The E3 Ubiquitin Ligase SIAH2 Is a Prosurvival Factor Overexpressed in Oral Cancer
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Abstract. Background: This study aimed at investigating the expression and functional significance of seven in absentia homologues 2 (SIAH2), an E3 ubiquitin ligase, in oral squamous cell carcinoma (OSCC). Materials and Methods: Comparative genomic hybridization and real-time PCR were performed to examine the amplification of SIAH2 gene in clinical specimens of OSCC tissues. Expression of SIAH2 mRNA and protein was examined by quantitative reverse transcription-polymerase chain reaction (RT-PCR) and immunohistochemical assays, respectively. Apoptosis was examined by annexing V staining and Poly (ADP-ribose) polymerase (PARP) cleavage, with or without sienna-mediated SIAH2 knockdown. Expression of p53 was analyzed by immunoblotting. Results: Levels of SIAH2 DNA and mRNA were significantly greater in clinical OSCC specimens and in cultured OSCC cells, which also stained positively for SAIH2 protein. Knockdown of SIAH2 led to growth suppression and apoptosis induction in a p53-independent mechanism. Conclusion: These results revealed a tight correlation of SIAH2 overexpression with OSCC and suggest an oncogenic role of SIAH2 in oral cancer. 
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Oral cancer is one of the leading causes of cancer death worldwide (1). A rise in the incidence of oral cancer in Europe, as well as an increased mortality of the disease in Asia, have been observed. Indeed, the estimation by the World Health Organization indicates that a continual increase in the prevalence of oral cancer is expected in the decades to come (2). Risk factors of oral cancer include tobacco smoking and alcohol abuse. In addition, use of areca nut (betel nut) in oriental countries is tightly linked to the development of oral squamous cell carcinoma (OSCC). Arecoline, the major alkaloid of the areca nut, has been shown to be a carcinogen (3). Analyses of oral cancer tissues by comparative genomic hybridization (CGH) have revealed frequent amplification in chromosomes 3q, 8q, 9q, 11q and 20q, as well as deletion in the 4q, 3p, 5q, and 15q chromosome regions (4, 5). Mechanisms underlying oral cancer development remain to be fully explored, identification of molecules contributing to the progression of oral cancer will be vital for improving the detection and treatment of the disease. 
[bookmark: _GoBack]Protein ubiquitination is a versatile post-translational modification that targets proteins to proteasomal degradation. The ubiquitination-dependent regulation of protein stability affects all aspects of cell physiology, including cell cycle progression, senescence, differentiation and apoptosis (6, 7). Ubiquitination consists of three consecutive enzymatic reactions: E1 ubiquitin-activating protein, E2 ubiquitin-conjugating protein and E3 ubiquitin ligase. The seven in absentia gene is an E3 ligase first identified in Drosophila shown to be required for the cell fate specification of the R7 photoreceptor (8). Two seven in absentia homologues (Siah), Siah1 and -2, exist in mammals. The SIAH proteins are really interesting new gene (RING) domain-containing ubiquitin ligases that regulate the stability of a diverse group of substrates (9), including nuclear corepressor, β-catenin, TNF receptor-associated factor 2 (TRAF2), α-ketoglutarate dehydrogenase, and prolyl hydroxylase 3 (PHD3). The SIAH2 proteins have been implicated in a range of cellular processes, including hypoxia response, survival and mitochondrial biogenesis (10-14). The SIAH2 proteins share a highly conserved substrate-binding domain and are known to interact with overlapping protein targets.  Nonetheless, SIAH1 and SIAH2 each has isoform-specific substrates, and can play distinct roles in cellular functions (15). SIAH2 has been implicated in the progression of cancer of various cell types. Depletion of SIAH2 in cancer cells is reported to suppress tumorigenesis, including of lung, pancreas, breast, prostate and melanoma (16-19). The role of SIAH2 in oral cancer development, however, has not been investigated to us knowledge.
In this study, we employed array CGH assays and PCR analyses to examine chromosomal aberrations in the clinical specimens from patients with oral cancer.

