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Abstract. Dentin sialophosphoprotein (DSPP) is upregulated in 
various human cancers, including head and neck squamous cell 
carcinoma. Cancer cells are commonly found under constant 
endoplasmic reticulum (ER) stress and exhibit increased levels 
of misfolded proteins, due to gene mutations and a stressful 
microenvironment. The present study examined the effects of 
DSPP silencing on the regulation of ER stress and the unfolded 
protein response (UPR) in oral cancer cells. A recently estab-
lished stable DSPP short hairpin (sh)RNA-silenced OSC2 oral 
cancer cell line was used. The mRNA expression levels of ER 
stress-associated proteins, including 78 kDa glucose-regulated 
protein (GRP78), sarcoplasmic/endoplasmic reticulum 
calcium ATPase 2b (SERCA2b), inositol 1,4,5-trisphosphate 
receptor (IP3r), protein kinase R-like endoplasmic reticulum 
kinase (PERK), serine/threonine-protein kinase/endoribo-
nuclease IRE1 (IRE1), activating transcription factor 6 (ATF6) 
and matrix metalloproteinase 20 (MMP20), were assessed by 
reverse transcription-quantitative polymerase chain reaction. 
The expression levels of apoptosis-related [B-cell lymphoma 2 
(Bcl2), Bcl2-associated X protein (Bax) and cytochrome c] 
and cell proliferation-related [proliferating cell nuclear antigen 
(PCNA)] proteins were analyzed by western blotting. Cell 
viability, apoptosis and migration were monitored by MTT 
assay, Annexin V-fluorescein isothiocyanate flow cytometry 
and wound-healing assay, respectively. In transiently trans-
fected puromycin-free OSC2 cells, DSPP silencing markedly 
downregulated the mRNA expression levels of major ER 
stress regulators, including GRP78, SERCA2b, PERK, IRE1 
and ATF6, as well as MMP20. DSPP silencing also resulted 

in decreased cell viability and migration, and enhanced apop-
tosis. Furthermore, PCNA and Bcl2 levels were decreased, 
whereas Bax and cytochrome c protein levels were increased 
in DSPP-silenced OSC2 cells. Sustained puromycin treat-
ment partially counteracted the effects of DSPP silencing 
on the mRNA expression levels of ER stress-related proteins 
and MMP20, and on the migratory capacity of OSC2 cells. 
However, following puromycin treatment of DSPP-silenced 
cells, cell viability was further reduced and apoptosis was 
enhanced. In conclusion, these data provide evidence to 
suggest that DSPP may be involved in ER stress mechanisms 
in oral squamous cell carcinoma, since its downregulation in 
OSC2 cells led to significant alterations in the levels of major 
ER stress-associated proteins, and subsequent collapse of the 
UPR system.

Introduction

Dentin sialophosphoprotein (DSPP) is a member of the small 
integrin-binding ligand N-linked glycoprotein family, which 
activates kinases and transcription factors, and controls signal 
transduction pathways that regulate cell adhesion, migration 
and survival (1). DSPP, the expression of which was previously 
thought to be limited to mineralizing tissues such as dentin and 
bone, is now known to be expressed in metabolically active 
ductal epithelial tissues, including normal salivary glands, 
nephrons and eccrine sweat glands (2-4). The DSPP gene 
encodes two main noncollagenous dentin proteins: Dentin 
sialoprotein (DSP) and dentin phosphoprotein (DPP), as well 
as the much smaller dentin glycoprotein (DGP) (5). DSP occu-
pies the N-terminal domain and presents a Cys205 (the only 
cysteine in DSPP) domain (6,7). C-terminal DPP possesses 
165 Asp-Ser-Ser sequence motifs, has a low isoelectric point 
of 2.84 and exhibits high calcium affinity (7,8). The short 
DGP fragment is sandwiched between the N-terminal DSP 
and the C-terminal DPP. It is difficult to isolate the full-length 
DSPP protein because soon after its translation, matrix metal-
loproteinase (MMP)20 and MMP2 mediate the proteolytic 
fragmentation of DSPP into DSP, DPP and DGP (5). The role 
of DGP remains unclear, whereas the functional roles of DSP 
include initiation of dentin mineralization and DPP promotes 
dentin maturation (6).

The tumorigenic role of DSPP and its potential regulation of the 
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Within the past decade, the expression of DSPP has been 
detected in numerous human epithelial cancers, including 
breast, lung, colon, prostate and oral cancer (9-12). In oral squa-
mous cell carcinoma (OSCC), DSPP is significantly upregulated 
in poorly differentiated lesions (12). Recently, we reported the 
coexpression and potential interactions of MMP20 and DSPP 
in human OSCC tissues and cell lines (13). Furthermore, the 
report established the specific cognate partnering of MMP20 
and DSPP, which also is present in metabolically active ductal 
epithelial systems, such as the salivary gland and nephron (13). 
In particular, the DSP portion of DSPP strongly interacts with 
MMP20 promoter proximal elements (13).

