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Abstract

Nearly 60% of patients with head and neck squamous cell carcinoma (HNSCC) die of metastases 

or locoregional recurrence. Metastasis is mediated by cancer cell migration and invasion, which 

are in part dependent on extracellular matrix degradation by matrix metalloproteinases. 

Osteoactivin (OA) overexpression plays a role in metastases in several malignancies, and has been 

shown to upregulate matrix metalloproteinase (MMP) expression and activity.

Objectives—To determine how OA modulates MMP expression and activity in HNSCC, and to 

investigate OA effects on cell invasion.

Materials and Methods—We assessed effects of OA treatment on MMP mRNA and protein 

expression, as well as gelatinase and caseinolytic activity in HNSCC cell lines. We assessed the 

effects of OA gene silencing on MMP expression, gelatinase and caseinolytic activity, and cell 

invasion.

Results—OA treatment had differential effects on MMP mRNA expression. OA treatment 

upregulated MMP-10 expression in UMSCC14a (p=0.0431) and SCC15 (p<0.0001) cells, but 

decreased MMP-9 expression in UMSCC14a cells (p=0.0002). OA gene silencing decreased 

MMP-10 expression in UMSCC12 cells (p=0.0001), and MMP-3 (p=0.0005) and -9 (p=0.0036) 

expression in SCC25 cells. In SCC15 and SCC25 cells, OA treatment increased MMP-2 

(p=0.0408) and MMP-9 gelatinase activity (p<0.0001), respectively. OA depletion decreased 

MMP-2 (p=0.0023) and -9 (p<0.0001) activity in SCC25 cells. OA treatment increased 70 kDa 
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caseinolytic activity in UMSCC12 cells consistent with tissue type plasminogen activator 

(p=0.0078). OA depletion decreased invasive capacity of UMSCC12 cells (p<0.0001).

Conclusion—OA’s effects on MMP expression in HNSCC are variable, and may promote 

cancer cell invasion.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the 6th most common malignancy 

(Ruokolainen et al., 2004), affecting over 500,000 individuals yearly worldwide (Mehanna et 

al., 2010), with more than 45,000 cases occurring in the United States alone (Siegel et al., 

2015). One of the more aggressive human malignancies, a high incidence of loco-regional 

metastasis characterizes HNSCC (Imanishi et al., 2000). Despite multimodality treatment, 

the disease’s overall 5-year survival has remained at about 40% for decades (Gregoire et al., 

2010). The frequent recurrence of HNSCCs after treatment is closely associated with 

invasive and metastatic ability (Johansson et al., 1997).

The ability to degrade the extracellular matrix (ECM) is essential for cancer cell invasion. 

Cancer cells express a variety of proteases including the matrix metalloproteinases. The 

matrix metalloproteinases are a family of zinc-dependent endopeptidases that collectively 

are capable of degrading all ECM components (Johansson et al., 1997). The family currently 

consists of 28 members (Baker et al., 2006). Based on their structure and substrate 

specificities, MMPs can be divided into subgroups, including collagenases, stromelysins, 

stromelysin-like MMPs, matrilysins, gelatinases, membrane-type MMPs, and others 

(Vihinen and Kahari, 2002). Matrix metalloproteinase (MMP) upregulation occurs in a 

number of physiologic and pathophysiologic conditions involving tissue remodeling 

including morphogenesis, tissue repair, angiogenesis, inflammatory cell migration, 

rheumatoid arthritis, osteoarthritis, autoimmune skin blistering, chronic dermal and 

intestinal ulcers, atherosclerotic plaques, and periodontitis (Adler et al., 1990; Johansson et 

al., 1997; Meade-Tollin et al., 1999; Vihinen and Kahari, 2002). An important component of 

the metastatic cascade, MMP overexpression in HNSCC relative to normal mucosa has been 

demonstrated in several studies (Baker et al., 2006; Bogusiewicz et al., 2003; Cazorla et al., 

