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s u m m a r y

Objectives: Oral squamous cell carcinoma (OSCC) has emerged as one of the major malignant tumors of
the head and neck cancers. However, the molecular mechanism behind tumorigenesis of OSCC is not fully
understood. The aim of this study was to investigate the role of calreticulin (CRT), an endoplasmic
reticulum-resident protein, in OSCC cells.
Materials and methods: Sixteen paired samples of tumor and non-cancerous matched tissue (NCMT), six
OSCC cell lines and normal human oral keratinocytes (NHOKs), and oral tissue microarray were used to
reveal the expression of CRT by Western blotting and immunohistochemistry. Later, shRNA-mediated
stable knockdown of CRT in OSCC cells was generated. The knockdown cell line was used to analyze cell
proliferation, colony formation, anchorage-independent growth and cell migration in vitro.
Results: CRT was differentially expressed in fresh tumor samples and six OSCC cell lines but not adjacent
NCMTs and NHOKs. In oral tissue microarray, we showed that there was positive CRT staining in the vast
majority of tumor cases (99/103), in sharp contrast to that in NCMT cases (29/92) (p < 0.001). Stable
knockdown of CRT in oral cancer cells resulted in significantly reduced growth rate, colony-forming
capacity and anchorage-independent growth. This may be attributed to the induction of G0/G1 cell cycle
arrest when CRT was depleted in the cells. Both horizontal and vertical movements of the CRT-
knockdown stable line were markedly impaired. The phosphorylation levels of focal adhesion kinase
(FAK), paxillin and ERK1/2 and the activity of matrix metalloproteinase-2 and -9 (MMP-2 and MMP-9)
were decreased in the CRT-knockdown cells. These results suggest that CRT can regulate oral cancer cell
migration through activation of the FAK signaling pathway accompanied with proteolytic degradation of
the extracellular matrix (ECM) by MMP-2 and MMP-9.
Conclusion: Together, this study has defined a novel biological role for CRT in oral cancer. CRT is a poten-
tial biomarker and may contribute to the malignant phenotypes of OSCC cells.

� 2013 Elsevier Ltd. All rights reserved.
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Introduction

Calreticulin (CRT), an endoplasmic reticulum (ER)-resident pro-
tein, plays a pivotal role in multiple cellular processes. When local-
ized to the lumen of the ER, CRT acts as a molecular chaperone
that ensures correct protein folding.1,2 When functioning as a
calcium-binding protein, CRT can regulate intracellular calcium
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homeostasis and ER calcium storage capacity.3,4 Besides, it has be-
come clear that CRT can be localized to non-ER subcellular com-
partments, such as the plasma membrane and the nucleus,
performing diverse and important non-ER functions. For example,
CRT on the cell surface was shown to participate in cell adhesion by
binding to and stabilizing integrins–extracellular matrix (ECM)
complexes.5,6 Exposure of CRT on the cell surface has been impli-
cated in adaptive immune responses7,8 and clearance of apoptotic
cells.9 Furthermore, in the nucleus CRT may mediate nuclear ex-
port of hormone receptors by interacting with their DNA-binding
domains, thus negatively regulating transcriptional activity of the
target genes.10–12

Relatively unknown is the role of CRT in cancer. It has been
shown that overexpression of CRT correlates with postoperative
tumor metastasis in breast cancer patients.13 In gastric cancer,
CRT was found to promote angiogenesis, proliferation and migra-
tion of gastric cancer cells, consistent with its associations with
high microvessel density, tumor metastasis and survival in gastric
cancer patients.14 In contrast, previous studies show that CRT
inhibits prostate cancer cell growth both in vitro and in vivo, and
suppresses lung macrometastasis in subcutaneous xenograft tu-
mor model.15 Interestingly, numerous recent reports have identi-
fied CRT as a key factor on the cell surface that determines
immune responses to tumor cells. It has been shown that exposure
of CRT presents phagocytic signal for the innate immune system
and thus enhances immunogenicity against cancer cells.7,16 There-
fore the tumorigenic role of CRT remains to be precisely defined.