Materials and Methods

Patients and clinicopathological data. Oral tissue specimens for array CGH assays were obtained from 10 patients who underwent surgical resection for oral cancer at the China Medical University Hospital (Taichung, Taiwan, ROC) in 2009. An additional 25 tissue specimens were collected from patients with OSCC underwent primary surgical resection at the same hospital between 2009 and 2010; the ages of these patients ranged between 35-69 years (average 50 years). Clinicopathological information, obtained retrospectively from medical records, including primary tumor size, nodal status, and histological grade, is shown in Table I. The collection and use of tissue samples were in compliance with the guidelines of the Ethics and Clinical Research Committee of China Medical University. Informed consent was obtained from all patients or their legal guardians.

Cell culture. The OSCC cell lines, Ca922, SAS and HSC-3 (all were from Japanese Collection of Research Bioresources, Tokyo, Japan) and CAL27 from American Type Culture Collection (ATCC, Manassas, Virginia, USA) are frequently used model OSCC cell systems. OECM-1 cells were provided by Dr. Kuo-Wei Chang (20). The TW206 cell line, cloned from a Taiwanese patient with oral cancer from chwiug betel nut, was from Dr. Pei-Jung Lu (National Cheng Kung University, Taiwan, ROC). All cells were maintained and passaged according to the guidelines provided by the cell banks. The Ca922 cells were cultured in Minimum Essential Medium (MEM; Invitrogen, Carlsbad, CA, USA), SAS, HSC-3, TW206 and CAL27 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen), OECM-1 cells were cultured in RPMI-1640 (Life Tech, Gaithersburg, MD, USA). All media were supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), penicillin (100 U/ml) and streptomycin (100 μg/ml). Cells were cultured in a humidified chamber at 37oC containing 5% CO2.

Array-based CGH (aCGH) assay. Ten pairs of human oral cancer samples and the adjacent morphologically normal tissues were analyzed by aCGH using the Human Genome CGH Microarray Kit 244A (Agilent Technologies, Santa Clara, CA, USA) which detects more than 236,000 coding and noncoding human loci. The probes used were as suggested by the instructions of NCBI build 36 (http://www.ncbi.nlm.nih.gov/projects/genome/guide/human/index.shtml). Data analysis was performed by the CGH Analytics 3.4.40 software (Agilent Technologies), and statistical significance was analyzed by the Student’s t-test (p <0.05 indicates significant difference). The ADM-2 algorithm was used, with a threshold of 6.0 to detect significantly altered genomic regions. 

DNA extraction. Tissues from patients with oral cancer were removed from liquid nitrogen and ground into powder. DNA was extracted using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.

Annexin V-fluorescein isothiocyanate (FITC) binding assay. Apoptosis was detected by the annexin V/FITC binding assays. The normal, early apoptotic, late apoptotic and necrotic cells were discerned using the Annexin V-Propidium Iodide (PI) kit according to the manufacturer’s instructions (BD Pharmingen, San Diego, CA, USA). After washing with PBS, the cells were resuspended and incubated in the staining solution for 10 min. At least 100,000 cells were analyzed by flow cytometry for apoptotic cells. 

Real time reverse transcription-polymerase chain reaction (real time RT PCR). Total tissue RNA was extracted using the RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. The first-strand cDNA was synthesized using the NCodeTMmiRNA kit (Invitrogen) with 2 µg of RNA according to the manufacturer’s protocol. PCR amplification was performed using the PRISM 7900HT Sequence Detection System (ABI, Foster City, CA, USA). Primers used for amplifying SIAH2 gene were: AGGTTGCCCTCTGCCGATA (forward), and ACATAGGTGAGTGGCCAAATCTC (reverse). Relative gene expression was analyzed using the -2–CT method (21).

