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Abstract

Background: Although programmed cell death-ligand 1 (PD-L1) plays a well-
known function in immune checkpoint response by interacting with pro-
grammed cell death-1 (PD-1), the cell-intrinsic role of PD-L1 in tumors is still
unclear. Here, we explored the molecular regulatory mechanism of PD-L1 in the
progression and metastasis of ovarian cancer.

Methods: Immunohistochemistry of benign tissues and ovarian cancer samples
was performed, followed by migration, invasion, and angiogenesis assays in PD-
L1-knockdown ovarian cancer cells. Immunoprecipitation, mass spectrometry,
and chromatin immunoprecipitation were conducted along with zebrafish and
mouse experiments to explore the specific functions and mechanisms of PD-L1
in ovarian cancer.

Results: Our results showed that PD-L1 induced angiogenesis, which further
promoted cell migration and invasion in vitro and in vivo of ovarian cancer.
Mechanistically, PD-L1 was identified to directly interact with vascular endothe-
lial growth factor receptor-2 (VEGFR2) and then activated the FAK/AKT path-
way, which further induced angiogenesis and tumor progression, leading to poor
prognosis of ovarian cancer patients. Meanwhile, PD-L1 was found to be reg-
ulated by the oncogenic transcription factor c-JUN at the transcriptional level,
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1 | BACKGROUND

Epithelial ovarian cancer is a prevalent gynecologic malig-
nancy and is the fifth leading cause of cancer-related
death in women worldwide, attributing to nearly 22,530
new cases and 13,980 deaths annually [1, 2]. Surgery and
chemotherapy with platinum have been considered as the
standard therapy for decades, although metastasis and
recurrence rates remain high [3]. Chemotherapy resistance
is also closely associated with disease progression and poor
prognosis. Thus, it is increasingly urgent to identify the
potential therapeutic target and develop a new therapy
with improved response rates.

In the past decades, tumor angiogenesis has been proven
to induce tumor progression and metastasis, and anti-
angiogenic drugs may be regarded as a treatment option
for patients with ovarian cancer [4, 5]. Bevacizumab, an
antibody targeting the vascular endothelial growth fac-
tor (VEGF), has shown promising anti-angiogenic activ-
ity in epithelial ovarian cancer [6]. Randomized phase
IIT trials have shown that bevacizumab plus platinum-
based chemotherapy for women with advanced and recur-
rent disease had higher response rates and improved
progression-free survival (PFS) compared with platinum-
based chemotherapy alone [7-11]. The Food and Drug
Administration (FDA) of USA has approved bevacizumab
with or without chemotherapy as treatment in women
with platinum-resistant, advanced epithelial ovarian can-
cer or platinum-sensitive, recurrent disease. Apatinib, a
novel receptor tyrosine kinase inhibitor, was shown to
target the vascular endothelial growth factor receptor-2
(VEGFR2) and was associated with improved survival of
advanced ovarian cancer patients in some retrospective
studies [12, 13]. Despite the efficient response to beva-
cizumab and apatinib, drug resistance still occurs after
a few therapeutic courses. Hence, more effective treat-
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Angiogenesis, Apatinib, c-JUN, Metastasis, Ovarian Cancer, PD-L1, VEGFR2, Zebrafish

ments for advanced and recurrent ovarian cancer should
be urgently sought.

Programmed cell death-ligand 1 (PD-L1) was initially
discovered to be upregulated in a murine T-cell hybridoma
and a hematopoietic progenitor cell line [14] and inter-
acts with programmed cell death-1 (PD-1) in the tumor
microenvironment, which allows malignant tumor cells
to escape from T lymphocytes’ immune attack [14, 15].
To date, some PD-1/PD-L1 inhibitors, including ipili-
mumab, nivolumab, pembrolizumab, and more recently
atezolizumab, have been used to treat multiple types of
cancer, such as bladder cancer [16], gastrointestinal stro-
mal tumor [17], gynecological cancer [18], and prostate
cancer [19], which might improve the survival of these
patients.

Growing evidence have shown that PD-L1 was highly
expressed in various cancers, such as classical Hodgkin’s
lymphoma [20], non-small-cell lung cancer [21], BRAF
inhibitor-resistant melanoma [22], and glioma [23].
Recently, more and more studies showed that PD-L1
played tumor-intrinsic roles in cancer progression and
chemoresistance via participating in some oncogenic
pathways. For instance, PD-L1 was demonstrated to pro-
mote the proliferation and metastasis of cervical cancer
cells by activating the Integrin B4 (ITGB4)/Snail homolog
1 (SNAIl)/silent mating-type information regulation 3
homolog (SIRT3) signaling pathway [24] and promote
bladder cancer progression and chemoresistance through
the ITGB6/signal transducer and activator of transcrip-
tion 3 (STAT3) signaling pathway [25]. Moreover, some
studies demonstrated that PD-L1 promoted ovarian cancer
tumorigenesis and progression [26, 27]. The above studies
suggested that PD-L1 played a critical role in tumor
progression, metastasis, and chemoresistance.