Oral cancer, or oral squamous cell carcinoma (OSCC), has
emerged as one of the major cancers worldwide and is frequently
associated with environmental carcinogens.17 Recent epidemio-
logical data show that OSCC is ranked fourth in both cancer inci-
dence and mortality among Taiwanese men.18 Due to its
predisposition to lymph node metastasis, OSCC is characterized
by poor prognosis and reduced five-year survival rate.19,20 Inte-
grative approaches including the high-throughput omics technol-
ogies have been used to identify potential biomarkers for OSCC
and unravel the molecular mechanism of OSCC pathogenesis.21

In particular, there are accumulating proteomics-based studies
on OSCC in recent years.22–24 However, most of the candidate
biomarkers require validation on biological functions and associ-
ations with clinical parameters. The aim of this study was to
identify cancer-associated proteins by comparing the proteomes
of OSCC and adjacent non-cancerous matched tissues (NCMTs).
After identification of candidate proteins by LC/MS/MS, CRT was
found to be up-regulated in OSCC specimens. Expression of CRT
in clinical tumor samples and the functions of CRT in OSCC cell
lines were further examined.
Materials and methods

Cell lines and cell culture

Oral cancer cell lines SCC-9, FaDu and CAL-27 were obtained
from American Type Culture Collection (ATCC; Manassas, VA,
USA), while HSC-3, SAS and Ca9-22 were from Health Science Re-
search Resources Bank (Osaka, Japan). These cells were routinely
maintained in Dulbecco’s modified Eagle medium supplemented
with nutrient mixture F-12 (DMEM/F12) (GIBCO, Invitrogen Cor-
poration) and with 10% FBS, and had been used in our recent
studies.25,26 Primary cultures of normal human oral keratinocytes
(NHOKs) were established from oral mucosa obtained from den-
tal surgery and cultured in Defined Keratinocytes-SFM (GIBCO,
Invitrogen Corporation) supplemented with growth factors and
bovine pituitary extract.27 NHOKs at the third passage were used
in Western blot analysis.
Fresh tissues and tissue microarrays

Fresh oral tissue lysates were obtained as previously
described.25 The tissue microarrays included samples from 110
male patients with head and neck squamous cell carcinoma who
underwent primary surgical resection at E-Da Hospital between
2008 and 2010. Paired sets of tumor tissues and NCMTs were pro-
cured during surgery. For tissue microarray construction, the surgi-
cal specimens were fixed in formalin and embedded in paraffin.
Four cylindrical cores, each with a diameter of 0.6 mm, were ob-
tained from every donor block using a tissue microarray work-
station (MTA-1; Beecher Instruments, Silver Spring, MD, USA).
Three tumors and two control tissues of each case were arrayed
in a new paraffin block. The use of the specimens was approved
by the Ethics and Clinical Research Committee of E-Da Hospital,
and the informed consent was obtained from the patients or from
their legal guardians.

Antibodies and Western blot analysis

Mouse monoclonal anti-CRT antibody was purchased from
Stressgen (Ann Arbor, MI). Antibody of FAK was purchased from
GeneTex (Irvine, CA), paxillin from Upstate Biotechnology (Lake
Placid, NY), ERK1/2 from Cell Signaling Technology (Danvers, MA)
and Src from Santa Cruz Biotechnology (Santa Cruz, CA). Immuno-
blotting was performed as previously described.27 Incubation with
the primary antibody (1:1000 dilution in 5% milk) was done at 4 �C
overnight. Detection of the phosphoproteins using antibodies (all
from Cell Signaling) of p-FAK, p-paxillin, p-ERK1/2 and p-Src was
done the same as above with the exception of 3% BSA used in pri-
mary antibody incubation.

Immunohistochemistry

Immunohistochemical studies on the tissue microarrays were
performed according to our previous protocol.25 CRT staining
intensity was graded into four categories based on the percentage
of positive epithelial cells: negative, <5%; weak, 5–35%; moderate,
35–70%; strong, >70%.

