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Abstract

Background: Drug resistance is a major obstacle to treating cancers because it desensitizes cancer cells to
chemotherapy. Recently, attention has been focused on changes in the tumor immune landscape after the
acquisition of drug resistance. Programmed death-ligand-1 (PD-L1) is an immune suppressor that inhibits T cell-
based immunity. Evidence has shown that acquired chemoresistance is associated with increased PD-L1 expression
in cancer cells. However, the underlying mechanism is still largely unknown.

Methods: PD-L1 expression in three drug-resistant A549/CDDP, MCF7/ADR and HepG2/ADR cell lines was detected
by gRT-PCR, western blotting and flow cytometry, and a T cell proliferation assay was performed to test its
functional significance. Then, the potential roles of JNK/c-Jun, histone H3 acetylation, histone deacetylase 3 (HDAC3)
and the E3 ligase COP1 in the PD-L1 increase were explored through ChIP assays and gain- and loss-of-function
gene studies. Furthermore, murine xenograft tumor models were used to verify the role of JNK/c-Jun and HDAC3 in
PD-L1 expression in A549/CDDP cells in vivo. Finally, the correlations of PD-L1, c-Jun and HDAC3 expression in
clinical cisplatin-sensitive and cisplatin-resistant non-small cell lung cancer (NSCLC) tissues were analyzed by
immunohistochemistry and Pearson’s correlation coefficient.

Results: PD-L1 expression was significantly increased in A549/CDDP, MCF7/ADR and HepG2/ADR cells and was
attributed mainly to enhanced JNK/c-Jun signaling activation. Mechanistically, decreased COP1 increased c-Jun
accumulation, which subsequently inhibited HDAC3 expression and thereby enhanced histone H3 acetylation of
the PD-L1 promoter. Furthermore, PD-L1 expression could be inhibited by JNK/c-Jun inhibition or HDAC3
overexpression in vivo, which could largely reverse inhibited CD3™ T cell proliferation in vitro. PD-L1 expression was
significantly increased in the cisplatin-resistant clinical NSCLC samples and positively correlated with c-Jun
expression but negatively correlated with HDAC3 expression.
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immunity in drug-resistant cancers.

Conclusions: Enhanced histone H3 acetylation of the PD-L1 promoter via the COP1/c-Jun/HDAC3 axis was crucial
for the PD-L1 increase in drug-resistant cancer cells. Our study reveals a novel regulatory network for the PD-L1
increase in drug-resistant cancer cells and that combined PD-L1-targeting strategies could improve T cell-based
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Introduction

Cancer is currently the second leading cause of death
globally, with an estimated 18.1 million new cases and
9.6 million deaths in 2018 worldwide [1]. Chemotherapy
is one of the most adopted strategies to treat cancers.
However, despite a positive initial response, most patients
eventually suffer from recurrence due to drug resistance
[2]. Previously, drug resistance was mainly known as a
mechanism to prevent cancer cells from being effectively
eliminated by chemotherapeutic drugs. However, exten-
sive attention has recently been focused on changes in the
tumor immune landscape after the acquisition of drug
resistance, and the related findings can help to improve
the treatment of drug-resistant cancers from the aspect of
tumor immunity (3, 4].

Programmed death-ligand-1 (PD-L1) is one of the
most important immune checkpoint molecules and is
widely expressed on the surface of tumor cells [5]. PD-
L1 significantly inhibits the proliferation and function of
T cells through binding with programmed cell-death
protein 1 (PD-1) on T cells; thus, its aberrant expression
is closely associated with impaired tumor immunity and
poor prognosis in patients [5]. Recently, PD-L1/PD-1
axis blockade has been suggested as a potent strategy
against multiple malignancies, including non-small cell
lung cancer (NSCLC), hepatocellular carcinoma (HCC)
and breast cancer (BC) [6-9], and this highlights the
importance of PD-L1 in promoting tumor progression
through immunosuppression.

Recently, accumulating evidence has shown that ac-
quired resistance to chemotherapeutic drugs such as plat-
inum, epidermal growth factor receptor tyramine kinase
(EGFR-TK) inhibitors, and anaplastic lymphoma kinase
(ALK) inhibitors is associated with increased PD-L1 ex-
pression in cancer cells [10-12]. Acquired drug resistance
to ALK inhibitors or sorafenib induces PD-L1 expression
in cancer cells [12, 13], which suggests the causality be-
tween drug resistance and increased PD-L1. In addition,
other studies demonstrated that increased PD-L1 expres-
sion can mediate or maintain the drug resistance of cancer
cells [14-16]. These findings have revealed the com-
plexity of the relationship between acquired drug re-
sistance and increased PD-L1 in cancer cells. However,
the underlying mechanism of increased PD-L1 in drug-
resistant cancer cells remains largely unknown.