Endoplasmic reticulum (ER) is a major store of intracel-
lular calcium, which is central to regulating cellular calcium 
homeostasis and various calcium signaling pathways (14). ER 
serves a key role in proper protein folding and targeting during 
protein synthesis; unfolded proteins entering the ER are 
chemically modified in an oxidizing and calcium-rich environ-
ment (15). ER-regulated calcium homeostasis is mediated by 
various calcium proteins, the functions of which are modulated 
by several factors, including redox mechanisms (16,17). These 
calcium-related proteins function as influx pumps, which 
transfer calcium from the cytosol to the lumen, as luminal 
storing buffers, and as controlled-release calcium channels 
to the cytosol (16). ER homeostasis is a dynamic process 
that often exhibits sensitivity to minor environmental altera-
tions (18); therefore, changes in redox state, ischemic state, 
nutrient status and Ca2+ levels, high protein synthesis rate and 
inflammation may disrupt proper ER function, thus resulting 
in the accumulation of unfolded or misfolded proteins (18,19). 
This outcome is referred to as ER stress, which in turn triggers 
numerous molecular signaling pathways aimed at preventing 
intraluminal accumulation and/or secretion of unfolded 
proteins, also known as the unfolded protein response (UPR), 
by promoting the degradation of misfolded proteins through 
the ER-associated protein degradation pathway (20,21).

Disturbances in ER homeostasis are detected by three ER 
transmembrane proteins-sensors: Protein kinase R-like endo-
plasmic reticulum kinase (PERK), activating transcription 
factor 6 (ATF6a and b), and serine/threonine-protein kinase/
endoribonuclease IRE1 (IRE1). Initiation of the UPR and acti-
vation of sensor proteins and related downstream molecules 
reduce the duration of stress, re-establishe normal ER function 
and promote survival. However, depending on stress severity, 
the UPR may trigger apoptosis and cell death (16,18). In addi-
tion, 78 kDa glucose-regulated protein (GRP78), also known 
as binding immunoglobulin protein, had been proposed as the 
master UPR chaperone that negatively regulates PERK, ATF6 
and IRE1 activity (15,22).

The accumulation of unfolded proteins releases PERK, 
ATF6 and IRE1 from the strong GRP78 engagement (15,22). 
The tumor microenvironment is characterized by a lack 
of nutrients, low pH, hypoxia and oxidative stress (23,24). 
Consequently, changes in ER stress and UPR serve a critical 
role in the ability of cancer cells to survive in this demanding 
environment and prevent ER stress-induced apoptosis (25,26). 
Previous studies have reported that GRP78 cysteine oxidation 
enhances cell survival during stress (27), and that GRP78, 
PERK, IRE1 and ATF6 overexpression in cancer is correlated 
with cell proliferation and survival signaling (28-31). Similarly, 

sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) 
has been proposed as a potential target for cancer treatment (15).

The present study aimed to investigate the potential 
association of DSPP with the ER homeostatic mechanism, 
the possible inter-regulatory effects in OSCC biology, and the 
molecular pathways implicated.

Materials and methods

Stable DSPP-silenced OSC2 cell lines. Our laboratory recently 
established stable lentiviral-mediated DSPP-, MMP20- and 
combined DSPP + MMP20-silenced OSC2 cells; OSC2 cells 
infected with scrambled short hairpin (sh)RNA (SCR) were 
used as controls (13). shRNA Plasmid A (cat. no. sc-108060), 
which was used as a negative control, was obtained from 
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The 
stably silenced (75% silencing) phenotype of these cell lines 
was routinely verified by western blotting (data not shown). 
Subsequently, cells were cultured as a monolayer in Dulbecco's 
modified Eagle's medium (DMEM)/F12 (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) supplemented 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.), 1% penicillin/streptomycin and 500 ng/ml 
hydrocortisone (Sigma Aldrich; Merck KGaA, Darmstadt, 
Germany) at 37˚C in the presence of 5% CO2 humidified air. 
Untreated DSPP-silenced stable cells were incubated in media 
devoid of puromycin for 4 days prior to experimentation, 
whereas treated DSPP-silenced stable cells were continuously 
treated with 3 µg/ml puromycin (cat. no. sc-108071; Santa Cruz 
Biotechnology, Inc.). Omission of puromycin in the untreated 
DSPP-silenced group did not affect cell stability.

