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Protein kinase D3 regulates the expression
of the immunosuppressive protein, PD-L1,
through STAT1/STAT3 signaling
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Abstract. Oral squamous cell carcinoma (OSCC) is capable
of constructing a favorable immune escape environment
through interactions of cells with cells and of cells with
the environment. Programmed death ligand-1 (PD-L1) is a
well-recognized inhibitor of anti-tumor immunity that plays
an important role in tumor immune escape. However, the
molecular mechanisms regulating PD-L1 expression are not
yet fully understood. In this study, to investigate the role of
protein kinase D3 (PKD?3) in the regulation of PD-L1 expres-
sion, the expression and correlation of PKD3 and PD-L1
were first analyzed by the immunostaining of human OSCC
tissue sections, cell experiments and TCGA gene expression
databases. The expression levels of PKD3 and PD-L1 were
found to be significantly higher in OSCC cells than in normal
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tissues or cells. In addition, the expression levels of PKD3 and
PD-L1 were found to be significantly positively correlated.
Subsequently, it was found that the levsel of PD-L1 expres-
sion decreased following the silencing of PKD3 and that the
ability of interferon (IFN)-y to induce PD-L1 expression was
also decreased in OSCC. The opposite phenomenon occurred
following the overexpression of PKD3. It was also found that
the phosphorylation of signal transducer and activator of
transcription (STAT)1/STAT3 was reduced by the knockdown
of PKD3 in OSCC. Moreover, the expression level of PD-L1
was decreased after the use of siRNA to knockdown STAT1 or
STATS3. On the whole, the findings of this study confirm that
PKD3 regulates the expression of PD-L1 induced by IFN-y
by regulating the phosphorylation of STAT1/STAT3. These
findings broaden the understanding of the biological function
of PKD3, suggesting that PKD is a potential therapeutic target
for OSCC.

Introduction

Oral squamous cell carcinoma (OSCC) is the most common
malignant tumor of the head and neck region. It is associated
with rapid growth, strong invasiveness, early cervical lymph
node metastasis and a high rate of metastasis. Approximately
90% of oral cancers are squamous cell carcinoma or one of
its variants (1,2). It is currently one of the leading causes of
cancer-related mortality. Despite recent advances in research
and therapies, such as chemotherapy, radiotherapy and immu-
notherapy in particular, the overall mortality rate of patients
with OSCC has remained constant over the past few decades,
at approximately 50% (3.4).

Tumor immune escape and chronic inflammation in the
tumor microenvironment are two important features neces-
sary for tumorigenesis and cancer progression. Programmed
death ligand-1 (PD-L1), a ligand for the programmed cell
death protein 1 (PD-1) immunosuppressive checkpoint, can
be induced in tumors by their exposure to inflammatory
factors in the tumor microenvironment, leading to immune
escape. PD-L1 protein expression in tumor cells is upregu-
lated upon their stimulation with interleukin (IL)-1, IL-6,
tumor necrosis factor-o (TNF-a) and interferon-y (IFN-vy),
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which are located in the tumor microenvironment (5). Of
these effectors, IFN-v is the most effective inducer of PD-L1
expression (6). Recent studies have suggested that signaling
molecules affecting the cell cycle, proliferation, apoptosis and
survival [including mitogen-activated protein kinase (MAPK),
nuclear factor-kB (NF-kB), phosphatidylinositol 3-kinase
(PI3K) and Janus kinase (JAK)/signal transducer and activator
of transcription (STAT)] are involved in the regulation of
PD-L1 expression (6-9). Notably, OSCC usually exhibits host
immunosuppression and cytogenetic alterations in tumor cells.
The detailed understanding of the mechanisms through which
PD-L1 expression is regulated will facilitate the identification
of pathways that inhibit PD-L1 function and modulate cancer
cell-responsive immune responses.

The protein kinase D (PKD) family consists of 3 serine/thre-
onine kinases (termed PKCuw/PKD1, PKD2 and PKCv/PKD3).
They are extremely important regulators of diverse biological
processes involved in cell proliferation, cell migration, differ-
entiation, apoptosis, cardiac contraction, cardiac hypertrophy,
angiogenesis, tumorigenesis, epithelial-to-mesenchymal transi-
tion and immune regulation (10-16). The PKD subtypes can be
localized to the plasma membrane and the Golgi complex, and
it has also been reported that they can shuttle to the nucleus,
as in the case of PKD3 (17). In recent decades, studies on the
functions and mechanisms of PKD have mainly focused on
PKD1 and PKD2. However, little is known about the function of
PKD3, particularly its mechanisms of action. There is increasing
evidence to suggest that PKD3 is connected to multiple path-
ways involved in oncogenic signaling, such as protein kinase B
(AKT), extracellular signal-regulated kinase 1/2 (ERK1/2),
NF-kB, STAT1 and STAT3 (16,18,19). These signals can also
trigger the expression of PD-L1 in tumor cells. Previously, the
authors' research group found that PKD2 exerted a certain
regulatory effect on the expression of PD-L1 (11). However, the
mechanisms through which PKD3, as an oncogene, regulates
PD-L1 expression in OSCC cells remain unknown.