In this work, we investigated PD-L1 expression and
the underlying mechanisms in cisplatin (CDDP)-resist-
ant human non-small cell lung cancer cells (A549/
CDDP), doxorubicin (ADR)-resistant human breast
cancer cells (MCF7/ADR) and human hepatocellular
carcinoma cells (HepG2/ADR). We demonstrated that
PD-L1 expression was significantly increased in the
above drug-resistant cancer cells, and this change was
attributed mainly to enhanced JNK/c-Jun signaling activa-
tion. Mechanistically, a decrease in the E3 ligase constitu-
tive photomorphogenesis protein 1 (COP1) increased c-Jun
accumulation, which subsequently inhibited histone deace-
tylase 3 (HDAC3) expression and thus enhanced histone
H3 acetylation of the PD-L1 promoter. Furthermore, PD-
L1 expression could be inhibited by JNK/c-Jun inhibition
or HDAC3 overexpression in vivo, which could largely
reverse the inhibited CD3" T cell proliferation in vitro. In
clinical NSCLC samples, PD-L1 expression was significantly
increased in the cisplatin-resistant group, and PD-L1 ex-
pression was positively correlated with c-Jun expression but
negatively correlated with HDAC3 expression. In conclu-
sion, enhanced histone H3 acetylation of the PD-L1 pro-
moter via the COP1/c-Jun/HDAC3 axis was crucial for the
PD-L1 increase in drug-resistant cancer cells. Our study
reveals a novel regulatory network for the PD-L1 increase
in drug-resistant cancer cells and that combined PD-L1-
targeting strategies could improve T cell-based immunity
in drug-resistant cancers.

Materials and methods

Chemicals and reagents

Primary antibodies against PD-L1 (#13684), p-JNK (#9251),
JNK (#9252), p-c-Jun (#9261), c-Jun (#9165), HDAC3
(#3949), ubiquitin (#3933) were obtained from Cell Signaling
Technology (USA). PE conjugated primary antibody PD-L1
(#393608) and CD3 (#300308) were purchased from Biole-
gend (USA). Purified human PD-L1 antibody (#329747)
used for PD-L1 blocking was obtained from BioLegend
(USA). CD3"* T cells positive selection kits (#130—-050-101)
were purchased from Miltenyi Biotech (Germany), Purified
anti-CD3 (#566685, Clone: OKT3) and anti-CD28 anti-
bodies (#555728, Clone: CD28.2) were purchased from BD
Biosciences (USA). Carboxyfluorescein succinimidyl ester
(CFESE, #C34554), DAPI (#D21490) and lipofectamine 3000
(#L3000015) were purchased from Invitrogen (USA). INK
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inhibitor SP600125 (#S1460) and proteasome inhibitor
MG132 (#S2619) were purchased from Selleck Chemicals
(USA); JNKs agonist anisomycin (#HY-18982) was pur-
chased from Medchem Express (USA). PrimeScript® RT
reagent Kit (#DRR037A) and SYBR® Premix Ex TaqTM
(#DRR420A) were products of TaKaRa. E.ZN.A° HP
(Japan). Total RNA Kit (#R1034) was purchased from
Omega Bio-Tek (USA). Small interfering RNA (siRNA)
against human c-Jun, c-Fos, S6K (ribosomal protein S6 kin-
ase), Statl (signal transducers and activators of transcription
1), Stat3 (signal transducers and activators of transcription
3), IRF1 (interferon regulatory factor 1) and negative control
were purchased from RiboBio (China). The plasmid vector
(pEnter), Flag- and His- tagged c-Jun overexpression plas-
mid (pEnter-c-Jun, #CH836318) and COP1 overexpression
plasmid (pEnter-COP1, #CH884210) were purchased from
Vigene Biosciences (China). The lentiviral null vector (pRe-
ceiver-Lv233) and HDAC3 overexpression vector (pRecei-
ver-Lv233-HDAC3) were purchased from GeneCopoeia Inc.
(USA).

Cell lines and cell culture

Parental cancer cells (A549, MCF-7, HepG2) and their
drug-resistant counterparts (A549/CDDP, MCEF-7/ADR,
and HepG2/ADR) were kindly provided by the Cancer In-
stitute & Hospital, Chinese Academy of Medical Sciences
(Beijing, China). All cells were cultured in RPMI-1640 or
DMEM supplemented with 10% FBS, 100 U/mL penicillin,
and 100 g/mL streptomycin (Invitrogen, USA) in a hu-
midified atmosphere of 5% CO2 at 37 °C.

Patients and tumor tissues

To examine PD-L1 protein expression in NSCLC tissues
sensitive and resistant to cisplatin treatment, we retro-
spectively obtained 90 cases of NSCLC tissues from the
First Affiliated Hospital of Sun Yat-sen University during
2014 ~2017. NSCLC tissues were paraffin embedded
and sectioned for immunohistochemistry, and all tumor
tissues were pathologically diagnosed as NSCLC accord-
ing to the WHO classification criteria. All patients
received 1 to 3 courses of cisplatin treatment before
surgery. The clinical characteristics of the patients are
shown in Additional file 1: Table S1. According to the
Response Evaluation Criteria In Solid Tumors (RECIST),
45 tumor samples from patients with a 30% or more de-
crease in the entire tumor burden after cisplatin therapy
were considered to be sensitive to cisplatin, while another
45 tumor samples from patients with a 20% increase in
the entire tumor burden or appearance of new lesions
after cisplatin therapy were considered to be resistant to
cisplatin [10]. This study was approved by the Ethics
Committee of the First Affiliated Hospital of Sun Yat-sen
University, and all methods were carried out in accord-
ance with the approved guidelines. Written informed
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consent was signed and documented by all the patients
who participated in the study.

Cell transfection

For transfection, cells were seeded on a 6-well plate (2 x
10° cells/well) and cultured for 12 h. Then cells were trans-
fected with 2 pg plasmid or 100 pmol siRNA mixed with
lipofectamine 3000 reagent in the complete medium with
10% FBS according to the manufacturer’s instructions, and
then incubated for indicated time before harvest.

Quantitative real-time PCR

Quantitative real-time PCR was performed as previously
described [17]. The primer sequences used in each reac-
tion were listed as Additional file 1: Table S2.

