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Introduction

Summary

Immune tolerance is one of the leading causes of chemotherapy resistance
in carcinoma cases. Studies have shown that programmed cell death li-
gand-1 (PD-L1), an inhibitory molecule expressed by cancer cells, plays a
significant role in immune tolerance through the induction of T cell dys-
function. The results of our RNA sequencing in previous studies revealed
that microRNA-145 (miR-145), which is known to be down-regulated by
cisplatin in cisplatin-resistant ovarian cancer cells, also represses gene PD-
L1 expression. However, the mechanism by which miR-145 contributes to
regulate PD-L1 expression in cisplatin resistance of ovarian cancer is yet
to be fully understood. Here, we show that cisplatin-mediated miR-145
down-regulation increased PD-L1 expression via targeting the c-Myc tran-
scription factor, thereby inducing T cell apoptosis in vitro. We also report
that expression of miR-145 is negatively correlated with PD-L1 expression
in human ovarian cancer tissues, malignant grades and the recurrent risks
of ovarian cancer after chemotherapy. In summary, our findings suggest
that the miR-145/c-Myc/PD-L1 axis contributes to cisplatin resistance in
ovarian cancer and support that miR-145 might act as an adjuvant thera-
peutic target in chemotherapy of ovarian cancer.
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antigen-specific cytotoxic T lymphocytes (CTLs) dysfunc-
tion has also been considered a critical cause of chem-

Ovarian cancer is the leading cause of mortality in
gynecological malignancies [1]. Besides the lack of screen-
ing techniques for early diagnosis of ovarian cancer,
chemoresistance is yet another major challenge associated
with high mortality, although the initial response to
platinum-based chemotherapy is encouraging [2,3].
Previous studies have shown that chemoresistance
involves different mechanisms, such as reduction in drug
accumulation inside the tumor cells, elevated levels of
cellular detoxification, mutations in drug targets and
abnormalities in DNA damage and repair systems, etc.
[4]. In recent years, immune tolerance induced by tumor

oresistance [5]. Generally, chemotherapy drugs kill most
cancer cells while the remainder of these cells are often
cleared by the immune system. However, studies have
shown that remaining tumor cells after chemotherapy
can also acquire immune-tolerance ability, thereby evad-
ing the immune surveillance successfully via T lympho-
cyte dysfunction [6-8]. Programmed cell death protein
ligand-1 (PD-L1), which is expressed in a number of
tumor cells, can induce CTL apoptosis to help tumor
cells evade immunosurveillance by activating its receptor,
PD-1, on CTLs [9]. Furthermore, several studies have
revealed that PD-L1 up-regulation, following treatment
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with chemotherapeutic agents, increases the immune
tolerance ability of tumor cells [10-12]. However, the
mechanism of PD-L1 activity after cisplatin therapy
remains unclear.

MicroRNAs are small non-coding RNAs with conserved
sequence, which are 19-25 base pairs (bp) in length, and
regulate expression of their target genes either through
accelerating mRNA degradation or blocking mRNA trans-
lation [13]. The expression of PD-L1 has been found to
be directly regulated by a variety of microRNAs, thus
influencing the pathological processes of tumor develop-
ment. More specifically, the miR-200 family suppresses
PD-L1 in epithelial-mesenchymal transition (EMT) in lung
cancer cells [14]; miR-143 down-regulation promotes
radiation-induced thymic lymphoma by targeting PD-L1
[15]; up-regulation of miR-138 facilitates colorectal cancer
cell viability and invasion via targeting PD-L1 [16]; and
miR-142-5p represses PD-L1 expression in tumor cells,
thereby enhancing anti-tumor immunity [17]. Protein p53
targeting PD-1/PD-L1 signaling by miR-34 plays a critical
role in tumor immune evasion of non-small cell lung
cancer (NSCLC) [18].

In our previous study, miR-145 has been found to be
significantly down-regulated in cisplatin-treated A2780cis
cells compared with untreated cells using a next-generation
sequencing analysis. Although down-regulating miR-145
has been reported to suppress the proliferation, metastasis,
differentiation and angiogenesis of many malignant tumors
by targeting estimated glomerular filtration rate (EGFR)
[19], integrin-linked kinase (ILK) [20], mucin 1 (MUCI)
[21], SRY-box transcription factor 1 (SOX9) [22] and
infected-cell polypeptide 4 (ICP4) [23], no prior studies
have shown the effect of miR-145 on PD-L1 expression
in ovarian carcinoma.