1998; Hong et al., 2000; Imanishi et al., 2000; Johansson et al., 1997; Kusukawa et al., 1996; 

Kusukawa et al., 1995; Kusukawa et al., 1993; Li et al., 2015; Myoung et al., 2002; P et al., 

2001; Shimada et al., 2000; Soni et al., 2003; Sutinen et al., 1998; Tokumaru et al., 2000; 

Yoshizaki et al., 2001). MMP overexpression has been shown to have prognostic 

significance in HNSCC, having been associated with lymph node metastases, poor survival 

and drug resistance (Bogusiewicz et al., 2003; de Vicente et al., 2005; Hong et al., 2000; 

Johansson et al., 1997; Kurahara et al., 1999; Kusukawa et al., 1996; Kusukawa et al., 1993; 

Li et al., 2015; Myoung et al., 2002; Ondruschka et al., 2002; P et al., 2001; Ruokolainen et 
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al., 2004; Shimada et al., 2000; Soni et al., 2003; Tokumaru et al., 2000; Yoshizaki et al., 

2001).

Growth factors, cytokines, physical stress, and cell-matrix and cell-cell interactions induce 

MMP expression and activation (Heino, 1996; Johansson et al., 1997; P et al., 1999; 

Sundelin et al., 2005; Vihinen and Kahari, 2002; Werb et al., 1989; Yu and Stamenkovic, 

1999). OA (also known as gpnmb (Anderson et al., 2006; Anderson et al., 2002; Pollack et 

al., 2007; Tse et al., 2006), dendritic cell heparin sulfate proteoglycan integrin dependent 

ligand (Chung et al., 2007; Shikano et al., 2001), and human hematopoietic growth factor 

inducible neurokinin (Bandari et al., 2003)) was first identified as a gene differentially 

expressed in melanoma cells with high metastatic potential (Tse et al., 2006). OA exists as a 

65 kDa transmembrane protein and a 115 kDa excreted isoform (Abdelmagid et al., 2008). 

OA overexpression contributes to metastasis in breast carcinomas (Metz et al., 2007; Rose et 

al., 2010a; Rose et al., 2010b; Rose et al., 2007), melanoma cells (Pollack et al., 2007; Tse et 

al., 2006), hepatic carcinoma (Tse et al., 2006), lung carcinoma (Oyewumi et al., 2016; Tse 

et al., 2006), prostate carcinoma (Fiorentini et al., 2014), pancreatic cancer (Torres et al., 

2015; Torres et al., 2014) and an experimental glioma (Rich et al., 2003). Osteoactivin (OA) 

has been shown to upregulate matrix metalloproteinase-3 (MMP-3) and MMP-9 expression 

in fibroblasts and skeletal muscle (Furochi et al., 2007; Ogawa et al., 2005; Tonogai et al., 

2015); MMP-2 and -9 in prostate cancer cell lines (Fiorentini et al., 2014); and MMP-3 in 

breast carcinoma cell lines (Rose et al., 2007). We previously demonstrated that OA is 

overexpressed in oral squamous cell carcinoma (OSCC) cell lines, and that OA in the ECM 

promotes migration of these cells through its interactions with integrins(Arosarena et al., 

2016). In this study, we demonstrate that OA upregulates expression and activity of MMPs 

shown to be overexpressed in HNSCC cells (Baker et al., 2006; Bogusiewicz et al., 2003; 

Cazorla et al., 1998; Hong et al., 2000; Imanishi et al., 2000; Johansson et al., 1997; 

Kusukawa et al., 1996; Kusukawa et al., 1995; Kusukawa et al., 1993; Li et al., 2015; P et 

al., 2001; Shimada et al., 2000; Soni et al., 2003; Sutinen et al., 1998; Tokumaru et al., 2000; 

Yoshizaki et al., 2001).

