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Pancreatic ductal adenocarcinoma (PDAC) is the second leading cause of cancer-related deaths world-
wide. Despite immune checkpoints based immunotherapy highlights a new therapeutic strategy and
achieves a remarkable therapeutic effect in various types of malignant tumors. Pancreatic cancer is one of
the non-immunogenic cancers and is resistant to immunotherapy. Programmed death ligand 1 (PD-L1) is
expressed on the surface of tumor cells and its level is a key determinant of the checkpoint immuno-
therapy efficacy. Here, we reported that the specific inhibitor of histone deacetylase 3 (HDAC3) decreased
the protein and mRNA level of PD-L1 in pancreatic cancer cells. Furthermore, we showed that HDAC3 was
critical for PD-L1 regulation and positively correlated with PD-L1 in PDAC patient specimens. Finally, we
demonstrated that HDAC3/signal transducer and activator of transcription 3 (STAT3) pathway tran-
scriptionally regulated PD-L1 expression. Collectively, our data contributes to a better understanding of
the function of HDAC3 in cancer immunity and the regulatory mechanism of PD-L1. More importantly,
these data suggest that the HDAC3 inhibitors might be used to improve immunotherapy in pancreatic
cancer.

© 2019 IAP and EPC. Published by Elsevier B.V. All rights reserved.

Introduction

malignancies [5]. However, the monotherapy of immune check-
points blockade has so far been disappointing in PDAC [6—38].

Pancreatic ductal adenocarcinoma (PDAC) is the second leading
cause of cancer-related deaths worldwide [1,2]. Resistance to con-
ventional therapies, such as traditional chemotherapy, targeted
therapy and radiotherapy; are responsible for the poor prognosis of
PDAC, with a 5-year survival rate less than 5% [3]. Herein, innova-
tive therapeutic options are urgently needed for prolonging the
disease free survival and overall survival rate of PDAC.

Immunotherapy highlights a new therapeutic strategy beyond
surgery, chemotherapy, and radiation treatment for cancer [4].
Despite immune checkpoints based immunotherapy, including
cytotoxic T lymphocyte-associatedantigen-4 (CTLA-4) and pro-
grammed death 1 (PD-1)/programmed death ligand 1 (PD-L1),
makes great progress in the treatment of many types of
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It has been well documented that the CTLA-4 and PD-1 are
located in the T cell surface, but the PD-L1 is expressed in tumor
cells. PD-L1 expression is associated with poor prognosis in PDAC
[9]. The mechanism underlying pancreatic cancer resistance to
anti-PD-1/PD-L1 immunotherapy is still poorly understood, but it
has been suggested that the expression level of PD-L1 in tumor cells
is a key determinant of checkpoint immunotherapy efficacy [10].

In this study, we sought to explore the novel regulatory mech-
anism of PD-L1 and search for the small molecular inhibitors that
suppress the expression of PD-L1 in pancreatic cancer cells. We
found that the specific inhibitor of HDAC3 decreased the protein
and mRNA level of PD-L1 in a dose- and time-dependent manner.
Moreover, we showed that HDAC3 was critical for PD-L1 regulation
and positively correlated with PD-L1 in PDAC patient specimens.
Finally, we demonstrated that HDAC3 modulated PD-L1 expression
through STAT3 signaling pathway. Taken together, our data
contribute to a better understanding of the regulatory mechanism
of PD-L1 and suggest that the HDAC3 inhibitors might be used to
overcome the resistance of immunotherapy in pancreatic cancer.
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Material and methods
Cell lines, cell transfection and chemicals

The pancreatic cancer cell lines (MIA PaCa-2 and BxPC-3) were
purchased from the Chinese Academy of Science Cell Bank and
cultured in Dulbecco's Modified Eagle Medium (DMEM) medium
(Invitrogen, USA) containing 10% fetal bovine serum (HyClone,
USA). All cell lines were routinely maintained in an incubator at
37 °Cwith 5% CO,. Transfections were preformed by using the lipid-
based method (Lipofectamine 2000, Thermo Fisher Scientific, USA)
following the manufacturer's instructions. RGFP966 was purchased
from MedChem Express (Shanghai, China).

