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Interferon y suppresses dentin sialophosphoprotein in oral
squamous cell carcinoma cells resulting in antitumor effects,
via modulation of the endoplasmic reticulum response
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Abstract. The expression of proinflammatory cytokines in
various malignant neoplasms is widely considered to represent
the host immune response to tumor development. The role
of interferon (IFN)y in head and neck squamous cell carci-
noma, and its association with endoplasmic reticulum (ER)
stress pathways, remains a subject of ongoing investigation.
Dentin sialophosphoprotein (DSPP), which is a member of
the small integrin-binding N-linked glycoproteins family,
has been implicated in malignant transformation and inva-
sion of oral squamous cell carcinoma (OSCC). Recent studies
have established matrix metalloproteinase (MMP)20 as the
cognate MMP partner of DSPP. The present study examined
the effects of IFNy treatment on DSPP and MMP20 expres-
sion, ER stress, the unfolded protein response (UPR), and
calcium (Ca) homeostasis regulatory mechanisms in OSCC
cells. The OSC2 OSCC cell line was treated with IFNy at
specific time-points. At each time-point, the mRNA expres-
sion levels of DSPP and MMP20, and those of ER-stress-,
UPR- and Ca homeostasis-associated proteins [78-kDa
glucose-regulated protein (GRP78), sarco/endoplasmic
reticulum Ca?*-ATPase (SERCA2b), inositol 1,4,5-trisphos-
phate receptor (IP3r), protein kinase R-like ER kinase (PERK)
and inositol-requiring enzyme 1 (IRE1)], were assessed by
reverse transcription-quantitative polymerase chain reaction.
The protein expression levels of B-cell lymphoma 2 (Bcl-2),
Bcl-2-associated X protein (Bax), proliferating cell nuclear
antigen (PCNA) and cytochrome ¢ were analyzed by western
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blotting. Cell viability, apoptosis and migration were evaluated
by MTT, Annexin V-fluorescein isothiocyanate flow cytom-
etry and wound-healing assays, respectively. IFNy treatment
significantly downregulated the mRNA expression levels of
the major ER stress regulator GRP78 and, to a lesser extent,
the UPR-associated molecule IRE1; however, IFNy had no
significant effect on PERK. With regards to ER Ca homeo-
stasis molecules, treatment with IFNy downregulated the
mRNA expression levels of SERCA2b and upregulated those
of IP3r. Furthermore, DSPP and MMP20 mRNA expression
levels were significantly reduced following IFNy treatment.
Notably, treatment with IFNy hampered OSC2 migration,
reduced cell viability and PCNA protein expression, enhanced
apoptosis, downregulated Bcl-2, and upregulated Bax and
cytochrome c. Overall, IFNy inhibited OSCC cell viability and
migration, and increased apoptosis, possibly by regulating ER
stress and UPR mechanisms. In addition, IFNy-induced DSPP
and MMP20 downregulation may correspond with alteration
in ER Ca homeostasis.

Introduction

Oral squamous cell carcinoma (OSCC) is the sixth most
common type of cancer worldwide (1). In the United States
alone, >50,000 new cases are diagnosed annually, resulting in
~10,000 cases of mortality (2,3). Surgery remains the main
treatment option for patients with OSCC, since the currently
available chemotherapeutic agents have proved to be of limited
success. Therefore, the 5-year survival rate for patients with
OSCC over the past four decades remains at 50-55%, despite
novel treatment modalities (4,5). A better understanding of the
biological nature of OSCC is required, in order to improve the
effectiveness of chemotherapeutic intervention and, conse-
quently, the survival of patients with OSCC.

IFNy is an immune response-stimulating cytokine, which
orchestrates several distinct cellular functions. Its role focuses
on enhanced immune cell surveillance (6,7) and induction of the
major histocompatibility complex response in numerous types
of normal and neoplastic cells (8,9). IFNy, which is secreted by
activated T cells and natural killer cells, enhances macrophage
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activation, T helper cell (Th)1/Th2 balance, and regulates cellular
proliferation and apoptosis (10). Furthermore, IFNy has been
reported to directly attack tumor cells by initiating a cascade
of signaling mechanisms that modulate cell viability (11,12).
Although the molecular basis of this action remains unclear,
previous studies have proposed potential effects of IFNy on
endoplasmic reticulum (ER) stress proteins (13-15) and ER
calcium (Ca) homeostasis channel pumps (16).