In this study, the role of PKD3 in the tumorigenesis and
progression of OSCC was examined. The results suggest that
PKD3 expression is elevated in OSCC and that PKD3 regu-
lates PD-L1 expression via STAT1 and STAT3. The findings
of this study suggest that PKD may be a promising therapeutic
target for OSCC and broaden the current understanding of
the molecular mechanisms and function of PKD3 in cancer
progression.

Materials and methods

Isolation of PDLCs and cell culture. Human oral normal
periodontal ligament cells (PDLCs) were obtained from
premolar teeth without inflammation and caries, which were
extracted for orthodontic treatment at the West China Hospital
of Stomatology of Sichuan University. All donors were healthy
and written informed consent was obtained from each donor
prior to tooth extraction. The extracted teeth were rinsed and
placed in phosphate-buffered saline (PBS) supplemented
with 1,000 IU/ml penicillin and 1,000 pg/ml streptomycin
(HyClone). The remaining procedures were performed
according to a previously described protocol (20). Periodontal
tissues were from the middle third of the root, were cut into
1-2 mm? sections and placed in culture flasks for cell culture in
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RPMI-1640 medium (Gibco; Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum (FBS; Sigma-Aldrich;
Merck KGaA), 100 TU/ml penicillin and 100 pg/ml strepto-
mycin. The present study was approved by the West China
Hospital of Stomatology Institutional Review Board.

The dysplastic oral keratinocyte (DOK) cell line and
4 OSCC cell lines (Cal-27, HSC-4, HSC-3 and SCC25)
were purchased from the American Type Culture Collection
(ATCC). The SCC25 cells were cultured in Dulbecco's modi-
fied Eagle's medium/nutrient Mixture F12 (DMEM/F12;
Gibco; Thermo Fisher Scientific) with 400 ng/ml hydrocorti-
sone and 10% FBS (Sigma-Aldrich; Merck KGaA). The other
cells were cultured in Dulbecco's modified Eagle's medium
(DMEM; Gibco; Thermo Fisher Scientific) supplemented with
10% FBS, 100 IU/ml penicillin and 100 pg/ml streptomycin.
The human normal oral epithelial keratinocytes (HOK) were
purchased from ScienCell Research Laboratories, Inc. and
were cultured in keratinocyte serum-free medium (KSFM)
supplemented with recombinant human epidermal growth
factor (5 ng/ml) and bovine pituitary extract (50 pg/ml)
(Gibco; Thermo Fisher Scientific). The cells were maintained
in a humidified 5% CO, atmosphere at 37°C.

Patients and clinical samples. The present study included
OSCC tissues specimens from 34 patients with OSCC who
underwent partial or total surgical resection at West China
Hospital of Stomatology from 2014 to 2016. The 34 patients
with OSCC enrolled in this study had not received radio-
therapy or chemotherapy prior to surgical resection. The
clinical information of the patients is presented in Table I.
Clinically normal oral mucosa specimens (>2 cm at a distance
from the edge of the tumor mass) and primary cancer tissues
were collected by surgical resection. The clinical samples
were confirmed by two experienced pathologists. This study
was approved by the West China Hospital of Stomatology
Institutional Review Board and written informed consent was
obtained from each patient.

Plasmids and transfection. The Hu-shRNA PKD3 and control
shRNA plasmids were obtained from GeneCopoeia. The
Hu-shRNA construct contains the human PKD3 gene-specific
sequence (GCTCCTACTTTCTGTGATTAC) shRNA expres-
sion vector psi-LVRU6GP. The plasmid containing GCT
TCGCGCCGTAGTCTTA (scrambled) was used as a control.
A PKD3 overexpression plasmid and the corresponding
control plasmid were also purchased from GeneCopoeia. All
plasmids were transfected into the cells using Lipofectamine
2000 reagent according to the manufacturer's instructions.
The DOK, Cal-27 and HSC-4 cells were seeded into 6 well
plates, and transfection was carried out at 60-80% confluency.
Hu-shRNA PKD3 and control shRNA plasmids were trans-
fected into Cal-27 and HSC-4. DOK stably expressing PKD3
protein was established by transfecting the PKD3 overexpres-
sion plasmid. After 24 h, the cells were cultured in 0.2 pg/ml
puromycin, and PKD3 expression levels were detected by
western blot analysis.

