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Abstract

Cortactin stimulates cell migration, invasion, and experimental metastasis. Overexpression of cortactin

has been reported in several human cancers. CRK was originally identified as an oncogene product of

v-CRK in a CT10 chicken retrovirus system. Overexpression of CRKII has been reported in several human

cancers. CRKII regulates cell migration, morphogenesis, invasion, phagocytosis, and survival; however, the

underlying mechanisms are not well understood. We evaluated the possibility of the combination of

cortactin and CRKII as an appropriate molecular target for cancer gene therapy. The expression of cortactin

and CRKII in 70 primary oral squamous cell carcinomas and 10 normal oral mucosal specimens was

determined immunohistochemically, and the correlation of cortactin and CRKII co-overexpression with

clinicopathological factors was evaluated. Co-overexpression of cortactin and CRKII was detected in 31 of

70 oral squamous cell carcinomas, the frequency being significantly greater than in normal oral mucosa. In

addition, cortactin and CRKII co-overexpression was more frequent in higher-grade cancers according to
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the T classification, N classification, and invasive pattern. RNAi-mediated co-suppression of cortactin and

CRKII expression reduced the migration and invasion potential of an oral squamous cell carcinoma cell

line, OSC20. Downregulation of cortactin and CRKII expression also reduced the expression of vimentin,

fibronectin, and N-cadherin. These results indicate that the co-overexpression of cortactin and CRKII may

be tightly associated with an aggressive phenotype of oral squamous cell carcinoma. Therefore, we propose

that the combination of cortactin and CRKII could be a potential molecular target of gene therapy by

RNAi-targeting in oral squamous cell carcinoma.
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1.Introduction

Oral squamous cell carcinoma (OSCC) is the most common malignant tumor of the head and neck

region and accounts for more than 90% of cancers of the oral cavity [1]. The primary therapeutic modality

for OSCC is surgery. Although recent advances in surgical techniques and anticancer agents have improved

tumor regression and survival for patients with OSCC, wide surgical resection of OSCC inevitably causes

various oral dysfunctions. Therefore, new treatment strategies are urgently needed.

The presence of neck lymph node metastasis is strongly related to a poor prognosis in squamous cell

carcinoma of the head and neck [2-4]. Moreover, it has been reported that an alteration in the expression of

adhesion-related molecules is associated with poor prognosis in OSCC patients [5-8].

Chromosomal band 11q13 is a frequently amplified genomic segment in a large number of malignant

neoplasms, and is thought of as a potential biomarker for diagnosis and prognosis [9,10]. In head and neck

squamous cell carcinoma, this amplification is one of the most frequently observed genetic alterations
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[11-20] and is reportedly correlated with aggressive tumor growth [9,13,19], the presence of lymph node

metastases [17,21-23], and poor prognosis [9,19,24]. The amplified 11q13 region is 3-5 megabases in size

and includes four putative oncogenes: CCND1 (PRAD1), FGF3 (INT2), FGF4 (HST1), and EMS1.

Because CCND1 and EMS1 were found to be overexpressed in all carcinomas carrying the 11q13

amplification, they are believed to be the more important candidate oncogenes [10]. Cortactin, which is

encoded by the EMS1 gene, is amplified in 30% of head and neck squamous cell carcinomas and 13% of

primary breast cancers [13,25-28]. Cortactin is an actin-associated scaffolding protein that binds and

activates the actin-related protein (Arp) 2/3 complex, and regulates branched actin networks in the

formation of dynamic cortical actin-associated structures [29,30]. Amplification of the EMS1 gene and the

overexpression of cortactin have been reported in breast cancer, bladder cancer, hepatocellular carcinoma,

esophageal carcinoma, and head and neck squamous cell carcinoma [19,20,24,31-35]. Cortactin

overexpression has been postulated to mediate the increased invasive and metastatic behaviors of tumor
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cells because of its effects on the organization and functioning of cytoskeleton and cell adhesion structures

[34].

CRK is an adaptor family member of proteins mostly composed of SH2 and SH3 domains known to

mediate protein-protein interactions, and plays an important role in intracellular signal transduction [36-38].

CRK was originally isolated as the oncogene product of v-CRK in a CT10 chicken retrovirus. Its cellular

homologues have been isolated from various species [39,40]. Cellular homologues of v-CRK include the

c-CRK gene, which produces two alternatively spliced protein products: CRKI (28 kDa) and CRKII (40

kDa) [40,41]. The ubiquitous expression of CRK is observed in embryos and adults [40]. In addition, the

overexpression of CRK in malignant neoplasms [42], including glioblastomas [43] and lung cancers

[42,44], has been reported. CRKI/II mRNA expression is enhanced in lung tumors at more advanced stages

and accompanies poor survival [44]. CRKI is composed of an SH2 and an SH3 domain, and CRKII has an

additional SH3 domain [40]. The CRK-SH2 domain binds a specific phosphorylated tyrosine motif present
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in proteins involved in cell spreading, actin reorganization, and cell migration. Such CRK-SH2 binding

proteins include the focal adhesion components, p130Cas and paxillin [45], growth factor receptor tyrosine

kinases, and a docking protein Gab1, which is involved in epithelial dispersal and morphogenesis [46-48].

The NH2-terminal of the CRKII-SH3 domain constitutively interacts with proline-rich motifs present in

proteins, including C3G, a nucleotide exchange factor for Rap1[49], Dock180, an exchange factor for

Rac1[46,50], the Abl tyrosine kinase [51], tyrosine phosphatase [52], the p85 subunit of

phosphatidylinositol 3-kinase [53], and the c-Jun-NH2-kinase [54]. The binding proteins of the

COOH-terminal of the SH3 domain are still poorly understood. CRKII has been identified as a mediator of

cell migration associated with p130Cas and paxillin [55] as well as the Rac exchange factor Dock180 [56].

On the basis of these interactions, the proposed roles of CRK include the regulation of cell migration,

morphogenesis, invasion, phagocytosis, and survival [45].