Western blot analysis

Western blotting was performed as previously described
[18]. Notably, c-Jun and COP1 were detected in the
western blotting assays using anti-c-Jun and anti-COP1
antibodies, respectively, but not anti-His or anti-Flag
antibodies when the overexpression plasmids were used.

For nuclear and cytoplasmic protein detection, nuclear
and cytoplasmic proteins were extracted using a nu-
clear/cytosol fractionation kit (#0028, Beyotime, China)
according to the manufacturer’s instructions, and the
samples were then examined by western blotting.

To detect c-Jun ubiquitination, cells were treated with
or without MG132 (10 uM) for 8 h. Subsequently, the
cells were lysed and immunoprecipitated with a primary
antibody against c-Jun or rabbit control IgG, and equal
amounts of immunoprecipitates were then subjected to
immunoblot analysis using an anti-ubiquitin mAb to de-
tect ubiquitin.

Flow cytometry

To detect antigens on the cell membrane by flow cytometry,
cell suspensions were washed with PBS and then directly
incubated with indicated antibodies (such as anti-PD-L1
antibodies) or isotype controls for 1 h at 4 °C. Subsequently,
the cells were washed and resuspended with PBS, and
then fluorescence data were collected on a flow cytom-
etry machine (Millipore, USA). The data were analyzed
using FlowJo 7.6.1 software.

Immunofluorescence microscopy

To detect the localization and expression of p-c-Jun in
cancer cells, cells were seeded on 96-well plate (3 x 10
cells/well) overnight, and then were fixed with 4% parafor-
maldehyde for 20 min and permeated by 1% Triton-X100
for 15min. Subsequently, cells were blocked with 10%
normal goat serum for 30 min at 37 °C and incubated with
antibodies against p-c-Jun (1:100 dilution) at 4°C over-
night. After washing with PBS, slides were incubated with
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FITC conjugated secondary antibodies (1:1000 dilution)
and counter stained with DAPI (10 mg/ml). The expres-
sion of p-c-Jun was detected by High Throughput Screen-
ing equipment (ArrayScan VTI 600 plus, Thermo).

Chromatin immunoprecipitation

Chromatin immunoprecipitation assays were performed
according to the manufacturer’s instructions of the Acetyl-
Histone H3 Immunoprecipitation (ChIP) Assay Kit (#17-
245, Millipore, USA). Briefly, cells were crosslinked by 1%
formaldehyde incubation and then sonicated on ice to
shear the DNA to lengths between 200 and 1000 base
pairs. Soluble chromatin fragments of 200 to 1000 bp in
length were incubated with 5 pg of anti-acetyl-histone H3
antibodies at 4 °C overnight. Normal rabbit IgG was used
as a negative control for validating the ChIP assay. Isolated
DNA fragments were purified, and quantitative PCR was
performed using 2 pl of DNA in triplicate. ChIP primers
covering 1800 bp upstream of the human PD-L1 gene start
codon were designed by NCBI-Blast software. Amplicons
were between 60 and 150 base pairs, and the primers were
as follows: primer 1 (- 1178 bp to — 1117 bp), forward 5'-
GCT GGG CCC AAA CCC TAT T -3 and reverse 5'-
TTT GGC AGG AGC ATG GAG TT-3’; primer 2 (- 455
bp to - 356 bp), forward 5'-ATG GGT CTG CTG CTG
ACT TT-3" and reverse 5'-GGC GTC CCC CTT TCT
GAT AA-3’; primer 3 (- 105bp to - 32bp), forward 5'-
ACT GAA AGC TTC CGC CGA TT-3" and reverse 5'-
CCC AAG GCA GCA AAT CCA GT-3'. ChIP-qPCR
result was calculated using the AAct method. Briefly, each
ChIP fractions’ Ct value was normalized to the input DNA
fraction Ct value to account for chromatin sample prepar-
ation differences (Act normalized cnp)- Fold changes in H3
acetylation in the PD-L1 promoter of drug-resistant cancer
cells were calculated by 278ACt where AACt= ACt [drug--
resistant cancer cells: normalized ChIP] — ACt [drug-sensitive cancer cells:

normalized ChIP]-

Immunohistochemical examination
Immunohistochemical examination was performed as
previously described [ 17]. Immunohistochemical sec-
tions were observed and images were captured for 5
random fields by two pathologists without knowing the
patients’ clinical information under a light microscope
(Nikon, Japan) at a magnification x 20. The staining in-
tensity was assessed using a modified quickscore method
on a scale of 0-3 as negative (0), weak (1), medium (2)
or strong (3). The extent of the staining, defined as the
percentage of positive stained areas of cancer cells per
the whole tumor area, was scored on a scale of 0 (0%), 1
(1-25%), 2 (26-50%), 3 (51-75%) and 4 (76—-100%). An
overall protein expression score (overall score range, 0—
12) was calculated by multiplying the intensity and posi-
tivity scores according to our previous study [19].
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Establishment of A549/CDDP cells with stable HDAC3
overexpression

A549/CDDP cells were transfected with lentiviruses with
HDACS3 expression vectors (pReceiver-HDAC3) or their
control null vectors (pReceiver) at a multiplicity of infec-
tion of 100 transfecting units per cell in the presence of
5mg/ml polybrene. The transfected A549/CDDP cells
were selected with puromycin (1 pg/ml) for 10~14 days.
The surviving cells were then picked out and reseeded
into a 96-well plate for cell clone formation and expan-
sion. The expanded monoclonal cell populations (named
A549/CDDP"PA® and A549/CDDPPRe*™) were col-
lected and stored for further study.