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR) analysis. To evaluate the effects of DSPP silencing 
on the mRNA expression levels of proteins associated with ER 
stress and the UPR, GRP78, SERCA2b, inositol 1,4,5-trispho-
sphate receptor (IP3r), PERK, IRE1 and ATF6 expression was 
detected by RT-qPCR analysis. RT-qPCR was conducted on 
total RNA extracted from DSPP-silenced and SCR OSC2 cells 
according to established protocols. Briefly, 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 measured. qSTAR (Origene Technologies, Inc., Rockville, 
MD, USA) qPCR primer pairs against human genes were used 
in the present study; the primer sequences were as follows 
(5'-3'): DSPP forward, CAACCATAGAGAAAGCAAACGCG 
and reverse, TTTCTGTTGCCACTGCTGGGAC; MMP20 
forward, GACCAGACCACAATGAACGT and reverse, GTCC 
ACTTCTCAGGATTGTC; PERK forward, ATCCCCCATG 
GAACGACCTG and reverse, ACCCGCCAGGGACAAAA 
ATG; ATF6 forward, TTGGCATTTATAATACTGAACTAT 
GGA and reverse, TTTGATTTGCAGGGCTCAC; SERCA2b 
forward, TCATCTTCCAGATCACACCGC and reverse, GTC 
AAGACCAGAACATATC; IP3r forward, GGTTTCATTTG 
CAAGTTAATAAAG and reverse, AATGCTTTCATGGAA 
CACTCGGTC; IRE1 forward, CGGGAATTCGGCCGAGTC 
CTCGCCATG and reverse, CAAGCGGCCGCCTTTCCCA 
ACTATCACCACGCT; GRP78 forward, TGTTCAACCAATT 
ATCAGCAAACTC and reverse, TTCTGCTGTATCCTCTT 
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CACCAGT; and β-actin forward, GTCTCCTCTGACTTCAA 
CAGCG and reverse, ACCACCCTGTTGCTGTAGCCAA. 
Briefly, total RNA (1 µg) was reverse transcribed using 
iScript™ RT Supermix (cat. no. 1708841; Bio-Rad Laboratories, 
Inc., Hercules, CA, USA), according to the manufacturer's 
protocol. RT-qPCR was conducted using synthesized cDNA 
on a qPCR machine using iTaq™ Universal SYBR® Green 
Supermix (cat, no. 1725124; Bio-Rad Laboratories, Inc.). PCR 
thermocycling was 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, followed by 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 
β-actin and were analyzed using Bio-Rad CFX Manager™ 
software (Version Number 3.0; Bio-Rad Laboratories, Inc.). 
The log2-fold change between the SCR and experimental 
treated samples was calculated using the 2-ΔΔCq method (32).

Western blot analysis. Cells were washed twice with ice-cold 
PBS, and were then lysed with radioimmunoprecipation 
assay buffer [cat. no. 156034; Abcam, Cambridge, MA, 
USA; 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 
1% deoxycholic acid sodium salt, 0.1% sodium dodecyl sulfate, 
100 mg/ml phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin, 
1 mM dichlorodiphenyltrichlo-roethane and 1 mM sodium 
orthovanadate] for 10 min at 4˚C. The wells were scraped, and 
the recovered cell products were centrifuged (Sorvall™ CC40; 
Thermo Fisher Scientific, Inc.) at 40,000 x g for 15 min at 4˚C. 
The concentration of the recovered proteins was measured 
using the Bio-Rad Protein Assay kit (Bio-Rad Laboratories, 
Inc.), according to the manufacturer's protocol. Equal amount 
of proteins (30-50 µg, depending on the particular protein) were 
separated by SDS-PAGE (10% separation gel and 5% spacer 
gel) and were electrotransferred to polyvinylidene difluoride 
membranes (Bio-Rad Laboratories, Inc.). Membranes were then 
placed in blocking solution for 1 h at room temperature, after 
which they were probed with the following primary antibodies 
overnight at 4˚C: Mouse monoclonal B-cell lymphoma 2 (Bcl2; 
cat. no. sc-7382; 1:250), mouse monoclonal Bcl2-associated 
X protein (Bax; cat. no. sc-7480; 1:200), rabbit polyclonal 
cytochrome c (cat. no. sc-7159; 1:200) and rabbit polyclonal 
proliferating cell nuclear antigen (PCNA; cat. no. sc-7907; 
1:200) (all from Santa Cruz Biotechnology, Inc.). The film was 
then washed thoroughly and incubated with goat polyclonal 
anti-rabbit immunoglobulin G (IgG) horseradish peroxidase-
conjugated secondary antibody (cat. no. sc-2030; 1:3,000; 
Santa Cruz Biotechnology, Inc.) or anti-mouse IgG antibody 
(cat. no. sc-2031; 1:3,000; Santa Cruz Biotechnology, Inc.) 
with agitation at room temperature (25˚C) for 1 h. β-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 software1.48 (https://imagej.nih.
gov/ij/; National Institutes of Health, Bethesda, MD, USA).