The ER is responsible for protein folding and targeting during
protein synthesis, and represents the principal intracellular Ca
storage, which is essential for Ca signaling pathways and the
regulation of cellular Ca homeostasis (17,18). Sarco/endoplasmic
reticulum Ca-ATPase (SERCA)-type pumps are the major
carriers of Ca into the ER lumen, whereas inositol 1,4,5-trispho-
sphate receptors (IP3r) are family proteins that drive Ca release
channels (19). These Ca influx or efflux channels are regulated by
Ca-dependent chaperones, including 78-kDa glucose-regulated
protein (GRP78), which bind or buffer intraluminal Ca (17,20).

ER homeostasis is a multifactorial process that is affected
by numerous environmental factors, including the redox state,
ischemia, nutrient and Ca level alterations, high protein synthesis
rate, and inflammation (21). Persistent stimuli may disrupt proper
ER function, thus leading to ER stress. This, in turn, may result
in activation of a cascade of signaling molecules and pathways
that constitute the unfolded protein response (UPR) (21,22). The
main aim of the UPR is to arrest intraluminal accumulation
and/or secretion of unfolded proteins and enhance degradation
of misfolded proteins (23,24). Protein kinase R-like ER kinase
(PERK), activating transcription factor (ATF)6 (a and f3), and
the kinase endoribonuclease inositol-requiring enzyme 1 (IRE1),
constitute three ER transmembrane protein-sensors that detect
alterations in ER homeostasis. Conversely, GRP78 is considered
to be the master UPR chaperone that negatively regulates PERK,
ATF6 and IREI functions (17,25). A nexus between ER stress
and cancer has previously been highlighted; UPR alterations
may prevent ER stress-induced apoptosis and help cancer cells
survive in a otherwise demanding microenvironment (23). Other
studies have also revealed that GRP78 cysteine oxidation favors
cancer cell survival during stress (22), and SERCA activity has
been reported as a potential target for cancer treatment (17).

Dentin sialophosphoprotein (DSPP) is a member of
the small integrin-binding ligand N-linked glycoproteins
(SIBLINGS) family (26). Within the past decade, the expres-
sion of some members of the SIBLINGs family, along with
their cognate matrix metalloproteinases (MMPs), have been
detected in various types of cancer, including OSCC (27-31).
Specifically, our previous studies have indicated that DSPP
expression is correlated with the transition of dysplastic oral
premalignant lesions to OSCC, with tumor aggressiveness,
and with the recurrence of OSCC at histologically negative
(‘tumor-free’) surgical margins of primary OSCC (28-31).
DSPP is expressed in the cytoplasm and perinuclear perimeter
of OSCC cells, with significantly elevated immunoreactivity
in the cytoplasm of poorly differentiated OSCC cells (28).

Our recent study reported a novel finding, that matrix
MMP20 is expressed and directly interacts with DSPP in
human OSCC tissues and cell lines (32). This finding estab-
lished MMP20 as the cognate MMP partner of DSPP (32).
Furthermore, dentin sialoprotein (DSP), which is the cleaved
N-terminal product of DSPP, interacts with MMP20 promoter
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proximal elements (32). An earlier report by Joshi ef al demon-
strated that DSPP silencing in OSCC cells results in MMP2,
MMP3, MMP9, vascular endothelial growth factor, p53, Ki-67
and epidermal growth factor receptor downregulation, as well
as altered cell morphology, cell proliferation, colony-formation
and invasion of OSCC cells (33). In addition, DSPP silencing
increases cisplatin sensitivity and enhances apoptosis of OSCC
cells, whereas subcutaneous injection of OSCC xenografted
Balb/c nude mice with DSPP-silenced OSCC cells results in
attenuated tumor growth (33). Our recent report proposed
a tumorigenic role for DSPP in OSCC cells, and presented a
relationship between DSPP and the ER chaperone GRP78 (34).
Furthermore, our report suggested a DSPP-associated
modulatory effect on ER stress, Ca homeostasis and UPR
proteins, including sarco/endoplasmic reticulum Ca**-ATPase
(SERCA2Db), IREI1, PERK and ATF6 (34).

The present study aimed to investigate the role of IFNy
signaling in DSPP expression. The study aimed to elucidate a
potential connection between this interaction and ER homeo-
stasis, and suggested an alternative mechanism responsible for
IFNy-induced effects on OSCC cells. Therefore, the effects
of IFNy treatment on specific ER stress-associated proteins,
including SERCA2b, IP3r, GRP78, IREIl and PERK, were
investigated in the OSC2 OSCC cell line, and its effects on
tumor cell proliferation, migration and apoptosis were analyzed.