Western blot

Cells were harvested and lysed with lysis buffer (Beyotime,
China) containing 1% protease and phosphatase inhibitors as
described previously [11]. The protein concentration was deter-
mined with a protein assay kit (Pierce Biotechnology, USA). Equal
amounts of protein for each sample were separated using SDS-
PAGE gels and transferred onto PVDF membranes (Pierce Biotech-
nology, USA). The membranes were blocked in 5% non-fat milk for
1h at room temperature and then incubated with a primary anti-
body overnight at 4°C. The membranes were then washed with
1xTBST and incubated with a secondary antibody for 1 h. Finally,
the membranes were treated with ECL detection reagents and
exposed to X-ray film. The following primary antibodies were used:
PD-L1 (Cell Signaling Technology, 13684, USA, dilution 1: 1000),
STAT3 (Cell signaling Technology, 9139, USA, dilution 1:1000), p-
STAT3 T705 (Cell signaling Technology, 9131, USA, dilution 1:1000),
HDAC3 (Cell signaling Technology, 85057, USA, dilution 1:1000),
and B-Tubulin (Abcam, ab179513, USA, dilution 1:5000).
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Real-time RT-PCR

Total RNA was extracted from cells using Trizol reagent (Thermo
Fisher Scientific). First-strand cDNA was synthesized from 2 pg of
RNA using a cDNA reverse transcription kit, and the real-time PCR
analysis was performed with a PCR kit according to the manufac-
turer's protocols. The two kits were purchased from Takara Bio Inc.
(Shigo, Japan). All signals were normalized against B-Actin, and the
2-/\Ct method was used to quantify the fold change [12]. The
following primers were used: PD-L1, forward 5 - TATGGTGGT
GCCGACTACAA -3’ and reverse 5’ - TGCTTGTCCAGATGACTTCG -3’;
and g-actin, forward 5'-CCCTGGCTCCTAGCACCAT -3’ and reverse 5'-
AGAGCCACCAATCCACACAGA-3'.

RNA interference

Lentivirus-based control and gene-specific sShRNAs were pur-
chased from Sigma-Aldrich. Lipofectamine 2000 was used to
transfect 293T cells with shRNA plasmids and viral packaging plas-
mids (pVSV-G and pEXQV). Then, 24 h post-transfection, the me-
dium was replaced with DMEM containing 10% FBS. The virus
culture medium was collected 48 h post-transfection and added to
cells. The cells were harvested 48 h after the virus infection and
puromycin selection [13]. The following shRNA sequences were
used: shHDAC3-""1,CCGGCCTTCCACAAATACGGAAATTCTCGAGAATT
TCCGTATTTGTGGAAGGTTTTT; shHDAC3-2,CCGGCAAGAGTCTTAATG
CCTTCAACTCGAGTTGAAGGCATTAAGACTCTTGTTTTTTIG; shHDAC6-
1,CCGGCCTCACTGATCAGGCCATATTCTCGAGAATATGGCCTGATCAGTG
AGGTTTTIT; shHDAC6-2, CCGGCGGTAATGGAACTCAGCACATCTCGA
GATGTGCTGAGTTCCATTACCGTTTTT; shSTAT3-1,CCGGGCAAAGAATC
ACATGCCACTTCTCGAGAAGTGGCATGTGATTCTTTGCTTTTT; shSTAT3-
2,CCGGGCTGACCAACAATCCCAAGAACTCGAGTTCTTGGGATTGTTGGT
CAGCTTTTT.
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Fig.1. RGFP966 decreases PD-L1 expression in a time- and dose-dependent manner in pancreatic cancer cells. (A and B) MIA PaCa-2 and BxPC-3 cells were treated with DMSO, 1 uM
or 5uM RGFP966.24 h after treatment, cells were harvested for western blotting analysis (A) and RT-qPCR analysis (B). For panel A, PD-L1 proteins were quantified by Image]
software and normalized to the quantified value of B-Tubulin. For panel B, data are mean =+ S.D. from experiments with three replicates. ***, p < 0.001. (C and D) MIA PaCa-2 and
BXPC-3 cells were treated with or without RGFP966 (3 uM), and at different time points, cells were harvested for Western blots (C) and RT-qPCR analysis (D). For panel C, PD-L1

proteins were quantified by Image] software and normalized to the quantified value of f-Tubulin. For panel B, data are mean + S.D. from experiments with three replicates.