Despite all these findings, the vital role of PD-L1 in the
regulation of angiogenesis, metastasis, and progression of
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ovarian cancer cells remains elusive. To address the above
question, we established PD-L1 silencing ovarian cancer
cell lines to study its biological functions and explore the
molecular mechanism.

2 | MATERIALS AND METHODS

2.1 | Patients and tissue samples

Ovarian cancer tissues were obtained from patients
diagnosed between January 2008 and December 2012 at
the Fudan University Shanghai Cancer Center (FUSCC;
Shanghai, China), after obtaining the participants’
informed consent. Epithelial ovarian cancer samples
verified by postoperative pathology were included in the
study, while patients with other malignant tumors were
excluded.

2.2 | Celllines and culture

Ovarian cancer cell lines OVCA433 and HeyA8 and human
umbilical vein endothelial cells (HUVECs) were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 10% fetal bovine serum (FBS, Gibco, Life
Technologies, Waltham, MA, USA). All cell lines were
purchased from the American type culture collection
(ATCC, Manassas, VA, USA) and cultured at 37°C with 5%
CO, atmosphere.

2.3 | Plasmid construction and viral
infection

For generating stable cell lines, we obtained lentiviruses
harboring control vector, VEGFR2 overexpression vec-
tor, and specific short-hairpin RNAs (shRNAs) against
PD-L1 (PD-L1-sh1/2), PD-1, or ¢c-JUN (c-JUN-sh1/2) from
the Shanghai Genechem Company (Shanghai, China).
Lentiviral shRNA vectors were constructed by cloning
shRNA fragments into pSIH-H1-Puro (System Biosciences,
San Francisco, CA, USA), and lentiviral vectors for gene
overexpression were obtained via inserting PCR-amplified
gene fragments into pCDH (System Biosciences).

2.4 | Reagents

PD-Ll1 inhibitor (durvalumab) and VEGFR2 inhibitor (apa-
tinib) were obtained from Selleck Chemicals (Houston,
TX, USA). OVCA433 and HeyAS cells were treated with
4 umol/L durvalumab (A2013), 20 umol/L apatinib (S5248),
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and the two-drug combination for 48 h using transwell and
wound healing assays.

2.5 | Cell proliferation assay

Cell proliferation was tested by using cell counting kit 8
(CCK-8, Beyotime, Shanghai, China) following the man-
ufacturor’s instructions. Briefly, 2 X 103 cells were seeded
into 96-well plates, and then 10 uL. CCK-8 working solu-
tion was added to each well at different intervals. Optical
density (OD) value was measured at 450 nm to determine
cell proliferation.

2.6 | Wound healing assay

Cells were cultured in 6-well plates at 8 x 10° cells/well
as confluent monolayers. The monolayers were wounded
in a line across the middle of the well with a standard
pipette tip. The wounded monolayers were subsequently
washed with phosphate-buffered saline (PBS) to remove
cell debris. The area of the cell-free wound was recorded
with microscopy after incubating for 48 h. The images
were then analyzed using the ImageJ analysis software
(National Institutes of Health, Bethesda, MD, USA).

2.7 | Transwell migration/invasion assays
Transwell chambers were utilized to perform cell migra-
tion assay, and 5 x 10* cells were added into the upper
chamber and the complete medium into the lower cham-
ber. After incubating for 48 h, the cells in the upper cham-
ber were removed using cotton swabs. The migrated cells
were fixed with methanol and stained with crystal violet.
Five images of different fields of view were captured for
each film, and the number of migrated cells was counted. A
similar insert coated with Matrigel (BD Biosciences, New
York, NY, USA) was used to assess cell invasiveness in the
invasion assay.

2.8 | Enzyme-linked immunosorbent
assay (ELISA)

ELISA of vascular endothelial growth factor A (VEGFA)
was performed using the human VEGFA-precoated ELISA
Kit (SEA143Hu, Cloud-Clone Corp., Wuhan, Hubei,
China). Human VEGFA-specific antibody was pre-coated
in a 96-well plate. The cell supernatant and biotinylated
detection antibody were added to the wells and washed
once with a washing buffer. A dilution buffer (1x) was
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used to dilute streptavidin-horseradish peroxidase (HRP),
the mixture was added to the wells for incubation, and
the HRP enzymatic reaction was visualized using 3,3’,5,5'-
tetramethylbenzidine (TMB) according to the manufac-
turer’s instructions (Cloud-Clone Corp.).

2.9 | Tube formation

To further identify the effect of PD-L1 on angiogene-
sis, tube formation assays using HUVECs was performed.
Briefly, a 300 uL Matrigel was coated in a 24-well plate
(BD Biosciences). Next, 200 uL medium containing 2
x 10* HUVECs were layered on top of the Matrigel.
HUVECSs were treated with cell supernatant gained from
OVCA433/PD-L1-shl, OVCA433/PD-L1-sh2, and control
cells. After 6 h of incubation, tube formation was observed
under an Olympus microscope (Olympus, Tokyo, Japan).