Materials and methods

Human cell lines and culture conditions. The previously
characterized human OSCC cell line, OSC2, which was
originally obtained from the American Type Culture Collection
(Manassas, VA, USA) and routinely authenticated in our labora-
tory, was used for this study. Cells were cultured as a monolayer
in Dulbecco's modified Eagle's medium (DMEM)/F12 supple-
mented with 10% fetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA), 1% penicillin/strep-
tomycin and 500 ng/ml hydrocortisone (Sigma Aldrich; Merck
KGaA, Darmstadt, Germany), and were maintained at 37°C in
a humidified atmosphere containing 5% CO,. Recombinant
human IFNy was purchased from Abcam (Cambridge, MA,
USA). For all experiments, OSC2 cells were plated and cultured
for 48 h prior to the addition of IFNy at a concentration of
500 U/ml for 24 or 48 h at 37°C. Time-points were chosen with
regards to time-response experiments on interferon-regulated
factor 1 (IRF1) mRNA expression following treatment with
500 U/ml IFNy for 6, 12,24 or 48 h.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) analysis. Total RNA was extracted from cells
using TRIzol® reagent (cat. no. 15596-026; Invitrogen; Thermo
Fisher Scientific, Inc.), according to a standardized protocol,
and the concentration of each sample was determined. The
gSTAR gPCR primer pairs against human genes had the
following sequences (5'-3"): IRF1, forward CGAATCGCTC
CTGCAGCAGA, reverse GCCCAGCTCCGGAACAAACA;
DSPP, forward CAACCATAGAGAAAGCAAACGCG, reverse
TTTCTGTTGCCACTGCTGGGAC; MMP20, forward GAC
CAGACCACAATGAACGT, reverse GTCCACTTCTCAGG
ATTGTC; PERK, forward ATCCCCCAT GGAACGACCTG,
reverse ACCCGCCAGGGACAAAAATG; SERCA2Db, forward
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TCATCTTCCAGATCACACCGC, reverse GTCAAGACCA
GAACATATC; IP3r, forward GGTTTCATTTGCAAGTTAA
TAAAG, reverse AATGCTTTCATGGAACACTCGGTC;
IREI, forward CGGGAATTCG GCCGAGTCCTCGCCATG,
reverse CAAGCGGCCGCCTTTCCCAACTATCACCAC
GCT; GRP78, forward TGTTCAACCAATTATCAGCAA
ACTC, reverse TTCTGCTGTATCCTCTTCACCAGT; and
p-actin, forward GTCTCCTCTGACTTCAACAGCG and
reverse ACCACCCTGTTGCTGTAGCCAA.

Total RNA (1 ug) was reverse transcribed using iScript
RT Supermix (cat. no. 1708841; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), according to the manufacturer's protocol.
gPCR was performed using synthesized cDNA on a qPCR
machine using iTaq™ UniverSYBR® Green PCR Master Mix
(cat. no. 1725124; Bio-Rad Laboratories, Inc.). PCR thermocy-
cling was conducted as follows: 94°C for 5 min, followed by
40 cycles at 94°C for 30 sec, 60°C for 20 sec and 72°C for 40 sec,
and a final extension step at 72°C for 5 min. A standard curve
was generated from three serial dilutions of cDNA. Samples,
including negative controls, were analyzed in triplicate, and
PCR products were verified using dissociation curve analysis.
mRNA expression levels were normalized to actin and were
analyzed using Bio-Rad CFX manager software (Version 3.0;
Bio-Rad Laboratories, Inc.).