In previous studies, we found that the overexpressions of cortactin and CRKII are each tightly
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associated with an aggressive phenotype of oral squamous cell carcinoma [57,58]. Moreover, the

CRK-cortactin complex has been reported to play a major role in actin polymerization downstream of

tyrosine kinase signaling [59]. In our previous report, we showed that the downregulation of CRKII

decreased the expression levels of cortactin in the OSC20 cell line, which indicates that the CRK-cortactin

complex may also play a major role in actin polymerization in OSCC [58].

In this study, we examined cortactin and CRKII expression in OSCC immunohistochemically, and

then determined the clinicopathological significance of cortactin and CRKII co-expression in relation to

various parameters, such as patient characteristics and histopathological findings. We also performed

double siRNA analysis to assess whether cortactin and CRKII could be potent molecular targets for cancer

gene therapy of OSCC.
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2.Materials and Methods

2.1Patients

Paraffin-embedded sections were obtained from biopsy specimens of 70 patients with OSCC who

underwent radical surgery in our department. Tumor stage was classified according to the TNM

classification of the International Union Against Cancer, histological differentiation was defined according

to the WHO classification, and invasion pattern was determined according to Bryne’s classification [60]. As

controls, samples of normal oral epithelium were obtained after informed consent was provided by 10

patients undergoing routine surgical removal of their third molars.

2.2 Cell lines

Basically, we examined the expression of each of cortactin and CRKII in the seven OSCC cell lines

(Ca9-22, SAS, SCC25, OSC20, HSC2, HSC3, and HSC4). Among them, the OSC20 cell line expressed
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cortactin and CRKII most strongly (data not shown). Then, we performed the co-suppression of CRK II

and cortactin by RNAi with the OSC20 cell line. A human OSCC cell line (OSC20) was obtained from the

Human Science Research Resource Bank (Osaka, Japan). The cells were cultured under conditions

recommended by their depositors.

2.3 Immunohistochemical staining and evaluation

Serial 4-μm-thick specimens were taken from tissue blocks. Sections were deparaffinized in xylene,

soaked in target retrieval solution buffer (Dako, Glostrup, Denmark), and then placed in an autoclave at

121°C for 5 min for antigen retrieval. Endogenous peroxidase was blocked by incubation with 0.3% H2O2

in methanol for 30 min. Immunohistochemical staining was performed using the Envision system

(Envision+, Dako, Carpinteria, CA). The primary antibody used was directed against cortactin (4D10,

Abnova, Taipei, Taiwan) or CRKII (H-53, Santa Cruz Biotech, Inc., CA, USA). The sections were
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incubated with the primary antibody overnight at 4°C. Reaction products were visualized by immersing the

sections in diaminobenzidine (DAB) solution, and the samples were counterstained with Meyer’s

hematoxylin and mounted. Negative controls were prepared by replacement of the primary antibody with

phosphate-buffered saline. Cortactin and CRKII expressions were defined as the presence of specific

staining in the nucleus and cytoplasm of tumor cells. The immunoreactivity of cortactin and CRKII was

scored by staining intensity and immunoreactive cell percentage as follows [57,58,61,62]: staining index 0

= tissue with no staining; 1 = tissue with faint or moderate staining in ≤25% of tumor cells; 2 = tissue with

moderate or strong staining from 25% to 50% of tumor cells; and 3 = tissue with strong staining in ≥50% of

tumor cells. Overexpression of each of cortactin and CRKII was defined as staining index ≥2.

2.4 RNA isolation and semiquantitative reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and first-strand cDNA
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was synthesized from 1 μg of total RNA using Oligo d(T) primer (Invitrogen) and ReverTra Ace (Toyobo,

Osaka, Japan). For PCR analysis, Taq DNA polymerase was used to amplify cDNA (Takara, Otsu, Japan).

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the endogenous expression standard.

Each PCR program involved a 3-min initial denaturation step at 94°C, followed by 23 cycles (for cortactin),

25 cycles (for CRKII), or 18 cycles (for GAPDH) at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, on a

PCR Thermal Cycler MP (Takara). Primer sequences were as follows:

5’-TGGGGAGGGGAATATACACA-3’ for cortactin (F); 5’-CTCTAGAGGAAGCCCCTCGT-3’ for

cortactin (R); 5’-TCTCAGGCAGTGCAAATCAC-3’ for CRKII (F);

5’-CGCTCCATACAATGAAAGCA-3’ for CRKII (R); 5’-GCCCCATTCGTTCAAGTAGTCA-3’ for

E-cadherin (F); 5’-TTCCGAAGCTGCTAGTCTGAGC-3’for E-cadherin (R);

5’-TGGCCTGGTTTGATACTGACCT-3’ for β-catenin (F); 5’-CTCTACAGGCCAATCACAATGC-3’ for

β-catenin (R) ; 5’-GGCTCAGATTCAGGAACAGC-3’ for vimentin (F);
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5’-GCTTCAACGGCAAAGTTCTC-3’ for vimentin (R); 5’-TCGAGGAGGAAATTCCAATG-3’ for

fibronectin (F); 5’-ACACACGTGCACCTCATCAT-3’ for fibronectin (R);

5’-GGACAGTTCCTGAGGGATCA-3’ for N-cadherin (F); 5’-GGATTGCCTTCCATGTCTGT-3’ for

N-cadherin (R); 5’-ATGTCGTGGAGTCTACTGGC-3’ for GAPDH (F); and

5’-TGACCTTGCCCACAGCCTTG-3’ for GAPDH (R). The amplified products were separated by

electrophoresis on ethidium bromide-stained 2% agarose gels. Band intensity was quantified by Image J

software.

2.5 Wound healing assay

Cell migration was evaluated by a scratched wound-healing assay on plastic plate wells. In brief, cells

were grown to confluence and then wounded using a pipette tip. Three wounds were made for each sample,

and all were photographed at 0 h and subsequent time points. Cell migration was evaluated by measuring
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the width of the wound at the identical position.