Transfection and generation of CRT-knockdown stable line

SAS cells were seeded into 10-cm culture dishes at a density of
1 � 106 cells per dish. After attachment, the cells were transfected
with 4 lg CRT-shRNA vector (purchased from National RNAi Core
Facility, Academia Sinica, Taiwan) or the control vector using Fu-
Gene6 transfection reagent (Roche Applied Science, Indianapolis,
IN). Two days after transfection, the cells were trypsinized and
re-plated in a 15-cm culture dish with medium containing
0.5 lg/ml puromycin. Two weeks later, single colonies were iso-
lated by cloning cylinders and seeded initially into each well of
the 96-well plates, followed by progressive expansion of the cul-
tures in large culture dishes. Two months later, the puromycin-
resistant stable line was established and maintained in medium
with 2 lg/ml puromycin.

RNA isolation, semi-quantitative RT-PCR and real-time PCR

Total RNA was isolated from 1 � 107 of the CRT-knockdown sta-
ble line using TRIzol reagent (Invitrogen). Five micro gram of total
RNA was reverse transcribed into cDNA by SuperScript III First-
Strand Synthesis Supermix (Invitrogen). PCR reactions were carried
out using ten-fold cDNA diluents and primers as follows: 50-
GAATTCATGCTGCTATCCGTGCC-30 (forward) and 50-GAATTCCTA-
CAGCTCGTCCTTGG-30 (reverse). The thermal cycling conditions
were 94 �C for 5 min, followed by 28 cycles of 94 �C for 1 min,
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57 �C for 1 min and 72 �C for 1.5 min. For real-time PCR, 125 ng of
cDNA was mixed with Power SYBR Green PCR Master Mix and
amplified in StepOne Real-Time PCR System (Applied Biosystems).
The primer sequences were 50-AACTTCCTCATCACCAAC-30 (for-
ward) and 50-CTCATCCTCCTCATCCTC-30 (reverse). The cycling con-
ditions were 95 �C for 10 min, followed by 40 cycles of 95 �C for
15 s and 60 �C for 1 min. The cDNA content was determined using
a comparative CT method of 2�44CT. The results are shown as rela-
tive expression normalized to that of the internal control, GAPDH.

MTT cell proliferation assay

The CRT-knockdown stable transfectants were seeded into 96-
well plates at a density of 1 � 104 in each well. After culturing
for 24, 48, 72 or 96 h, cell growth studies were conducted by
MTT assay (Chemicon International Inc., CA). MTT (0.01 ml) was
added to each well and incubated at 37 �C for 4 h. The cells were
lysed by 0.1 ml isopropanol with 0.04 N HCl. The optical density
was measured at 570 nm as a test wavelength and 630 nm as a ref-
erence wavelength.

Colony formation assay

The CRT-knockdown stable transfectants were seeded in a 6-
well plate at a density of 200 cells per well. After incubation for
15 days, the colonies were fixed with methanol for 10 min and
stained with 0.1% crystal violet for 15 min. The number of colonies
was counted and quantitated by Image-Pro Plus software.

Soft agar assay

Five thousand cells of the stable transfectants were mixed in the
0.3% top agarose (SeaPlaque) and plated onto the 0.5% bottom aga-
rose in each well of a 6-well plate. Colonies were photographed di-
rectly or visualized by Giemsa stain and quantitated as above three
weeks after incubation.

Assessment of cell cycle distribution

The flow cytometer-based analysis of cell cycle distribution was
conducted as described.28 In brief, 5 � 105 cells of CRT-knockdown
stable transfectants or the control were starved with serum-free
medium for 24 h. After starvation, 10% FBS was added into the
medium and incubated for 48 h. Cells were then harvested, washed
twice with PBS and fixed in 70% ethanol overnight. After centrifu-
gation at 3000 rpm for 5 min at 4 �C, the cell pellets were stained
with 10 lg/ml propidium iodide (PI) (Sigma, St. Louis, MO, USA)
and 10 lg/ml RNase A in PBS buffer for 20 min at 37 �C in the dark.
The cells were analyzed using a FACScan flow cytometer (Becton–
Dickinson, Mansfield, MA, USA) and the results were evaluated
using the WinMDI 2.9 software (written by Joseph Trotter, Scripps
Research Institute, La Jolla, CA).