Western blot analysis. Western blot analysis was performed as
previously described (34). Briefly, cells were lysed and soni-
cated (20 kHz, 2x10 sec) in radioimmunoprecipitation assay
lysis buffer (Thermo Fisher Scientific, Inc.). Subsequently,
equal amounts of protein (30-50 g, depending on the particular
protein), as determined by the Bradford protein assay method,
were separated by 10% SDS-PAGE, and electrophoretically
separated proteins were transferred to polyvinylidene difluoride
membranes (Bio-Rad Laboratories, Inc.). Blotted membranes
were then placed in blocking solution (PBS-0.5% Tween-20,
Sigma-Aldrich; Merck KGaA) for 1 h at room temperature
prior to probing with the following primary antibodies, which
were purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA): Mouse monoclonal B-cell lymphoma 2 (Bcl-2;
cat. no. sc-7382, 1:250); mouse monoclonal Bcl-2-associated
X protein (Bax; cat. no. sc-7480, 1:200); rabbit polyclonal
cytochrome ¢ (cat. no. sc-7159, 1:200) and rabbit polyclonal
proliferating cell nuclear antigen (PCNA; cat. no. sc-7907,
1:200) overnight at 4°C. The membranes were washed thor-
oughly with PBS (Sigma Aldrich; Merck KGaA), and then
incubated with goat polyclonal anti-rabbit immunoglobulin G
(IgG) horseradish peroxidase-conjugated secondary antibody
(cat. no. sc-2301, 1:3,000; Santa Cruz Biotechnology, Inc.) or
anti-mouse IgG horseradish peroxidase-conjugated secondary
antibody (cat. no. sc-2031, 1:3,000; Santa Cruz Biotechnology,
Inc.) with agitation at room temperature for 1 h. f-actin
(1:2,000) was used as a loading control (cat. no. sc-47778; Santa
Cruz Biotechnology, Inc.). Proteins were visualized using
an enhanced chemiluminescence (ECL) system (Pierce™
ECL; Thermo Fisher Scientific, Inc.) and band intensity was
semi-quantified using ImageJ software 1.48 (National Institutes
of Health, Bethesda, MD, USA).

MTT assay. Cell viability was assessed by detecting the
conversion of MTT to formazan via mitochondrial oxidation.
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Figure 1. Reverse transcription-quantitative polymerase chain reaction analysis
of IRF1 mRNA expression following treatment of OSC2 cells with 500 U/ml
IFNy for various time periods. IRF1 expression was increased in the 24 and 48 h
groups. Results are expressed as fold changes relative to the expression levels in
the control (untreated) group. Data are presented as the means + standard error
of the mean, and each experiment was performed in triplicate. “P<0.05 vs. the
control group. IFNY, interferon v; IRF1, interferon-regulated factor 1.

IFNy-treated and untreated OSC2 cells, at a density of 5x10°
cells/well, were incubated with 0.5 mg/ml MTT for 3 h
at room temperature in 96-well plates after 24 and 48 h in
culture. The formation of insoluble formazan purple crystals
indicated the presence of viable cells. Crystals were dissolved
in dimethyl sulfoxide and the optical density (OD) of the solu-
tions was measured using a spectrophotometer at a wavelength
of 570 nm. Assays were performed in triplicate and data are
expressed as the means of OD values + standard deviation.

Apoptosis analysis by flow cytometry. For apoptosis analyses,
Annexin V/propidium iodide (PI; Sigma Aldrich; Merck
KGaA) staining of IFNy-treated and untreated OSC2 cells was
conducted after 24 and 48 h. Briefly, cells were washed with
1X PBS and resuspended at 10° cells/ml in Annexin V-binding
buffer, before aliquoting the suspension into 100 yl/tube frac-
tions. Subsequently, 5 #l Annexin V-fluorescein isothiocyanate
(FITC) and 10 ul PI buffer were added to each tube and cells
were incubated in the dark for 15 min at room temperature.
Finally, 400 ul 1X Annexin V-binding buffer was added to
each tube and flow cytometric analysis was conducted within
1 h. Samples were analyzed on a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA, USA). Gates in the right angle
scatter versus forward scatter diagrams were used to exclude
debris. At least 100,000 events were collected prior to analysis.
All flow cytometric data were analyzed using BD CellQuest
Pro software (Version 5.0; BD Biosciences).

Scratch wound-healing assay. OSC2 cells were cultured until
they reached 90% confluence in 35-mm dishes. Subsequently,
scratches were generated using a sterile 200-ul pipette tip
prior to cells being treated with IFNy for 24 or 48 h. The
border of the denuded area was immediately marked with
a fine line, and cells were incubated in DMEM/F12 supple-
mented with 10% FBS. Images of the cell cultures were
captured at 24 and 48 h using an inverted phase contrast
microscope (Olympus Corporation, Tokyo, Japan). Assays
were performed in duplicate.
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Figure 2. Effects of IFNy treatment (500 U/ml for 24 or 48 h) on the mRNA expression levels of proteins associated with ER stress, the unfolded protein response
and Ca homeostasis, as well as DSPP and MMP20, as assessed by reverse transcription-quantitative-polymerase chain reaction analysis. DSPP, MMP20, GRP78,
SERCAZ2b and, to a lesser extent, IRE1 exhibited statistically significant decreases at both time-points compared with the control group. Conversely, IP3r
mRNA expression was significantly increased at both time-points compared with the control group, whereas PERK mRNA expression was not significantly
increased in response to IFNy. Results are expressed as fold changes relative to the expression levels in the control (untreated) group. Data are presented as
the means + standard error of the mean, and each experiment was performed in triplicate. "P<0.05 vs. the control group. DSPP, dentin sialophosphoprotein;
ER, endoplasmic reticulum; GRP78, 78-kDa glucose-regulated protein; IFNy, interferon y; IP3r, inositol 1,4,5-trisphosphate receptor; IREIL, inositol-requiring
enzyme 1; MMP20, matrix metalloproteinase 20; PERK, protein kinase R-like ER kinase; SERCA2b, sarco/endoplasmic reticulum Ca**-ATPase.