Transient gene knockdownwith siRNA.STAT1 siRNA (5'-CAC
GAGACCAAUGGUGUGGATAT-3"; 5'-CCACACCAU
UGGUCUCGUGATdT-3") was used to knockdown STATI1
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Table I. Clinical characteristics of the 34 patients with OSCC.

Patient

characteristics (n=34) No. of patients ~ Percentage (%)

Age (years)

<57 16 47.1

>57 18 529
Sex

Male 26 76.5

Female 8 235
N-regional lymph node

Negative 20 58.8

Positive 14 412
Histological grade

Grade 1 12 353

Grade 2 18 529

Grade 3 4 11.8
TNM stage

I-II 15 44.1

HI-1v 19 559

OSCC, oral squamous cell carcinoma; TNM, tumor-node-metastasis.

expression, as previously described (21). In addition, STAT3
siRNA (5-AACAUCUGCCUAGAUCGGCUAJTAT-3"; 3'-dTd
TGUAGACGGAUCUAGCCGAU-5") was synthesized by
Dharmacon Research (22). A scrambled sequence (5'-UUC
UCCGAACGUGUCACGUTT-3"; 5“ACGUGACACGUU
CGGAGAATT-3'") was used as a negative control. STAT1/3
siRNA was transfected into the Cal-27 and HSC-4 cells using
Lipofectamine 2000 reagent according to the manufacturer's
instructions. The knockdown efficiency was assessed at 72 h
following transfection by western blot analysis.

Cell lysates and western blot analysis. The cells were seeded
at a density of 2x10° cells per well in 6-well plates. Following
overnight incubation, the medium was replaced with main-
tenance medium containing 20 ng/ml of cytokines, such as
IL-1 and IL-6, TNF-a and recombinant human IFN-y (R&D
Systems). The ‘wild’ group represented untreated cells. The
cells in the MIX group were treated with 20 ng/ml of IL-1f,
IL-6, TNF-a and IFN-y. Subsequently, the cells were washed
3 times with ice-cold PBS and lysed with cell lysis buffer
(50 mmol/l Tris-HCI at pH 7.4, 5 mmol/l EDTA, 150 mmol/I
NacCl, 0.5% Nonidet P-40, 0.5 mmol/l PMSF, 0.5 mmol/l
DTT and protease inhibitor cocktail) for 30 min at 4°C. The
supernatant was collected by centrifugation at 13,000 x g
for 10 min. Lysates were used for western blot analysis as
previously described (11). The protein concentration was
measured with BCA protein assay reagent (Beyotime Institute
of Biotechnology). Approximately 20 ug of protein was sepa-
rated by 8% SDS-PAGE and blotted onto PVDF membranes
(Bio-Rad Laboratories, Inc.). After blocking in 5% non-fat
milk for 1 h at room temperature, the membranes were incu-
bated with primary antibodies on a shaker at 4°C overnight,

followed by incubation with horseradish peroxidase (HRP)
conjugated anti-mouse or anti-rabbit immunoglobulin G (IgG;
cat. no. 7076 or 7074; 1:2,000; Cell Signaling Technology, Inc.)
for 1.5 h at 37°C. The protein bands were visualized using an
enhanced chemiluminescence (ECL) substrate kit (Millipore,
Inc.) with the ECL western blotting system (Bio-Rad
Laboratories, Inc.). The primary antibodies used for western
blot were as follows: PD-L1 (cat. no. 13684; 1:1,000) and PKD3
(cat. no. 5655; 1:1,000) from Cell Signaling Technology; and
STAT]1 (cat. no. ab109320; 1:10,000), STAT3 (cat. no. ab68153;
1:2,000), phospho-STATI1(S727) (cat. no. abl109461;
1:5,000), phospho-STATI(Y701) (cat. no. ab29045;
1:1,000), phospho-STAT3(S727) (cat. no. ab32143; 1:5,000),
phospho-STAT3(Y705) (cat. no. ab76315; 1:10,000) and
anti-GAPDH (cat. no. ab128915; 1:20,000) from Abcam.
Phos-tag SDS-PAGE (Wako) was performed according to a
previously described protocol (23). Semi-quantitative analysis
was performed by densitometry using Gel-Pro 32 software
(version 3.1, Media Cybernetics, Bethesda).