MTT assay. Cell viability was assessed by detecting the conver-
sion of MTT to formazan, which is induced by mitochondrial 

oxidation. Cell cultures (5x103 cells/well), including SCR or 
DSPP-silenced (puromycin-treated and puromycin-free) cells, 
were incubated in the presence of 0.5 mg/ml MTT for 3 h 
at 37˚C in 96-well plates. Water insoluble, purple formazan 
crystals were formed, indicating the presence of viable cells. 
Crystals were then dissolved in dimethyl sulfoxide and optical 
density (OD) values of the solutions were measured using a 
spectrophotometer at a wavelength of 570 nm. Assays were 
performed in triplicate and data are presented as the means of 
OD values ± standard error of the mean.

Apoptosis analyses by flow cytometry. For apoptosis analyses, 
Annexin V/propidium iodide (PI) staining of SCR and 
DSPP-silenced (puromycin-treated and puromycin-free) cells 
was conducted. Briefly, cells were washed with 1X PBS and 
resuspended at 106 cells/ml in Annexin V-binding buffer 
prior to aliquoting the suspension into 100 µl/tube fractions. 
Subsequently, 5 µl Annexin V-fluorescein isothiocyanate 
(FITC) and 10 µl PI buffer were added to each tube and 
incubated in the dark for 15 min at room temperature. Finally, 
400 µl 1X Annexin V-binding buffer was added to each 
tube and flow cytometric analysis was performed within 1 h. 
Samples were analyzed on a FACSCalibur flow cytometer 
(BD Biosciences, Franklin Lakes, NJ, USA). Gates in the right 
angle scatter versus forward scatter diagrams were used to 
exclude debris. At least 100,000 events were recorded prior 
to analysis. All flow cytometric data were analyzed using 
BD Cell Quest Pro software (Version 5.0; BD Biosciences).

Scratch wound-healing assay. Cells were cultured to 
90% confluence in 35-mm dishes and scratched with a sterile 
200-µl pipette tip. The border of the denuded area was imme-
diately marked with a fine line, and cells were incubated with 
DMEM/F12 containing 10% FBS with or without puromycin 
at 37˚C. Cultures were photographed after 24 h using an 
inverted phase contrast microscope (Olympus Corporation, 
Tokyo, Japan). The assay was performed in triplicate.

Statistical analyses. Statistical analysis was 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 to compare 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

DSPP silencing downregulates critical ER stress and 
UPR-related protein expression in OSC2 cells. As shown in 
Fig. 1A, DSPP silencing in OSC2 cells resulted in a signifi-
cant reduction in the mRNA expression levels of GRP78, 
SERCA2b, PERK and ATF6 (P<0.05), whereas IRE1 and IP3r 
mRNA expression was not significantly altered compared 
with the SCR group. Conversely, DSPP-silenced OSC2 cells 
treated with puromycin exhibited reduced GRP78, SERCA2b, 
IP3r, PERK, IRE1 and ATF6 mRNA levels compared with 
in the puromycin-treated SCR group. However, decreases in 
mRNA expression between puromycin-treated DSPP-silenced 
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and SCR cells (Fig. 1B) were less pronounced compared 
with between the puromycin-free DSPP-silenced and SCR 
cells (Fig. 1A). In addition, IP3r was only downregulated in 
puromycin-treated cells, and PERK exhibited comparable 
downregulation in puromycin-free and puromycin-treated 
cells. Statistically significant differences were detected 
between GRP78 and PERK mRNA expression in DSPP-
silenced cells compared with SCR cells following puromycin 
treatment. Notably, puromycin treatment resulted in a 38% 
decrease in DSPP as a result of silencing (Fig. 1B) compared 

with a 55% decrease in puromycin-free silenced cells 
(Fig. 1A). However, there was no difference on the effects of 
DSPP silencing on UPR activity between puromycin-treated 
and puromycin-free DSPP-silenced OSC2 cells.

DSPP silencing downregulates MMP20 expression and 
decreases the migratory potential of OSC2 cells. To determine 
the effects of DSPP silencing on the migratory capacity of 
OSC2 cells, closure of a scratch wound in cell culture plates 
was measured. As shown in Fig. 2, there was a significant 

Figure 1. Effects of DSPP silencing on the mRNA expression levels of proteins associated with endoplasmic reticulum stress and the unfolded protein response 
in oral squamous cell carcinoma cells, as assessed by reverse transcription-quantitative polymerase chain reaction analyses. (A) DSPP mRNA expression 
exhibited a 0.55 log2-fold change decrease in Sh compared with in SCR cells. mRNA expression levels of GRP78, SERCA2b, PERK and ATF6, as well as 
those of MMP20, were significantly reduced, whereas IRE1 and IP3r expression was not significantly altered compared with in SCR cells. (B) Puromycin 
treatment decreased DSPP silencing; the reduction in DSPP mRNA expression (38%) was less pronounced compared with in DSPP-silenced puromycin-free 
cells (55%). MMP20 mRNA expression was only minimally decreased in DSPP-silenced puromycin-treated cells, and puromycin-treated DSPP-silenced 
cells exhibited significantly (#P<0.05) increased MMP20 mRNA expression compared with in puromycin-free DSPP-silenced cells. Results are expressed 
as log2-fold changes relative to the expression levels in SCR cells. Data are presented as the means ± standard error of the mean; each experiment was 
performed in triplicate. *P<0.05 vs. SCR cells. ATF6, activating transcription factor 6; DSPP, dentin sialophosphoprotein; GRP78, 78 kDa glucose-regulated 
protein; IP3r, inositol 1,4,5-trisphosphate receptor; IRE1, serine/threonine-protein kinase/endoribonuclease IRE1; MMP20, matrix metalloproteinase 20; 
P, puromycin; PERK, protein kinase R-like endoplasmic reticulum kinase; SCR, scrambled shRNA; SERCA2b, sarcoplasmic/endoplasmic reticulum calcium 
ATPase 2b; Sh, DSSP shRNA; shRNA, short hairpin RNA.