2.6 Invasion assay

A BioCoat Matrigel invasion chamber containing an internal chamber with an 8-μm porous membrane

bottom-coated with Matrigel (Becton Dickinson, Bedford, MA) was used for the invasion assay. Six-well

cell culture inserts and a 6-well multiwell companion plate were used for the experiment. The membranes

were rehydrated with warm serum-free medium for 2 h. The internal chamber was filled with 1.25 × 105

cells in medium containing 10% FBS as a chemoattractant. Cells were incubated for 72 h at 37°C in a 5%

CO2 atmosphere. After the incubation, noninvading cells were removed from the top of the wells with a

cotton swab, and cells that transferred to the inverse surface of the membrane were subjected to Diff-Quick

staining. Cells were counted under a microscope at 100× magnification. For the control, cells that passed

through a control chamber without Matrigel were counted. All experiments were performed in triplicate,

and cell numbers were counted in at least 4 fields/well. The ratio of the cell count that passed through the
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Matrigel chamber to the control cell count was defined as the invasion index, and is expressed as a

percentage.

2.7 RNA interference (RNAi)

The cortactin siRNA sequences were 5’-CAAGACCGAAUGGAUAAGUTT-3’ and

5’-ACUUAUCCAUUCGGUCUUGTT-3’. The CRKII siRNA sequences were

5’-GUAUCAGAAGGGAUAGGUATT-3’ and 5’-UACCUAUCCCUUCUGAUACTT-3’. The scrambled

control siRNA sequences were 5’-CGUAUGCGCGUACUCUAAUTT-3’ and

5’-TTGCAUACGCGCAUGAGAUUA-3’. All sequences were submitted to the National Institutes of

Health Blast program to ensure gene specificity.

All siRNAs were purchased from Takara Bio Inc. (Otsu, Japan). Cells were transfected with

double-stranded RNA using TransIT-siQUEST® transfection reagent (Mirus, Madison, WI, USA) according
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to the manufacturer’s protocol. The OSC20 tongue cancer cell line was used for this experiment. Briefly,

1.0 × 105 OSC20 cells were plated in each well of six-well plates and allowed to grow for 24 h, until they

reached 50% confluence. Cells were then transfected with siRNA at a concentration of 200 nM by using the

transfection reagent in serum-free medium. Following 24 h of incubation, the medium was replaced with

serum-enriched medium and the cells were cultured for an additional 24 h.

2.8 Western blot analysis

Cells were harvested by trypsinization, washed, and precipitated by centrifugation. The Mammalian

Cell Extraction Kit (BioVision Research Products, Mountain View, CA) was used for the extraction of

proteins. All subsequent manipulations were performed on ice. The cells were incubated in Extraction

Buffer Mix. The lysed cells were centrifuged at 15,000 rpm for 3 min, and the resultant supernatant was

used as the cytoplasmic fraction. Protein concentration of each sample was measured with the micro-BCA
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protein assay reagent (Pierce Chemical Co., Rockford, USA). Samples were denatured in SDS sample

buffer and loaded onto 12.5% polyacrylamide gels. After electrophoresis, the proteins were transferred onto

polyvinylidine difluoride membranes and immunoblotted with anti-cortactin (H-191, Santa Cruz, California,

USA), anti-CRKII (H-53, Santa Cruz Biotech), or anti-β-actin (Cell Signaling, MA, USA). Incubation with

a horseradish peroxidase-conjugated secondary antibody (ECL antimouse IgG, Amersham Biosciences,

Piscataway, NJ; 0.01 μg/ml) was performed, and signals were visualized with an ECL Kit (Amersham

Pharmacia Biotech, Buckinghamshire, UK).

2.9 Statistical analysis

Statistical analysis was performed using StatMate® (ATMS Co., Tokyo, Japan). The correlation

between CRKII expression and the clinicopathological features was assessed by Fisher’s exact test.

Continuous data are given as the means ± standard deviation. Data sets were examined by one-way analysis

of variance (ANOVA) followed by Scheffe’s post hoc test. Survival analysis was carried out with
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Kaplan-Meier curves and the related log-rank tests. P values less than 0.05 were considered significant.
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3.Results

3.1 Correlation between cortactin and CRKII co-expression and clinicopathological features

Immunohistochemistry with an anti-CRKII polyclonal antibody or an anti-cortactin-specific

monoclonal antibody was performed on 70 patients with oral squamous cell carcinoma. Representative

immunohistochemical stainings are shown in Figure 1. Overexpression of cortactin and CRKII was

undetectable in normal epithelium (data not shown). In the squamous cell carcinoma cells, strong cortactin

or CRKII staining was located at the invasive front and the diffuse invasive area (Fig. 1B and D). Indeed,

cortactin and CRKII co-overexpression was recognized more frequently in OSCC (31 of 70, 44.3%) than in

normal oral epithelium (0 of 10, 0%; p<0.01). Furthermore, co-overexpression of cortactin and CRKII was

more frequent in cancers with higher grades according to the T classification (T 3/4 vs. 1/2; p<0.001), N

classification (N 3/4 vs. 1/2; p<0.05), and invasive pattern (grade 3/4 vs. 1/2; p<0.001, Table 1).

These findings strongly suggest that cortactin and CRKII co-overexpression is a potent predictor of
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survival.

3.2 Correlation between cortactin and CRKII co-expression and survival analysis

The 5-year survival rates according to cortactin and CRKII co-expression and other

clinicopathological features were determined. There was a tendency for an association between lower

survival in patients and cortactin and CRKII co-overexpression, as seen in the T classification, N

classification, invasive pattern, and separate cortactin or CRKII overexpression (data not shown). The

association was significant by the log-rank test (Fig. 2). These findings also strongly suggest that cortactin

and CRKII co-overexpression is a potent predictor of survival.

3.3 Effect of cortactin and CRKII on the migration and invasion of OSC20 cells

Cell migration and invasion are basic characteristics of tumor metastasis. To determine the effect

of cortactin and CRKII co-expression on the migration and invasion potential of cells, we transfected

OSC20 cells with cortactin siRNA and CRKII siRNA, and performed wound healing and Matrigel invasion
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assays. In the previous study, we reported the invasion potential of OSCC cell lines ( Ca9-22, SAS, SCC25,

OSC20, HSC2, HSC3, and HSC4 ) [62] and found that SAS and HSC3 showed higher invasion potential

than OSC20. However, the efficiency of RNAi in SAS and HSC3 cells was limited and, accordingly,

although the cells revealed the tendency of reduction of cell migration and invasion potential, but the

differences were not significant ( p＝0.31 in SAS and p＝0.37 in HSC3 ). Hence, we used OSC cell in this

study, because the RNAi co-suppression of cortactin and CRK II in OSC was most efficient among the cells

teste. Transfection with cortactin siRNA and CRKII siRNA significantly decreased cortactin and CRKII

mRNA and protein levels, respectively, compared with those of non-transfected cells and cells transfected

with scrambled siRNA (Fig. 3A, B). The induced downregulation of cortactin and CRKII co-expression

resulted in a 38.7% decrease in healing rate compared with that of the controls at 36 h after wounding (Fig.