p<0.001.
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Chromatin immunoprecipitation (ChIP) and ChIP-qPCR

ChIP was performed following the manufacturer's instructions
for the Chromatin Extraction Kit (Abcam, ab117152, USA) and ChIP
Kit Magnetic - One Step (Abcam, ab156907, USA) [14]. STAT3 (Cell
signaling Technology, 9139, USA, dilution 1:100) was used for the
ChIP assay. The purified DNA was analyzed by real-time PCR with a
PCR kit (Takara Bio Inc., Japan) according to the manufacturer's
protocols [15]. The following primers were used: PD-L1 ChIP
primer, forward 5’ - CAAGGTGCGTTCAGATGTTG -3’ and reverse 5’ -
GGCGTTGGACTTTCCTGA -3".

Tissue microarray and immunohistochemistry (IHC)

The tissue microarray slides were purchased from Outdo Biobank
(Shanghai, China) (lot no. XT14-029). The tissue microarray speci-
mens were immunostained with PD-L1 (Cell Signaling Technology,
13684, USA, dilution 1: 1000) and HDAC3 antibodies (Cell signaling
Technology, 85057, USA, dilution 1:1000) as described previously.
Staining intensity was scored in a blinded fashion: 1 = weak staining
at 100 x magnification but little or no staining at 40 x magnifica-
tion; 2 = medium staining at 40 x magnification; 3 = strong stain-
ing at 40 x magnification [16]. The degree of immunostaining was
reviewed and scored by two independent pathologists who were
blinded to the clinical details. The scores were determined by the
percentage of positive cells multiplied by the staining intensity.
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Correlation analysis using GEPIA web tool

The online database, Gene Expression Profiling Interactive
Analysis (GEPIA, http://gepia.cancerpku.cn/index.html) [17], was
used to analyze the RNA sequencing expression data related to our
project based on The Cancer Genome Atlas (TCGA) and the
Genotype-Tissue Expression (GTEx) projects. GEPIA performs sur-
vival analyses based on gene expression levels and uses a log-rank
test for hypothesis evaluation. GEPIA performs a pairwise gene
correlation analysis for any given sets of TCGA and/or GTEx
expression data using Pearson correlation statistics.

Statistical analysis

Statistical analyses were performed with the two-sided paired
Student's t-test for single comparisons and one-way ANOVA or a post
hoc test for multiple comparisons. p values < 0.05 were considered
statistically significant. All values represent the means + SD.

Results

RGFP966 decreases PD-L1 expression in a time- and dose-dependent
manner in pancreatic cancer cells

Since inhibiting the expression of PD-L1 is important to regulate
the anti-tumor immunity in cancer related immunotherapy [18],
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Fig. 2. HDAC3 regulates PD-L1 expression at the transcriptional level in pancreatic cancer cells. (A and B) MIA PaCa-2 and BxXPC-3 cells were stably infected with control or two
independent HDAC3-specific sShRNAs for 3 days and harvested for Western blots (A) and RT-qPCR analysis (B). For panel A, PD-L1 proteins were quantified by Image] software and

normalized to the quantified value of B-Tubulin. For panel B, data are mean + S.D. from experiments with three replicates.

*,p <0.05; **, p < 0.01; *** p < 0.001. (C and D) MIA PaCa-

2 and BxPC-3 were transfected pcDNA3.1, 1 pug or 3 ug Flag-HDAC3 for 48 h and cells were harvested for Western blots (C) and RT-qPCR analysis (D). For panel C, PD-L1 proteins were

quantified by Image] software and normalized to the quantified value of f-Tubulin. For panel D, data are mean =+ S.D. from experiments with three replicates.