Immunofluorescence andflow cytometry. The cells were seeded
on coverslips and allowed to attach overnight. They were then
washed twice with PBS for 5 min at room temperature, fixed
with 4% paraformaldehyde for 15 min at room temperature,
and then blocked in blocking buffer (1X PBS, 5% normal goat
serum, 0.3% Triton X-100™) for 60 min. Primary antibodies
were prepared by their dilution according to the datasheet
guidelines in antibody dilution buffer (1X PBS, 1% BSA, 0.3%
Triton X-100™). The primary antibodies included a polyclonal
anti-PKD3 antibody (cat. no. ab252982; 1:40; Abcam) for indi-
rect immunofluorescence and a PE-conjugated antibody for
human PD-L1 (MIH1)(cat. no. 12-5983-42; 1:20; eBioscience)
for direct immunofluorescence. Following the removal of the
blocking solution, the cells were incubated overnight at 4°C and
then washed 3 times in PBS for 5 min each. The cells were then
incubated with fluorochrome-conjugated secondary antibody
(FITC-conjugated goat anti-rabbit IgG, cat. no. F-2765; 1:100;
Invitrogen; Thermo Fisher Scientific) diluted in antibody dilu-
tion buffer for 1 h at room temperature in the dark. The slides
were then rinsed in PBS and coverslipped with Prolong® Gold
Anti-Fade Reagent with DAPI. Imaging was performed using
a fluorescence microscope. Flow cytometry was performed
according to a previously described (5) using a PE-conjugated
antibody for human PD-L1 (MIH1) (cat. no. 12-5983-42; 1:20;
eBioscience).

Reverse transcription-quantitative PCR (RT-gPCR). For
RT-qPCR,total RNA was collected from the cells using TR1zol
reagent (Invitrogen; Thermo Fisher Scientific), and reverse
transcription reactions were performed using PrimeScript RT
Master Mix (Takara Biotechnology Co., Ltd.). The resulting
cDNA was then subjected to qPCR analysis using SYBR
Premix Ex Taq II (Takara Biotechnology Co., Ltd.) and the
ABI 7500 real-time PCR machine (Applied Biosystems). The
gPCR conditions were as follows: Initial denaturation at 95°C
for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C
for 30 sec. The relative expression values of the targeted genes
were calculated using the comparative Cq (224°4) method. The
primers (forward and reverse, respectively) used for RT-qPCR
included PD-L1 (forward, 5'-CAATGTGACCAGCACACT
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GAGAA-3'and reverse, 5-GGCATAATAAGATGGCTCCCA
GAA-3') and GAPDH (forward, 5'-"ACAACTTTGGTATCG
TGGAAGG-3' and reverse, 5'-GCCATCACGCCACAGTT
TC-3"). The relative mRNA expression of PD-L1 was normal-
ized to that of GAPDH.

Immunohistochemical staining and analysis. The OSCC
tissues were fixed with 10% neutral formalin and embedded
in paraffin. A series of 5-um-thick slices was cut, dewaxed
with xylene, and rehydrated with a series of graded ethanol
solutions. The tissue slices were boiled for 20 min in citrate
solution (10 mmol/l, pH 6.0). After cooling, the slices were
immersed in 0.3% hydrogen peroxide solution for 15 min
to block endogenous peroxidase activity. The slices were
rinsed in PBS for 5 min and blocked with 5% BSA solution
at room temperature for 20 min. Subsequently, the sections
were incubated overnight with rabbit anti-human PD-L1
polyclonal antibody (cat. no. 13684; 1:200; Cell Signaling
Technology) or rabbit anti-human PKD3 polyclonal antibody
(cat. no. ab252982; 1:40; Abcam) at 4°C. The following day,
according to the manufacturer's instructions of ChemMate™
EnVision™ Detection kit (Genetech), the sections were incu-
bated with HRP-labeled goat anti-mouse or -rabbit secondary
antibodies. Diaminobenzidine (DAB) was used for color
development, and hematoxylin was used to stain the nuclei for
2 min at room temperature. Finally, the slices were dehydrated,
cleaned and mounted.

ImageJ 1.48v software was used for analysis. The staining
intensity was evaluated according to the following ratings: 0,
no staining; 1, weak staining; 2, medium staining; 3, strong
staining. The H-score was calculated as follows: H-score =
0 x (% negative tumor cells) + 1 x (% weak staining) + 2 x
(% medium staining) + 3 x (% strong staining). The H-scores
ranged from 0 (100% negative tumor cells) to 300 (100%
strong staining of tumor cells).

The Cancer Genome Atlas (TCGA) data retrieval and analysis.
UCSC Xena (http://xena.ucsc.edu/welcome-to-ucsc-xena/)
was used to download RNAseq data for queried genes. The
gene expression data of 564 head and neck squamous cell
carcinoma (HNSCC) samples were obtained. Linear regression
curve fitting analysis was performed using GraphPad Prism
software. TCGA data were correlated using the Spearman's
T test.