In this paper, we sought to unveil a new mechanism of
cisplatin resistance in ovarian cancer by studying how
miR-145 negatively regulates PD-L1, thereby influencing
the chemoresistance of ovarian cancer cells. Our data may
provide references for weakening immune tolerance and
improving the effect of chemotherapy for ovarian cancer.

Patients and methods

Patients and tissues

Fresh tumor tissues from 73 patients with recurrent ovar-
ian epithelial carcinoma (ROC) treated at Dongfang
Hospital of Xiamen University between January 2014 and
December 2017 were stored at —80°C, including high-grade
serous carcinoma (SC) (n = 48) and mucinous carcinoma
(MC) (n = 25) [24]. Fifteen platinum-resistant SC cases
recurred in 6 months upon chemotherapy completion,
according to 2012 NCCN guidelines [25].

Cell culture and cisplatin treatment

A2780 and A2780cis were purchased from the European
Collection of Authenticated Cell Cultures (ECACC) and
were cultured in RPMI-1640 with 10% fetal bovine serum
(FBS) (GiBco, Carlsbad, CA, USA). HEK293T were obtained
from the American Type Culture Collection (ATCC) and
cultured in Dulbeccos modified Eagle’s medium (DMEM)
with 10% FBS. A2780cis cells were treated with cisplatin
(Sigma, St Louis, MO, USA) with a concentration gradient
(0, 5, 10, 20, 100, 150, 200 pg/ml). Based on the expres-
sion level of PD-L1 in A2780cis cells, the optimal con-
centration of cisplatin was validated.

Plasmids, RNAs and lentivirus

Synthetic DNA sequences of pre-miR-145 and scramble
microRNA (Sangon Biotech, Shanghai, China) were annealed
and inserted into a vector pcDNA3.1 to construct recombi-
nant pcDNA3.l1-scramble and pcDNA3.1-pre-miR-145.
Synthesized wild-type and mutant-type promoter and coding
sequence (CDs) of gene c-Myc, as templates, were amplified
using the polymerase chain reaction (PCR) system and inserted
into vectors pMIR or pcDNA3.1 to construct recombinant
pMIR-wt-c-Myc, pMIR-mu-c-Myc and pcDNA3.1-c-Myc,
respectively. Sequences of all plasmids were confirmed using
a sequencing system (Sangon Biotech). c-Myc shRNA lentiviral
particles and its control were purchased from Santa Cruz
Biotech (Dallas, TX, USA); miR-145 mimics and its inhibitor
were obtained from Ambion (Austin, TX, USA).

Antibodies and reagents

Commercial antibodies used in this study were purchased
as follows: rabbit anti-PD-L1 monoclonal antibody (mAb)
(Abcam, Cambridge, UK), phycoerythrin (PE) mouse anti-
human PD-1 mAb (Thermo Fisher Scientific, Waltham, MA,
USA), mouse anti-human CD8 mAb (Thermo Fisher
Scientific), rabbit anti-c-Myc antibody (Abcam), mouse anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mADb,
mouse anti-tubulin mAb and mouse anti-lamin B (Santa
Cruz Biotech), horseradish peroxidase (HRP) anti-mouse
immunoglobulin (Ig)G and HRP anti-rabbit IgG (ZSGB-BIO,
Beijing, China). Reagents were bought as follows: Dynabeads
M-280 sheep anti-mouse IgG (Life Tech, Carlsbad, CA, USA),
Pierce fast Western blot kit (Thermo Fisher Scientific),
annexin V apoptosis detection kit fluorescein isothiocyanate
(FITC) (Thermo Fisher Scientific), lipofectamine 2000 reagent
(Thermo Fisher Scientific), dual-luciferase reporter assay
(Promega, Madison, WI, USA), TriZol (Invitrogen, Carlsbad,
CA, USA), TransScript One-Step gDNA removal and cDNA
Synthesis SuperMix (Transgen Biotech, Beijing, China), SYBR
Premix Ex Taq II (TaKaRa, Dalien, China), nuclear and
cytoplasmic extraction reagents (Thermo Fisher Scientific)
and MaxVision HRP-polymer anti-mouse THC kit (MXB
Biotech; Santa Cruz Biotech).
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Quantification of mRNAs and miRNAs with real-time
PCR