2.10 | RNA-sequencing data analysis

Total RNA was isolated from ovarian cancer cell lines
and treated with VAHTS mRNA capture beads (Vazyme,
Nanjing, Jiangsu, China). Subsequent paired-end sequenc-
ing was performed with Illumina HiSeq 3000 at Ribo-
Bio Co., Ltd (Guangzhou, Guangdong, China). RNA-
sequencing data was analyzed by spliced read aligner
HISAT?2 (Dusseldorf, Germany), and gene set enrichment
analysis (GSEA) was used for gene functional annota-
tion. Genes with a fold change of > 2 and a P value
of < 0.05 were considered to be significantly differen-
tially expressed between human ovarian cancer tissues and
benign tumors, OVCA433/control and OVCA433/PD-L1-
shl, or OVCA433/control and OVCA433/c-JUN-sh1 ovar-
ian cancer cell lines.

2.11 | Immunohistochemistry assay

Paraffin-embedded tissues were incubated at 4°C
overnight with the following primary antibodies: PD-
L1 (ab205921, Abcam, Cambs, Britain), c-JUN (ab31419,
Abcam), VEGFR2 (9698, Cell Signaling Technology,
Boston, MA, USA), and VEGFA (ab52917, Abcam). After-
ward, the sections were incubated with peroxidase-labeled
anti-rabbit (or anti-mouse) secondary antibodies for 1 h
at 37°C. Expression of proteins was semi-quantified using
histochemistry score (H-score), which was calculated by
the following formula: H-score = Y (PI X I) = (percentage
of cells of weak intensity x 1) + (percentage of cells of
moderate intensity X 2) + percentage of cells of strong
intensity X 3). According to the dyeing depth, staining

intensity of IHC was classified as negative, weak, mod-
erate, and strong, and PI was defined as the percentage
of cells with different intensity. The average H-score of
the duplicate tissue microarray for each tissue type was
calculated as the final score.

2.12 | Western blotting assay

The expression of PD-L1, S-actin, VEGFR2, focal adhesion
kinase (FAK), p-FAK(Tyr397), AKT, p-AKT (Ser473),
GATA binding protein 1 (GATA-1), N-cadherin, E-
cadherin, c-JUN were detected. Protein extracts were sep-
arated by 8%-12% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and electrotransferred
to a 0.2-um nitrocellulose membrane. After blocking
for 1 h in bovine serum albumin, the membranes were
incubated with primary antibodies at 4°C overnight and
then washed using 1x Tris-buffered saline with Tween
20 (TBST). Subsequently, the membranes were incu-
bated with HRP-conjugated secondary antibodies and
washed using TBST. Finally, protein levels were measured
using the Immobilon Western Chemiluminescent HRP
Substrate (Millipore, Massachusetts, USA).

2.13 | Quantitative real-time PCR
(qQRT-PCR)

The TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was
used to extract total RNA from ovarian cancer cells,
xenograft tumors of nude mice, or human ovarian cancer
tissues, which was subsequently reversely transcribed by
the miScript Reverse Transcription Kit (Qiagen, Dussel-
dorf, Germany). QuantiTect Probe RT-PCR (Qiagen) was
performed to quantify the RNA expression level. The reac-
tion conditions were as follows: 95°C for 30 s (initial denat-
uration), followed by 40 cycles of 95°C for 5 s, 55°C for
30 s and 72°C for 30 s, after which specific amplification
was measured by melting curve. Each sample was tested in
triplicate and glyceraldehyde 3-phosphatedehydrogenase
(GAPDH) was used in parallel reactions as an internal con-
trol. Three independent experiments were performed, and
2-AACT relative quantification was used in the final anal-
ysis. The primer sequences in the study were listed in Sup-
plementary Table SI.

2.14 | Immunofluorescence assay

Tissues or cells were fixed with 4% paraformaldehyde
for 15 min, followed by 0.3% Triton X-100 treatment for
15 min and 5% goat serum for 1 h at room temperature.
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Subsequently, the samples were incubated with primary
antibodies and secondary antibodies, followed by stain-
ing with 4’,6-diamidino-2-phenylindole (DAPI, Life Tech-
nologies). Finally, a Leica SP5 confocal fluorescence micro-
scope (Weztlar, Frankfurt, Germany) was used to detect the
staining effect.

2.15 | Luciferase reporter assay
CRE-luciferase (pGL3 vector) was transfected into cells,
and GloMax-Multi Microplate Reader (Promega, Madison,
WI, USA) was used to test the luciferase activity. Renilla
luciferase acted as an internal control to normalize the
reporter luciferase activities.

2.16 | Chromatin immunoprecipitation
(ChIP) assay

A Pierce Agarose ChIP Kit (#27177, Thermo Fisher Sci-
entific, Waltham, MA, USA) was used for ChIP. Chro-
matin was mechanically sheared using sonication after
OVCA433 cell precipitation was collected and crosslinked
using formaldehyde. Subsequently, immunoprecipitation
was carried out with 4 mL IgG (Cell Signaling Technology),
10 4L c-JUN (ab 31419, Abcam), or 2 mL polymerase II anti-
bodies (Imgenex, San Diego, CA, USA). Immunoprecipi-
tated total chromatin was then reversely crosslinked and
recovered using column purification. Finally, qRT-PCR
was performed using the PD-L1-specific ChIP primers.