3C, D). Concomitantly, the invasion index of OSC20 cells decreased significantly from 86.6% and 86.1%

in cells treated with vehicle alone and scrambled siRNA, respectively, to 15.8% in those transfected with

22

CRKII siRNA (Fig. 3E). Therefore, downregulation of cortactin and CRKII co-expression by siRNA

drastically suppresses the mobility of OSC20 cells in vitro.

3.4 Effect of decreasing cortactin and CRKII co-expression on EMT markers

Cortactin and CRK cooperate to trigger actin polymerization during Shigella invasion of

epithelial cells [59]. We therefore examined the effect of cortactin and CRKII on EMT in OSC20 cells.

Cortactin- and CRKII-targeted siRNA transfection of OSC20 cells significantly decreased fibronectin,

vimentin, and N-cadherin mRNA expression levels (Fig. 4). However, the mRNA expression levels of

E-cadherin and β-catenin were not affected by the cortactin- and CRKII-targeted siRNA transfection (Fig.

4). These results suggest that downregulation of cortactin and CRKII induces the suppression of EMT in

OSCC.
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4. Discussion

Cortactin is also thought to be related to functions involving membrane dynamics and cortical actin

assembly, including cell migration, morphogenesis, adhesion, receptor-mediated endocytosis, and pathogen

invasion, to improve the connection with the list of functions [39]. The amplification of cortactin has been

reported in 30% of head and neck squamous cell carcinomas and 13% of primary breast cancers [13,25-28].

In head and neck squamous cell carcinoma, the amplification of cortactin correlates with poor prognosis

[18]. In nude mice with esophageal squamous cell carcinoma, tail vein injection of cortactin

siRNA-transfected cells decreased lung metastasis and prolonged survival time compared with those of

controls [34]. In addition, in the same animal model, amplification and overexpression of cortactin

contributed to metastasis, anoikis resistance [34], and carcinogenesis [35]. In NIH3T3 fibroblasts,

overexpression of EMS1/cortactin increases cell motility and invasion in vitro [63]. Enhancement of

migration ability facilitates tumor invasion, which is the principal mechanism reported to account for the
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role of cortactin in tumor metastasis [30]. The ectopic expression of cortactin potentiates bone metastasis of

breast cancer by increasing the adhesive affinity of tumor cells for bone marrow endothelial cells [64].

Therefore, the overexpression of cortactin endows cancer cells with various capabilities for metastasis.

In previous studies, cortactin overexpression was reported to correlate with carcinogenesis [35], lymph

node metastasis [34], and poor prognosis [18].

CRK has been reported to regulate cytoskeletal reorganization by integrin stimulation, and thereby

modulate cell motility and adhesion [42]. Increased CRKII activity suppresses apoptosis, induces

lamellipodia formation and cell spreading in migratory cells [65], and encourages anchorage-independent

growth [55]. It has been reported that increased expression of CRKI/II at the mRNA and protein levels is

observed in various cancers [42], including glioblastomas [43] and lung cancers [42,44]. In lung

adenocarcinoma, CRKI/II mRNA expression is predominantly increased at more advanced stages and is

associated with poor survival [44].
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In the present study, we reveal that cortactin and CRKII co-overexpression strongly correlates with

cancers of higher grades in T classification, N classification, and invasive pattern. Additionally,

Kaplan-Meier analysis revealed a significant association of cortactin and CRKII co-expression with 5-year

survival rates (log-rank, p<0.05), similar to the T classification, N classification, and pattern of invasion

(data not shown). However, there were no significant differences in the correlation between cortactin and

CRKII co-overexpression with clinical factors in the analysis using multivariate statistics. Uneven case

distributions of cortactin and CRKII co-overexpression-negative and -positive groups in T classification

and N classification may have affected the correlation between cortactin and CRKII co-overexpression and

clinical factors. However, including our previous reports, our findings are basically consistent with the

results of a previous study that demonstrated the close relationship between elevated CRK levels and

poorer survival in lung adenocarcinoma patients [14]. Importantly, our study further suggests that cortactin

and CRKII co-expression level could be a prognostic factor in OSCC patients.
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Cell motility is a complex event dependent on the coordinated remodeling of the actin cytoskeleton, on

regulated assembly, and on turnover of focal adhesion [66]. In this context, it seemed important to

demonstrate that cortactin and CRKII co-expression could be associated with the migration and invasion

capacity of the human tongue squamous cell carcinoma cell line OSC20. Our data show that de novo

co-expression of cortactin and CRKII raises the migration and invasion potential of tongue squamous cell

carcinoma cells. Moreover, immunohistochemical analysis of cortactin and CRKII revealed strong

positivity at the invasive front of the diffuse invasion pattern. However, the mechanism by which cortactin

and CRKII increase the invasive potential remains unclear.

We showed that the suppression of CRKII

may cause inhibition of the formation of CRKII-p130Cas complexes, which affects the binding of

DOCK180 to SH3-domain of CRKII and additional Rac1 binding to those complexes in the

integrin-stimulated signaling pathways that govern the formation of focal adhesion and cortactin-mediated

regulation of branched actin networks in OSCC[58].
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In a previous report, cortactin is described as being required for adhesive contact formation through

interaction with E-cadherin and promoting F-actin accumulation in adhesive complex; inhibition of

cortactin activity reduced cadherin adhesive contact zone extension significantly [67]. With regard to the

main component of adhesive junction, the downregulation of E-cadherin is generally accepted as a

hallmark of EMT. It has been reported that many key transcription factors such as snail family proteins and

zinc finger E-box binding family proteins activated directly or indirectly by Smad 2/3 were identified to

inhibit the expression of E-cadherin at the transcriptional level [68]. The ectodomain of E-cadheirn

interacts with other E-cadherin in neighboring cells in a homotypic manner. The cytoplasmic domain of

E-cadherin binds to β-catenin, which interacts with α-catenin and cortactin and anchors to the actin

cytoskeleton [67,69]. Taking into consideration the important role of cortactin in the assembly of adhesion

junction complex, regulation of cortactin may be involved in the disruption of adhesion junction during

EMT [70]. Additionally, it has been reported that CRKII performs a critical role in promoting the
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epithelial-mesenchymal-like transition in epithelial cells, and that stable overexpression of CRKII activates

the downstream effectors, Rac1 and Rap, and promotes the spreading of MDCK (normal kidney) cells [71].