Animal studies

Six-week-old female BALB/C nude mice were obtained
from the Animal Experimental Center of Southern Med-
ical University (Guangzhou, China). The procedures for
the handling and care of the mice were approved by the
Animal Experimentation Ethics Committee of Southern
Medical University. In total, 1 x 10" A549, A549/CDDP,
A549/CDDPPRr or A549/CDDP"PA? cells in Matri-
gel (BD Biosciences, USA) were injected into the right
flanks of nude mice to form xenograft tumors. When
the tumor volumes reached ~ 100 mm® mice bearing
A549/CDDP tumors were treated with SP600125 (15
mg/kg) in PPCES vehicle (30% PEG-400, 20% polypro-
pylene glycol, 15% Cremophor EL, 5% ethanol and 30%
saline) or PPCES vehicle alone every 4 days by intragas-
trical gavage for 2 weeks. At the end, the tumors were
collected and then digested to prepare a single cell sus-
pension for cell surface PD-L1 detection and CD3" T
cell proliferation assays.

CD3" T cell proliferation assay

A CD3" T cell proliferation assay was performed as previ-
ously described [20]. Briefly, CD3" T cells were isolated
from healthy donor PBMCs using positive selection kits
and labeled with CFSE. Then, 3 x 10> CFSE-labeled CD3"
T cells were cocultured with 1 x 10* cultured or tumor-
derived cancer cells in 96-well plates. Next, the cocultured
T cells were stimulated by the addition of anti-CD3 (3 pg/
ml) and anti-CD28 antibodies (3 pg/ml). After 3 days, the
cells were harvested and stained with a PE-conjugated
anti-CD3 antibody, and T cell proliferation was deter-
mined by measuring the CESE dilution using flow cytome-
try after gating on the CD3" cell populations.

Statistical analysis

Results were expressed as mean + standard deviation (SD)
of three independent experiments unless otherwise speci-
fied. Student’s t test and one-way ANOVA were per-
formed to compare the differences between groups. The
correlations of PD-L1, c-Jun and HDAC3 expression in
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tumor tissues were analyzed by Pearson’s correlation coef-
ficient. Statistical analyses were performed using Graph-
Pad Prism Software Version 5.0 (GraphPad Software Inc.,
CA, USA). All experiments were performed independently
in triplicate. P < 0.05 was considered as statistically signifi-
cant. P<0.05, P<0.01,  P<0.00L.

Results
PD-L1 expression is increased in drug-resistant A549/
CDDP, MCF7/ADR and HepG2/ADR cells and suppresses
CD3™ T cell proliferation in vitro
First, we confirmed that A549/CDDP cells were resistant
to cisplatin and that MCF7/ADR and HepG2/ADR cells
were resistant to doxorubicin compared with their paren-
tal cells, and these drug-resistant cancer cells had signifi-
cantly higher ICs, values (Additional file 1: Figure S1).
Next, we detected PD-L1 expression in the drug-
resistant cancer cells and their parental counterparts by
qRT-PCR and western blotting. PD-L1 expression was
significantly increased in drug-resistant cancer cells
compared with their parental counterparts (Fig. la and
b), and these findings were confirmed by flow cytometry
(Fig. 1c). These results demonstrated that PD-L1 expres-
sion was increased in drug-resistant A549/CDDP,
MCF7/ADR, and HepG2/ADR cells. To determine if the
PD-L1 increase was functionally important, we detected
the effect of increased PD-L1 on CD3" T cell prolifera-
tion. It was demonstrated that these drug-resistant can-
cer cells inhibited significantly more proliferation in
CD3" T cells than their parental cancer cells (Fig. 1d). In
addition, after PD-L1 blockade by specific antibodies,
the increased CD3" T cell proliferation inhibition by
drug-resistant cancer cells was largely reversed, while
CD3" T cell proliferation in the parental cells was only
slightly changed after PD-L1 blockade, which might be
due to low endogenous PD-L1 expression (Fig. 1d). The
above results collectively demonstrated that PD-L1 ex-
pression was increased in drug-resistant A549/CDDP,
MCEF7/ADR and HepG2/ADR cells, which suppressed
CD3" T cell proliferation in vitro.

c-Jun is crucial for the enhanced PD-L1 expression in drug-
resistant A549/CDDP, MCF7/ADR and HepG2/ADR cells
Previous studies have shown that transcription factors
such as c-Jun, c-Fos, STAT1/3, S6K and IRF are in-
volved in PD-L1 expression in cancer cells [21]. In our
study, it was demonstrated that c-Jun knockdown could
potently decrease PD-L1 expression in both A549/CDDP
and MCF7/ADR cells, suggesting that c-Jun might be a
potential shared regulator of PD-L1 expression in these
drug-resistant cancer cells (Additional file 1: Figure S2).
We subsequently determined the role of c-Jun in the ex-
pression of PD-L1 in cancer cells in our study. The results
confirmed that c-Jun knockdown markedly inhibited PD-
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L1 mRNA and protein expression in all drug-resistant
cancer cells (Fig. 2a-f), while c-Jun overexpression signifi-
cantly increased PD-L1 mRNA and protein expression in
all of the parental counterparts (Fig. 2g-1). These findings
collectively demonstrated that c-Jun was crucial for the in-
creased PD-L1 expression in drug-resistant A549/CDDP,
MCF7/ADR and HepG2/ADR cells.