2.17 | Immunoprecipitation (IP)

IP was performed using Pierce Crosslink Immunoprecip-
itation Kit (Thermo Fisher Scientific) as per the manu-
facturer’s protocol. Briefly, 10 ug antibody was covalently
crosslinked with agarose A/G beads using disuccinimidyl
suberate (DSS) and incubated with 1 mg of total cell lysate
overnight at 4°C. Antigen was eluted and subjected to SDS-
PAGE.

2.18 | Mass spectrometry (MS)

PD-L1-VEGFR2 complex was obtained by IP with anti-
PD-L1 from OVCA433 cells. Cells were lysed in IP buffer
(20 mmol/LTris at PH 8.0, 0.25 mol/L NaCl, 0.5% NP-40,
5 mmol/L ethylenediaminetetraacetic acid) and immuno-
precipitated with agarose beads (Sigma-Aldrich, St. Louis,
MO, USA) for 4 h at 4°C. IP buffer and eluted PD-L1 pep-
tide were used to wash the beads. The eluted proteins were
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resolved on gradient SDS-PAGE, silver-stained, and sub-
jected to MS sequencing and data analysis. MS assay was
carried out by PTM BioLab, Inc. (Hangzhou, Zhejiang,
China).

2.19 | Animal tumor model and in vivo
imaging

Our animal experiments were approved by the Ethics
Committee at FUSCC. The tumor models were estab-
lished upon subcutaneous or intraperitoneal injections
of OVCA433 cells (x5 X 10°) into 60 4-week-old female
BALB/c nude mice (Department of Laboratory Animals,
FUSCC). Subcutaneous tumor volumes were measured
with the following formula: volume = length xwidth? x
0.52. When the average tumor volume of 100 mm?® was
reached, 30 mice were intraperitoneally treated with apa-
tinib (50 mg/kg). The tumor volume was measured every
3 days. Ultimately, the mice were euthanized, and all the
tumors were dissected and weighed. The nude mice bear-
ing intraperitoneal tumors were measured using a lumi-
nescence imaging system (Perkin Elmer, Wellesley, MA,
USA).

2.20 | Zebrafish angiogenesis study

The embryos of zebrafishes were cultured in the labora-
tory of Xinhua Hospital. Fertilized one-cell flila-enhanced
green fluorescent protein transgenic line embryos were
injected with 4 ng of PD-L1 morphlino or VEGFR2 cDNA
recombinant plasmid to assess blood vessel formation in
zebrafish. At 24 h post-fertilization, embryos were dechlo-
rinated and anesthetized with 0.016% tricaine methane-
sulfonate (MS-222, Sigma-Aldrich). Each zebrafish embryo
was then placed on the lateral side and mounted with
3% methylcellulose on a depression slide for examination
by fluorescence microscopy. VEGFA expression was deter-
mined by qRT-PCR. Total RNA was extracted from 15 to
20 embryos per group with TRIzol reagent (Roche, Basel,
Switzerland) and reversely transcribed using the Prime-
Script RT (Takara, West Tokyo, Tokyo Metropolis, Japan).

2.21 | Statistical analysis

The data were analyzed using SPSS (Version 24.0, Chicago,
IL, USA) and GraphPad Prism (Version 8.0, San Diego,
CA, USA) and presented as mean + standard deviation
(SD). For comparisons between two groups of normally
distributed data, Student t-test was used. The Kaplan-
Meier method with log-rank analysis was used to estimate



YANG ET AL.

L WiLEY

overall survival (OS) and PFS. OS was measured from the
date of surgery to death of any cause or until the most
recent follow-up. PFS was calculated from the date of
surgery to the occurrence of progression or relapse. Vari-
ables with a P value of < 0.05 in the univariate analy-
sis were included in the subsequent multivariate analysis
based on the Cox proportional hazards model. A probabil-
ity of less than 0.05 was considered significant.

3 | RESULTS

3.1 | Expression level of PD-L1 in ovarian
cancer tissues and its relationship with
prognosis of ovarian cancer

Firstly, 84 benign ovarian tumor tissues (47 cystadenomas
and 37 ovarian cysts), 273 primary ovarian cancer tissues,
and 218 metastatic ovarian cancer tissues in the greater
omentum were collected. Clinical data of the 273 primary
ovarian cancer patients are summarized in Supplemen-
tary Table S2. Immunohistochemistry demonstrated that
the expression of PD-L1 in primary and metastatic ovarian
cancer lesions was higher than that in benign tissues (Fig-
ure 1A-C). The rate of high PD-L1 expression in late-stage
ovarian cancer tissues was significantly higher than that
in early-stage cancer tissues (63.5% vs. 29.2%, Figure 1D),
which was also further verified by the H-Score (Figure 1E).
In addition, high expression of PD-L1 was also related with
the rates of ascites, lymph metastasis, and high/moderate
tumor grade (Figure 1F-H). Results of survival analysis
demonstrated that high expression of PD-L1 was signif-
icantly associated with shorter OS and PFS (Figure 1I).
These results indicated that PD-L1 played an important
role in ovarian cancer progression, and an enhanced PD-
L1 might result in the poor prognosis of ovarian cancer
patients.