Materials and Methods

This study was granted exempt status from Temple University Institutional Review Board 

(protocol #13653) because commercially-available cells lines were used.

Cell culture

Cell lines representing different head and neck subsites, and derived from tumors at different 

stages were used (Table 1). Cell lines derived from oropharyngeal cancers were not included 

in this study as human papilloma virus infection can be a confounding variable in these 

malignancies (Mehanna et al., 2010). Similarly, cell lines derived from nasopharyngeal 

cancers were not used because Epstein Barr virus infection can be a confounding variable in 

these cancers (Mehanna et al., 2010). UMSCC-12 and -14a cells were obtained from the 

Head and Neck Cancer Biology Laboratory at the University of Michigan (Ann Arbor). 

SCC-15 and -25 cells were obtained from the American Type Culture Collection (ATCC, 

Manassas, Virginia).(Lin et al., 2007) UMSCC-12 and -14a cells were maintained in 
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Dulbecco’s modified Eagle’s medium (DMEM) supplemented with penicillin/streptomycin 

and 10% fetal bovine serum (FBS) in a 5% CO2 atmosphere at 37°C. SCC-15 and -25 cells 

were maintained as previously described (Arosarena et al., 2016). UMSCC12, SCC15 and 

SCC25 cells were used in this study because of their invasive capacity demonstrated in 

previous studies (Lin et al., 2007; Liu et al., 2002; Zhang et al., 2016). UMSCC14a cells 

were used as a model of early-stage, noninvasive HNSCC (Henson et al., 2007).

Treatment with recombinant human OA (rhOA) in the ECM

Tissue culture plates were coated with rhOA (10 μg/mL, Acro Biosystems, Newark, 

Delaware) (Arosarena et al., 2016) or 0.1% bovine serum albumin (BSA, Sigma Chemical 

Company, St. Louis, Missouri) in phosphate-buffered saline (PBS) overnight at 4°C. Excess 

solution was aspirated from the plates, and the plates were seeded with cells at sub-

confluence in media with 2.5% FBS (Day 0). On Days 2, 4 and 7, cellular lysates were 

harvested for quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). 

Similarly treated cells were harvested on Day 2 for Western blot analyses and zymography 

because we previously demonstrated maximal MAPK activation in HNSCC cell lines by 48 

hours (Arosarena et al., 2016).

qRT-PCR

To assess effects of OA in the ECM on MMP expression, RNA harvest and reverse 

transcription were performed as previously described (Arosarena et al., 2011). qRT-PCR was 

performed twice with three replicates using the SYBR Green PCR Master Mix (Applied 

Biosystems, Foster City, California) according to the manufacturer’s recommendations. 

Primer sequences are listed in Table 2. Threshold cycles were used to normalize samples to 

β-actin, the endogenous control (Arosarena et al., 2016).

Knock down of OA expression

OA knock down was performed in UMSCC12, SCC15 and SCC25 cells with siRNA 

transfection as previously described (Arosarena et al., 2016) to investigate effects of OA 

depletion on MMP expression and activity. We previously demonstrated that these cell lines 

express OA to a greater extent than immortalized oral keratinocytes (Arosarena et al., 2016). 

OA knock down was also used in UMSCC12 cells to study effects of OA depletion on in 
vitro invasion. Untreated control cells were exposed to transfection reagent only. OA knock 

down was confirmed in the cell lines with Western blot analysis (Figure 1).