Immunohistochemistry and Immunocytochemical analyses. The tissue sections or cells (2X104) were washed with PBS and fixed in PBS containing 4% w/v paraformaldehyde at 22°C for 30 min. The samples were rinsed in PBS, permeabilized with 0.3% Triton X-100, and incubated with an antibody against SIAH2 (Santa Cruz, Dallas, Tx, USA) at a dilution of 1:1000 for 2 h at 25°C in a humidified chamber. After PBS washing, immunoreactivity was detected by the streptavidin-biotin complex system (Dako, Carpinteria, CA, USA). The sections were counterstained with hematoxylin, dehydrated and mounted with Clearmount (Zymed, San Francisco, CA, USA). 

Immunoblot analysis. Cells were lysed in buffer (150 mM NaCl, 50 mM Tris, 1 mM EDTA, and 0.02% NaN3) containing 1% NP40 and protease inhibitors (Roche, Indianapolis, IN, USA) for 30 min on ice. The lysates were centrifuged at 12,054 g for 30 min at 4oC and the concentrations of proteins were determined by the Bradford assay kit (Bio-Rad, Hercules, CA, USA). Approximately 40 μg of lysates were separated by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis, and analyzed by immunoblotting using specific antibodies for SIAH2 (Santa Cruz, Dallas, Texas) and actin (Millipore Corporation, Billerica, MA, USA). 

Plasmid construction and transfection. Short hairpin RNA (shRNA) expression plasmids obtained from The RNAi Consortium (TRC, Taiwan, ROC) were employed to knockdown the expression of SIAH2. Two pLKO.1-shRNA constructs: SIAH2 sh-1 (TRCN0000007416) and SIAH2 sh-2 (TRCN0000007418), were obtained from the National RNAi Core Facility (Academia Sinica, Taipei, Taiwan, ROC). For transfection, cells were seeded at 5X105 cells per well in 6-well-plates and transfected with 2 μg of the plasmid DNA by Arrest-in reagent (Thermo Scientific, Huntsville, AL, USA).

Results

SIAH2 is overexpressed in clinical specimens of oral cancer. Using the aCGH assays, we have previously found gain of chromosome regions in 1p, 3q, 7p, 8q, 9, 11q, 16, 17, 19, 20 and 22, as well as loss of 3p, 4q, 5q, 8p, 10, 18q and Y, in clinical specimens of oral cancer (22). Because the SIAH2 gene is located at 3q25, we examined if SIAH2 undergoes genomic amplification in oral cancer. Ten paired clinical specimens of oral cancer and their non-neoplastic counterparts were analyzed by aCGH assays for changes of SIAH2 gene copy number. As shown in Figure 1, aCGH results indicate that eight out of 10 oral cancer samples exhibited SIAH2 gene amplification. 
Next, real- time PCR assays were performed to verify the aCGH results. A total of 25 additional clinical specimens of oral cancer were collected. The majority of the study patients were male and averaged 50 years old, with clinical stages distributed from I to III, and the differentiation status from poor to well differentiation (Table I). Genomic DNA was successfully extracted from 20 of these samples. Results from real-time PCR assays, as shown in Figure 2A, revealed that 14 out of 20 specimens (70%) exhibited SIAH2 DNA amplification of greater than 1.2-fold, only one tumor specimen (5%) exhibited a reduced SIAH2 DNA level. When compared with the non-neoplastic counterpart tissues, an average increase of 1.46±0.2-fold was found. This result confirmed the finding from aCGH, indicating a positive correlation of Siah2 gene amplification in OSCC tumor. 
Quantitative RT-PCR was next performed to address whether the amplification of Siah2 gene resulted in elevated mRNA expression. As shown in Fig. 2B, Siah2 mRNA expression in most tumors (23 out of 25, 92%) displayed over 1.5-fold increase relative to their corresponding non-tumor specimens. Only one sample (1/25, 4%) exhibited reduction of SIAH2 mRNA expression. 
The expression of SIAH2 protein in tissues was examined by immunohistochemistry. As shown in Figure 2C, OSCC stained positively for SIAH2. Together, our results show a strong correlation of SIAH2 DNA amplification and mRNA overexpression with OSCC. 