3.2 | Therole of PD-L1 in regulating cell
migration and invasion of ovarian cancer

To further explore the regulatory function of PD-L1 in ovar-
ian cancer, we introduced two PD-Ll-targeting shRNAs
and the control vector into ovarian cancer cell lines
(PD-Ll1-silencing cell lines: OVCA433/PD-L1-sh1/2 and
HeyA8/PD-L1-sh1/2; control cell lines: OVCA433/control
and HeyA8/control), which was verified by Western blot-
ting assay (Figure 2A). Using RNA-sequencing, we dis-
covered that a lot of important regulatory genes par-
ticipating in metastasis were significantly decreased in
OVCAA433/PD-L1-shl1 cells than in OVCA433/control cells
(Figure 2B). Next, we measured the influence of PD-L1

silencing on ovarian cancer cell metastasis (Figure 2C-H).
By performing a wound healing assay, we found that the
migration range was decreased by 53.6% and 47.2% in
OVCAA433/PD-L1-shl and OVCA433/PD-L1-sh2 cells, and
by 61.4% and 51.5% in HeyA8/PD-L1-shl and HeyA8/PD-
L1-sh2 cells, respectively, compared with controls (Fig-
ure 2C, 2F). The transwell migration assay showed that
the number of migrated cells was reduced by 66.7% and
56.7% in OVCA433/PD-L1-shl and OVCA433/PD-L1-sh2
cells and by 42.5% and 42.3% in HeyA8/PD-L1-shl and
HeyA8/PD-L1-sh2 cells, respectively, compared with con-
trols (Figure 2D, 2G). The transwell invasion assay showed
that the number of invaded cells was reduced by 69.4%
and 63.3% in OVCA433/PD-L1-shl and OVCA433/PD-L1-
sh2 cells and by 61.7% and 63.8% in HeyA8/PD-L1-shl and
HeyA8/PD-LI1-sh2 cells, respectively, compared with con-
trols (Figure 2E, 2H).

In addition, we tested the effect of PD-L1 silencing on
ovarian cancer proliferation by cell counting kit-8 (CCK8)
assay and found that PD-L1 silencing reduced cell growth
significantly (Supplementary Figure S1A-B). Moreover, we
added soluble PD-L1 protein to cell culture supernatant,
and found no change in ovarian cancer cell metastasis
(Supplementary Figure SIC-E). Therefore, we concluded
that the function of PD-L1 in inducing ovarian cancer
metastasis was exerted by membrane PD-L1.

Because of the importance of the PD-L1/PD-1 axis in
cancer progression, we further examined the PD-1 expres-
sion in ovarian cancer cell lines, and discovered that PD-
1 was lowly expressed in most ovarian cancer cells (Sup-
plementary Figure SIF). Then, we chose the HeyAS cell
line with relatively high PD-1 expression to investigate the
function of PD-1 silencing in cell growth and metastasis.
The results demonstrated that there were no significant
changes in these cell biological behaviors (Supplementary
Figure S1G-K), excluding the possibility of PD-1 in regulat-
ing the migration and invasion of ovarian cancer cells.

3.3 | PD-L1induces tumor angiogenesis
and metastasis via VEGFR2-dependent
signaling in ovarian cancer cells

The results of the ChIP assay also indicated that the
genes involved in angiogenesis were slightly decreased
in OVCA433/PD-L1-shl cells as compared with control
cells (Figure 3A). To further identify the effect of PD-
L1 on angiogenesis, we performed tube formation assays
using HUVECs. HUVECs were treated with cell super-
natant gained from OVCA433/PD-L1-shl, OVCA433/PD-
L1-sh2, and control cells. The tube formation of HUVECs
in PD-L1-knockdown groups were significantly inhibited
(Figure 3B-C). Reduction of VEGFA was also found in
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FIGURE 2 PD-L1 promotes ovarian cancer cell migration and invasion. (A) The efficiency of PD-L1 knockdown in ovarian cancer cell
lines was detected by Western blotting. (B) GSEA analysis was performed using PD-L1-knockdown and control cells (OVCA433/PD-L1-shl
and OVCAA433/control). A gene signature was defined as a gene with significant expression changes. (C) Representative images of cell
migration tested by wound healing assay. (D) Representative images of cell migration tested by transwell assay. (E) Representative images of

cell invasion tested by transwell assay. (F-H) Quantification of cell migration and invasion tested by wound healing or transwell assays. **,
P < 0.01. Abbreviations: PD-L1: programmed cell death-ligand 1; PD-L1-sh1/2: PD-L1 short hairpin RNA 1/2; GSEA: gene set enrichment