Figure 2. Effects of DSPP silencing on the migratory capacity of OSCC cells, as evaluated by a scratch wound-healing assay. DSPP silencing in puromycin-free 
OSCC cells resulted in a significantly delayed rate of wound closure compared with in SCR cells after 24 h. Conversely, the rate of wound closure was com-
parable in puromycin-treated DSPP-silenced and SCR cells after 24 h. Wound healing exhibited a significantly increased closure rate in puromycin-treated vs. 
puromycin-free DSPP-silenced cells. Data are presented as the means ± standard error of the mean; each experiment was performed in triplicate. *P<0.05. DSPP, 
dentin sialophosphoprotein; OSCC, oral squamous cell carcinoma; Puro, puromycin; SCR, scrambled shRNA; Sh, DSSP shRNA; shRNA, short hairpin RNA.
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delay in wound closure (P<0.05) in DSPP-silenced cells 
compared with in SCR cells after 24 h. This finding may be 
associated with the significant reduction in MMP20 mRNA 
expression (P<0.05), which was observed in DSPP-silenced 
cells compared with in SCR cells (Fig. 1A), thus suggesting 

that DSPP, along with its cognate partner MMP20, may regu-
late the migratory capacity of OSC2 cells.

With respect to puromycin-treated OSC2 cells, wound 
closure rate was similar between DSPP-silenced and SCR 
cells after 24 h (Fig. 2). However, wound healing exhibited 
a significantly increased closure rate (P<0.05) in puromycin-
treated DSPP-silenced cells compared with in puromycin-free 
DSPP-silenced cells. Conversely, MMP20 mRNA expression 
levels were minimally decreased following DSPP silencing 
in puromycin-treated cells (Fig. 1B), and puromycin-treated 
DSPP-silenced cells exhibited significantly (P<0.05) increased 
MMP20 mRNA expression compared with puromycin-free 
DSPP-silenced cells (Fig. 1A and B). These results suggested 
that puromycin may antagonize the effects of DSPP silencing 
on MMP20 expression and may increase migration of OSC2 
cells.

DSPP silencing inhibits cell proliferation and increases 
apoptosis of OSC2 cells. DSPP-silenced and SCR OSC2 cells 
were cultured in 96-well plates for 24 h, and mitochondrial 
activity was determined using the MTT colorimetric assay. 
As shown in Fig. 3, DSPP-silenced cells exhibited a slight, 
but insignificant, reduction in OD values compared with in 
SCR cells. The rate of apoptosis of DSPP-silenced OSC2 
cells was assessed by Annexin V-FITC flow cytometry; the 
apoptotic cell fraction was increased from 3.41% in SCR 
cells to 10.9% in DSPP-silenced cells (Fig. 4). Taken together, 
DSSP silencing reduced cell proliferation and enhanced 
apoptosis, thus suggesting that DSPP may exert a tumorigenic 
influence on OSC2 cells. With the addition of puromycin, 
DSPP-silenced cells exhibited significantly lower OD values 

Figure 3. Oral squamous cell carcinoma cell proliferation was determined 
using the MTT colorimetric assay. DSPP-silenced puromycin-free cells 
exhibited a slight, but not significant, reduction in OD values compared with 
in SCR cells. In addition, puromycin-treated DSPP-silenced cells exhibited 
significantly lower OD values compared with in puromycin-treated SCR 
cells and puromycin-free DSPP-silenced cells. Data are presented as the 
means ± standard error of the mean; each experiment was performed in 
triplicate. *P<0.05. DSPP, dentin sialophosphoprotein; OD, optical density; 
PUROM, puromycin; SCR, scrambled shRNA; shDSSP, DSSP shRNA; 
shRNA, short hairpin RNA.