*** p<0.001.

* p<0.05; ", p<0.01;
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identifying the novel small molecular inhibitors suppressing the
PD-L1 expression gives a promising therapeutic strategy in
pancreatic cancer. Interestingly, we found that the specific inhibitor
of HDAC3, which is RGFP966 [19], significantly decreased the pro-
tein level of PD-L1 in MIA PaCa-2 and BxPC-3 pancreatic cancer
cells in a dose-dependent manner (Fig. 1A). Then, we further
showed that RGFP966 down-regulated the PD-L1 expression at the
transcriptional level in both pancreatic cancer cells (Fig. 1B).
Furthermore, we also found that RGFP966 undermined the
expression of PD-L1 in a time-dependent manner in both MIA
PaCa-2 and BxPC-3 cells (Fig. 1C and D). Together, our data indicate
that RGFP966 may be a novel small molecular inhibitor represses
the expression of PD-L1 in pancreatic cancer cells.

HDAC3 regulates PD-L1 expression at the transcriptional level in
pancreatic cancer cells

Given that RGFP966 designing to specifically target and

A Case 1
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modulate the function of HDAC3, we sought to determine whether
HDACS3 has regulated the expression of PD-L1 in pancreatic cancer
cells. Firstly, we knocked down of HDAC3 by two independent short
hairpin RNA and found that PD-L1 mRNA and protein expression
was decreased after knockdown of HDAC3 in both MIA PaCa-2 and
BxPC-3 cells (Fig. 2A and B). In contrast, using a gain of function
approach, we demonstrated that the overexpression of HDAC3
increased the PD-L1 protein and mRNA levels in both MIA PaCa-2
and BxPC-3 cells (Fig. 2C and D). Therefore, our data suggest that
HDAC3 regulates the PD-L1 expression at the transcriptional level
in pancreatic cancer cells.

HDAC3 is positively correlated with PD-L1 in pancreatic cancer
patients

To further investigate the relationship between HDAC3 and PD-
L1, we sough to determine the correlation between HDAC3 and PD-
L1 in pancreatic cancer specimens. We examined the expressions of
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Fig. 3. HDAC3 is positively correlated with PD-L1 in pancreatic cancer patients. (A) Representative images of IHC for HDAC3 and PD-L1 on TMA (n = 35) of pancreatic cancer
specimens. Scale bars are indicated. (B) Heatmap showing the staining index (SI) of HDAC3 and PD-L1 proteins in TMA. (C) Correlation analysis of the SI of HDAC3 and PD-L1

