and tumor nodes from the abdominal organs or tissues
of each mouse were removed to a 6 cm dish, photographed and weighed. Tumor images were shown in the upper panel while statistical analysis of tumor numbers
and tumor weights were shown in the lower panels. (H) 1 × 106 EXDPF knock-down (LT-EXDPF group) or control (LT-CON group) SKOV3 cells were injected into
nude mice through tail vein. Six weeks later, mice were sacrificed and lungs were derived, fixed with 4% paraformaldehyde and sliced into 5 mm sections followed by
HE staining. The upper left panel is the scan images of whole lungs. The upper middle and right panels are a 7- and 28-fold magnitude zoomed images of the
rectangle marked areas in the left and middle panels, respectively. Arrows within each sample marked the same tumor. The tumor burden was defined as the
percentage of tumor areas to the whole lung areas. Statistical analysis of tumor burdens between mice inoculated with EXDPF knock-down and control SKOV3 cells
was shown in the lower panel. Statistic data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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expression levels. The qRT-PCR experimental results were highly
consistent with mRNA sequencing data (Figure 4D).

As knock-down of EXDPF highly decreased DNA replication
pathway, which indicated DNA replication could be inhibited
and cell cycle arrested upon lower expression of EXDPF. We
detected cell cycle distribution of SKOV3 cells with or without
EXDPF knock-down by FACS using PI staining. As expected, the
percentage of EXDPF knock-down cells at S phase was
significantly decreased while at G0/G1 phase was significantly
increased (Figure 4E). Here, we show the summary flowchart of
DNA replication pathway analyzed by KEGG pathway
enrichment assay in Figure 4F. Also, we measured the
expression levels of the above indicated 17 genes in human
ovarian cancer tissues. As shown in Figure 4G, more than half of
these genes are statistically over-expressed in ovarian cancer
Frontiers in Oncology | www.frontiersin.org 8
tissues compared to the normal ovarian tissue controls. In
conclusion, these results demonstrated that knock-down of
EXDPF significantly inhibited DNA replication in ovarian
cancer cells.
DISCUSSION

An estimated about 62.6% - 66.0% ratio of death to incidence
each year in ovarian cancer according to the GLOBOCAN
reports, makes it the highest mortality rate and the fifth
leading cause of death that accounts for 5% of death among
gynecological malignancies (2, 4). Although novel therapeutic
reagents, such as PARP inhibitors and anti-PD-1 and/or anti-
PD-L1 antibodies, have been tested during these two decades, the
A

B

C

FIGURE 3 | Knock-down of EXDPF sensitized SKOV3 cell to paclitaxel treatment. (A) EXDPF knock-down (LT-EXDPF group) or control (LT-CON group) SKOV3
cells were treated with or without 0.1 or 1 mM paclitaxel (PAC) for 24 h. Cell apoptosis was detected by Annexin V and PI staining assay. Annexin V and/or PI
positive cells represent the apoptotic cells. Representative images are shown in the left panel and statistical data are shown in the right panel. LT-CON PAC 0.1:
LT-CON cells treated with 0.1 mM paclitaxel. LT-EXDPF PAC 0.1: LT-EXDPF cells treated with 0.1 mM paclitaxel. LT-CON PAC 1: LT-CON cells treated with 1 mM
paclitaxel. LT-EXDPF PAC 1: LT-EXDPF cells treated with 1 mM paclitaxel. (B) EXDPF knock-down (LT-EXDPF group) or control (LT-CON group) SKOV3 cells were
treated with or without 0.01, 0.1 or 1 mM paclitaxel for 24 h. Cell cycle distribution was detected by PI staining. Representative data and statistical data are shown in
the left and right panel, respectively. SubG1, subG1 apoptotic cell phase. G1: G0/G1 phase. S: S phase. G2: G2/M phase. PAC 0.01, PAC 0.1 and PAC 1: cells
treated with paclitaxel at the concentration of 0.01, 0.1 and 1 mM, respectively. (C) A total volume of 100 ml culture medium contain 2 × 103 EXDPF knock-down
(LT-EXDPF group) or control (LT-CON group) SKOV3 cells were seeded into 96 well plates and treated with serial diluted paclitaxel at concentrations from 10,000 to
4.57 nM for 72 h. Cell viability was measured by MTS assay and IC50s were calculated. The statistical difference of IC50s between EXDPF knock-down (LT-EXDPF
group) and control (LT-CON group) SKOV3 cells was analyzed. Statistic data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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five-year OS of ovarian cancer patients still just remains to 30 –
40 percent. One key cause that blocks developing novel efficient
therapeutics to largely improve OS of ovarian cancer patients is
the high heterogenicity of ovarian cancer, making it very hard to
thoroughly uncover the underlying mechanisms associated with
tumorigenesis. As ovary is an endocrine organ, we assume that
dysfunction of endocrine could be associated with ovarian cancer
tumorigenesis. EXDPF was demonstrated to promote the growth
and differentiation of pancreatic exocrine glands while inhibit the
growth and secretion function of endocrine glands in zebrafish
(31). To measure the expression levels of EXDPF in ovarian
cancer, 20 female patients with epithelial ovarian cancers were
enrolled at the initial diagnosis. And only 8 patients got both
tumor tissues and normal ovarian tissues. Pairs of tumor tissues
and normal ovarian tissue controls from 3 out of these 8 patients
were used for RNA-sequencing. All samples from these 8 patients
were used for qRT-PCR to confirm the RNA-sequencing data. In
this study, we showed that EXDPF is significantly higher expressed
in ovarian tumors compared to normal ovarian tissues of the same
patients. Consistent with our observation, a previous study showed
high expression of EXDPF in hepatocellular carcinoma (39). The
role of EXDPF in development of cancers especially ovarian cancer
is still unknown. Except to exploring expression levels and
functions of EXDPF by RNA-sequencing and qRT-PCR, public
available databases containing a large number of samples were
used to confirm our study results. We validated the high
expression of EXDPF in ovarian tumors while low expression in
normal ovarian tissues using the Human Protein Atlas dataset.
Also, EXDPF DNA amplification could be detected in 7.2%
ovarian tumors according to the cBioPortal online database.
These results validated the high expression of EXDPF in ovarian
cancer. To investigate the effect of EXDPF overexpression on
clinical prognosis of ovarian cancer patients, we used the Kaplan
Meier-Plotter online database to study the relationship of EXDPF
expression levels to the OS of patients. The results showed that
higher EXDPF expression correlated positively with poor OS of
ovarian cancer patients. Together, these results demonstrated that
EXDPF was over-expressed in ovarian tumors and correlated with
poor OS of ovarian cancer patients.