Statistical analysis. All data were statistically analyzed using
GraphPad Prism software (version 6; GraphPad Software, Inc.)
using one-way analysis of variance followed by the post hoc
Tukey's multiple comparisons test. The correlation between
PKD3 and PD-L1 expression was analyzed using Spearman's
correlation analysis. All statistical results with a P-value <0.05
were considered to be significant.

Results

Expression and localization of PD-L1 and PKD3 in non-tumor
and OSCC cell lines. The expression levels of PKD3 and
PD-LI in non-tumor and OSCC cell lines were first measured
by western blot analysis and immunofluorescence. As shown
in Fig. 1A and C, the expression levels of PKD3 and PD-L1
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were higher in the cancer cells than in the non-cancer cells.
In addition, the expression pattern of the immunosuppressive
protein, PD-L1, correlated well with the expression pattern
of PKD3 (Fig. 1B). Subsequently, the localization of PKD3
and PD-L1 expression was analyzed by double fluorescence
staining. From non-tumor cells to tumor cells, PKD3 exhibited
a progressively increasing nuclear distribution that ranged
from only in the cytoplasm, to evenly in the cytoplasm and
nucleus, to mainly in the nucleus. However, PD-L1 exhibited
an intracellular distribution that contrasted with that of PKD3.
PD-L1 exhibited progressively enhanced plasma membrane
distribution ranging from evenly in the cytoplasm and nucleus
to mainly in the plasma membrane. In addition to the increased
accumulation of PKD3 in the nucleus, the staining of PD-L1
at the cell membrane gradually increased. Taken together,
the data indicated that PKD3 and PD-L1 are upregulated and
highly positively correlated in OSCC, suggesting that PKD3
plays an important role in the regulation of the expression of
the immunosuppressive protein, PD-L1.

Expression and localization of PD-L1 and PKD3 in OSCC
tissues. The expression and localization of PD-L1 and PKD3 in
were then analyzed 26 normal tissue and 34 tumor specimens.
More frequent and intense PKD3 and PD-L1 staining was
observed in OSCC tissues (Fig. 1D). In addition, it was found
that the nuclear localization of PKD3 was significantly associated
with tumor grade. PKD3 nuclear staining was not observed in
the normal tissues, whereas the grade I tumors exhibited 3.23%
PKD3-positive nuclear staining, grade II tumors exhibited
23.14% positive staining, and grade III tumors exhibited 72.65%
positive staining (P<0.01; Fig. 1F). The immunohistochemical
score (H-score) was then calculated. To determine whether PKID3
affects the level of the immunosuppressive protein, PD-L1, linear
trend and Spearman's rank correlation coefficient tests were
performed on the H-score. It was found that a significant posi-
tive correlation existed between PKD3 and PD-L1 (P<0.0001,
r=0.87; Fig. 1E). The expression of PKD3 and PD-L1 was also
analyzed in a large number of HNSCC samples using the TCGA
gene expression database. It was found that the expression levels
of PKD3 and PD-L1 were significantly higher in the OSCC than
in the normal tissues. In addition, the expression level of PKD3
gradually increased with an increase in the tumor grade (Fig. S1).
Indeed, it was found that PKD3 significantly and positively
correlated with PD-L1 (P<0.0001, r=0.21; Fig. 1G). These results
indicate that PKD3 may be involved in the regulation of PD-L1
expression and that the nuclear accumulation of PKD3 may play
arole in the pathogenesis of OSCC.

PD-LI expression is induced by inflammatory factors. To
examine the effects of inflammatory factors on the expres-
sion of PD-L1, the DOK and Cal-27 cell lines were treated
with 20 ng/ml of IL-1p, IL-6, TNF-a and IFN-vy for 24 h. The
expression of PD-L1 was determined by western blot analysis
and flow cytometry. It was found that PD-L1 protein expres-
sion was upregulated upon the stimulation of the cells with
IL-1B, IL-6, TNF-a and IFN-y, with IFN-y exhibiting the most
potent effect (Fig. 2A and B).