Statistical analysis. Results from IFNy-treated cells were
compared with results from untreated (control) cells. Statistical
analyses were performed using SPSS version 21 (IBM Corp.,
Armonk, NY, USA). Paired groups were compared using
Student's t-test, whereas one-way analysis of variance was
applied for the comparison of multiple groups, followed by
post hoc pairwise comparisons with the application of Dunn's
test. All experiments were performed in triplicate. P<0.05 was
considered to indicate a statistically significant difference.

Results

IFNy (500 U/ml) activates intracellular molecular signaling
networks at specific time-points. The synthesis of IRFI is
induced by IFNy (35). Therefore, to determine whether the
selected dose of 500 U/ml IFNy effectively activated intracel-
lular molecular signaling pathways, alterations in the mRNA
expression levels of IRF1 were monitored by RT-qPCR
analyses in a time-dependent assay. As shown in Fig. 1, the
mRNA expression levels of IRF1 exhibited a statistically
significant time-dependent increase in cells treated for 24 and
48 h compared with the control cells (0 h). Since 24 and 48 h
IFNy treatment resulted in an increased IFNy response, these
time-points (24 and 48 h) and dose (500 U/ml) were selected
for subsequent experiments.

IFNy treatment downregulates DSPP, MMP20, GRP78,
SERCA2b and IREI, but upregulates IP3r and PERK in
OSC2 cells. To evaluate the effects of IFNy treatment on
DSPP and MMP20, as well as on the ER stress response,
UPR and Ca homeostasis, alterations in the mRNA expression
levels of DSPP, MMP20, GRP78, SERCA2b, IP3r, PERK and

Table I. Summary of upregulated/downregulated mRNAs fol-
lowing treatment of OSC2 cells with interferon v.

Gene type Upregulated Downregulated
SIBLING - DSPP
DSPP cognate partner - MMP20

Ca homeostasis IP3r SERCA2b
ER chaperone - GRP78
UPR-associated proteins - IREI
Apoptosis-associated Bax; cytochrome ¢ Bcl-2
proteins

Proliferation-associated - PCNA

proteins

Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; DSPP,
dentin sialophosphoprotein; ER, endoplasmic reticulum; GRP7S,
78-kDa glucose-regulated protein; IP3r, inositol 1.4.,5-trisphosphate
receptor; IRE1, inositol-requiring enzyme 1; MMP20, matrix metal-
loproteinase 20; PERK, protein kinase R-like ER kinase; PCNA,
proliferating cell nuclear antigen; SERCAZ2b, sarco/endoplasmic
reticulum Ca?*-ATPase; SIBLING, small integrin-binding ligand
N-linked glycoprotein; UPR, unfolded protein response.

IREI were determined by RT-qPCR analysis at 24 and 48 h
intervals. Table I summarizes the upregulated/downregulated
genes detected following treatment of OSC2 cells with IFNy.
As shown in Fig. 2, DSPP, MMP20, GRP78, SERCA2b and, to
a lesser extent, IRE1, exhibited statistically significant differ-
ences (P<0.05). These results suggested that IFNy treatment
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Figure 3. Effects of IFNy treatment (500 U/ml for 24 or 48 h) on OSC2 cells after scratch wound generation on the migratory capacity of OSC2 cells.
(A) Representative images of confluent monolayers of OSC2 cells, which were scratched using a 200-u1 pipette tip. Images were captured at the indicated
time-points after wound generation. (B) Mean values of wound size (%) in two independent experiments. IFNy treatment significantly delayed wound closure
compared with in the untreated control groups at both time-points. Data are presented as the means + standard error of the mean, and each experiment was

performed in triplicate. "P<0.05. IFNy, interferon y.
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Figure 4. Effects of IFNy treatment (500 U/ml for 24 or 48 h) on OSC2 cell
proliferation, as determined by the MTT colorimetric assay. IFNy-treated
OSC2 cells exhibited significantly lower OD values compared with the
control cells at both time-points. Data are presented as the means + stan-
dard error of the mean, and each experiment was performed in triplicate.
“P<0.05 vs. the control groups. IFNy, interferon y; OD, optical density.

may affect ER Ca homeostasis by suppressing SERCA2b
and inducing IP3r. Furthermore, the results suggested that
the IFNy-induced downregulation of GRP78, and the modest
effects on UPR-associated proteins IRE1 and PERK, may
induce ER stress.