Total RNAs from tissues and cells were extracted using
TRIzol Reagent (Invitrogen). cDNAs were synthesized
using a TransScript One-Step gDNA removal and cDNA
Synthesis SuperMix (Transgen Biotech). Real-time quan-
titative polymerase chain reaction (QPCR) was performed
using an ABI 7500 fast qQPCR system with SYBR" Premix
Ex Taq™II(TaKaRa) under the following conditions: 95°C
for 30 s, 40 cycles of 95°C for 10 s, 60°C for 1 min
and 72°C for 45 s. The relative expressions of PD-L1
and miR-145 were normalized to housekeeping genes,
GAPDH and U6, respectively. Real-time qPCR reactions
were performed in triplicate. The sequences of primers
used are as follows: PD-L1 5'-TCCTACACGGTCTCCA
TC AAG-3'/5-CTGTTCTCCTTCCTTACCCG-3' ; GAP
DH 5"-CACGTGGGCTCCAGC ATT-3'/5'-TCACCAG
TCATTTCTGCCTTTG-3'; miR145 5-ATCGTCCAGTT
TTC CCAGG-3'/5-CGCCTCCACACACTCACC-3'; and
U6 snRNA 5'-CTCGCTTCGGCA GCACA-3'/5-AACG
CTTCACGAATTTGCGT-3".

Immunoblotting

Total cellular proteins or nucleic proteins were extracted
from cells or tissues using a nuclear and cytoplasmic
extraction reagents kit (Thermo Fisher Scientific). The
protein samples were separated by 12% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore, Burlington, MA, USA). Blots were
probed with PD-L1 mAb (rabbit; Abcam), c-Myc anti-
body (rabbit; Abcam), GAPDH Ab (mouse), tubulin
antibody (mouse), lamin B antibody (mouse; Santa Cruz
Biotech) and HRP-conjugated secondary antibodies
(ZSGB-BIO). Bands were developed with a SuperSignal
West Pico chemiluminescent substrate kit (Thermo Fisher
Scientific).

Immunohistochemistry (IHC)

Ovarian cancer tissue chips (Outdo Biotech, Shanghai,
China) were dewaxed, rehydrated and underwent antigen
retrieval successively, and were then detected with PD-L1
antibody (Thermo Fisher Scientific) and the MaxVision
HRP-Polymer THC kit (MXB Biotech; Santa Cruz Biotech)
to evaluate its expression and distribution under a micro-
scope (Olympus, Tokyo, Japan).

CD8* T cell sorting and treatment

Lymphocytes were separated from healthy human peripheral
blood using Lymphoprep (Solarbio, Beijing, China). CD8*
T lymphocyte were sorted by Dynabeads M-280 sheep
anti-mouse IgG (Life Tech) with human CD8 mAb (Thermo
Fisher Scientific). A2780cis cells were pre-treated with
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cisplatin (100 pg/ml) for 24 h and were then washed three
times with phosphate-buffered saline (PBS). After the cells
were cultured with fresh media for 48 h, the conditioned
media were collected and filtered to remove cell debris,
and then added into CD8* T lymphocytes to induce apop-
tosis. PD-1 antibody (Thermo Fisher Scientific) was used
to block the PD-1-mediated pathway of T lymphocytes.

CD8" T cell proliferation assay

Cell counting kit-8 (CCK-8) (Beyotime Biotech, Shanghai,
China) was used to evaluate cell proliferation activity.
Sorted CD8* T cell suspension (20 000 cells/ml) with the
conditioned media from cisplatin-treated A2780cis cells
were seeded into 96-well plates (100 pl/well) to be cultured
overnight. According to the instructions, 10 pl of the
CCK-8 solution were added to each well of the plate and
incubated for 2 h in the incubator. The absorbance at
450 nm was measured using a microplate reader and a
proliferation curve was drawn.