PKD23 is required for IFN-y-mediated PD-LI expression. To
determine whether PKD3 is involved in the IFN-y-induced
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Figure 1. Expression and correlation of PKD3 and PD-LI in OSCC. (A) The expression levels of PKD3 and PD-L1 were examined by western blot analysis
in various oral epithelium-derived tumor cells and non-tumor cells. (B) Correlation analysis between PKD3 and PD-L1; P<0.0001, Spearman's r=0.64.
(C) Expression and localization of PKD3 and PD-L1 by immunofluorescence analysis. (D) The expression levels of PKD3 and PD-L1 were analyzed by
immunohistochemistry in normal tissue and tumor specimens. (E) Linear regression analysis of immunostained PKD3 and PD-L1 in human OSCC tissues
with H-scores; P<0.0001, Spearman's r=0.87. (F) Nuclear distribution of PKD3 in normal and tumor tissues. (G) Linear regression analysis was performed
using the expression data of PKD3 and PD-L1 in HNSCC from TCGA. P<0.0001, Spearman's r=0.21. "P<0.05; ““P<0.001. PKD3, protein kinase D3; OSCC,
oral squamous cell carcinoma; PD-L1, programmed death ligand-1.

upregulation of PD-L1 expression in OSCC, a loss-of-function ~ western blot analysis (Fig. 2C). Additional results revealed that
method was used to investigate the biological relevance of = PKD3 knockdown decreased the expression of PD-LI1. Even
PKD3 in the IFN-y-induced expression of PD-L1. First, with exposure to IFN-vy, PD-L1 expression was only slightly
shRNA was used to silence the expression of PKD3. The elevated (Fig. 2D). Moreover, the overexpression of PKD3 in
silencing efficiency was confirmed at the protein level by  the DOK cells significantly increased the expression of PD-L1
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Figure 2. IFN-y-induced PD-L1 expression is dependent on PKD3. (A and B) Inflammatory factors increased the expression of PD-L1 in OSCC cells.
(C) Cal-27 and HSC-4 cell lines were transfected with a plasmid containing either a PKD3-specific ShRNA or a control shRNA. Positive clones were selected
with puromycin for 2 weeks. PKD3 expression was examined by western blot analysis. (D) The PD-L1 protein expression levels of Cal-27 and HSC-4 were
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Figure 3. PKD3 overexpression enhances IFN-y-induced PD-L1 expression in DOK cells. (A and B) The levels of PKD3 and PD-L1 protein were examined by
western blot analysis and immunofluorescence. The PKD3 overexpression plasmid was transfected into DOK cells using Lipofectamine 2000. (C and D) Cells
transfected with the PKD3 overexpression plasmid and cells transfected with control shRNA were cultured in the presence or absence of IFN-y (20 ng/ml) for
24 h. The expression levels of PKD3 and PD-L1 were determined by western blot analysis. In addition, the cell surface expression of PD-L1 was analyzed by

flow cytometry. Data are presented as the means = SD (n=3). "

induced by IFN-y (P<0.001, Fig. 3C and D). However, the
expression level of PD-L1 was only slightly elevated without
IFN-y treatment (Fig. 3A and B). These data thus suggest that
PKD3 is responsible for IFN-y-mediated PD-L1 expression.

IFN-vy activates PKD3, STATI and STAT3 in OSCC cell lines.
The findings of this study have thus far demonstrated that
PKD3 is involved in the expression of PD-L1 induced by IFN-y.
To investigate the IFN-y-mediated signal transduction events,
the activation status of PKD3 was first examined by using
phos-tag SDS-PAGE immunoblot analysis of cells exposed to
IFN-vy (Fig. 4A). IFN-vy induced a marked increase in PKD3
phosphorylation as early as 1 h. The TCGA gene expression
database was then used to analyze the major signaling pathway
members involved in the regulation of PD-L1 expression in
a large number of HNSCC samples, such as MAPK, NF-«B,
PI3K and STAT1/3. It was found that only the expression of
STAT1/3 was significantly associated with that of PD-L1 and
PKD3 (Fig. S2). Moreover, numerous studies have indicated that

“P<0.001. PKD3, protein kinase D3; PD-L1, programmed death ligand-1; IFN-y, interferon-vy.

STAT1 and STAT3 play a key role in regulating the expression
of PD-L1 in HNSCC (6,9,24-26). As expected, IFN-y stimula-
tion activated STAT1 and STAT3, with their phosphorylation
apparent after 1 h in all 3 cell lines (Fig. 4A and B). In addi-
tion, the PD-L1 mRNA levels were measured by RT-qPCR.
As shown in Fig. 4C, the PD-L1 mRNA level peaked at 2 h.
Moreover, the level of PD-L1 protein was gradually increased
after 6 h in the presence of IFN-y (Fig. 4A). Thus, these results
indicate that IFN-vy induces the activation of PKD3, STAT1
and STAT?3 in OSCC, and that the activation of PKD3, STAT1
and STAT3 chronologically follows the increase in the mRNA
and protein levels of PD-LI.