Western blot analyses

OA Immunoblots—To confirm OA knock down, cells were lysed in RIPA buffer with 

protease inhibitor cocktail (Sigma Chemical Company). Protein concentrations were 

measured with a Pierce bicinchonic acid kit (Thermo Fisher Scientific, Waltham, 

Massachusetts). Protein extracts (20 μg) were resolved by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). Resolved proteins were transferred to 

polyvinylidene fluoride (PVDF) membranes, and the membranes were probed with an 

antibody to OA (Santa Cruz Biotechnology, Santa Cruz, California). β-actin antibody 

(Sigma Chemical Company) was used as the endogenous control (Figure 1).
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MMP Immunoblots—To confirm effects of OA treatment and OA knock down on MMP 

expression, protein extracts (10 μg) were resolved by SDS-PAGE, transferred to PVDF 

membranes and probed with antibodies to MMP-2 (72-kDa type IV collagenase, gelatinase 

A), -3 (stromelysin-1), -7 (matrilysin-1), -9 (92-kDa type IV collagenase, gelatinase B), -10 

(stromelysin-2) and -13 (stromelysin-3). The MMP-9 antibody was obtained from Santa 

Cruz Biotechnology. The remaining MMP antibodies were obtained from R&D Systems 

(Minneapolis, Minnesota).

Blots were developed by enhanced chemiluminescence or infrared fluorescence imaging. At 

least three independent experiments were performed for Western blot analyses and 

densitometry was performed with LI-COR (Lincoln, Nebraska) Image Studio Lite version 

4.0 software. β-actin was used as the endogenous control, and MMP band densities were 

normalized to β-actin. Representative experiments are presented.

Zymography

To assess ECM degradation activity related to OA treatment or knock down, cells were lysed 

in M-PER mammalian protein reagent (Thermo Fisher Scientific). Lysates were flash frozen 

and stored at −80°C. Native protein extracts (4 μg) were resolved on 8% SDS-PAGE gels 

with 0.05% gelatin or casein. Following electrophoresis, gels were washed in several 

changes of water, followed by several changes of 2.5% Tween-20 and several changes of 

reaction buffer (Tris-buffered saline with 5 mM CaCl2 and 2 μM ZnCl2, 5 minutes each). 

Gels were incubated for 7 days in reaction buffer at 37°C and then stained with amido black 

(Frankowski et al., 2012). At least three independent experiments were performed per 

sample for zymography and densitometric analyses were performed. Representative 

experiments are presented.

Viability assays

UMSCC12 cells were harvested 24 hours after treatment with OA- or scramble-siRNA, and 

seeded in 96-well tissue culture-treated plates at a density of 500 cells/well. Cell densities 

were measured with an MTT assay at 6 hours, and at days 2, 4 and 6 after seeding. Assays 

were performed twice, each time with 12 replicates.

Tumor spheroid invasion assays

UMSCC12 cells were used for this assay because proliferation assays revealed that OA 

knock down did not affect viability of these cells, which could affect quantitation of 

invasion. We previously demonstrated that OA knock down inhibits proliferation of SCC15 

and SCC25 cells (Arosarena et al., 2016). UMSCC12 cells were harvested 24 hours after 

treatment with OA or scramble siRNA, and seeded in 96-well ultra-low attachment round-

bottom plates at a density of 104 cells/well in 200 μL complete culture medium. After 48 

hours spheroid formation was confirmed, and 100 μL of the culture medium was aspirated 

from each well. Ice-cold Matrigel® basement membrane matrix (100 μL diluted to 3.2 

mg/mL in PBS) was added to each well and the matrix was allowed to solidify in a 5% CO2 

atmosphere at 37°C for one hour. 100 μL fresh complete growth medium was added to the 

wells, and spheroid images were recorded daily for 6 days (Vinci et al., 2015). Spheroid 
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areas were measured with NIH ImageJ software. Invasion assays were performed twice, 

each time with six replicates.

Statistical analyses

Prism GraphPad version 7.01 (La Jolla, California) statistical software was used for 

statistical analyses. The D’Agostino-Pearson Omnibus K2 test was used to determine 

normality of data. For comparisons of MMP expression and activity between OA-treated and 

BSA-treated samples, two-way analyses of variance was used for normally-distributed data 

and the Mann-Whitney U test was used for data that were not normally distributed. Two-way 

analyses of variance were used to compare means for MMP mRNA expression, spheroid 

areas and cell proliferation data. The Tukey post-hoc analysis was used to determine 

pairwise differences. The independent samples Kruskal-Wallis test (for data that were not 

normally distributed) and two-way analyses of variance (for normally distributed data) were 

used to compare sample means for MMP expression and activity between OA knock down 

samples and controls. A P value <0.05 was considered statistically significant.