[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Increased DNA copy number and mRNA expression of SIAH2 in cultured oral cancer cells. We further evaluated the DNA copy number and mRNA expression of SIAH2 by real-time PCR and RT-PCR assays, respectively, in six OSCC-derived cell lines. Human foreskin keratinocytes (HFKs) (23) were simultaneously analyzed as a control normal cell. As shown in Figure 3A, four out of the six OSCC cell lines analyzed exhibited significantly increased levels of SIAH2 DNA. Amplification of SIAH2 gene was highest in the Ca922 cell line, whereas no apparent changes were detected in SAS and OECM1. Interestingly, RT-PCR assays revealed that all six OSCC cell lines displayed at least 10-fold increases in SIAH2 mRNA levels when compared with control HFK cells (Figure 3B). These results suggest that amplification of SIAH2 gene does not fully explain the increased mRNA levels. It is clear that SIAH2 mRNA expression in OSCC may be regulated at the transcriptional post-transcriptional levels. Consistent with elevated mRNA expression, immunocytochemical analyses demonstrated that SIAH2 protein was present in all six OSCC cell lines, but not in the normal control HFK (Figure 3C). 

Knockdown of SIAH2 suppresses cell growth and induces apoptosis of oral cancer cells. Given that SIAH2 is overexpressed in oral cancer, next we addressed its role in the growth of oral cancer cells using the cultured Ca922 OSCC cells which expressed abundant SIAH2. Expression of SIAH2 in Ca922 was knocked down by two SIAH2-specific siRNAs (Siah2-sh1 and Siah2-sh2). As indicated by RT-PCR (Figure 4A) and immunocytochemical assays (Figure 4B), respectively, expression of SIAH2 mRNA and protein was effectively suppressed by both siRNAs. Examination by MTT assays showed that depletion of SIAH2 significantly inhibited the proliferation rates of Ca922 cells (Figure 4C). Furthermore, SIAH2 knockdown-induced growth suppression was observed in all OSCC cell models (Figure 4D). Next, we addressed whether apoptosis contributes to the depletion of SIAH2-induced growth suppression. Expression of SIAH2 in Ca922 cells was silenced by siRNAs, then cells were stained with annexin V and PI and analyzed by flow cytometry. As shown in figure 4E, depletion of SIAH2 resulted in an proportion of annexin V-positive cells. Consistently, increased cleavage of Poly ADP ribose polymerase (PARP) (Figure 4F), an apoptotic marker, was also recealed on SIAHh2 knockdown. These results together show that apoptosis contributes, at least in part, to the growth suppression induced by SIAH2 knockdown. 
Next, we examined whether p53 is involved in the SIAH-depletion induced apoptosis. As a central player of cell fate determination, the tumor suppressor p53 arrests cell growth and triggers apoptosis of a wide variety of cells under stress. The abundance and the activation of p53 were examined by Immunoblotting. Our results indicate that levels of p53 and its Ser46-phosphorylated form (active p53) decreased in the SIAH2 knockdown cells (Figure 4G), suggesting that p53 is unlikely to participate in the apoptosis induced by SIAH2 depletion.