IFNy treatment decreases OSC2 cell migration. To assess the
effects of IFNy treatment on the migratory capacity of OSC2

cells, the rate of scratch wound closure on cell culture plates
was determined. As shown in Fig. 3, IFNy treatment of cells
significantly delayed wound closure compared with the control
cells at 24 and 48 h (P<0.05). This finding may be associated
with the significantly reduced MMP20 mRNA expression
detected in IFNy-treated cells compared with in the control
cells (P<0.05; Fig. 2), and suggested that IFNy may regulate
the migratory capacity of OSC2 cells, possibly by suppressing
MMP20 along with its cognate partner DSPP.

IFNy treatment inhibits proliferation and increases apoptosis
of OSC2 cells. To analyze mitochondrial activity following
treatment of OSC2 cells with IFNy for various time-points, the
MTT colorimetric assay was conducted. As shown in Fig. 4,
IFNy-treated cells exhibited significantly lower OD values at
24 and 48 h compared with the control cells (P<0.05), thus
indicating that OSC2 cell proliferation was reduced following
IFNy treatment. This observation is consistent with the results
of western blotting; IFNy treatment induced a reduction
in the expression levels of the cell proliferation-associated
marker PCNA (Fig. 5). In order to assess the rate of apoptosis,
IFNy-treated OSC2 cells were analyzed by Annexin V-FITC
flow cytometry and apoptotic rates were compared with the
control (untreated) group. Cell sorting indicated that the apop-
totic cell fraction was significantly increased from 3.51% in
the untreated control group to 16.8 and 27.6% in IFNy-treated
cells at 24 and 48 h, respectively (Fig. 6). This finding is
consistent with the upregulation in the protein expression
levels of pro-apoptotic molecules, Bax and cytochrome ¢, and
the downregulation of the anti-apoptotic molecule, Bcl-2, as
shown in Fig. 5. Taken together, these results suggested that



2428 GKOUVERIS et al: IFNy DOWNREGULATES DSPP AND MMP20 IN OSCC CELLS

0SC2 cells 08
w 07
IFNy  Control 24h 48h =
3 06
PCNA "R S a— g o5
W
Bol-2 WD SR — £ 04 = Control
I
® 03 n IFNy 24 h
Bax e am— — 2 !
=5 02 B [FNy 48 h
C}tochmmec e ; 01
fractin te——  — — 0

PCNA Bel-2 Bax Cytochrome ¢
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Figure 6. Rate of apoptosis in IFNy-treated (500 U/ml for 24 or 48 h) OSC2 cells, as analyzed by Annexin V-FITC flow cytometry; apoptosis was compared
with rates in control (untreated) cells. Apoptotic cells were significantly increased from 3.51% in the control group to 16.8 (24 h) and 27.6% (48 h) in
IFNy-treated cells. Data are presented as the means + standard error of the mean, and each experiment was performed in triplicate. "P<0.05 vs. the control
group. FITC, fluorescein isothiocyanate; IFNy, interferon vy; PI, propidium iodide.

IFNy may exert an antitumor effect on OSC2 cells by reducing
cell proliferation and enhancing apoptosis.

Discussion

To the best of our knowledge, the present study is the first to
determine the various effects of IFNy treatment on the mRNA
expression levels of DSPP and MMP20, ER Cahomeostasis, ER
stress- and UPR-associated proteins, and on notable hallmarks
of oral carcinogenesis in OSCC cells. The downregulation of
DSPP and MMP20 mRNA expression following IFNy treat-
ment may account for the reduced migratory potential of OSC2
cells. Our previous report revealed that the strong binding
of DSP to MMP20, and its interaction with the promoter

proximal element of MMP20, may account for increased
migration, invasion and metastasis in OSCC (32). Recently, we
reported that DSPP silencing results in significantly reduced
MMP20 mRNA expression and in reduced migration of OSCC
cells (34). Other investigators have reported that IFNy and
IFNP suppress MMP9 expression through a signal transducer
and activator of transcription (STAT)la pathway in primary
astrocytes and human fibrosarcoma cells (36), and that IFNy
treatment reduces migration of A172 human glioblastoma
cells (37). IFNy also inhibits MMP3-induced invasiveness
of T98G glioma cells (38). Therefore, the effects of DSPP
and MMP20 downregulation on the notable hallmarks of
oral carcinogenesis, including decreased cell viability and
migration, and increased apoptosis, noted in the present study
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following treatment of OSC2 cells with IFNy are consistent
with our previous findings (33,34).