JNK/c-Jun signaling activation is enhanced and mediates
the PD-L1 increase in drug-resistant A549/CDDP, MCF7/
ADR and HepG2/ADR cells

Given the importance of c-Jun and that c-Jun is activated
by JNK kinase via phosphorylation [22], we compared
JNK/c-Jun signaling activation between drug-resistant
cancer cells and their parental cancer cells in our study. It
was found that phosphorylated JNK and c-Jun protein
levels, as well as total c-Jun but not total JNK protein
levels, were markedly higher in drug-resistant cancer cells
than in their parental counterparts (Fig. 3a). As a tran-
scription factor, phosphorylated c-Jun begins to translo-
cate into the nucleus after phosphorylation and activation
by JNK. Thus, we detected the nuclear and cytoplasmic
distribution of phosphorylated c-Jun (p-c-Jun). The results
showed that both the nuclear and cytoplasmic levels of p-
c-Jun were significantly higher in drug-resistant cancer
cells, while p-c-Jun was located mostly in the nuclei of the
cancer cells (Fig. 3b). In addition, our immunofluores-
cence images and analyses further confirmed more
nuclear p-c-Jun protein accumulation in the drug-
resistant cancer cells (Fig. 3c and d). The above results
demonstrated that JNK/c-Jun signaling activation was
greater in drug-resistant cells in our study. Next, the JNK
agonist anisomycin and the JNK inhibitor SP600125 were
used to confirm the role of JNK/c-Jun signaling regulation
in PD-L1 expression in cancer cells in our study. It was
demonstrated that JNK/c-Jun signaling activation by ani-
somycin could significantly increase PD-L1 expression in
the parental cancer cells, while JNK/c-Jun signaling inhib-
ition by SP600125 could markedly decrease PD-L1 expres-
sion in the drug-resistant cancer cells (Fig. 3e and f),
which confirmed the crucial role of JNK/c-Jun signaling.
The above results collectively demonstrated that JNK/c-
Jun signaling activation was enhanced and mediated the
PD-L1 increase in drug-resistant A549/CDDP, MCEF7/
ADR and HepG2/ADR cells.

Histone H3 acetylation of the PD-L1 promoter is
increased and mediated by the c-Jun/HDAC3 axis in drug-
resistant A549/CDDP, MCF7/ADR and HepG2/ADR cells
Epigenetic modifications, such as DNA methylation and
histone acetylation, are frequently involved in regulating
PD-L1 expression in cancer cells [23-25]. First, a total
of 18 CpG islands in the PD-L1 promoter region were
sequenced, and the DNA methylation of the PD-L1
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Fig. 1 PD-L1 is functionally increased in drug-resistant A549/CDDP, MCF7/ADR and HepG2/ADR cells. PD-L1 expression in drug-resistant A549/
CDDP, MCF7/ADR and HepG2/ADR cells and their parental cancer cells were detected by gRT-PCR (a), western blotting (b) and flow cytometry
analysis (c, left). The average mean fluorescence intensity (MFI) of PD-L1 expression in these cells detected by flow cytometry was calculated and
compared (¢, right). All of the above experiments were performed independently in triplicate (S: drug-sensitive; CDDP: cisplatin-resistant; ADR:
doxorubicin-resistant). d CD3* T cells isolated from PBMCs were prelabeled with CFSE and cocultured with drug-resistant cancer cells or their
parental cells with or without anti-PD-L1 antibodies (aPD-L1). After stimulation with anti-CD3/CD28 antibodies for 72 h, cell proliferation was
measured using flow cytometry. P <005, “P<001, P <0001

promoter region was barely changed in the drug-resistant
cancer cells in our study (Additional file 1: Figure S3).
Next, we compared the histone acetylation of the PD-L1
promoter region between the drug-resistant cancer cells
and their parental counterparts by chromatin immunopre-
cipitation assays. The levels of histone H3 acetylation in
the PD-L1 promoter region (— 1178 bp to — 1117 bp, — 455
bp to - 356 bp, and — 105 bp to — 32 bp from PD-L1 exon

1) of these drug-resistant cancer cells were significantly in-
creased (Fig. 4a).

Histone acetylation is tightly regulated by HDACs in can-
cer cells [26]. In addition, HDACs have been reported to
regulate PD-L1 transcription [27]. Thus, HDAC inhibitors
were used to determine whether HDACs were involved in
the PD-L1 increase in drug-resistant cancer cells. It was
shown that only the pan-HDAC inhibitor SAHA and the
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Fig. 2 c-Jun is crucial for the enhanced PD-L1 expression in drug-resistant A549/CDDP, MCF7/ADR and HepG2/ADR cells. Drug-resistant A549/
CDDP (a and b), MCF7/ADR (c and d) and HepG2/ADR (e and f) cells were transfected with c-Jun-targeting siRNAs for 24 h (for gRT-PCR) or 48 h
(for western blotting), and PD-L1 expression was detected by qRT-PCR or western blotting. Parental A549 (g and h), MCF7 (i and j) and HepG2 (k
and I) cells were transfected with c-Jun expression plasmids for 24 h (for gRT-PCR) or 48 h (for western blotting), and PD-L1 expression was
detected by qRT-PCR or western blotting. All experiments were performed independently in triplicate. P <0.05, P <001, P <0001

HDACS3-specific inhibitor RGFP966 markedly increased
PD-L1 expression in all the parental cancer cells in our
study (Additional file 1: Figure S4), suggesting the important
role of HDAC3. Next, HDAC3 expression was compared in
the drug-resistant cancer cells and parental cells. The drug-
resistant cancer cells expressed lower HDAC3 levels than
their parental counterparts (Fig. 4b). Furthermore, HDAC3
overexpression significantly decreased histone H3 acetyl-
ation of the PD-L1 promoter region and PD-L1 expression
in the drug-resistant cancer cells (Fig. 4c and d).