Discussion
In this study, we have provided evidence demonstrating for the first time that SIAH2 ubiquitin ligase is an oncogenic factor overexpressed in oral cancer. SIAH2 gene is located in a gain of chromosome region commonly found in oral cancer. Using aCGH assays, we show that SIAH2 gene is frequently amplified in the clinical specimens of OSCC, which also express elevated levels of SIAH2 mRNA and protein. The tight correlation between SIAH2 overexpression and oral cancer is shown by the finding that 70% (14/20) of patients harbor Siah2 gene amplification, and over 90% (23/25) displayed elevated levels of SIAH2 mRNA compared with the corresponding non-neoplastic tissues. Overexpression of SIAH2 in oral cancer is further supported by its abundant mRNA levels in all six OSCC cell lines analyzed. The functional significance of SIAH2 overexpression in the tumorigenesis of oral cancer is shown by the suppression of growth and induction of apoptosis in the SIAH2 deficient OSCC cells. Together, these results suggest a tumor promoting role of SIAH2 in oral cancer. 
There are discrepant observations on the role of SIAH2 in tumor cells. A number of studies suggest that SIAH2 functions as a tumor suppressor in cancer. While SIAH2-knockout mice are largely physiologically normal, an expansion of myeloid precursors, particularly those sensitive to macrophage colony-stimulating factor, was noticed in the bone marrow (24). Analyses of six large cohorts of breast and non-small cell lung carcinoma have revealed that low levels of SIAH2 expression correlate with reduced disease-free survival (25). Moreover, loss of SIAH2 expression is associated with more advanced and tamoxifen-resistant estrogen receptor positive tumors (26). In contrast, a number of studies implicate a tumor-promoting role of SIAH2 in tumors. Inhibition of SIAH2 function in a syngeneic breast cancer cell model resulted in suppressed tumor cell growth (27). Analyses of breast cancer specimens revealed a significant correlation between the expression of SIAH2 and the incidence of tumor with basal-like phenotype (28). The oncogenic roles of SIAH2 have also been suggested in lung and prostate cancer cells (29-31). Consistent with the present finding, Ahmed et al. reported that silencing of SIAH2 triggered apoptosis in cultured lung cancer cell (30). It appears that the effects of SIAH2 on tumorigenesis are complicated and may be cellular context dependent.  
In clear distinction to Western countries, a significant population patients with OSCC in Taiwan consume betel nuts. Our data indicate that whereas 64% of patients with OSCC were betel nut eaters, overexpression of SIAH2 mRNA was found in 92% the tumor specimens. Likewise, all of the six OSCC cell lines exhibited high levels of SIAH2 mRNA expression, whereas only two cell lines, OECM1 and TW206, were from patients who were habitual betel nut eaters. It is interesting to note that OECM1 cells do not harbor SIAH2 gene amplification, which further excludes the association between betel nut mutagens and SIAH2 genomic alterations. Based on these findings, we suggest that increased SIAH2 DNA and mRNA levels do not seem to be a direct consequence of betel nut consumption. Instead, our results support the notion that SIAH2 overexpression is a common event of OSCC. The molecular basis of SIAH2 gene amplification and mRNA overexpression in oral cancer warrants further investigation.
Mechanisms underlying the SIAH2 silence-induced apoptosis/growth suppression remain unclear. Attempts to link p53 to the SIAH2-mediated cellular activities in OSCC failed to ascribe a role of the tumor suppressor. On the contrary, we have shown that the abundance of p53 and its Ser-46 phosphorylated form decreased in the SIAH2-deficient cells. Our finding of a positive correlation between p53 and SIAH2 levels is consistent with a report by Chan et al indicating that activation of p53 is associated with increased SIAH2 expression in the basal-like breast cancer (28). We have also examined the possibility whether hypoxia-inducible factor 1α (HIF-1α) may be involved in the SIAH2-mediated action in OSCC cells. HIF-1α which is hydroxylated and stabilized by the SIAH2 substrate prolyl hydroxylase 3 (PHD3) (32), is reported to be overexpressed in OSCC under both normal and hypoxic conditions (33). Moreover, overexpression of HIF-1α is shown to be correlated with poor prognosis of patients with OSCC (34). However, we were unable to detect HIF-1α protein in the OSCC cells under unstimulated conditions. 
The ubiquitin proteasome pathway-mediated degradation of proteins is implicated in a multitude of cellular processes, including cell growth and apoptosis. It is not surprising that aberrations of components in the pathway have been linked to carcinogenesis. We have previously reported that the WW domain containing E3 ubiquitin protein ligase 1 (WWP1) is frequently amplified in (22). We now show that gain of DNA and mRNA expression of yet another E3 ligase, SIAH2, is closely correlated with oral cancer. The ability of SIAH2 silencing in promoting apoptosis /growth suppression plus its frequent overexpression in OSCC tissues suggests an oncogenic role of SIAH2 in the development of OSCC. These results provide a potential strategy for therapeutic intervention of oral cancer. 
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Figure legends

Figure 1.  Analyses by Array-based comparative genomic hybridization (aCGH) on chromosome 3 of clinical specimens of oral squamous cell carcinoma (OSCC). aCGH assays were performed on 10 specimens of oral cancer and their corresponding non-neoplastic tissues. The relative amounts of DNA in tumors to that in normal tissues are shown. Red indicates regions that displayed gain of chromosome, while green designates area with loss of chromosome. Increase of seven in absentia homologues (SIAH2) gene at 3q25 locus was found in 8 out of 10 OSCC specimens. Statistical significance of the difference as analyzed by Student’s t test is indicate p <0.05.