Transwell migration assay

3 � 104 of the CRT-knockdown stable transfectants were as-
sayed for cell migration as mentioned previously.29

Wound healing assay

The CRT-knockdown stable transfectants were plated in a 6-
well plate (8 � 105/well). After the cells grew to confluence, a
scratch/wound was made with a pipette tip in each of the wells.
Cells were washed with PBS and refreshed with FBS-containing
medium. Microscopic fields were photographed at the initial point
(0 h) and thereafter.
Transient siRNA knockdown

siGENOME SMARTpool siRNA against CRT was purchased from
Dharmacon (Lafayette, CO). Transfection of siRNA (50 nM) was per-
formed according to our previous protocols.26 Knockdown of CRT
expression was verified by Western blot analysis.

Gelatin zymography

To analyze the secretion of MMP2/MMP9 in culture superna-
tants, cells were incubated in serum-free medium for 24 h and
then collected and concentrated by a speed vacuum. The samples
were separated on 10% SDS–PAGE containing 1 mg/ml gelatin
(Merck) under nonreducing conditions. The gels were washed in
wash buffer containing 2.5% Triton X-100 in 50 mM Tris–HCl, pH
7.4, followed by incubation in reaction buffer (0.2 M NaCl, 0.02%
NaN3, 1 lM ZnCl2, 2% Triton-X 100, 5% Brij-35 in 50 mM Tris–
HCl, pH 7.4) at 37 �C for 20 h. To visualize the gelatinolytic bands,
the gels were stained with Coomassie Blue and then washed in
destaining buffer. The gels were dried and quantified by
densitometry.

Statistical analysis

The results of MTT assay, colony formation assay, soft agar as-
say, migration assay and cell cycle distribution were analyzed by
Student’s t-test. �P < 0.05 was considered statistically significant.
Results

Up-regulation of CRT in paired tumor tissue specimens, OSCC cell lines
and tissue microarrays

To identify differentially expressed proteins in OSCC, we
investigated the proteomes of tongue tumors and adjacent non-
cancerous matched tissues (NCMTs) by two-dimensional electro-
phoresis (2-DE). Several protein spots with differential expression
were yielded and identified by mass spectrometry (LC/MS/MS),
among which CRT was up-regulated in tumor tissues compared
to the NCMTs (Supplementary data). To confirm the proteomic re-
sults, expression of CRT in sixteen fresh tumors and the paired
NCMTs was examined by Western blot analysis. We found that
CRT was highly expressed in the tumor areas of thirteen NCMT/tu-
mor pairs (13/16 or 81.25%) (Fig. 1A). In addition, expression of CRT
was significantly higher in six OSCC cell lines than in primary cul-
tures of NHOKs (Fig. 1B). Furthermore, we analyzed CRT expression
in oral tissue microarrays by immunohistochemistry (IHC) and
demonstrated that 96.1% (99/103) of tumor specimens had positive
CRT staining. In sharp contrast, only 31.5% (29/92) of the NCMTs
had detectable CRT expression (p < 0.001 by v2 test). Fig. 1C shows
the representative results of IHC. These results suggest that CRT is
selectively expressed in cancerous lesions but not in normal muco-
sa of the oral cavity.

Establishment of stable CRT-knockdown in oral cancer cells

To study the function of CRT in oral cancer cells, we generated a
stable CRT-knockdown cell line. Oral cancer cells, SAS, were trans-
fected with CRT-shRNA vectors and selected with puromycin
(0.5 lg/ml). After two weeks, single colonies were formed and
isolated by trypsin digestion in cloning cylinders. The puromy-
cin-resistant colonies were amplified for two months in medium
containing puromycin (2 lg/ml). Effective silence of CRT expres-
sion was confirmed by real-time PCR, semi-quantitative RT-PCR
and Western blot analysis (Fig. 2A and B). We checked the