Given the pivotal role of c-Jun in PD-L1 expression, we
next studied whether c-Jun regulated HDAC3 expression. It
was demonstrated that c-Jun knockdown by siRNAs in-
creased HDAC3 expression in drug-resistant cancer cells in
our study (Fig. 4e). We further detected that c-Jun knock-
down markedly decreased the histone H3 acetylation levels
in the PD-L1 promoter region of these drug-resistant cells,
while c-Jun overexpression significantly increased histone
H3 acetylation in the PD-L1 promoter region of the parental

counterparts (Fig. 4f and g). The above results collectively
demonstrated that histone H3 acetylation of the PD-L1 pro-
moter region was increased and mediated by the c-Jun/
HDAC3 axis in drug-resistant A549/CDDP, MCF7/ADR
and HepG2/ADR cells.

Decreased levels of the E3 ligase COP1 promote c-Jun
protein accumulation in drug-resistant A549/CDDP,
MCF7/ADR and HepG2/ADR cells

Notably, we observed that total c-Jun protein levels were in-
creased in the drug-resistant cancer cells in our study
(Fig. 3a). In addition, c-Jun abundance can be increased by
its enhanced protein stability via inhibiting ubiquitin/prote-
asome-dependent degradation [28]. Thus, we compared the
stability and ubiquitination of the c-Jun protein in drug-
resistant cancer cells and their parental counterparts to de-
termine the mechanism of c-Jun increase. After blockade of
c-Jun protein synthesis by cycloheximide (CHX), c-Jun was
degraded more slowly in the drug-resistant cancer cells than
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in the parental counterparts (Fig. 5a). This suggested a lon-
ger half-life period for c-Jun in these drug-resistant cancer
cells. Furthermore, it was demonstrated that c-Jun
levels were markedly increased after treatment with
the proteasome inhibitor MG132 (Fig. 5b), which sug-
gested that c-Jun degradation was ubiquitin/proteasome-
dependent. Subsequently, MG132 treatment markedly
increased ubiquitin-labeled c-Jun protein levels, and more
importantly, c-Jun was less ubiquitinated in the drug-
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resistant cancer cells (Fig. 5¢). These results demon-
strated that c-Jun was less ubiquitinated and more
stable in drug-resistant A549/CDDP, MCF7/ADR and
HepG2/ADR cells.

E3 ligases catalyze the ubiquitination of proteins. Thus,
we wondered if the reported E3 ligases, including COP1,
cullin 4 (CUL4), F-box and WD repeat domain containing
7 (FBW?7), itchy E3 ubiquitin protein ligase (ITCH),
mitogen-activated protein kinase kinase kinase 1 (MEKK1),
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Fig. 5 Decreased levels of the E3 ligase COP1 increase c-Jun in drug-resistant A549/CDDP, MCF7/ADR and HepG2/ADR cells. a Parental cancer
cells and drug-resistant cancer cells were treated with 20 ug/ml cycloheximide (CHX) for the indicated times (0~32 h), and c-Jun expression was
detected by western blotting. b Parental cancer cells and drug-resistant cancer cells were treated with 10 uM MG132 or solvent DMSO for 8 h,
and cellular c-Jun expression was then detected by western blotting. ¢ Cells were treated with 10 uM MG132 for 8 h; then, the cells were lysed
and immunoprecipitated with c-Jun antibodies or IgG control. Next, the immunoprecipitates were subjected to immunoblot analysis to detect
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and sensitive to apoptosis gene (SAG), were involved in the
ubiquitination of c-Jun [28-34]. Herein, we detected that
only COP1 expression was significantly decreased in all
drug-resistant cancer cells in our study (Additional file 1:
Figure S5, Fig. 5d and e), which suggested the potential role
of COP1 in regulating c-Jun abundance via ubiquitination
in all drug-resistant cancer cells. Furthermore, COP1 over-
expression markedly decreased c-Jun expression in drug-
resistant cancer cells (Fig. 5f). The above results collectively
demonstrated that decreased COP1 promoted c-Jun pro-
tein stability and accumulation in drug-resistant A549/
CDDP, MCF7/ADR and HepG2/ADR cells.
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JNK/c-Jun inhibition and HDAC3 overexpression decrease
PD-L1 expression in A549/CDDP cells in vivo

According to the above findings, we next determined
whether JNK/c-Jun and HDAC3 were involved in PD-L1
expression in drug-resistant cancer cells (A549/CDDP
cells) in vivo using murine xenograft tumor models. It
was confirmed that PD-L1 expression was markedly
increased in tumor-isolated A549/CDDP cells compared
with tumor-isolated A549 cells (Fig. 6a), and this in-
crease could be largely inhibited by oral treatment with
SP6000125 (Fig. 6¢). Functionally, we detected increased
PD-L1 expression in tumor-isolated A549/CDDP cells,