CRKII stimulates the breakdown of epithelial adherens junctions by inhibiting membrane accumulation of

E-cadherin and β-catenin, and promotes cell dispersal in moderately differentiated breast cancer cell lines

[71]. We previously reported that inhibition of the formation of CRKII-Dock180-p130Cas complexes by

the reduction of CRKII strongly suggests that CRKII is involved in promoting the

epithelial-mesenchymal-like transition in OSCC [58]. The interaction of p130Cas and paxillin with CRK

mediates signal transmission from extracellular stimulation to the reorganization of the actin cytoskeleton

[72]. CRK integrates multiple signals that could selectively lead to interactions between CRK and paxillin,

CRK and p130Cas, or Rac activation. In turn, Rac can mediate Arp2/3-dependent actin polymerization

through its interaction with IRSp53 and the WASP-family protein, WAVE [73]. CRK was shown to interact

directly with tyrosine-phosphorylated cortactin and to mediate cortactin-dependent actin polymerization
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required for Shigella uptake [59]. The CRK-cortactin complex has been reported to play a major role in

actin polymerization downstream of tyrosine kinase signaling [59]. In our previous study, downregulation

of CRKII also decreased the expression levels of Rac1 and cortactin in the OSC20 cell line, which indicates

that the CRK-cortactin complex may also play a major role in actin polymerization in OSCC [58]. In our

data, the downregulation of cortactin and CRKII induces the downregulation of vimentin, fibronectin, and

N-cadherin expression levels as mesenchymal markers, but not E-cadherin and β-catenin expression levels

as epithelial markers. Considering these findings, our data suggest that the downregulation of cortactin and

CRKII may inhibit the decrease of the adhesion complexes by the downregulation of E-cadherin and

β-catenin, and inhibit the reorganization of the actin cytoskeleton during EMT. The co-overexpression of

cortactin and CRK II may enhance the epithelial-mesenchymal-like transition in OSCC, especially located

at the invasive front and the diffuse invasive area, as seen in Fig. 1B and 1D. As a result, co-overexpression

of cortactin and CRK II may increase migration and invasive potential in OSCC and correlate with T
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classification, N classification, invasive pattern, and prognosis significantly in this study.

In summary, we demonstrate the significance of cortactin and CRKII co-overexpression and its

potential as a prognostic factor for OSCC as well as the possibility of epithelial-mesenchymal-like

transition in OSCC. RNAi technology is a specific and powerful tool to turn off the expression of

oncogenic target genes [74]. In oral cancers, the possibility of RNA-mediated gene therapy has been

reported 75,76]. We successfully applied double RNA silencing to inhibit the expression of cortactin and

CRKII, and thereby decreased the invasive potential of OSCC. Thus, we propose that RNAi-mediated gene

silencing of cortactin and CRKII could be a useful modality for OSCC treatment in the future.

Acknowledgements

We would like to thank Prof. Tohru Ikeda and Associate Prof. Shuichi Fujita of the Department of

Oral Pathology and Bone Metabolism, Unit of Basic Medical Sciences, Course of Medical and Dental

31

Sciences, Nagasaki University Graduate School of Biomedical Sciences, for their help in preparing this

manuscript.

This study was supported in part by Grant 18791508 from the Ministry of Education, Culture, Sports,

Science and Technology, Japan.

Funding: None

Competing interests: None declared

Ethical approval: Not required

32

References

1. Mao L, Hong WK, Papadimitrakopoulou VA. Focus on head and neck cancer. Cancer Cell

2004;5(4):311-6.

2. Hicks WL Jr, North JH Jr, Loree TR, Maamoun S, Mullins A, Orner JB, et al. Surgery as a single

modality therapy for squamous cell carcinoma of the oral tongue. Am J Otolaryngol 1998;19(1):24-8.

3. Sessions DG, Lenox J, Spector GJ, Chao C, Chaudry OA. Analysis of treatment results for base of

tongue cancer. Laryngoscope 2003;113(7):1252-61.

4. González-García R, Naval-Gías L, Rodríguez-Campo FJ, Sastre-Pérez J, Muñoz-Guerra MF, Gil-Díez

Usandizaga JL. Contralateral lymph neck node metastasis of squamous cell carcinoma of the oral

cavity: a retrospective analytic study in 315 patients. J Oral Maxillofac Surg 2008 ;66(7):1390-8.

5. Ziober BL, Silverman SS Jr, Kramer RH. Adhesive mechanisms regulating invasion and metastasis in

oral cancer. Crit Rev Oral Biol Med 2001;12(6):499-510.

33

6. Bánkfalvi A, Krassort M, Buchwalow IB, Végh A, Felszeghy E, Piffkó J. Gains and losses of adhesion

molecules (CD44, E-cadherin, and beta-catenin) during oral carcinogenesis and tumour progression. J

Pathol 2002;198(3):343-51.

7. Arora S, Kaur J, Sharma C, Mathur M, Bahadur S, Shukla NK, et al. Stromelysin 3, Ets-1, and vascular

endothelial growth factor expression in oral precancerous and cancerous lesions: correlation with

microvessel density, progression, and prognosis. Clin Cancer Res 2005;11(6):2272-84.

8. Yanamoto S, Kawasaki G, Yoshitomi I, Iwamoto T, Hirata K, Mizuno A. Clinicopathologic

significance of EpCAM expression in squamous cell carcinoma of the tongue and its possibility as a

potential target for tongue cancer gene therapy. Oral Oncol 2007;43(9):869-77.