Figure 1 Differential expression of CRT in OSCC tissues and oral cancer cell lines. (A) Tissue extracts of 16 paired NCMT (N)/OSCC (T) samples were analyzed by
immunoblotting using anti-CRT antibody. The lower panel shows the total tissue lysates stained with Coomassie Blue and used as the loading control. ‘‘�’’ represents
overexpression of CRT in 13 of 16 tissue pairs. (B) Expression of CRT in six oral cancer cell lines and normal human oral keratinocyte (NHOK) was examined by
immunoblotting. The six OSCC cell lines: 1, Ca9-22; 2, CAL-27; 3, HSC-3; 4, SCC-9; 5, SAS; 6, FaDu. (C) Immunohistochemical studies of CRT expression in tissue microarrays
that contain 103 OSCC and 92 NCMT sections. The representative results show negative or weak staining in NCMTs, and negative, weak, moderate or strong staining in OSCC.
Magnification: 40�. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Figure 2 Down-regulation of CRT expression and morphological alterations in the CRT-knockdown oral cancer cell line. (A) CRT mRNA expression in the control or the CRT-
knockdown stable line (CRT-shRNA) was confirmed using real-time PCR or semi-quantitative RT-PCR (upper right) that amplified a 1.25 Kb fragment of CRT coding sequence.
Experiments in real-time PCR were done in triplicates and the results were presented as fold decrease in the stable line relative to the control (deliberately set to 1). (B)
Effective depletion of CRT protein expression in the CRT-knockdown stable line was confirmed by Western blot analysis. (C) Cell morphology of the CRT-knockdown stable
line at two months after the initial selection was photographed under bright-field microscopy. Magnification: 100�.
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morphology of the stable transfectants and found distinct morpho-
logical changes between the control and the CRT-knockdown sta-
ble line. Unlike the scattered spindle-shaped cells in the control,
the CRT-knockdown cells are smaller, round-shaped and have the
propensity to cluster together (Fig. 2C).
Depletion of CRT induces cell cycle arrest and inhibits proliferation of
oral cancer cells

We asked whether CRT was involved in cancer cell growth
in vitro. Using MTT assay, we found that the CRT-knockdown



Figure 3 Cell growth assay and cell cycle analysis of the CRT-knockdown stable line. (A) The growth rate of the CRT-knockdown stable line and the control during a 4-day
period was evaluated by MTT assay. (B) Representative photos and quantitative data of colony formation assay in monolayer cultures after two weeks growth. (C)
Representative photos and quantitative data of soft agar assay after three weeks growth. (D) Cell cycle phase distribution was analyzed by flow cytometry. The CRT-
knockdown stable line exhibited impaired cell cycle progression as indicated by more cells accumulated in G0/G1 phase. The table shows the percentages of cell distribution
in different phases of the cell cycle. All experiments were done in triplicates and the results were presented as means ± SD. �P < 0.01 when compared with the control.

538 W.-F. Chiang et al. / Oral Oncology 49 (2013) 534–541
stable line had a reduced growth rate during the 4-day growth per-
iod (Fig. 3A). We then tested colony-forming ability of the knock-
down cell line on a solid support or in soft agar. In both
conditions, there was a marked decrease in colony formation when
CRT expression was depleted (p < 0.01) (Fig. 3B and C). Moreover,
analysis of cell cycle-phase distribution by flow cytometry re-
vealed a significant increase of cells in G0/G1 phase (from 49.1%
to 60%) (p < 0.01) and a concomitant decrease of cells in S phase
(from 21.9% to 16%) and G2/M phase (from 29% to 24%) (p < 0.01)
in the knockdown cell line (Fig. 3D). This altered cell cycle progres-
sion is presumed to be responsible for the observed decreased cell
proliferation. In addition, there was no evident sub-G0/G1 peak,
excluding apoptotic cell death in the CRT-knockdown stable line.
Depletion of CRT inhibits migration of oral cancer cells presumably due
to decreased activity of FAK and MMP-2/MMP-9