proteins in TMA.
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these two proteins by performing immunohistochemistry (IHC) on reported by the other laboratory [20,21]. Moreover, we demon-
a tissue microarray (TMA) containing a cohort of pancreatic cancer strated that the PD-L1 expression was positively correlated with
samples (n = 35). IHC staining index (SI) was calculated by multi- HDAC3 level (Pearson's product-moment correlation coefficient
plying the percentage of positively stained cells and staining in- r=0.583, p=0.000234) (Fig. 3B and C). Thus, these data suggest
tensity [15]. Representative images of high and low/no staining of that although only small proportion of patients showed high level
HDAC3 and PD-L1 are shown in Fig. 3A. The level of PD-L1 was of PD-L1 expression, PD-L1 is positively correlated with HDAC3 in
usually absent or low in the majority of pancreatic cancer speci- pancreatic cancer patients in our tissue microarray. Then, we
mens, only about 10%—20% of patient specimens showed high level further analyzed the correlation between HDAC3 and PD-L1 in
of PD-L1 staining (Fig. 3B), which is consistent with the findings pancreatic cancer in GEPIA web tool (Supplementary figure 1A).
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Fig. 4. HDAC3 modulates PD-L1 expression through STAT3 signaling pathway. (A and B) BXxPC-3 and MIA PaCa-2 cells were infected with indicated constructs. After 72 h, cells were
harvested for Western blotting (A) and RT-qPCR analysis (B). For panel A, the PD-L1 proteins were quantified by Image] software and normalized to the quantified value of 3-Tubulin.
For panel B, data are mean + S.D. from experiments with three replicates. *, p < 0.05; **, p < 0.01; ***, p <0.001, ns, not significant. (C and D) BXPC-3 and MIA PaCa-2 cells were
infected with shControl or shSTAT3 lentivirus constructs. After 48 h infection and puromycin selection, cells were transfected with pcDNA 3.1 or Flag-HDAC3 plasmids for 24 h and
cells were harvested for Western blotting (C) and RT-qPCR analysis (D). For panel C, the PD-L1 proteins were quantified by Image] software and normalized to the quantified value of
B-Tubulin. For panel D, data are mean + S.D. from experiments with three replicates. *, p < 0.05; **, p < 0.01; ***, p < 0.001, ns, not significant. (E) BXPC-3 and MIA PaCa-2 cells were
infected with shControl, shSTAT3 and shHDAC3 respectively or both. After 48 h infection and puromycin selection, cells were transfected with pcDNA 3.1 or Flag-HDAC3 plasmids for
24h and cells were harvested for Western blotting. The PD-L1 proteins were quantified by Image] software and normalized to the quantified value of B-Tubulin. (F) ChIP-qPCR
analysis of STAT3 binding at the PD-L1 gene promoter in BXPC-3 after treated with DMSO or RGFP966 (3 uM) for 24 h or infected with indicated constructs for 48 h. Data are
mean + S.D. from experiments with three replicates. *, p < 0.05; **, p < 0.01; ***, p < 0.001. (G) A hypothetical model depicting that HDAC3 regulates PD-L1 expression through STAT3
signaling pathway. The HDAC3 inhibitors disrupts HDAC3/STAT3/PD-L1 pathway through inactivating HDAC3.
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However, there was no direct positive correlation between HDAC3
and PD-L1 in the published data set. Since it has been documented
that HDAC6 regulated PD-L1 expression [22]. Notably, there was no
direct positive correlation between HDAC6 and PD-L1 in the GEPIA
data set (Supplementary Figure 1B). Furthermore, we showed that
the knockdown of HDAC6 decreased the protein and mRNA levels
of PD-L1 in MIA PACA-2 cells (Supplementary Fig. 1C and 1D),
which was consistent with the findings in melanoma cells. The
above phenomenon may be attributed to individual differences in
patients with pancreatic cancer.

HDAC3 modulates PD-L1 expression through STAT3 signaling
pathway

Given that HDAC3 regulating PD-L1 expression at the tran-
scriptional level, but the underlying mechanism is still unclear.
Sorts of transcriptional factors, including STAT3 [23], BRD4 [18] and
p65 [24], are responsible for regulating the PD-L1 expression. It has
been documented that HDAC3 inhibition inactivated the STAT3
cascade in cancer cells [25]. Therefore, we sought to investigate
whether STAT3 is the key mediator “bridge” HDAC3 with PD-L1 in
pancreatic cancer cells. The knockdown of HDAC3 decreased the
protein and mRNA level of PD-L1 expression and this effect was
diminished after the knockdown of STAT3 in both BXxPC-3 and MIA
PaCa-2 cells (Fig. 4A and B). Furthermore, we showed that ectopic
expression of HDAC3 significantly increased the PD-L1 expression
but this effect was not obvious after the knockdown of STAT3 in
both BxPC-3 and MIA PaCa-2 cells (Fig. 4C and D). Then, the gain of
function assay further confirmed the effect of HDAC3 on the
regulation of PD-L1 level in pancreatic cancer cells (Fig. 4E).
Moreover, we demonstrated that the treatment with RGFP966 or
the knockdown of HDAC3 in BxPC-3cells attenuated the STAT3
binding to the promoter of PD-L1 via using ChIP-qPCR assay
(Fig. 4F). Collectively, these data indicate that HDAC3/STAT3
pathway regulates PD-L1 expression in pancreatic cancer, and
administration of the HDAC3 inhibitors, RGFP966, disrupts HDAC3/
STAT3/PD-L1 signaling (Fig. 4G).