PKD3 is a key kinase for the STATI and STAT3 regulation
of PD-LI expression. The results presented above provide
evidence of an association between the expression of
PKD3 and the signaling of IFN-y-induced PD-L1 expres-
sion in OSCC. To further elucidate the role of PKD3 in
the IFN-y-mediated induction of PD-L1 expression, it was
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Figure 4. IFN-y induces the activation of related factors regulating PD-L1 expression in OSCC cells. (A) Cancer cells were stimulated with IFN-y (20 ng/ml)
for the indicated periods of time. The activation of related factors regulating PD-L1 expression was analyzed by western blot analysis. (B) The line graphs
show densitometric analysis of changes in the abundance of phosphorylated substrates and total proteins normalized to GAPDH to account for loading vari-
ability. (C) PD-L1 mRNA expression was assayed by RT-qPCR. The cells were treated as described in (A). Data are presented as the means + SD (n=3). IFN-y,

interferon-y; PKD3, protein kinase D3; PD-L1, programmed death ligand-1.

then determined whether the IFN-y-induced activation of
STAT1 and STAT3 in OSCC cell lines following exposure
to IFN-y was dependent on PKD3. For this purpose, the
phosphorylation levels of STAT1 and STAT3 were examined
after 1 h of treatment with or without IFN-vy. It was found
that the knockdown of PKD3 significantly decreased the
phosphorylation levels of STAT1 and STAT3 at Ser727 in
OSCC cell lines (P<0.001, Fig. 5A). However, their phos-
phorylation levels at tyrosine residues were not markedly
altered (Fig. S3). Subsequently, the relative contribution of
STATI1 and STAT3 to IFN-y-mediated PD-L1 expression was

examined. The corresponding siRNAs effectively knocked
down the expression of STAT1 and STAT3 in OSCC cell
lines. The knockdown of STATI significantly abrogated
the IFN-vy-induced PD-L1 upregulation at the protein level
(P<0.001, Fig. 5B). However, IFN-y was still able to induce
an increase in PD-L1 expression after STAT3 silencing,
although the elevated level was decreased (Fig. 5C). Taken
together, these results indicate that activation of STAT1 and
STATS3 is required for IFN-y-mediated PD-L1 expression
and that PKD3 is a key kinase regulating the activation of
STAT1 and STATS3, as shown in Fig. 6.
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D3; PD-L1, programmed death ligand-1.

Discussion

The PKD family, as a class of evolutionarily conserved
serine/threonine kinases, has been implicated in diverse
biological processes, such as cell proliferation, cell migration,
differentiation, apoptosis, tumorigenesis, epithelial-to-mesen-
chymal transition and immune regulation (10-15,17,18). In
this study, the role of a lesser-known member of the PKD
family, PKD3, in the IFN-y-induced expression of the

immunosuppressive protein, PD-L1, in OSCC was investi-
gated.

Based on the data from western blot analysis and immuno-
fluorescence, PKD3 expression was found to be significantly
upregulated in malignant cell lines relative to its expression
in non-tumor cells. The increase in the nuclear distribution
of PKD3 in malignant tumor cells was evident. However, the
specific mechanisms underlying the nuclear accumulation of
PKD3 have not been fully elucidated. Moreover, a statistically
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Figure 6. A predictive model for IFN-y induction of PD-LI expression via
activation of PKD3-STAT1/STAT3. Due to IFN-vy stimulation, JAK?2 is
activated and STAT1/STAT3 is phosphorylated at tyrosine, which regulates
the dimerization and nuclear translocation of STATs. IFN-vy stimulation can
also activate PKD3 and then AKT and ERK. These factors can regulate the
phosphorylation of STAT1/STAT3 at Ser727, which is essential for the DNA
binding and transcriptional activity of STAT1/3. IFN-v, interferon-y; PKD3,
protein kinase D3; PD-L1, programmed death ligand-1.

significant correlation was also found between PKD3 and
PD-L1. The immunohistochemical findings were also consistent
with the cell experiments. The results of immunohistochem-
istry and TCGA analysis indicated that the expression level
of PKD3 and the frequency and intensity of nuclear staining
gradually increased with the increase in the tumor grade. These
findings suggest a potential role of PKD3 in the progression
of OSCC. These results are consistent with those of previous
studies in several types of cancer, which supports the conclu-
sion obtained herein that abnormal PKD3 expression and
localization promote cancer progression (18,27,28).