Fig. 6 JNK/c-Jun inhibition and HDAC3 overexpression decrease PD-L1 expression in A549/CDDP cells in vivo. A549 and A549/CDDP and A549/
CDDPPReceer and A549/CDDPPA2 cells were injected into the right flanks of nude mice to form xenograft tumors. When the tumor volumes
reached ~ 100 mm?, A549/CDDP tumor-bearing mice were treated with PPCES vehicle or SP600125 (15 mg/kg) by intragastrical gavage every 4
days for 2 weeks. The tumors were then collected and digested into single cell suspensions for PD-L1 detection by flow cytometry (a and ¢), and
T cell proliferation assays were performed (b and d). When the volumes of A549/CDDPP"e*®Ve" and A549/CDDP"PA< tumors reached ~ 1000
mm?, the tumors were collected and digested into single cell suspensions for PD-L1 detection by flow cytometry (e), and T cell proliferation
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which inhibited CD3" T cell proliferation (Fig. 6b), and
this effect was largely abolished in A549/CDDP cells
isolated from tumors treated with SP6000125 (Fig. 6d).
In addition, we found that PD-L1 expression was de-
creased in stable tumor-isolated A549/CDDP"PAS? cells
with high HDAC3 expression compared with tumor-
isolated control cells (A549/CDDPPRe™" cells) (Fig. 6e).
Furthermore, this PD-L1 decrease promoted CD3" T cell
proliferation in vitro (Fig. 6f). The above results collect-
ively demonstrated that JNK/c-Jun and HDAC3 were
involved in PD-L1 expression in drug-resistant cancer
cells (A549/CDDP cells) in vivo.

PD-L1 is positively correlated with c-Jun but negatively
correlated with HDAC3 expression in cisplatin-resistant
NSCLC tissues

To provide clinical evidence for our above findings, we
further analyzed PD-L1, c-Jun and HDAC3 expression
in clinical NSCLC tissues sensitive to cisplatin (n =45)
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and resistant to cisplatin (n = 45). PD-L1 and c-Jun levels
were significantly increased, while HDAC3 levels were
significantly decreased in the cisplatin-resistant NSCLC
tissues compared with the cisplatin-sensitive tumor tissues
(Fig. 7a and b). Moreover, we found that PD-L1 was posi-
tively correlated with c-Jun expression but negatively cor-
related with HDAC3 expression, and c-Jun was negatively
correlated with HDAC3 expression in cisplatin-resistant
NSCLC tissues (Fig. 7c).

Discussion

As an important immunosuppressor, PD-L1 suppresses
the tumor immune response and is associated with poor
tumor prognosis [5, 23]. Accumulating studies have
demonstrated that acquired resistance to chemothera-
peutic agents such as platinum, EGFR-TK inhibitors,
and ALK inhibitors is associated with increased PD-L1
in cancer cells [10-12, 35, 36]. In accordance with the
above observations, we demonstrated that PD-L1
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Fig. 7 PD-L1 is positively correlated with c-Jun but negatively correlated with HDAC3 expression in cisplatin-resistant NSCLC tissues. The
expression of PD-L1, c-Jun and HDAC3 in cisplatin-resistant and cisplatin-sensitive NSCLC tissues was detected by immunohistochemistry.
Representative images are shown (a) (magnification: 20x). The average scores for PD-L1, c-Jun and HDAC3 expression were analyzed by modified
quickscore assessment (b). ¢ The correlations among PD-L1, c-Jun and HDAC3 expression in cisplatin-resistant NSCLC tumor tissues were analyzed
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expression was increased in all three drug-resistant A549/
CDDP, MCF7/ADR and HepG2/ADR cells. Clinically, we
observed that PD-L1 expression was markedly higher in
cisplatin-resistant NSCLC tissues than in cisplatin-sensitive
NSCLC tissues. These results confirm the universality of
the observation that PD-L1 is increased in drug-resistant
cancer cells. Subsequently, we confirmed that increased
PD-L1 in the above drug-resistant cancer cells was func-
tionally important to suppress CD3" T cell proliferation,
which supports the use of immunotherapy targeting the
PD-L1/PD-1 axis to treat drug-resistant cancer cells.

PD-L1 expression in parental cancer cells has been stud-
ied extensively [23], while the underlying mechanism of
PD-L1 expression in chemoresistant cancer cells remains
largely unknown [10, 36]. PD-L1 expression in cancer cells
is frequently regulated by a variety of transcription factors,
including c-Jun, S6K, STATs and IRF [21]. In this study,
we demonstrated that c-Jun plays a crucial role in PD-L1
expression in drug-resistant cancer cells because c-Jun
protein knockdown decreased PD-L1 expression in drug-
resistant cancer cells, while ectopic c-Jun expression pro-
moted PD-L1 expression in the parental counterparts.
Similarly, c-Jun was shown to mediate PD-L1 upregulation
in BRAF inhibitor-resistant melanoma cells [15]. Cytokines
and growth factors induce JNK phosphorylation and acti-
vation, through which c-Jun is subsequently phosphory-
lated and activated [37, 38]. Next, activated c-Jun is
translocated into the nucleus to exert its transcriptional
activity [38]. Herein, we demonstrated that JNK/c-Jun
signaling activation and nuclear translocation are increased
in drug-resistant cancer cells. We subsequently demon-
strated that JNK/c-Jun signaling activation markedly in-
creased PD-L1 expression in parental cancer cells, while
JNK/c-Jun signaling inhibition dramatically decreased PD-
L1 expression in their drug-resistant counterparts. In
addition, PD-L1 expression was decreased by JNK/c-Jun
signaling inhibition in drug-resistant A549/CDDP cells
in vivo, and this could largely reverse the inhibited CD3" T
cell proliferation in vitro. These results indicate that JNK/
c-Jun signaling is pivotal for PD-L1 expression in drug-
resistant cancer cells in vitro and in vivo and could be con-
sidered a potential target to improve anticancer immunity
in drug-resistant tumors.