Discussion

The non-immunogenic characteristic of pancreatic cancer is
responsible for the failure of immunotherapy, especially the
immunosuppressive microenvironment, poor T cell infiltration, and
a low mutational burden which contributes to the immune privi-
lege in pancreatic cancer [4]. A growing body of evidence suggests
that the expression level of PD-L1 in pancreatic cancer is critical for
the efficacy of anti-PD-L1 therapy [10]. Therefore, searching the
small molecular inhibitors that influence the PD-L1 expression
provide new clues to regulate the efficacy of immunotherapy in
pancreatic cancer cells. It has been previously reported that the BET
inhibitors [26], MEK inhibitors [27] and mTOR inhibitors [28]
decreased PD-L1 expression in vitro and in vivo. In our study, we
identified a novel small molecular inhibitor, the specific inhibitor of
HDAC3, which also suppressed the PD-L1 expression in pancreatic
cancer cells.

A previous study reported that class I HDAC inhibitors up-
regulated the PD-L1 expression in melanoma cells [29] whereas
HDAC1 and HDAC?2 silence could not decrease the PD-L1 level [30].
It has been documented that HDAC6 increased the PD-L1 expres-
sion through regulation the phosphorylation of STAT3 [22]. Simi-
larly, our data demonstrated that HDAC3 regulated the PD-L1
expression via STAT3 in pancreatic cancer cells. These data indi-
cated that STAT3 acted as a key meditator for HDACs modulating
the expression of PD-L1. Meanwhile, it has been reported that
HDAC inhibition improves the immune response and outcome of

pancreatic cancer in mice [31]. In consistent with previous findings,
our data demonstrated that the HDAC3 specific inhibitor, RGFP966,
repressed the PD-L1 expression in pancreatic cancer cells.

Multiple types of pathways, such as AKT-mTOR pathway [32],
KRAS pathway [27] and NF-kB signaling pathway [33] are reported
to have participated in regulating the PD-L1 expression in tumor
cells. Meanwhile, a kind of well-known transcriptional factors,
including BRD4 [18], MYC [34] and STAT3 [23], could directly bind
to the promoter of PD-L1 and initiate the transcription of PD-L1.
Recently, we have found that RB [35] and FUBP1 [36] could regu-
late the PD-L1 expression via NF-kB and Myc pathway in pancreatic
cancer respectively. Moreover, it has been documented that miR-
142-5p and MLL1-H3K4me3 axis regulated the expression of PD-
L1 in pancreatic cancer [37,38]. In addition to the regulation of
PD-L1 at the transcriptional level, sorts of protein, including SPOP
[39], B-Trcp [40],CMTM4/CMTMS6 [41] or CSN5 [42], were respon-
sible for the stability of PD-L1. It has been reported that HDAC3 is
important for modifying the activity of STAT3 via interaction with
STAT3 [25]. HDAC3 silence or deletion decreases the level of p-
STAT3(Y705) and impairs the function of STAT3 in cells [25].
Thus, HDAC3 forms a complex with STAT3 and this complex is
important for STAT3 signaling pathway. In our study, our data
suggest that HDAC3/STAT3 signaling is important for PD-L1 regu-
lation in pancreatic cancer cells.

Collectively, our study demonstrates that the HDAC3 inhibitors
decrease the protein and mRNA level of PD-L1 in pancreatic cancer
cells. Then, we identify that HDAC3/STAT3 pathway is responsible
for transcriptionally modulating the PD-L1 expression and PD-L1 is
positively correlated with HDAC3 in pancreatic cancer patient
specimens. These findings uncover important aspects of the func-
tion of HDAC3 in cancer immunity and elucidated the specific
mechanism regulating PD-L1 expression. Thus, the HDAC3 inhibitor
may be an ideal small molecular inhibitor to modulate the immu-
notherapy efficiency of pancreatic cancer.
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