analysis; ES: enrichment score; NES: normalized enrichment score; FDR: false discovery rate
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the supernatant of PD-Ll-silenced ovarian cancer cells
compared with control cells by ELISA (Figure 3D). To
probe into the potential targets of PD-L1, we performed
IP assay and MS analyses, and found that angiogenesis
closely related receptor VEGFR2 was directly bound to
PD-L1 (Figure 3E), which was confirmed by Co-IP (Fig-
ure 3F) and immunofluorescence (Figure 3G). The above
results indicated that VEGFR2 was a potential recep-
tor of PD-L1 in ovarian cancer. In the rescue experi-
ment, we found that VEGFR2 overexpression partially
reversed the inhibition of migration and invasion caused
by PD-LI silencing in ovarian cancer cells (Supplemen-
tary Figure S2). The proteins associated with cell metas-
tasis and angiogenesis, such as FAK, p-FAK (Tyr397),
AKTI, p-AKT1 (Ser473) and GATA-1, were downregu-
lated by PD-L1 silencing (Figure 3H). Interestingly, PD-L1
knockdown significantly reduced the phosphorylation of
VEGFR2 tyrosine 951 residues, which induced the changes
of the downstream proteins potentially. Heatmap of the
gRT-PCR results showed that the FAK/AKT pathway and
other metastasis- and angiogenesis-related genes were sup-
pressed through PD-L1 silencing (Figure 3I). Thus, the
abovementioned results demonstrated that PD-L1 might
promote tumor angiogenesis through the VEGFR2/FAK
signaling pathway.

3.4 | Combination of durvalumab with
VEGFR2 blockade enhances the
therapeutic effect of anti-angiogenesis
targeting drugs

Next, we detected the effects of the PD-L1 inhibitor dur-
valumab and/or VEGFR2 inhibitor apatinib on angiogen-
esis, ovarian cancer cell migration, and invasion. We found

that the tube formation of HUVECs was more significantly
inhibited by a combination of durvalumab and apatinib
than durvalumab or apatinib alone (Figure 4A). Similarly,
the migration and invasion of ovarian cancer cells were
reduced by durvalumab plus apatinib than by a single
drug therapy (Figure 4B-C). Together, these results demon-
strated that the use of PD-L1 inhibitor in combination with
VEGFR2 blockade could enhance the therapeutic effect of
anti-angiogenesis targeting drugs.

3.5 | PD-L1 as a downstream target of the
oncogenic transcription factor c-JUN

To explore the reason of high PD-L1 expression in ovarian
cancer, RNA-sequencing assay was performed in benign
tissues and ovarian cancer tissues. C-JUN was significantly
enriched in ovarian cancer tissues (Figure 5A). Subse-
quently, we verified that c-JUN silencing reduced ovarian
cancer cell migration and invasion (Supplementary Fig-
ure S3). Moreover, PD-L1 was significantly decreased in c-
JUN-knockdown OVCAA433 cells (Figure 5B), which was
verified by qRT-PCR, Western blotting, and immunofluo-
rescence (Figure 5C-E). Furthermore, PD-L1 overexpres-
sion might partially reverse c-JUN knockdown-induced
inhibition of cell migration and invasion (Supplementary
Figure S3). Considering c-JUN is a transcription factor,
we hypothesized that c-JUN may regulate the transcrip-
tion of PD-L1. We performed a luciferase reporter assay to
confirm the mechanistic link between c-JUN and PD-LI.
The knockdown of c-JUN decreased the promoter activ-
ity PD-L1 (Figure 5F). Subsequently, by performing a ChIP
assay of OVCA433 cells, we identified two binding sites
located at the transcription start site upstream of the PD-
L1 promoter (Figure 5G). To further validate the binding

FIGURE 3

PD-L1 combines with VEGFR?2 directly and regulates angiogenesis. (A) GSEA analysis was performed using

PD-L1-knockdown and control cells (OVCA433/PD-L1-shl and OVCA433/control). A gene signature was defined as a gene with significant
expression changes. (B) and (C) Effect of PD-L1 silencing on tube formation of HUVECs. HUVECs were treated with cell supernatant gained
from OVCA433/PD-L1-shl, OVCA433/PD-L1-sh2, and control cells. (D) ELISA of VEGFA in PD-L1-knockdown ovarian cancer cells and
control cells. (E) Cellular extracts from OVCA433 cells were immunopurified with anti-PD-L1 affinity columns and eluted with PD-L1
peptide. The eluates were resolved by SDS-PAGE and silver stained. IgG was the negative control. (F) Co-IP analysis demonstrates an

interaction between PD-L1 and VEGFR2 in ovarian cancer cell lines. (G) Immunofluorescence assay demonstrates the relationship between

PD-L1 and VEGFR2. (H) Western blotting analysis of proteins associated with cancer metastasis and angiogenesis in PD-L1-silenced ovarian

cancer cells and control cells. 8-actin was used as a loading control. (I) Heat map of qRT-PCR analysis of indicated genes in
PD-L1-knockdown and control OVCA433 cells. **P < 0.01. Abbreviations: PD-L1: programmed cell death-ligand 1; VEGFR2: vascular
endothelial growth factor receptor 2; GSEA: gene set enrichment analysis; PD-L1-sh1/2: PD-L1 short hairpin RNA 1/2; ES: enrichment score;