As high EXDPF expression correlates with poor OS of ovarian
cancer patients, it is meaningful to elucidate the functions of
EXDPF in ovarian cancer. siRNA interference assays were used
to knock-down EXDPF expression in IGROV1 and SKOV3 cells,
which had the highest EXDPF mRNA expression levels among
all tested cell lines in this study. EXDPF expression was knock-
down temporarily in IGROV1 cells by shRNA expressing
plasmid while permanently in SKOV3 cells by lentivirus
expressing shRNA targeting EXDPF mRNA. By these methods,
EXDPF mRNA expression levels were decreased more than 90%
both in IGROV1 and SKOV3 cells. High abilities of proliferation,
colony growth and migration are the basic properties of cancer
cells. Our in vitro study showed that knock-down of EXDPF
highly inhibited IGROV1 and/or SKOV3 cell proliferation,
colony growth and migration. These data demonstrated
EXDPF to be a pro-oncogene in ovarian cancer. Inoculation of
cancer cells into BALB/c null nude mice to develop xenografts is
Frontiers in Oncology | www.frontiersin.org 9
a widely used assay to investigate the characteristics of cancer
cells in vivo. We injected IGROV1 cells with or without knock-
down of EXDPF subcutaneously into nude mice to measure
tumor growth in mouse models. The results showed that knock-
down of EXDPF significantly inhibited tumor growth. We also
injected EXDPF knock-down or control SKOV3 cells into the
abdominal cavity of nude mice to mimic human ovarian tumor
growth and metastasis of advanced disease patients who usually
accompanied with abdominal tumor metastasis. This model is
widely adopted in ovarian cancer metastasis studies even though
it cannot differentiate primary tumor cell dissemination from
metastasis nodes (34–38). In this model, tumor node numbers
correlated positively with migratory ability while total tumor
weights correlated positively with proliferation ability of cancer
cells. Our results showed that EXDPF knock-down strongly
inhibited both tumor node numbers and tumor weights.
Cancer cells injected into nude mice via tail vein is a widely
used model to assess tumor growth and metastasis in the lungs of
mice. Here, we also adopted this model to detect the effect of
EXDPF knock-down on SKOV3 cells. Tumor burden presented
as ratio of tumor areas to the whole lung areas correlated
positively with cancer cell proliferation and migratory abilities.
The results also showed that knock-down of EXDPF strongly
inhibited tumor growth and metastasis in the lungs of nude mice.
The above data demonstrated that EXDPF contributed to tumor
growth and metastasis of ovarian cancer. Also, a previous study
showed that circ-FOXM1 increased non-small cell lung cancer
(NSCLC) cell proliferation and migration through upregulating
the protein level of EXDPF and metastasis-associated in colon
cancer 1 (MACC1) (40). That study showed that EXDPF involve
in tumor development, while the functions of EXDPF in cancers
were unclear. Then we wonder if knock-down of EXDPF could
sensitize ovarian cancer cells to paclitaxel therapy. Here, we
found that EXDPF knock-down SKOV3 cells exhibited higher
percentage of Annexin V positive and DNA degraded apoptotic
cells detected by FACS assay. The IC50 of paclitaxel in EXDPF
knock-down SKOV3 cells was 22.5-fold lower than that of
control cells. This means that combination of EXDPF knock-
down and paclitaxel chemotherapy has positive synthetical
antitumor efficacy. So, EXDPF may be a potential target
candidate for ovarian cancer therapies.