Figure 4. Rate of apoptosis in DSPP-silenced oral squamous cell carcinoma cells, as analyzed by Annexin V-FITC flow cytometry, and compared with rates 
in SCR cells. The apoptotic cell fraction was significantly increased from 3.38% in SCR cells to 10.9% in DSPP-silenced puromycin-free cells. The apoptotic 
cell fraction was significantly increased from 6.49% in puromycin-treated SCR cells to 18.5% in puromycin-treated DSPP silenced cells. Puromycin-treated 
DSPP-silenced cells exhibited higher apoptotic rates compared with in puromycin-free DSPP-silenced cells. Data are presented as the means ± standard error 
of the mean; each experiment was performed in triplicate. *P<0.05. DSPP, dentin sialophosphoprotein; FITC, fluorescein isothiocyanate; PI, propidium iodide; 
puro, puromycin; SCR, scrambled shRNA; Sh, DSSP shRNA; shRNA, short hairpin RNA.
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(P<0.05) compared with in SCR cells and puromycin-free 
DSPP-silenced cells (Fig. 3). Annexin V-FITC flow cytometry 
detected an increase in the apoptotic cell fraction from 3.41 
to 6.49%, and from 10.9 to 18.5%, in response to 48-h puro-
mycin treatment of SCR and DSPP-silenced cells, respectively 
(Fig. 4). Notably, puromycin-treated DSPP-silenced cells 
exhibited a higher apoptotic rate than puromycin-free DSPP-
silenced cells.

Effects of DSPP silencing on the expression of cell prolifera-
tion- and apoptosis-associated proteins in OSC2 cells. Since 
the aforementioned results indicated that puromycin-treated 
and puromycin-free DSPP-silenced OSC2 cells presented 
comparable effects with regards to the mRNA expression levels 
of UPR-related proteins, puromycin seems to only partially 
counteract, without significantly reversing, the effects of DSPP 
silencing on OSC2 cells. Therefore, although there were signifi-
cant differences between puromycin-free and puromycin-treated 
cells with respect to apoptosis and proliferation, puromycin 
treatment, per se, did not alter the original overall effect of 
DSPP silencing on apoptosis and cell proliferation. Therefore, to 
evaluate the effects of DSPP silencing on cell proliferation and 
apoptosis-related proteins, western blot analysis was conducted 
only on whole cell lysates from puromycin-free DSPP-silenced 
and SCR OSC2 cells. As shown in Fig. 5, the protein expression 
levels of the proliferation marker PCNA and the anti-apoptotic 
molecule Bcl2 were significantly decreased (P<0.05), whereas 
levels of the proapoptotic molecule, Bax, and cytochrome c 
were increased, compared with SCR cells. These results, which 
are concordant with the results of cell proliferation (Fig. 3) and 
apoptosis (Fig. 4) analyses, indicated that alterations in DSPP 
expression may affect the expression and activity of cell prolif-
eration- and apoptosis-associated molecules, thus modulating 
the survival of OSC2 cells.

Discussion

The present study demonstrated that DSPP silencing may result 
in perturbation of ER calcium homeostasis in OSC2 cells, as 
evidenced by reductions in the mRNA expression levels of 
GRP78, SERCA2b, IRE1, PERK and ATF6. Conversely, IP3r 

levels remained unchanged. Furthermore, the results indicated 
that DSPP silencing induced a reduction in Bcl2 and PCNA 
protein expression, and an increase in Bax and cytochrome c 
levels. The present data also verified the findings of a previously 
published study, which reported that DSPP downregulation 
may decrease cell proliferation and increase apoptosis of OSC2 
cancer cells (33). Bcl2 serves a cytoprotective role, exerting 
its prosurvival effect by binding, inhibiting and sequestrating 
proapoptotic proteins [Bax/Bcl2 homologous antagonist/
killer (Bak)], and by lowering ER Ca2+ stores (34,35). Bcl2, 
expressed in ER, has also been reported to exert anti-apoptotic 
effects and to antagonize Bax/Bak-independent paraptotic 
cell death in transformed mouse kidney epithelial cells (35). 
Furthermore, ER stress enhances Bax translocation and inser-
tion into the ER membrane in MEF cells (36), and Bax or Bak 
upregulation induces ER Ca2+ efflux and cytochrome c release 
from the mitochondria (37,38).

In general, cancer cells demonstrate increased levels of 
misfolded proteins and ER stress as a result of genetic muta-
tions, stressful microenvironment, or in response to anticancer 
therapy (39,40). Furthermore, changes in calcium homeostasis 
help tumor cells rearrange calcium signaling according to the 
activity of various cancer-associated proteins and acclimatize 
to a new hostile environment (41). Several components of the 
UPR have been revealed to be overexpressed in numerous 
cancer types; therefore, targeting UPR proteins has been 
proposed as a promising therapeutic strategy (15,39,42).