9. Meredith SD, Levine PA, Burns JA, Gaffey MJ, Boyd JC, Weiss LM, et al. Chromosome 11q13

amplification in head and neck squamous cell carcinoma. Association with poor prognosis. Arch

Otolaryngol Head Neck Surg. 1995 ;121(7):790-4.

34

10. Schuuring E. The involvement of the chromosome 11q13 region in human malignancies: cyclin D1 and

EMS1 are two new candidate oncogenes--a review. Gene. 1995 ;159(1):83-96.

11. Merritt WD, Weissler MC, Turk BF, Gilmer TM. Oncogene amplification in squamous cell carcinoma

of the head and neck. Arch Otolaryngol Head Neck Surg. 1990;116(12):1394-8.

12. Leonard JH, Kearsley JH, Chenevix-Trench G, Hayward NK. Analysis of gene amplification in

head-and-neck squamous-cell carcinoma. Int J Cancer. 1991 ;48(4):511-5.

13. Williams ME, Gaffey MJ, Weiss LM, Wilczynski SP, Schuuring E, Levine PA. Chromosome 11Q13

amplification in head and neck squamous cell carcinoma. Arch Otolaryngol Head Neck Surg.

1993 ;119(11):1238-43.

14. Callender T, el-Naggar AK, Lee MS, Frankenthaler R, Luna MA, Batsakis JG. PRAD-1

(CCND1)/cyclin D1 oncogene amplification in primary head and neck squamous cell carcinoma.

Cancer. 1994 ;74(1):152-8.

35

15. Fortin A, Guerry M, Guerry R, Talbot M, Parise O, Schwaab G, et al. Chromosome 11q13 gene

amplifications in oral and oropharyngeal carcinomas: no correlation with subclinical lymph node

invasion and disease recurrence. Clin Cancer Res. 1997;3(9):1609-14.

16. Akervall JA, Michalides RJ, Mineta H, Balm A, Borg A, Dictor MR, et al. Amplification of cyclin D1

in squamous cell carcinoma of the head and neck and the prognostic value of chromosomal

abnormalities and cyclin D1 overexpression. Cancer. 1997 ;79(2):380-9.

17. Alavi S, Namazie A, Calcaterra TC, Wang MB, Srivatsan ES. Clinical application of fluorescence in

situ hybridization for chromosome 11q13 analysis in head and neck cancer. Laryngoscope.

1999 ;109(6):874-9.

18. Rodrigo JP, García LA, Ramos S, Lazo PS, Suárez C. EMS1 gene amplification correlates with poor

prognosis in squamous cell carcinomas of the head and neck. Clin Cancer Res. 2000 ;6(8):3177-82.

19. Xia J, Chen Q, Li B, Zeng X. Amplifications of TAOS1 and EMS1 genes in oral carcinogenesis:

36

association with clinicopathological features. Oral Oncol. 2007 ;43(5):508-14.

20. Freier K, Sticht C, Hofele C, Flechtenmacher C, Stange D, Puccio L, et al. Recurrent coamplification

of cytoskeleton-associated genes EMS1 and SHANK2 with CCND1 in oral squamous cell carcinoma.

Genes Chromosomes Cancer. 2006 ;45(2):118-25.

21. Muller D, Millon R, Lidereau R, Engelmann A, Bronner G, Flesch H, et al. Frequent amplification of

11q13 DNA markers is associated with lymph node involvement in human head and neck squamous

cell carcinomas. Eur J Cancer B Oral Oncol. 1994;30B(2):113-20.

22. Muller D, Millon R, Velten M, Bronner G, Jung G, Engelmann A, et al. Amplification of 11q13 DNA

markers in head and neck squamous cell carcinomas: correlation with clinical outcome. Eur J Cancer.

1997 ;33(13):2203-10.

23. Takes RP, Baatenburg de Jong RJ, Schuuring E, Hermans J, Vis AA, Litvinov SV, et al. Markers for

assessment of nodal metastasis in laryngeal carcinoma. Arch Otolaryngol Head Neck Surg.

37

1997 ;123(4):412-9.

24. Rodrigo JP, García LA, Ramos S, Lazo PS, Suárez C. EMS1 gene amplification correlates with poor

prognosis in squamous cell carcinomas of the head and neck. Clin Cancer Res. 2000 ;6(8):3177-82.

25. Schuuring E, Verhoeven E, Mooi WJ, Michalides RJ. Identification and cloning of two overexpressed

genes, U21B31/PRAD1 and EMS1, within the amplified chromosome 11q13 region in human

carcinomas. Oncogene. 1992 ;7(2):355-61.

26. Fantl V, Smith R, Brookes S, Dickson C, Peters G. Chromosome 11q13 abnormalities in human breast

cancer. Cancer Surv. 1993;18:77-94.

27. Karlseder J, Zeillinger R, Schneeberger C, Czerwenka K, Speiser P, Kubista E, et al. Patterns of DNA

amplification at band q13 of chromosome 11 in human breast cancer. Genes Chromosomes Cancer.

1994 ;9(1):42-8.

28. Peters G, Fantl V, Smith R, Brookes S, Dickson C. Chromosome 11q13 markers and D-type cyclins in

38

breast cancer. Breast Cancer Res Treat. 1995;33(2):125-35.

29. Weed SA, Parsons JT. Cortactin: coupling membrane dynamics to cortical actin assembly. Oncogene.

2001;20(44):6418-34.

30. Daly RJ. Cortactin signalling and dynamic actin networks. Biochem J. 2004 ;382(Pt 1):13-25.

31. Xiao-Ping H, Tie-Hua R, Peng L, Qiu-Liang W, Guang-Yu Y, Jing-Hui H, et al. Cyclin D1

overexpression in esophageal cancer from southern China and its clinical significance. Cancer Lett.

2006 ;231(1):94-101.

32. Bringuier PP, Tamimi Y, Schuuring E, Schalken J. Expression of cyclin D1 and EMS1 in bladder

tumours; relationship with chromosome 11q13 amplification. Oncogene. 1996 ;12(8):1747-53.

33. Rothschild BL, Shim AH, Ammer AG, Kelley LC, Irby KB, Head JA, et al. Cortactin overexpression

regulates actin-related protein 2/3 complex activity, motility, and invasion in carcinomas with

chromosome 11q13 amplification. Cancer Res. 2006 ;66(16):8017-25.