NES: normalized enrichment score; FDR: false discovery rate; HUVEC: human umbilical vein endothelial cell; ELISA: enzyme-linked

immunosorbent assay; VEGFA: vascular endothelial growth factor A; OD: optical density; SDS-PAGE: sodium dodecyl sulfate polyacrylamide

gel electrophoresis; Co-IP: co-immunoprecipitation; DAPI: 4’,6-diamidino-2-phenylindole; IB: immunoblotting; qRT-PCR: quantitative

real-time polymerase chain reaction; FAK: focal adhesion kinase; AKT1: protein kinase B; SCL: stem cell leukemia; Tiel: tyrosine kinase with

immunoglobulin and epidermal growth factor homology domains 1; Smadl: mothers against decapentaplegic homolog 1; C-MET:

cellular-mesenchymal epithelial transition factor; PDGFA: platelet-derived growth factor A; Angl: angiopoietin 1; Ang2: angiopoietin 2
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FIGURE 4 The effects of PD-L1 inhibitor durvalumab and VEGFR2 inhibitor apatinib alone or in combination on tube formation, cell
migration, and invasion. (A) The effects of these treatments on tube formation. HUVECs were treated with 4 umol/L durvalumab and

20 umol/L apatinib (S5248) alone or in combination for 6 h. (B) The cell migration tested by transwell assay. OVCA433 and HeyA8 cells were
treated with 4 umol/L durvalumab and 20 umol/L apatinib alone or in combination for 48 h. (C) The cell invasion tested by transwell assay.
OVCAA433 and HeyAS cells were treated with the same method as above. *P < 0.05; **P < 0.01. Abbreviations: PD-L1: programmed cell
death-ligand 1; VEGFR2: vascular endothelial growth factor receptor 2; HUVEC: human umbilical vein endothelial cell

sites of c-JUN in the promoter of PD-L1, we individually
mutated these two binding sites of c-JUN (Figure 5H), and
both mutations efficiently abrogated the luciferase activ-
ity (Figure 5I). These results suggested that PD-L1 was
a downstream target of c-JUN, and the activation of c-
JUN was required for the upregulation of PD-L1 in ovarian
cancer.

3.6 | PD-L1 promotes the angiogenesis
and progression of ovarian cancer in vivo

To confirm the vitro experimental results described above,
we established ovarian cancer cell-derived subcutaneous
and intraperitoneal xenograft models. Results of both mod-
els showed that tumor growth was significantly suppressed
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by PD-L1 silencing, but drastically promoted by VEGFR2
overexpression with or without apatinib therapy (Fig-
ure 6A-E). Zebrafish development models were established
for angiogenesis test in vivo. PD-L1 morphlino inhibited
zebrafish angiogenesis, and this inhibition effect could be
rescued by VEGFR2 overexpression (Figure 6F). VEGFA
mRNA level was also reduced in PD-L1 morphlino group,
which was rescued by the introduction of VEGFR2 cDNA
(Figure 6G). Therefore, these data indicated that PD-L1
might induce angiogenesis and metastasis of ovarian can-
cer in vivo.

3.7 | Expression of PD-L1, c-JUN,
VEGFR2, and VEGFA in ovarian cancer
tissues

Firstly, through immunofluorescence, we verified that PD-
L1 was highly expressed in metastatic ovarian cancer tis-
sues than in primary cancer tissues (Figure 7A). Then, we
performed IHC staining to examine the expression of c-
JUN, VEGFR2, and VEGFA in 273 primary ovarian can-
cer tissues and 218 metastatic tissues. The results showed
that c-JUN, VEGFR2, and VEGFA were highly expressed
in metastatic ovarian cancer tissues compared with pri-
mary tumor samples (P < 0.05) (Figure 7B-C). The rela-
tive mRNA expression levels of metastasis-associated pro-
teins such as AKTI, FAK, and N-cadherin were increased,
and the level of E-cadherin expression was decreased in the
metastatic ovarian cancer tissues compared with that in
the primary tissues (Figure 7D). We demonstrated that PD-
L1 and vascular endothelial cell-specific marker CD31 were
highly expressed in metastatic ovarian cancer tissues and
PD-L1 was bounded to CD31 by immunofluorescence (Fig-
ure 7E). Finally, we identified the c-JUN/PD-L1/VEGFR2
signaling axis in ovarian cancer (Figure 7F).

4 | DISCUSSION

In this study, we demonstrated that PD-L1 promoted the
angiogenesis and metastasis of ovarian cancer by par-
ticipating in the c-JUN/VEGFR2 signaling axis. Specifi-
cally, the PD-L1 inhibitor durvalumab combined with the
antiangiogenic drug, apatinib, enhanced the effect of anti-
angiogenesis, which may be a new potential therapeutic
approach for ovarian cancer.