Results

OA in the ECM differentially affects MMP mRNA expression

MMP-3 mRNA expression was not detected in the cell lines. MMP-7 mRNA was 

significantly decreased in SCC15 cells in the presence of OA. OA in the ECM resulted in 

MMP-2 and MMP-9 mRNA upregulation in SCC15 cells, and this upregulation was evident 

by day 2. MMP-10 and MMP-13 mRNA upregulation in UMSCC12 cells was noted by day 

2 for MMP-10 and by day 4 for MMP-13. UMSCC14a cells upregulated MMP-11 and 

MMP-13 mRNAs by day 4 with OA treatment (Table 3).

OA treatment effects on MMP expression

OA in the ECM did not significantly change MMP expression in UMSCC12 and SCC25 

cells (data not shown). In UMSCC14a cells, MMP-9 expression was decreased, but 

MMP-10 expression was increased in the presence of OA (p=0.0002 and p=0.0431, 

respectively, Figure 2A), and the expression of other MMPs did not differ between OA-

treated cells and controls. OA in the ECM increased MMP-10 expression in SCC15 cells 

(p<0.0001, Figure 2B).

OA knock-down effects on MMP expression

OA knock-down decreased MMP-10 expression in UMSCC12 cells (p=0.0001, Figure 3A). 

There was decreased MMP-3 (p=0.0005) and MMP-9 (p=0.0036) expression with OA 

knock-down in SCC25 cells (Figure 3B). OA knock-down did not significantly change 

MMP expression in SCC15 cells (data not shown).

OA promotes ECM degradation

Zymography was used to assess OA treatment and OA knock down effects on activity of 

ECM-degrading enzymes.
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Gelatin zymography—OA in the ECM increased MMP-2 activity in SCC15 cells 

(p=0.0408). While MMP-9 activity was also increased with OA in the ECM, this was not 

statistically significant (p=0.4744). MMP-9 activity in SCC25 cells was significantly 

increased in the presence of OA (p<0.0001, Figure 4A). OA increased expression of both the 

latent (92 kDa) and active (83–84 kDa) (Matsuzawa et al., 1996; Meade-Tollin et al., 1999) 

forms of the enzyme in this cell line. OA knock down decreased MMP2 (p=0.0023) and 

MMP9 (p<0.0001) activity in this cell line (Figure 4B). OA treatment and depletion did not 

significantly affect gelatinase activity in UMSCC12 and UMSCC14a cells (data not shown).

Casein zymography—Only the UMSCC12 cell line demonstrated caseinolytic activity. 

Two distinct bands were noted, the most prominent at about 70 kDa, which likely represents 

the activity of tissue-type plasminogen activator (tPA) (Ho et al., 2009). OA in the ECM 

significantly increased tPA activity in this cell line (p=0.0078). The less prominent 50 kDa 

band corresponded to the molecular weights of urokinase plasminogen activator (48 kDa) 

(Burggraf et al., 2004) or MMP-3 (Adler et al., 1990; Matsuzawa et al., 1996; Meade-Tollin 

et al., 1999), and OA treatment did not affect the intensity of this band. No bands were 

detected between 19 and 29 kDa to suggest MMP-7 activity (Adler et al., 1990; Nagashima 

et al., 1997). OA depletion with siRNA did not affect caseinolytic activity in this cell line 

(data not shown).