39

34. Luo ML, Shen XM, Zhang Y, Wei F, Xu X, Cai Y, et al. Amplification and overexpression of CTTN

(EMS1) contribute to the metastasis of esophageal squamous cell carcinoma by promoting cell

migration and anoikis resistance. Cancer Res. 2006;66(24):11690-9.

35. Hsu NY, Yeh KT, Chiang IP, Pai LY, Chen CY, Ho HC. Cortactin overexpression in the esophageal

squamous cell carcinoma and its involvement in the carcinogenesis. Dis Esophagus. 2008;21(5):402-8.

36. Hanahan D, Weinberg RA.. The hallmarks of cancer. Cell. 2000 ;100(1):57-70.

37. Clark EA, Brugge JS.. Integrins and signal transduction pathways: the road taken. Science.

1995 ;268(5208):233-9.

38. Birge RB, Knudsen BS, Besser D, Hanafusa H. SH2 and SH3-containing adaptor proteins: redundant or

independent mediators of intracellular signal transduction. Genes Cells. 1996;1(7):595-613.

39. Mayer BJ, Hamaguchi M, Hanafusa H, A novel viral oncogene with structural similarity to

phospholipase C. Nature. 1988 ;332(6161):272-5..

40

40.

Matsuda M, Tanaka S, Nagata S, Kojima A, Kurata T, Shibuya M. Two species of human CRK

cDNA encode proteins with distinct biological activities. Mol Cell Biol. 1992 ;12(8):3482-9.

41. Feller SM. Crk family adaptors-signalling complex formation and biological roles. Oncogene.

2001 ;20(44):6348-71.

42. Nishihara H, Tanaka S, Tsuda M, Oikawa S, Maeda M, Shimizu M, et al. Molecular and

immunohistochemical analysis of signaling adaptor protein Crk in human cancers. Cancer Lett.

2002 ;180(1):55-61.

43. Takino T, Nakada M, Miyamori H, Yamashita J, Yamada KM, Sato H. CrkI adapter protein modulates

cell migration and invasion in glioblastoma. Cancer Res. 2003;63(9):2335-7.

44. Miller CT, Chen G, Gharib TG, Wang H, Thomas DG, Misek DE, et al. Increased C-CRK

proto-oncogene expression is associated with an aggressive phenotype in lung adenocarcinomas. Oncogene.

2003;22(39):7950-7.

41

45. Chodniewicz D, Klemke RL. Regulation of integrin-mediated cellular responses through assembly of a

CAS/Crk scaffold. Biochim Biophys Acta. 2004;1692(2-3):63-76.

46. Lamorte L, Rodrigues S, Naujokas M, Park M. Crk synergizes with epidermal growth factor for

epithelial invasion and morphogenesis and is required for the met morphogenic program. J Biol Chem.

2002 ;277(40):37904-11.

47. Garcia-Guzman M, Dolfi F, Zeh K, Vuori K. Met-induced JNK activation is mediated by the adapter

protein Crk and correlates with the Gab1 - Crk signaling complex formation. Oncogene.

1999 ;18(54):7775-86.

48.

Maroun CR, Holgado-Madruga M, Royal I, Naujokas MA, Fournier TM, Wong AJ, et al. The Gab1

PH domain is required for localization of Gab1 at sites of cell-cell contact and epithelial morphogenesis

downstream from the met receptor tyrosine kinase. Mol Cell Biol. 1999;19(3):1784-99.

42

49.

Gotoh T, Hattori S, Nakamura S, Kitayama H, Noda M, Takai Y, et al. Identification of Rap1 as a

target for the Crk SH3 domain-binding guanine nucleotide-releasing factor C3G. Mol Cell Biol.

1995;15(12):6746-53.

50. Nolan KM, Barrett K, Lu Y, Hu KQ, Vincent S, Settleman J. Myoblast city, the Drosophila homolog of

DOCK180/CED-5, is required in a Rac signaling pathway utilized for multiple developmental

processes. Genes Dev. 1998:12(21):3337-42.

51. Feller SM, Knudsen B, Hanafusa H. c-Abl kinase regulates the protein binding activity of c-Crk.

EMBO J.1994;13(10):2341-51.

52.

Liu F, Hill DE, Chernoff J. Direct binding of the proline-rich region of protein tyrosine phosphatase

1B to the Src homology 3 domain of p130(Cas). J Biol Chem.1996;21(49):31290-5.

43

53. Gelkop S, Babichev Y, Isakov N. T cell activation induces direct binding of the Crk adapter protein to

the regulatory subunit of phosphatidylinositol 3-kinase (p85) via a complex mechanism involving the

Cbl protein. J Biol Chem. 2001;276(39):36174-82.

54. Friedl P, Wolf K. Tumour-cell invasion and migration: diversity and escape mechanisms. Nat Rev

Cancer. 2003;3(5):362-74.

55. Klemke RL, Leng J, Molander R, Brooks PC, Vuori K, Cheresh DA. CAS/Crk coupling serves as a

"molecular switch" for induction of cell migration. J Cell Biol. 1998;140(4):961-72.

56. Kiyokawa E, Hashimoto Y, Kurata T, Sugimura H, Matsuda M. Evidence that DOCK180 up-regulates

signals from the CrkII-p130(Cas) complex. J Biol Chem.1998;273(38):24479-24484.

57. Yamada S, Yanamoto S, Kawasaki G, Mizuno A, Nemoto TK. Overexpression of cortactin increases
invasion potential in oral squamous cell carcinoma. Pathol Oncol Res. 2010;16(4):523-31.

58. Yamada S, Yanamoto S, Kawasaki G, Rokutanda S, Yonezawa H, Kawakita A, et al.

Overexpression of CRKII increases migration and invasive potential in oral squamous cell carcinoma.
Cancer Lett. 2011 ;303(2):84-91.

44

59. Bougnères L, Girardin SE, Weed SA, Karginov AV, Olivo-Marin JC, Parsons JT, et al. Cortactin and

Crk cooperate to trigger actin polymerization during Shigella invasion of epithelial cells. J Cell Biol.