To elucidate the underlying mechanisms of promoting ovarian
cancer development by EXDPF, we sequenced mRNA from
EXDPF knock-down and the control SKOV3 cells. KEGG
pathway enrichment analysis showed that EXDPF knock-down
mostly inhibited DNA replication pathway. Sixteen genes (PCNA,
MCM3, MCM2, FEN1, MCM7, MCM4, MCM5, LIG1, POLD1,
RPA1,MCM6, PRIM1, POLD3, DNA2, POLA1 and POLE2) were
significantly decreased and 1 gene (RNASEH2B) increased in this
pathway upon knock-down of EXDPF. It is rational that EXDPF
knock-down could inhibit cell cycle progress by decrease DNA
synthesis. As expected, EXDPF knock-down SKOV3 cells had
higher percentage at G1 phase while lower percentage at S phase.
Furthermore, using human ovarian cancer tissues and the normal
ovarian tissues from the same patients, we demonstrated that
DNA replication pathway associated genes were statistically over-
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FIGURE 4 | EXDPF promotes DNA replication in ovarian cancer. (A) Total mRNA from triplicated EXDPF knock-down (LT-EXDPF) and control (LT-CON) SKOV3
cells were used for whole genome mRNA sequencing. KEGG pathway enrichment shows the most significant altered pathways. Arrow points to the DNA replication
pathway that has the lowest p value. (B) Heat map shows the 17 significantly altered genes enriched in DNA replication pathway. LT-CON: control SKOV3 cells.
LT-EXDPF: EXDPF knock-down SKOV3 cells. (C) FPKM values indicate mRNA expression levels of the 17 significantly altered genes and EXDPF gene from the RNA
sequencing assay. LT-CON: control SKOV3 cells. LT-EXDPF: EXDPF knock-down SKOV3 cells. (D) qRT-PCR was used to validate the mRNA expression of the 17
significantly altered genes and EXDPF gene in LT-EXDPF and LT-CON SKOV3 cells. Relative expression of genes in LT-CON control cells was normalized to 1.0.
(E) PI staining was used to detect cell cycle distribution of LT-EXDPF and LT-CON SKOV3 cells. The left panel shows the representative data and the right panel
shows the statistical analysis of differences between LT-EXDPF and LT-CON groups. G0/G1: G0/G1 phase. S: S phase. G2/M: G2/M phase. (F) Flowchart of genes
affected by EXDPF knock-down in DNA replication pathway was derived from KEGG pathway enrichment analysis in panel (A). The left panel shows the flowchart
model of DNA replication. And the right panel shows genes involved in DNA replication. Green background indicates down-regulation while red background
indicates up-regulation of mRNA expression levels of genes in SKOV3 cells upon EXDPF knock-down. (G) DNA replication pathway was up-regulated in ovarian
cancer tissues compared to normal ovarian tissue controls. As indicated in Figure 1A, total mRNA from three pairs of samples, both epithelial ovarian tumors and
ovarian normal tissue controls from the same patients, were used for RNA sequencing. mRNA expression levels of genes involving in DNA replication pathway were
presented as fragments per kilobase of transcript per million mapped reads (FPKM). Statistical analysis was tested between ovarian cancer tissues and normal
tissues. * p < 0.05; ** p < 0.01; *** p < 0.001.
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expressed in ovarian tumors. In general, these results
demonstrated that EXDPF mediated DNA replication in
ovarian cancer.
CONCLUSIONS

In summary, this study thoroughly demonstrated that EXDPF
promoted ovarian cancer tumorigenesis and metastasis. The
underlying mechanisms are associated with enhanced DNA
replication induced by EXDPF. EXDPF could be a novel
therapeutic target for ovarian cancer therapies.
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