Accumulating evidence demonstrates that epigenetic
modifications such as DNA methylation and histone
acetylation are frequently involved in PD-L1 expression
in cancer cells [23, 25]. Methylation of CpG islands over
the PD-L1 promoter region negatively regulates PD-L1
transcription [39]. However, our results suggested that
promoter DNA methylation was not involved in PD-L1
upregulation in drug-resistant cancer cells in our study.
Histone acetylation leads to a more relaxed chromatin
structure. Generally, a higher histone acetylation level in
the promoter region promotes gene transcription [40].
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The HDAC inhibitor LBH589 could rapidly promote
PD-L1 expression by increasing histone acetylation of
the PD-L1 promoter region in human and mouse melan-
oma cells [24], which reveals the involvement of histone
acetylation modifications in PD-L1 expression. In this
study, we demonstrated that histone H3 acetylation of
the PD-L1 promoter region was markedly increased in
drug-resistant cancer cells. This finding indicates that
enhanced histone H3 acetylation of the PD-L1 promoter
was involved in PD-L1 expression in drug-resistant can-
cer cells in our study. Histone H3 acetylation is tightly
regulated by HDACs [40]. Among the HDACs, HDAC3
was identified to suppress PD-L1 expression in cancer
cells through histone acetylation modifications [27]. In
this study, HDAC3 expression was markedly decreased
in drug-resistant cancer cells. Furthermore, aberrant
HDACS3 expression reversed the increased histone H3
acetylation of the PD-L1 promoter and decreased PD-L1
expression in drug-resistant cancer cells. These results
indicate that HDAC3 maintains PD-L1 expression by de-
creasing histone H3 acetylation of the PD-L1 promoter.
In addition, PD-L1 expression in drug-resistant A549/
CDDP cells was inhibited by HDAC3 overexpression
in vivo, which greatly promoted CD3" T cell prolifera-
tion in vitro. These results indicate that HDAC3 inhibits
PD-L1 expression in drug-resistant cancer cells in vivo
and suggest that HDAC3 activation may be a potential
therapeutic approach to reverse the inhibition of T cell-
based immunity in drug-resistant tumors.

HDACS3 regulates the acetylation and transcription of
c-Jun in cancer cells [41, 42]. However, the role of c-Jun
in regulating HDAC3 has rarely been described. In our
study, c-Jun knockdown upregulated HDAC3 expression
in drug-resistant cancer cells, which indicates the role of
negative c-Jun regulation in HDAC3 expression. Further-
more, c-Jun knockdown reversed the increased histone
H3 acetylation of the PD-L1 promoter in drug-resistant
cancer cells, while c-Jun overexpression increased histone
H3 acetylation of the PD-L1 promoter in the parental
cells. These results indicate that the c-Jun/HDAC3 axis
regulates PD-L1 expression via histone H3 acetylation of
the PD-L1 promoter in drug-resistant cancer cells in our
study.

c-Jun protein abundance is tightly controlled through
a ubiquitin/proteasome-dependent degradation mechan-
ism [43]. Increased protein ubiquitination promotes deg-
radation while decreasing stability and thus shortening
the half-life, and vice versa. Herein, we confirmed that c-
Jun degradation was ubiquitin/proteasome dependent.
Furthermore, the half-life of c-Jun was increased, while
c-Jun ubiquitination was markedly decreased, which
demonstrated increased c-Jun protein stability in drug-
resistant cancer cells. These results indicate that c-Jun
protein abundance is increased because of the increased
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protein stability of c-Jun in the drug-resistant cancer
cells. E3 ligases catalyze the linkage of ubiquitin to pro-
teins, and COP1, CUL4, FBW7, ITCH, MEKK1 and
SAG are involved in c-Jun ubiquitination. In our study,
we identified that COP1 was the main E3 ligase respon-
sible for c-Jun ubiquitination in drug-resistant cancer
cells.

To provide clinical evidence for our above findings, we
analyzed PD-L1, c-Jun and HDACS3 expression in NSCLC
tissues sensitive to cisplatin and resistant to cisplatin. PD-
L1 and c-Jun levels were significantly increased, while
HDACS3 levels were significantly decreased in cisplatin-
resistant NSCLC tissues. Moreover, PD-L1 was positively
correlated with c-Jun expression but negatively correlated
with HDAC3 expression, and c-Jun was negatively corre-
lated with HDACS3 expression in cisplatin-sensitive NSCLC
tissues. These results suggest that our findings from cell
studies in vitro and in vivo are clinically significant.

In conclusion, we demonstrated that PD-L1 was signifi-
cantly increased in A549/CDDP, MCF7/ADR and HepG2/
ADR cells, and this increase was attributed mainly to
enhanced JNK/c-Jun signaling activation. Mechanistically,
decreased levels of the E3 ligase COP1 increased c-Jun
accumulation, which subsequently inhibited HDAC3 ex-
pression and thus increased histone H3 acetylation of the
PD-L1 promoter. Furthermore, PD-L1 expression could be
inhibited by JNK/c-Jun inhibition or HDAC3 overexpres-
sion in vivo, which could largely reverse the inhibited
CD3" T cell proliferation in vitro. In clinical NSCLC
samples, PD-L1 expression was significantly increased

in the cisplatin-resistant group, and PD-L1 expression was
positively correlated with c-Jun expression but negatively
correlated with HDAC3 expression (Fig. 8). In conclusion,
enhanced histone H3 acetylation of the PD-L1 promoter
via the COP1/c-Jun/HDACS3 axis was crucial for the PD-
L1 increase in drug-resistant cancer cells. Our study re-
veals a novel regulatory network for the PD-L1 increase in
drug-resistant cancer cells and indicates that combined
PD-L1-targeting strategies could be used to improve T
cell-based immunity in drug-resistant cancers.
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gene; SAHA: Suberoylanilide hydroxamic acid; Stat1: Signal transducers and
activators of transcription 1; Stat3: Signal transducers and activators of
transcription 3
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