CD8* T cell apoptosis assay

After CD8" T cells were treated with conditioned media
from A2780cis for 48 h, flow cytometry analysis was per-
formed to detect apoptosis of PD-17/CD8*/T lymphocytes
using the annexin V apoptosis detection kit, FITC (Thermo
Fisher Scientific) and PE-conjugated PD-1 mAb (Thermo
Fisher Scientific).

Dual-luciferase reporter assay

HEK-293T cells were seeded in 48-well plates (1~2 x 10°/
well) and were transfected with the pLG3-PD-L1 promoter
(wild-type) or pGL3-PD-L1 mutant promoter (mutant),
either alone or in combination with miR-145 mimics or
inhibitors. Firefly luciferase (FLuc) and Renilla luciferase
(RLuc) activities in cell lysates were measured using a
dual-luciferase reporter assay kit (Promega).

Statistical analysis

All measurement data are presented as the mean + stand-
ard deviation (s.d.) from at least three independent experi-
ments and were analyzed by one-way analysis of variance.
Correlation between two variables were evaluated using
Pearson’s r-value. Differences were considered statistically
significant at P < 0-05.

Results

Cisplatin-induced PD-L1 expression in cisplatin-
resistant ovarian cancer cells contributes to T
Iymphocyte dysfunction

It is well known that PD-L1, which can induce T lym-
phocytes anergy, is one of the triggers of tumor immune
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tolerance [26]. As shown in Fig. 1a, mRNA (up) and protein
(down) of PD-LI expression in cisplatin-resistant ovarian
cancer cells (A2780cis) was significantly higher than in
cisplatin-sensitive ovarian cancer cells (A2780) (P < 0-001).
Moreover, cisplatin induced a dose-dependent up-regulation
of PD-L1 gene to 100 pg/ml [% half maximal inhibitory
concentration (IC,)) dose of cisplatin on A2780cis cells],
while more than 100 pg/ml concentration of cisplatin
repressed PD-L1 expression (Fig. 1b). Interestingly, the
conditioned media from cisplatin-treated A2780cis cells
showed a significant inhibition of cell proliferation
(P < 0-01) (Fig. 1c) and induced CD8" T lymphocyte
apoptosis (Fig. 1d), but PD-1 antibody treatment mitigated
the effects on these T lymphocytes.

miR-145 down-regulation negatively correlated with
PD-L1 expression in ovarian carcinoma tissues

To evaluate the clinical significance of miR-145 and
PD-L1, we collected the tumor tissues from SC (n = 48)
and MC (n = 25) patients. As shown in Fig. 2a, real-
time PCR assay revealed significant miR-145 down-
regulation in the SC group (P < 0-001). IHC straining
confirmed this result (Fig. 2c). To further explore the
relationship between miR-145 and PD-L1, we detected
their expression in each pair of ovarian carcinoma tis-
sues, including unilateral ovarian cancers, and the recur-
rent tumor tissues in 6 months after unilateral adnexal
resection combined with cisplatin chemotherapy. As
shown in Fig. 2b, compared to the group before cisplatin
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Fig. 1. Cisplatin-induced programmed cell death ligand-1 (PD-L1) expression in A2780cis cells and contributed to T lymphocyte disfunction. (a)
Difference of relative expression of PD-L1 between A2780 and A2780cis by real-time polymerase chain reaction (PCR) (up) and Western blot (down).
(b) An optimal concentration of cisplatin-induced PD-L1 maximal expression in A2780cis cells by Western blot assay. (c,d) Conditioned media from
the cisplatin-treated A2780cis was used to culture CD8* T lymphocytes. Media from H,O-treated A2780cis was used as negative control. PD-1
antibody or mouse immunoglobulin (Ig)G was used to block the PD-1-dependent pathway on T cells. Effects of the conditioned media on CD8* T
lymphocyte proliferation and apoptosis were evaluated by cell count kit-8 (c) and flow cytometry (d), respectively. *P < 0-05 and **P < 0-01 versus

A2780cis; “P < 0-05 versus A2780cis + cisplatin + IgG.
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Fig. 2. miR-145 down-regulation negatively correlated with programmed cell death ligand-1 (PD-L1) expression in human ovarian carcinoma tissues.