2004 ;166(2):225-35.

60. Bryne M, Boysen M, Alfsen CG, Abeler VM, Sudbø J, Nesland JM, et al. The invasive front of

carcinomas. The most important area for tumour prognosis? Anticancer Res. 1998;18(6B):4757-64.

61. Fu L, Qin YR, Xie D, Chow HY, Ngai SM, Kwong DL, et al. Identification of alpha-actinin 4 and 67

kDa laminin receptor as stage-specific markers in esophageal cancer via proteomic approaches. Cancer.

2007 ;110(12):2672-81.

62. Yamada S, Yanamoto S, Yoshida H, Yoshitomi I, Kawasaki G, Mizuno A, et al.

RNAi-mediated down-regulation of alpha-actinin-4 decreases invasion potential in oral squamous cell

carcinoma. Int J Oral Maxillofac Surg. 2010;39(1):61-7.

63. Patel AS, Schechter GL, Wasilenko WJ, Somers KD. Overexpression of EMS1/cortactin in NIH3T3

45

fibroblasts causes increased cell motility and invasion in vitro. Oncogene. 1998 ;16(25):3227-32.

64 Li Y, Tondravi M, Liu J, Smith E, Haudenschild CC, Kaczmarek M, et al. Cortactin potentiates bone

metastasis of breast cancer cells. Cancer Res. 2001;61(18):6906-11.

65. Cheresh DA, Leng J, Klemke RL. Regulation of cell contraction and membrane ruffling by distinct

signals in migratory cells.

J Cell Biol. 1999;146(5):1107-16.

66. Wehrle-Haller B, Imhof BA. Actin, microtubules and focal adhesion dynamics during cell migration.

Int J Biochem Cell Biol. 2003;35(1):39-50.

67. Helwani FM, Kovacs EM, Paterson AD, Verma S, Ali RG, Fanning AS, et al. Cortactin is necessary for

E-cadherin-mediated contact formation and actin reorganization. J Cell Biol. 2004 ;164(6):899-910.

68. Xu J, Lamouille S, Derynck R. TGF-beta-induced epithelial to mesenchymal transition.

Cell Res. 2009;19(2):156-72.

69. Niessen CM, Gottardi CJ. Molecular components of the adherens junction.

Biochim Biophys Acta. 2008 ;1778(3):562-71.
46

70. Zhang K, Wang D, Song J. Cortactin is involved in transforming growth factor-beta1-induced
epithelial-mesenchymal transition in AML-12 cells.Acta Biochim Biophys Sin (Shanghai).
2009;41(10):839-45.

71. Lamorte L, Royal I, Naujokas M, Park M. Crk adapter proteins promote an epithelial-mesenchymal-like

transition and are required for HGF-mediated cell spreading and breakdown of epithelial adherens

junctions. Mol Biol Cell. 2002;13(5):1449-61.

72. Cheresh DA, Leng J, Klemke RL. Regulation of cell contraction and membrane ruffling by distinct

signals in migratory cells. J Cell Biol. 1999 ;146(5):1107-16.

73. Miki H, Yamaguchi H, Suetsugu S, Takenawa T. IRSp53 is an essential intermediate between Rac and

WAVE in the regulation of membrane ruffling. Nature. 2000 ;408(6813):732-5.

74. Tuschl T. Expanding small RNA interference. Nat Biotechnol. 2002 May;20(5):446-8.

75. Kudo Y, Kitajima S, Ogawa I, Kitagawa M, Miyauchi M, Takata T. Small interfering RNA targeting of

S phase kinase-interacting protein 2 inhibits cell growth of oral cancer cells by inhibiting p27

47

degradation. Mol Cancer Ther. 2005;4(3):471-6.

76. Yanamoto S, Iwamoto T, Kawasaki G, Yoshitomi I, Baba N, Mizuno A. Silencing of the p53R2 gene by

RNA interference inhibits growth and enhances 5-fluorouracil sensitivity of oral cancer cells. Cancer

Lett. 2005 ;223(1):67-76.

48

Figure Legends

Figure 1

Representative immunohistochemical staining of cortactin and CRKII.

Immunohistochemical staining of cortactin (A and B) and CRKII (C and D) (A and C: 40×

magnification, B and D: 100× magnification). Well-differentiated squamous cell carcinoma demonstrates

strong cortactin and CRKII expression (staining index of 3) and diffuse invasion (A and C).

Well-differentiated squamous cell carcinoma demonstrates strong cytoplasmic expression in cancer nests,

and intense staining is shown in squamous cell carcinoma cells at the invasive front of the tumor (B and D).

Figure 2

Kaplan-Meier curves for 5-year survival analysis.

Kaplan-Meier curves for 5-year survival were examined for cortactin and CRKII co-overexpression.
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The associations were significant using the log-rank test (cortactin and CRKII co-overexpression:

overexpression (+)/(-); p<0.05).

Figure 3

Double RNAi of cortactin and CRKII in OSC20 cells.

OSC20 cells were transfected with either scrambled or cortactin and CRKII siRNA. (A) After 72 h, isolated

total RNA was analyzed by RT-PCR for cortactin, CRKII, or GAPDH, and (B) protein extracts were used

for western blotting of cortactin, CRKII, or β-actin. (C) The wound healing process was photographed at 0,

12, 24, and 36 h after wounding (left), and healing rates were determined as described in Materials and

Methods; mock (blue), scrambled (green), and RNAi (red) (right).(D) The graph shows a significant

decrease in the wound healing rate in OSC20 cells treated with cortactin and CRKII siRNA (p<0.001). (E)

Invasion of OSC20 cells (left) and the percentage of invaded cells (right) were determined as described in
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Materials and Methods. The graph shows a significant decrease in the invasion index of OSC20 cells

treated with cortactin and CRKII siRNA (p<0.001).

Figure 4

RT-PCR analysis of mRNA modulated by the suppression of cortactin and CRKII co-expression.

OSC20 cells were transfected with either scrambled siRNA or cortactin and CRKII siRNA. After 72 h,

mRNA was analyzed by RT-PCR. RT-PCR analysis shows the decreased expression of fibronectin,

vimentin, and N-cadherin. However, the expression of E-cadherin and β-catenin showed no change.
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