The present data indicated that DSPP silencing may 
decrease GRP78 and SERCA2b mRNA expression, and induce 
oncosuppressive effects. GRP78 is a major chaperone and 
modulator of the UPR that demonstrates high protein-binding 
capacity and directly manages UPR signaling proteins IRE1, 
PERK and ATF6 (43). Previous studies have suggested that 
GRP78 promotes tumor progression (44,45), and increased 
GRP78 expression has been correlated with reduced patient 
survival and shorter recurrence time in esophageal squamous 
cell carcinoma, prostate and breast cancer (41,46,47). Other 
studies have indicated that GRP78 silencing reduces tumor 
cell invasion, cell growth and metastasis in xenograft models 
of gastric cancer (48). Furthermore, decreased GRP78 expres-
sion reduces multidrug resistance (49).

Figure 5. DSPP silencing affects the expression of cell proliferation- and apoptosis-associated proteins in oral squamous cell carcinoma cells. Western blotting 
detected decreases in protein expression levels of Bcl2 and PCNA, whereas Bax and cytochrome c levels were increased in DSPP-silenced cells compared with 
in SCR cells. *P<0.05. Data are presented as the means ± standard error of the mean; each experiment was performed in triplicate. DSPP, dentin sialophos-
phoprotein; Bax, Bcl2-associated X protein; Bcl2, B-cell lymphoma 2; PCNA, proliferating cell nuclear antigen; SCR, scrambled shRNA; Sh, DSSP shRNA; 
shRNA, short hairpin RNA.
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SERCA regulates cellular Ca2+ homeostasis via its 
pump activity, which channels Ca2+ into the ER, thereby 
maintaining the requisite ionic balance between ER and 
cytosolic calcium (50). In addition to this role, SERCA is 
involved in survival pathways, including the Notch1 signaling 
pathway (51). SERCA inhibition has been reported to cause 
ER Ca2+ depletion, while increasing cytosolic and mitochon-
drial Ca2+ concentration. SERCA pump inhibitors, such as 
thapsigargin, which are capable of interfering with calcium 
homeostasis, have been revealed to exert cytotoxic effects on 
cancer cells in vitro (15,52). Specifically, persistent ER Ca2+ 
depletion may activate the ER stress response and intrinsic 
apoptotic pathways involving caspase 12, whereas high 
cytosolic calcium levels may trigger extrinsic proapoptotic 
and anti-apoptotic signaling of Bcl2 family members with 
subsequent release of mitochondrial cytochrome c (15). It has 
also been suggested that Bcl2 directly interacts with SERCA 
resulting in alterations in calcium pumps and calcium levels 
required for initiating apoptosis (53).

The present results also revealed that DSPP silencing 
induced downregulation of the three major UPR-sensors 
(PERK, ATF6 and IRE1), whose activities have been associated 
with tumorigenic effects. Cancer cells appear more resistant 
to environmental stress due to alterations in the UPR protein 
activity (18). PERK and its target molecule eukaryotic initiation 
factor 2α have been associated with increased tumor growth and 
survival under hypoxic conditions (28). Conversely, PERK inhi-
bition decreases tumor growth in vitro and in vivo (54), impedes 
cell cycle progression and reduces metastatic propensity in 
mammary cancer in mice xenografts (55). Similarly, whereas 
IRE1 contributes to resistance against ER stress-mediated cell 
death through its effects on Bax/Bak activity, its inhibition 
results in oligomerization of Bax and Bak and an increase in ER 
membrane permeabilization (56). High levels of ATF6 protein 
have also been detected in several human solid tumors and it 
has been suggested to induce proliferation and survival under 
nutrient-deficient conditions (30). Previous reports suggested 
that ATF6 enhances X-box binding protein 1 expression, and 
both proteins increase GRP78 activity in liver cancer (57). 
Furthermore, ATF6 activation results in radiation-induced 
upregulation of GRP78 and Notch1, whereas ATF6 knockdown 
promotes radiation-induced cell death in glioblastoma (58).

The results of a scratch wound-healing assay indicated that 
DSPP silencing in OSC2 cells reduced migration compared 
with the control cells. This effect may be attributable to a 
decrease in MMP20 levels upon DSPP silencing. Recently, 
MMP20 was identified as the cognate MMP partner of 
DSPP (13). Furthermore, it has been reported that the DSPP 
cleaved product, DSP, interacts with MMP20 through its 
N-terminal domain. It has been suggested that this interaction 
may bridge MMP20 to cell surface receptors, thus triggering 
signaling pathways associated with proliferation, migration, 
invasion and metastasis (13). Other investigators have reported 
that GRP78 downregulation, which results in decreased MMP2 
and MMP9 expression, significantly reduces the metastatic 
potential of esophageal SCC cells (59). Furthermore, GRP78 
knockdown downregulates TIMP metallopeptidase inhibitor 
(TIMP)1, TIMP2, MMP14, MMP2 and MMP9 expression in 
human pancreatic adenocarcinoma cells (60). It therefore may 
be hypothesized that the decreased migratory ability of DSPP-

silenced cells is due to the consequent reduction in MMP20 
and GRP78 mRNA expression. As has been revealed for other 
MMPs, this finding indicated that GRP78 may be a potential 
regulator of MMP20.