Cell motility of the CRT-knockdown stable line was examined
by wound healing (horizontal) and transwell (vertical) migration
assays. Compared to the parental control, the CRT-knockdown cells
displayed a much impaired ability to move both horizontally and
vertically (p < 0.01), strongly suggesting that CRT is required for
oral cancer cell migration (Fig. 4A and B). Focal adhesion kinase
(FAK) and matrix metalloproteinases (MMPs) are the key players
in integrin-mediated cell migration. Indeed, phosphorylation of
FAK (pY397) and paxillin (pY118), the known phosphorylation tar-
get of FAK, was decreased in the knockdown stable line (Fig. 4C).
Given that ERK1/2 is a downstream effector of FAK, our data also
indicated a decreased phosphorylation level of ERK1/2 in the
knockdown stable line. Consistent results were obtained from an-
other oral cancer cell line, Ca9-22, with transient knockdown of
CRT by specific siRNA oligos (Fig. 4C). On the other hand, using gel-
atin zymography and Western blot analysis, we showed that both
the secreted level and the activity of MMP-2 and MMP-9 were sig-
nificantly attenuated in the CRT-knockdown stable line (Fig. 4D).
These data suggest that CRT may regulate cell migration through
the FAK/paxillin/ERK1/2 signaling pathway coupled with the pro-
teolytic degradation of extracellular matrix (ECM) in oral cancer
cells.
Discussion

Although CRT has been implicated in diverse normal cellular
processes, its role in cancer development has not been fully eluci-
dated. In particular, it remains unknown whether CRT has impor-
tant functions in oral cancer cells and may serve as a biomarker
for OSCC patients. In an attempt to identify differential protein
expression in OSCC tissues by proteomic analysis, we found that
CRT was overexpressed in tongue cancerous tissues. Verification
of CRT expression in sixteen NCMT/OSCC pairs and six OSCC cell



Figure 4 Cell motility of the CRT-knockdown stable line and its correlation with the activity of FAK pathway and MMP-2/MMP-9. (A) Horizontal cell movement was
examined by wound healing assay. After the wounds were created, the representative results were photographed at time 0, 5 and 13 h. (B) Transwell migration assay was
used to assess the vertical movement of the cells. The migrated cells were stained with Giemsa and counted under bright-field microscopy at 100 �magnification.
Representative photos and quantitative data are shown. The experiment was done in triplicates and the data were expressed as means ± SD. �P < 0.01 when compared with
the control. (C) Phosphorylation levels of FAK (p-FAK), paxillin (p-paxillin), ERK1/2 (p-ERK) and Src (p-Src) were revealed by Western blot analysis in the CRT-knockdown
stable line (left panel) and Ca9-22 cells with transient CRT knockdown by siRNA (right panel). Levels of p-FAK, p-paxillin and p-ERK but not p-Src were down-regulated when
CRT expression was knockdown in both cell lines. (D) The secretion (Western blotting) and activity (zymography) of MMP-2 and MMP-9 were deceased in the culture
medium of the CRT-knockdown stable line.
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lines revealed its selective expression in cancerous lesions of the
oral cavity. To evaluate whether CRT can be a biomarker for OSCC,
we investigated the expression of CRT in a large cohort of clinical
samples using oral tissue microarrays and IHC. We found that,
among a total of 103 OSCC tissue sections, there was a striking per-
centage of CRT-positive OSCC cases (96.1%). Moreover, the majority
of the positive cases (55/99 or 55.6%) exhibited moderate to strong
staining intensity. On the contrary, only minor NCMT cases had po-
sitive staining (31.5%) of mostly weak staining intensity, consistent
with the CRT expression in primary cultures of NHOKs. These find-
ings suggest that CRT is a potential biomarker for diagnosing oral
cancer, which correlates with previous studies by others that solu-
ble CRT level in sera and urine may be used as a biomarker for pre-
diction and diagnosis of lung and bladder cancer, respectively.30,31

However, at this point the clinicopathological correlation of CRT
expression was not statistically significant (data not shown). This
may be due to an insufficient follow-up period (2008–2010) and
thus a lower mortality rate. Clinicopathological data are continu-
ously accumulated for better prediction of clinical outcomes in
the future.