It has previously been suggested that IFNs enhance
apoptosis in acute promyelocytic leukemia, chronic myelog-
enous leukemia, multiple myeloma, melanoma and ovarian
cancer (39). Specifically, several reports have highlighted the
effects of IFNy on head and neck squamous cell carcinoma
(HNSCC) cells. For example, a recent report revealed that
IFNy induces apoptosis in two HNSCC cell lines, and leads to
overexpression and activation of indoleamine 2,3 protein (13).
Furthermore, IFNy activates Janus kinase/STAT1, apoptosis
signal-regulating kinase 1, p38, c-jun-N-terminal kinase, the
nuclear factor-xB pathway and IRF1 (13). IFNy treatment
of OSCC cells has also been revealed to result in down-
regulation of heat shock protein 27, which is a proposed
anti-apoptotic molecule, and enhancement of cell death (40).
Gadkaree et al reported that the antitumor effects of synthetic
cyclic dinucleotides are associated with the upregulation
of IFN-y*cluster of differentiation 8* infiltrating T cells and
programmed death-L1 protein in a HNSCC xenograft-mouse
model (41). Xu et al revealed that IFNy sensitizes HNSCC
cells to chemotherapy-induced apoptosis and necroptosis by
upregulating early growth response protein 1 (42). Conversely,
administration of IFNa or tumor necrosis factor a does not
induce considerable alterations in OSCC apoptosis (40).

The present results suggested that IFNy treatment of OSC2
cells suppressed PCNA and Bcl-2 expression, and upregulated
Bax and cytochrome c expression; these findings are consistent
with previous report of similar effects in human breast, prostate
and lung cancer cells. Ning et alreported that IFNYy, but not IFNa
or IFNB, enhances IRF1 expression in anti-estrogen-resistant
human breast cancer cells, and IRF1 induction downregulates
the expression of pro-survival proteins, Bel-2 and Bcl-2-like
protein 2, and enhances pro-apoptotic Bcl-2 antagonist/killer
(Bak) and Bax activity (43). Furthermore, IFNy enhances the
apoptotic effects of polyinosinic:polycytidylic acid in human
prostate cancer cells by enhancing Bak expression (44). With
regards to human lung cancer cells, IFNy induces phosphor-
ylated-STATT1 activity in cells expressing STAT1-CC, which
are hyper-responsive to IFN, thus resulting in downregulation
of PCNA and c-fos (45). In OSCC cells of the tongue, Liu
et al reported that overexpression of interleukin-18 activates
caspase-3, -7 and -9 pathways, and enhances IFNy and cyto-
chrome ¢ mRNA expression (46).

With regards to ER Ca homeostasis-, ER stress- and
UPR-associated proteins, the present data revealed that
IFNy treatment decreased GRP78 and SERCA2b mRNA
expression, and induced IP3r expression. These findings
supported the hypothesis that a combination of increased
ER Ca leakage (through IP3 channels) and a blockage in Ca
influx (via suppression of SERCA activity) may perturb ER
Ca homeostasis and enhance ER stress. Furthermore, the high
apoptotic rates observed in response to IFNy treatment of
OSC2 cells may be associated with GRP78 downregulation.
This speculation is based on the results of previous studies,
which provide evidence indicating that GRP78 promotes
tumor progression (47,48), and increased GRP78 expression
is correlated with shorter recurrence time and poor survival
of patients with prostate and breast cancers (49-51). Notably,
in response to GRP78 inhibition, the response of patients with
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prostate cancer to photodynamic therapy is improved (52). In
in vitro and animal experiments, GRP78 silencing suppresses
tumor cell invasion, cell growth and metastasis in xenograft
models of gastric cancer (53).