Although some previous studies had disclosed the
intrinsic role of PD-L1 in the promotion of the epithelial-
to-mesenchymal transition (EMT) process and metastasis
of cancer cells [28-30], the present study found new evi-
dence for clarifying the molecular mechanism underly-
ing these metastasis-driving events caused by PD-L1. For
example, members of the integrin family, such as ITGB4

and ITGB6, were identified to directly interact with PD-L1
asits receptor, which further activated the downstream sig-
naling pathway. However, our findings revealed that PD-L1
could bind to VEGFR2 and triggered signal transduction
in ovarian cancer cells, activating the FAK/AKT pathway
and enhancing cell migration and invasion. Meanwhile,
the PD-L1/VEGFR2/FAK axis regulated the biological pro-
cess of angiogenesis. Although other studies clarified the
molecular mechanisms of ovarian cancer angiogenesis and
metastasis [31, 32], the present study demonstrated that
PD-L1 could act upon VEGFR2, a membrane receptor, to
induce ovarian cancer cell angiogenesis and metastasis.

Cisplatin-based chemotherapy is an important adjuvant
treatment for ovarian cancer. However, cisplatin resistance
remains a critical event for ovarian cancer patients. Recent
studies have concluded that PD-L1 inhibitors could exert
an inhibitory effect on cell growth and proliferation in
various cancer cells [33]. Currently, combined treatment
modalities that target angiogenesis pathways hold promise
for the treatment of chemoresistant cancer [10]. Accu-
mulating evidence suggests that inhibition of angiogene-
sis enhances drug-induced apoptosis in a number of can-
cers [34, 35]. Our data also showed that the use of PD-
L1 inhibitor in combination with VEGFR2 blockade could
enhance the therapeutic effect of anti-angiogenesis target-
ing drugs, which can be used as new therapeutic approach
for ovarian cancer patients.

c-JUN is an important member of activator protein-
1, a kind of key transcription factor that participates in
several important cellular processes such as cell survival
proliferation and differentiation [36-38]. For example, the
FAMBS83A/PI3K/AKT/c-JUN positive-feedback loop was
proved to promote hepatocellular carcinoma migration,
invasion, and metastasis by activating the EMT signaling
pathway [39]. LINCO00116 regulates tumorigenesis via the
miR-106a/c-Jun axis in cervical cancer [40]. Here, we also
showed that c-JUN could enhance the promoter activity
of PD-L1 and promote PD-L1 transcription and expres-
sion, which partly illustrated the reason why the expres-
sion level of PD-L1 was increased in ovarian cancer.

By performing IHC staining assay with primary and
metastatic ovarian cancer tissues and survival analysis, we
further proved that PD-L1 could be regarded as a prognos-
tic risk factor and induce ovarian cancer progression and
metastasis. Previous studies have reported similar results
in other types of cancer, such as head and neck cancer [41],
colorectal cancer [42], endometrial cancer [43], and clear
cell renal cell carcinoma [44]. PD-L1 was also found to play
a vital role as a poor prognosis predictor in patients with
biliary tract cancer [45]. These results further supported
that PD-L1 could be considered as a potential therapeutic
target in various cancers including ovarian cancer.

There remains some limitations. For example, PD-
L1 could regulate glycolysis and the expression of
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FIGURE 6 The effects of PD-L1 knockdown and VEGFR2 overexpression on the progression and angiogenesis of ovarian cancer in vivo.
(A) Representative images of subcutaneous xenograft tumors formed by OVCA433/control, OVCA433/PD-L1-shl, and OVCA433/PD-L1-shl +
VEGFR?2 overexpression (VR2 OE) cells in nude mice with or without apatinib treatment. (B) Growth curve of the xenograft tumors in mice
with or without apatinib treatment. (C) The average tumor weight of nude mice with or without apatinib treatment. (D) Representative
images of intraperitoneal xenograft tumors in nude mice with or without apatinib treatment. (E) The average weight of intraperitoneal
xenograft tumors in nude mice. (F) Zebrafish model. Zebrafish embryos were injected with PD-L1 morphlino or VEGFR2 cDNA recombinant
plasmid. (G) The mRNA expression levels of VEGFA assessed by qRT-PCR assay in zebrafish model. **P < 0.01. Abbreviations: PD-L1:
programmed cell death-ligand 1; PD-L1-sh1/2: PD-L1 short-hairpin RNA 1/2; VR2-OE: vascular endothelial growth factor receptor-2
overexpression; PD-L1-Mor: PD-L1 morphlino; qRT-PCR: quantitative real-time polymerase chain reaction
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glycolysis associated enzymes, but the mechanism 5 | CONCLUSIONS

remains not well known. In addition, further studies are

required to deepen our understanding of the roles of PD- c-JUN is required for the PD-L1 expression, and PD-
L1 in regulating metastasis-associated molecules during L1 could further activate the VEGFR2/AKT signaling
ovarian cancer progression. Clinical verifications of the  pathway to enhance angiogenesis and invasion of ovarian
combination of PD-L1 inhibitor and VEGFR2 blockade in cancer. The interaction between VEGFR2 and PD-L1 may
ovarian cancer therapy are still needed. be a target of more effective combination therapies.
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