To study the cellular effects of CRT in oral cancer cells, we estab-
lished an oral cancer cell line with stable CRT-knockdown, and
asked how this could influence cell growth and migration. We
showed that, in addition to morphological alterations, CRT knock-
down by shRNA vectors resulted in significantly reduced growth
rate, colony-forming capacity and anchorage-independent growth,
suggesting the requirement of CRT for oral cancer cell proliferation.
This is consistent with several previous reports that forced expres-
sion of CRT enhanced cell proliferation in gastric cancer cells14,
whereas knockdown of CRT suppressed cell growth rate in bladder
cancer cells.32 However, it is still unknown how forced expression
of CRT may affect proliferation of the normal counterparts of gas-
tric and bladder cancer cells. Nor is it clear how exogenous expres-
sion of CRT may have an impact on the physiological functions of
primary NHOKs. To understand the mechanism behind the growth
inhibition in the CRT-knockdown stable line, we examined cell cy-
cle distribution by flow cytometry. Our results demonstrated that
CRT knockdown triggered a marked accumulation of cells in
G0/G1 phase without the induction of sub-G0/G1 peak. These
findings suggest that the depletion of CRT caused G0/G1 cell cycle
arrest but not apoptosis, at least in part accounting for the slow
growth of the CRT-knockdown stable line. Furthermore, our preli-
minary results indicate marked elevation p21Cip1/Waf1 level in the
CRT-knockdown cells (data not shown). Because p21Cip1/Waf1 is
well known as a negative regulator of cell cycle and an inducer
of cellular senescence, it seems plausible that the G0/G1 arrest
may lead to senescence by the up-regulation of p21Cip1/Waf1 in
the CRT-knockdown oral cancer cells.

The effect of CRT knockdown on oral cancer cell motility was
further investigated by migration assays. We used wound healing
and transwell migration assays to assess horizontal and vertical
cell movements, respectively. In both cases, the CRT-knockdown
stable line had a significant decrease in cell movement compared
to the control cells, indicating that CRT is necessary for cell motility
in vitro. These results correlate with the role of CRT in other cancer
types, in which reduced CRT expression impairs cell migration of
esophageal33, bladder32 and gastric14 cancers. Since CRT has been
shown to regulate focal adhesion34,35 and the activity of matrix
metalloproteinases (MMPs)36, we suspected that focal adhesion ki-
nase (FAK), MMP-2 and MMP-9 may participate in CRT-mediated
oral cancer cell migration. Indeed, the activity, or the phosphoryla-
tion level, of FAK was down-regulated in the CRT-knockdown
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stable line. Moreover, the phosphorylation level of paxillin and
ERK1/2, the known downstream effectors of FAK, was decreased
in the knockdown cells. Although Src has been shown to phosphor-
ylate FAK in integrin-FAK signaling37, the activity of Src (SrcpY416)
was not decreased in the CRT-knockdown stable line. Thus, it is
possible that CRT-mediated oral cancer cell migration involves
the FAK pathway but is independent of the Src pathway. To sup-
port these results, we demonstrated the involvement of the FAK
signaling in CRT-mediated cell migration using another oral cancer
cell line (Ca9-22) with transient knockdown of CRT. On the other
hand, we showed that the CRT-knockdown stable line had a dra-
matic reduction of secretion and activity of MMP-2 and MMP-9
in the medium. Interestingly, the FAK-ERK signaling pathway has
been implicated in the regulation of MMPs secretion in various
carcinoma cells.38–41 Besides, mounting evidence indicates up-
regulation of MMP-2 and/or MMP-9 expression in OSCC
tissues42–45, and higher ratios of MMP-2 and MMP-9 activation in
malignant neoplasms than in their adjacent normal tissues46, cor-
relating with the invasive and metastatic potential and poor prog-
nosis in OSCC patients. Thus, the observed reduced motility in the
CRT-knockdown cells may be due to down-regulation of the FAK-
ERK-MMP-2/MMP-9 signaling pathway. However, how CRT may
modulate the activity of this signaling pathway and the resulting
cell migration is not clear and deserves detailed investigations.

In summary, this study indicates that CRT is a potential bio-
marker and contributes to the malignant phenotypes of OSCC.
Although CRT appears to have oncogene-like functions in vitro in
oral cancer cells, CRT was shown to behave like a tumor suppressor
that inhibited growth and metastasis of prostate cancer cells.15 It is
therefore surmised that whether CRT plays an oncogenic or a tu-
mor suppressive role is cancer cell type-dependent. Furthermore,
our findings provide the first implication that CRT is important
for proper cell cycle progression, and regulates cell motility
through the FAK signaling pathway accompanied with concomi-
tant activation of MMP-2 and MMP-9 in OSCC cells.
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