The present data also indicated that IFNy treatment resulted
in moderate downregulation of IREl1 mRNA expression, and
a very modest induction of PERK activity after 48 h. These
findings are consistent with earlier reports indicating that
treatment of pancreatic rat cells with IFNy decreases the basal
levels of spliced X-binding protein 1 (XBP1) mRNA; XBP1
is downstream of IRE1 (14). Similarly, Son et al reported
that IRE1 silencing results in accelerated Ca efflux through
IP3r and increased apoptotic rates in human neuroblastoma
cells (54), whereas Kanekura et al indicated that IRE1 inhibi-
tion enhances ER stress and apoptosis through oligomerization
of Bax and Bak proteins (55). With regards to HNSCC cells, an
in vitro study by El Jamal et al suggested that IFNy treatment
of HNSCC cells triggers ER stress and induces apoptosis by
upregulating PERK and IREl pathways (13). Furthermore,
Fribley et al demonstrated that treatment with Celastrol
(a triterpenoid compound isolated from the Celastraceae
plant family) mediates the pro-apoptotic UPR effects and
apoptosis in OSCC cells via PERK-eukaryotic translation
initiation factor 2 (eIF2)-ATF4-C/EBP homologous protein
signaling (56). Similarly, Afatinib, which is an inhibitor that
targets ErbB family members, triggers the PERK-elF2a-ATF4
pathway and suppresses protein kinase B-mammalian target of
rapamycin activity leading to apoptosis of HNSCC cells (57).

Notably, some studies appear to conflict with the afore-
mentioned findings, suggesting a tumorigenic role for PERK
in modulation of ER stress. For example, Fujimoto et al
reported that PERK inhibition induces apoptosis of cancer
stem cells (58), whereas Koumenis reported that the expres-
sion of PERK, and its target molecule elF2, are correlated
with increased tumor growth and survival under hypoxic
conditions (59). Furthermore, it has been reported that PERK
inhibition decreases tumor growth in vitro and in vivo (60),
and hampers metastasis in breast cancer mice xenografts (61).

Our previous study suggested the effects of DSPP on ER
stress, the UPR and Ca homeostasis (34), and the present data
indicated that treatment of OSC2 cells with IFNy resulted in
downregulation of DSPP and MMP20; therefore, it may be
hypothesized that DSPP serves an oncogenic role during the
ER stress adaptive response in the OSCC microenvironment.
Therefore, IFNy treatment-induced DSPP downregulation
may be directly associated with the observed alterations in
ER homeostasis, at least partially by mediating alterations
in major ER stress-associated proteins, including GRP78,
SERCA2b and UPR sensor proteins, thus contributing to UPR
collapse. Although the mechanisms by which IFNy interacts
with DSPP are yet to be fully understood, these mechanisms
may include pathways that are yet to be characterized. Overall,
the finding that IFNy modified OSCC properties through UPR
modifications warrants further investigation.

It has been suggested that the UPR serves a dual role in
cancer biology: Firstly, to ameliorate ER stress-associated
damage; and secondly, to activate apoptotic pathways in severe
conditions (22). For this reason, it is often difficult to predict
whether, or for how long, UPR proteins inhibit tumor growth, or
protect cancer cells within the tumor microenvironment (62).
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It would appear that the duration and severity of ER stress
determines the survival or apoptotic death of cancer cells (62).
Conflicting reports regarding the effects of UPR protein
expression on cancer cell fate may reflect the fact that indi-
vidual UPR protein modifications result in opposing signals
between induction and attenuation under ER stress (62,63).

In conclusion, the present data strongly supported an anti-
tumor role for IFNy in OSCC cells through mechanisms that
downregulate DSPP and MMP20, leading to disturbances in
ER homeostasis, and alterations in proteins associated with
ER stress and Ca regulation. Notably, treatment of OSCC
cells with IFNy also decreased cell viability and migration,
and increased apoptosis. Therefore, it may be speculated
that either IFNy interacts with DSPP, which, in turn, at
least partially mediates the observed effects on ER stress
molecules, or, alternatively, DSPP modifications follow IFNy
treatment-induced alterations in ER homeostasis. A recognized
limitation of the present study is the focus on the alterations
in the mRNA expression levels of genes encoding ER stress-
or UPR-associated proteins. Nevertheless, the data obtained
presents background information for the design of additional
studies investigating alterations in protein expression and
related functional mechanisms. Therefore, further studies
beyond the scope of the present report may help to elucidate
the sequential mechanisms underlying IFNy-DSPP interaction
in OSCC, and the consequential effects on ER stress response.
These studies aim to provide insight into potential targeted
therapeutic methods and interventional strategies for the treat-
ment of patients with OSCC.
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