Figure 2.  Increased levels of seven in absentia homologues 2 (SIAH2) DNA and mRNA in clinical specimens of oral cancer. A: Genomic DNA was extracted from 20 paired oral cancer specimens and their adjacent non-neoplastic tissues, and amplified by real-time PCR for SIAH2 and ATPase, Ca++ transporting, plasma membrane 4 (ATP2B4) which served as an internal control. The amounts of DNA in cancer relative to that in normal tissues are shown. B: RNA was extracted from 25 paired oral cancer tissues, and subjected to real-time RT-PCR amplifications for SIAH2 mRNA, expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was determined as an internal control. Relative mRNA values of tumor to that of normal tissues as them. Bars in A and B are the mean ± SD from at least three independent experiments. C: Expression of SIAH2 in representative oral cancer tissues. Consecutive tissue sections were subjected to immunohistochemistry using antibody to SIAH2 (left panel). Inset: the  area shown in the left panel as viewed at a higher magnification (right). SIAH2 positive cells were revealed by dark red staining.

Figure 3.  Increased DNA copy number and mRNA expression of seven in absentia homologues 2 (SIAH2) in cultured oral cancer cell lines. A: Genomic DNA was extracted from the indicated oral squamous cell carcinoma (OSCC) cell lines, and assayed by real-time PCR using specific primers for SIAH2, expression of ATPase, Ca++ transporting, plasma membrane 4 (ATP2B4) gene served as an internal control. B: RNA was extracted and assayed by real time RT-PCR for SIAH2 mRNA expression, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was analyzed as an internal control. Expression of SIAH2 gene in the Human foreskin keratinocytes (HFKs) cells was determinded as the normal cell control. The ratios of SIAH2 to internal control obtained from each OSCC cell line were calculated and normalized to that of HFK which was set as 1. Bars are the mean±SD from three independent experiments. C: Immunocytochemical analysis indicating abundant SIAH2 protein expression in OSCC cells compared with that in HFK cells. 

Figure 4.  Knockdown of seven in absentia homologues 2 (SIAH2) expression suppresses growth and induces apoptosis of oral squamous cell carcinoma (OSCC) cells. A, B: Expression of SIAH2 mRNA and protein is effectively suppressed by SIAH2-specific siRNAs. The Ca922 cells were separately transfected with plasmids expressing SIAH2 siRNA (Siah2-sh1 and Siah2-sh2). Expression of SIAH2 mRNA was determined by quantitative RT-PCR 24 h after transfection (A). B: Suppression of SIAH2 protein was analyzed by immunocytochemistry assays using SIAH2-specific antibody. C: Expression of SIAH2 was knocked down in Ca922 cells by Siah2-sh1 and Siah2-sh2, and the viability of cells was determined by MTT assays as measured at the absorbance of 570 nm. D: Expression of SIAH2 in the indicated OSCC cell lines was knocked down in the presence of specific siRNAs as shown. The viability of cells was analyzed by MTT assays 24 h after transfection, numbers were normalized to that of the knockdown control of the individual cell line. E: Expression of SIAH2 in Ca922 cells was inhibited by specific siRNAs (Siah2-sh1, Siah2-sh2) or scrambled siRNA (control). After 24 h, cells were fixed and stained with annexin V and PI, and the percentage of apoptotic cells as determined by flow cytometry is indicated. F: Cells were treated as in (E), lysates were prepared and analyzed by immonoblotting for Poly ADP ribose polymerase (PARP) cleavage. Expression of actin is shown as a protein loading control. G: Similarly as in F, abundance of total and Ser46-phosphorylated p53 was analyzed by immunoblotting using specific antibodies. 
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