The present study analyzed the effects of puromycin treat-
ment on DSPP-silenced oral cancer cells, and demonstrated 
that treatment of OSC2 cells with puromycin partially coun-
teracted the effects of DSSP silencing on GRP78, SERCA, 
IRE1 and ATF6 expression, without reversing the overall 
effects of DSPP silencing on OSC2 cells. Puromycin-treated 
DSPP-silenced OSC2 cells exhibited less pronounced 
reductions in GRP78, SERCA, IRE1 and ATF6 expression 
compared with DSPP-silenced cells without puromycin treat-
ment. Furthermore, puromycin-treated DSPP-silenced cells 
exhibited further reductions in cell proliferation and increased 
apoptosis compared with DSPP-silenced cells without puro-
mycin treatment. A plausible explanation for this result is that 
puromycin may trigger the UPR, disrupting protein synthesis 
and the metabolic activity of OSC2 cells. Both puromycin-
treated and untreated DSPP-silenced cells exhibited low 
SERCA2b mRNA expression.

As a translocon opener, puromycin treatment of cells 
may result in increased ER calcium release and higher rates 
of apoptosis. For example, Oguma et al reported that puro-
mycin treatment induces GRP78 expression, resulting in 
caspase 12-mediated cell death in cluster of differentiation 
(CD)4+CD8+ thymic lymphoma cells and in normal thymo-
cytes (61). Johnson et al also revealed that malignant glioma 
cells treated with a low dose of puromycin exhibit increased 
GRP78 protein and mRNA levels, and enhanced activation 
of caspase 4. Caspase 4 activation has been suggested to 
result from the direct effect of calcium leakage through open 
translocons, leading to ~93% reduction of cell viability (62). 
Similarly, it has been reported that puromycin treatment 
of human prostate adenocarcinoma cells increases GRP78 
protein expression, enhances ER calcium release via translo-
cons, and induces apoptosis (63).

In the context of the present study, the aforementioned 
effects of puromycin on DSPP-silenced cells may also 
account for the less pronounced reduction in MMP20 mRNA. 
Alternatively, the less pronounced downregulation of MMP20 
caused by puromycin treatment in DSPP-silenced cells may be 
due to less pronounced reductions in GRP78 levels in puro-
mycin-treated cells. The composite effect may be increased 
cell migration, as indicated by the scratch wound-healing assay. 
Previous studies reported that puromycin treatment induces 
GRP78 expression and leads to caspase activation in several 
malignancies (62,63); this has been suggested to be a direct 
effect of enhanced ER calcium release via translocon (62,63). 
Therefore, in the present study, puromycin was used as a 
vehicle to cause alterations in the expression of GRP78 and 
UPR-related proteins, as well as in ER calcium homeostasis. 
Since the present study focused on the tumorigenic role of 
DSPP and its potential correlation with alterations in the UPR 
and ER stress, puromycin treatment revealed how the observed 
changes may affect DSPP tumorigenic activity in OSC2 cells. 
To the best of our knowledge, the present study is the first 
to provide an insight into the potential associations between 
DSPP and GRP78 functional roles, and the modulation of ER 
stress in OSCC.



GKOUVERIS et al:  DSPP MODULATION OF ER STRESS IN ORAL CANCER1750

DSPP is an evolutionary younger member of the acidic 
secretory calcium-binding phosphoprotein gene family (7). 
The two major DSPP cleaved functional units, DSP and DPP, 
are highly acidic, with human DPP presenting a very low 
isoelectric point of 2.84 and high calcium affinity (7,8). It is 
therefore conceivable that DSPP serves as a buffer protein 
in ER calcium homeostasis with a similar functional role to 
other calcium-dependent proteins: Calnexin, calreticulin and 
GRP78 (64). Furthermore, the DSPP cysteine residue may 
function similarly to its GRP78 counterpart, which has been 
suggested to promote cell survival under ER stress (27), and 
by doing so may contribute to cell stability during ER stress. 
Therefore, DSPP silencing may lead to a sudden alteration in 
the ER calcium balance, provoking collapse of the UPR as a 
result of the calcium-demanding tumor microenvironment.

In conclusion, the present study provided evidence to 
suggest that DSPP is involved in ER stress mechanisms. 
Downregulation of DSPP in OSCC cells resulted in changes 
in major ER stress-associated proteins (GRP78, SERCA2b 
and UPR sensor proteins), thus leading to collapse of the UPR 
system and function. These results also validated previously 
published reports, indicating that DSPP silencing resulted in 
decreased cell proliferation, migration, invasion and increased 
apoptosis. Further in-depth studies are required to determine 
the nature of the interaction/relationship between DSPP and 
major UPR regulators, such as GRP78, in OSCC. Increased 
understanding may advance the understanding of the ability 
of cancer cells to survive under stressful conditions, and to 
elucidate potential therapeutic strategies.
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