(a) mRNA levels of miR-145 in mucinous carcinoma (MC) (n = 25) and SC (n = 48) tissues were analyzed by real-time polymerase chain reaction
(PCR). (b) mRNA levels of miR-145 (left) and PD-L1(middle) in serous carcinoma (SC) tumor tissue before and after recurrence (n = 15) by real-time
PCR. The relationship between miR-145 and PD-L1 expression in SC tissues by Pearson’s correlation coeflicient (right). (c¢) Immunohistochemistry

(IHC) staining of PD-L1 in human ovarian carcinoma tissues. Cases of ovarian cancer are graded from low to high with +, ++ and +++, respectively.

Scale bars 50 pm. *P < 0-05; ***P < 0-001.

chemotherapy, miR-145 (left) was down-regulated
(P < 0-05) and PD-L1 was up-regulated in recurrent
cancer tissues (middle) (P < 0-05). miR-145 negatively
correlated with PD-L1 expression in ovarian carcinoma
tissues (right) (r = —0-767, P < 0-01). These data sup-
port that miR-145 plays a critical role in cisplatin resist-
ance and tumor recurrence.

Cisplatin-mediated down-regulation of miR-145-
induced PD-L1 via targeting c-Myc in A2780cis cells

To further explore the role of miR-145 in cisplatin up-
regulating PD-L1, we confirmed the effect of cisplatin
on miR-145 expression in vitro. As shown in Fig. 3a,
cisplatin repressed miR-145 expression. Further, we found
that miR-145 also repressed PD-L1 expression (Fig. 3b,
left). However, there are no binding sites of miR-145
in the PD-L1 promoter region, so we focused on a
transcription factor named c-Myc, which has been
reported to regulate the transcription of PD-L1 [27].
Indeed, miR-145 could repress c-Myc expression (Fig. 3b,
right). To define a directly regulating target of miR-145,
we examined the effects of miR-145 mimics and its
inhibitor on the activity of c-Myc promoter and its
mutant. As shown in Fig. 3c, the results of dual lucif-
erase reporter gene assay indicated that miR-145 only
inhibited wild-type promoter of c-Myc, not its mutant

promoter. Finally, we confirmed the role of c-Myc in
miR-145 repressing PD-L1 by real-time PCR assay. As
demonstrated in Fig. 3d, up-regulation of c-Myc in
A2780cis cells enhanced the transcription of PD-L1 (left).
Cisplatin induced PD-L1 expression in A2780cis cells
but not in A2780cis cells without c-Myc (middle).
Similarly, miR-145 inhibitor increased PD-L1 expression
via c-Myc in A2780cis cells (right).

Discussion

Chemoresistance is one of the challenging issues in the
clinical treatment of ovarian cancer [1]. Although recent
studies have shown that immune tolerance induced by
PD-1/PD-L1 pathway activation was involved in chem-
oresistance [28], the detailed mechanisms remain unclear.

PD-L1, a negative co-stimulatory molecule on several
cancer cells, induces immune cell anergy and evades
immune surveillance [29]. Hence, the expression level of
PD-L1 was consistent with the immune tolerance of tumor
cells [30]. Our observations revealed a significant differ-
ence in the expression level of PD-L1 between the cisplatin-
sensitive (A2780) and cisplatin-resistant (A2780 cis) ovarian
cancer cell lines. Here, the relative expression level of
PD-L1 was seven times higher in A2780cis cells than in
A2780 cells. This suggests that cisplatin may have
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Fig. 3. Cisplatin-mediated down-regulation of miR-145 contributes to up-regulation of programmed cell death ligand-1 (PD-L1) via targeting c-Myc
in A2780cis cells. (a) Effects of cisplatin on miR-145 expression in A2780cis cells by real-time polymerase chain reaction (PCR); (b) effects of miR-145
on PD-L1 (left) and c-Myc (right) expression in A2780cis cells by Western blot; (c) effects of miR-145 on promoter activity of c-Myc in HEK293 cells
by dual-luciferase reporter assays; (d) effects of c-Myc (left), cisplatin (middle) and miR-145 (right) on PD-L1 expression in c-Myc*/*/A2780cis or
c-Myc™~/A2780cis cells by real-time PCR assays. The data were representative of three independent experiments. **P < 0-01; ***P < 0-001.