The expression of PD-L1 in tumor cells is mainly regulated
by two mechanisms. The external mechanism, such as IFN-y
secreted by natural killer cells and tumor-infiltrating lympho-
cytes in the tumor microenvironment (7,29-31), can strongly
induce the expression of PD-L1 in tumor cells. The intrinsic
mechanism may be present in the constitutive carcinogenic
signaling pathway of tumor cells. It is now becoming clear that
the tumor microenvironment is critical for cancer progression.
In addition, the pathogenesis of cancer is largely dependent
on its interaction with microenvironmental components.
There is increasing evidence to indicate that the induction
of PD-L1 expression by inflammatory factors (such as IL-1,
IL-6, TNF-a and IFN-vy) in the tumor microenvironment may
be one of the most important factors affecting the efficacy
of tumor immunotherapy (32). Of these, IFN-y has the most
potent inducing effect on PD-L1 expression. IFN-vy is a multi-
functional cytokine produced by natural killer cells, T cells
and macrophages. The infiltration of these cells can upregulate
the expression of PD-L1 in tumor cells and can protect tumors
from immune attack (31,33-35). Previous studies have indi-
cated that IFN-vy can significantly induce tumor progression

CUI et al: PKD3 REGULATES EXPRESSION OF IMMUNOSUPPRESSIVE PROTEIN PD-L1

in some cases (36-38). In some clinical trials, [IFN-y treatment
has been found to exert a negative effect on the prognosis of
certain patients (39). Taken together, IFN-v is deemed to have
a double-edged sword effect in anti-tumor immunity, upregu-
lating antigen processing machinery (APM) components and
human leukocyte antigen (HLA) class I expression in tumor
cells. However, it is also one of the most effective inducers
of PD-L1. Therefore, it is crucial to elucidate the molecular
mechanism underlying the induction of PD-LI expression by
IFN-vy. In HNSCC, the expression of PKD3 is significantly
increased and gradually increases with an increase in the
tumor grade. PKD3 may be a constitutive oncogenic signal
in tumor cells, and internal and external mechanisms may
co-regulate the expression of PD-L1.

One of the main findings of this study is the observation
that PKD3 is involved in the IFN-y-mediated upregulation of
PD-L1 expression in OSCC. It was found that PKD3 knock-
down in tumor cells reduced the level of PD-L1 induced by
IFN-y and that the overexpression of PKD3 in non-tumor
cells significantly increased the level of PD-L1 induced by
IFN-y. Previous studies had demonstrated that PD-L1 expres-
sion in HNSCC is mainly affected by the activation of the
STATI1/STAT3 pathway (9,24,25). To determine whether
STAT1/STAT3 is involved in the regulation of PD-L1 expres-
sion by PKD3, in this study, the TCGA gene expression
database was used to analyze the main signaling pathway
members involved in the regulation of PD-L1 expression, such
as NF-kB, MAPK, PI3K and STAT1/3 (6-9,24-26,29,40). It
was found that only the expression of STAT1/3 was signifi-
cantly associated with that of PD-L1 and PKD3. This provides
direction for future studies. Indeed, it was found that IFN-vy
induced a significant increase in the STATI1 and STATS3
phosphorylation levels. However, a significant decrease was
only observed in the phosphorylation level of STAT1 and
STATS3 at the Ser727 site after PKD3 silencing, and there was
no significant change in the phosphorylation level at tyrosine.
The activation of STATS involves dimerization, nuclear trans-
location, DNA binding and transcriptional activation, which
requires the phosphorylation of the Ser727 site and tyrosine.
The phosphorylation of tyrosine regulates the dimerization
and nuclear translocation of STATS, which is essential for
the activation of the JAK-STAT signaling pathway. However,
the phosphorylation of STAT1/3 at Ser727 is essential for
the optimal DNA binding and transcriptional activity of
STAT1/3 (41,42). Previous studies have demonstrated that the
inhibition of AKT activation can lead to the downregulation
of the IFN-y-mediated phosphorylation of STATI at Ser727,
which not only downregulates the expression of the STAT1
target genes, CXCL9 and CXCL10, but also downregulates the
expression of PD-L1 (7). In addition, ERK can directly interact
with STAT1/STAT3 to phosphorylate Ser727, increasing the
viability and growth rate of cells (41-50). AKT and ERK, as
downstream targets of PKD3, regulate the growth and survival
of cancer cells (18). Taken together, these findings suggest that
the activation of STAT1/STATS3 at the Ser727 site contributes
to tumor development. These results indicate that PKD3
regulates IFN-y-induced PD-L1 expression by regulating the
phosphorylation of STAT1/STAT?3 (Fig. 6).

In conclusion, PKD3, as a serine/threonine kinase, is
involved in the regulation of STAT1/STAT3 activation. The
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findings of this study shed light on the function of PKD3 in
the development of OSCC. It was demonstrated that in human
OSCC, PKD3 participates in the regulation of PD-L1 expres-
sion by modulating the activation of STAT1/STATS3, thereby
providing a theoretical basis for the combination of PKD
inhibition and immunotherapy of human OSCC.
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