cell-selective effects on PD-L1 expression. Although some
studies have shown a significant up-regulation of PD-L1
after chemotherapy [11,12], our current data demonstrate
that a sequential increase in the final concentration of
cisplatin from 0 to 100 pg/ml elicited a corresponding
increase in the expression level of PD-L1, but significant
repression was observed beyond this concentration range.
This is a novel finding, as no previous study, to our
knowledge, has demonstrated that the induction effect of
cisplatin on the PD-L1 expression in A2780cis is influenced
by cisplatin concentration.

We also observed that the conditioned media from
cisplatin-treated A2780cis cells induced PD-1*/CD8" T
lymphocyte apoptosis. We speculated that this observed
effect on the T lymphocytes was mediated by the exo-
somal PD-L1 present in the conditioned media. Several
studies have demonstrated that PD-L1 was up-regulated
in cancer cell-derived extracellular vesicles, which assist
cellular communication between cancer cells and immune
cells [31]. Interestingly, the effect of conditioned media
from cisplatin-treated A2780cis cells on these lympho-
cytes was significantly reduced by PD-1 antibody. We
speculated that this was due to the inhibition of PD-1
signal transduction on T cells, thereby stopping the PD-1
response to PD-L1. This further supports the claim that
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PD-L1 could play a pivotal role in A2780cis-induced T
lymphocyte apoptosis. However, more studies need to
be conducted to elucidate the molecular mechanisms
underlying cisplatin upregulation of PD-L1 expression
in ovarian cancer cells.

MicroRNAs are considered to be one of the major fac-
tors involved in the post-transcriptional regulation of genes.
Studies have shown that PD-L1 expression is directly
regulated by several microRNAs, such as miR-200 [14],
miR-143 [15], miR-138 [16], miR-142-5p [17] and miR-34
[18]. In our comparative study on the expression level of
miR-145, we confirmed that it was four times lower in
cisplatin-treated A2780cis cells than in untreated A2780cis
cells using real-time PCR analysis. Although miR-145 down-
regulation has been reported in several studies, including
colonic adenocarcinoma [32], lung adenocarcinoma [33],
breast cancer [34], prostate carcinomas [35], colorectal
cancer [36] and ovarian carcinoma [37], etc. and its tumor-
suppressive role via targeting many genes, including EGFR
[19], ILK [20], MUCI1 [21], SOX9 [22]and ICP4 [23], no
prior studies have shown the effect of miR-145 on PD-L1
expression in ovarian carcinoma. Hence, in this research,
we first report that cisplatin-mediated down-regulation of
miR-145 contributes to PD-L1 up-regulation in cisplatin-
resistant ovarian cancer cells. Over-expression of miR-145
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significantly reduces the cisplatin-induced up-regulation of
PD-L1 in vitro. This result is supported by the negative
correlation between miR-145 and PD-L1 expression in
human ovarian carcinoma tissues.

To further explore the molecular mechanism of
miRNA-145 suppressing PD-L1 expression, we carried
out a bioinformatics analysis on potential target genes
that could be directly regulated by miR-145 and a tran-
scription factor, c-Myc, was found to be one of its
potential target genes. As a member of the Myc family,
c-Myc controls stability and transcriptional activity of
target gene via binding DNA on heterodimerization with
Myc-associated factor X [38]. We confirmed the direct
regulatory effect of miR-145 on c-Myc using luciferase
reporter gene detection. Sachdeva et al. [39] also reported
that c-Myc was a direct target for miR-145 in both
HCT-116 and MCEF-7 cells, which strongly corroborates
our study results. As expected, when we knocked down
the c-Myc gene expression in A2780cis cells, we observed
an interruption in the negative regulation of miR-145
on PD-L1.

In this paper, we describe new findings on cisplatin
resistance of ovarian cancer. We report that cisplatin-
mediated down-regulation of miR-145 is responsible for
PD-L1 expression via c-Myc in ovarian cancer cells. Our
data suggest that miR-145 might serve as an adjuvant
therapeutic target for chemotherapy of ovarian cancer.
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