OA depletion decreases cell invasion in UMSCC12 cells

Scramble siRNA-treated UMSCC12 cells tended to form more compact spheroids, though 

the difference in spheroid areas between scramble siRNA- and OA siRNA-treated cells was 

not statistically significant (p=0.547). OA knock-down resulted in significantly decreased 

cell invasion by day 2 (p<0.0001, Figure 5A). OA depletion did not significantly affect cell 

viability in this cell line (p=0.2788, Figure 5B).

Discussion

The cascade of cancer cell invasion and metastasis is a complex process involving cell 

attachment to the ECM, degradation of the ECM (including basement membrane 

components), detachment, and cell migration through the degraded matrix.(Johansson et al., 

1997; Stetler-Stevenson et al., 1993) Moreover, neo-angiogenesis, and vascular intravasation 

and extravasation all require basement membrane digestion.(Cazorla et al., 1998; Imanishi et 

al., 2000; Vihinen and Kahari, 2002) Cancer cells facilitate ECM degradation by MMPs 

through co-clustering of cell surface receptors such as CD44 (the hyaluronan receptor) with 

ECM components and MMPs.(Yu and Stamenkovic, 1999) Integrin-ECM interactions also 

facilitate matrix degradation by MMPs that co-localize at the cell surface, and integrin 

interactions can upregulate MMP expression.(Brooks et al., 1996; Heino, 1996; Thomas et 

al., 2001; Werb et al., 1989)

OA exists as a 65 kDa transmembrane protein as well as a 115 kDa excreted isoform that 

can interact with cell surface receptors.(Abdelmagid et al., 2008) We have previously shown 

that OA in the ECM interacts with OSCC cell surface integrins, resulting in mitogen-

activated protein kinase (MAPK) activation.(Arosarena et al., 2016) MMP upregulation 

occurs through activation of the MAPKs.(Furochi et al., 2007; Johansson et al., 1997; 
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Vihinen and Kahari, 2002; Yu et al., 2011) We sought to determine if OA plays a role in 

MMP upregulation and activation in HNSCC. We studied the effects of OA in the ECM, as 

well as OA depletion in contrast to other studies that examined only protein depletion 

effects(Fiorentini et al., 2014).

Adhesion of HNSCC cells to OA in the ECM and OA depletion had differential effects on 

MMP mRNA and protein expression in the cell lines we tested. In a study of the effects of 

cytokines and hepatocyte growth factor on MMP expression in OSCC, Sundelin et al found 

that cell lines established from different tumors showed differential MMP expression 

patterns in response to stimulation.(Sundelin et al., 2005) Shimada et al were not able to 

detect MMP-7 expression in their study of human OSCCs(Shimada et al., 2000), while 

Impola et al detected MMP-7 in 73% of their OSCC samples(Impola et al., 2004). Other 

studies have confirmed that there is no characteristic MMP expression profile or activity 

pattern in HNSCC, and this may be due to the techniques used in the studies as well as to the 

fact that some of these studies lacked adequate sample numbers.(Werner et al., 2002)

While OA in the ECM increased MMP-10 and -13 mRNA expression in UMSCC12 cells, 

and increased MMP-11 and -13 mRNA expression in UMSCC14a cells, OA treatment did 

not result in increased expression of these proteins in the cell lines. Similarly, MMP-7 

mRNA expression in UMSCC12 and SCC15 cells did not correlate with protein expression. 

These discrepancies between mRNA and protein expression may reflect differences in 

mRNA and protein degradation rates between OA-treated and control cells(Landry et al., 

2013; Vogel et al., 2010), as well as mRNA translation repression by microRNAs(Bartel, 

2009; Moore, 2013). Though a number of studies have demonstrated increased MMP 

mRNA expression in HNSCC cells as compared to normal upper aerodigestive tract 

mucosa(Cazorla et al., 1998; Cromer et al., 2004; Du et al., 1999; Gray et al., 1992; Imanishi 

et al., 2000; Impola et al., 2004; Kainuma et al., 2006; Magary et al., 2000; Muller et al., 

1991; Muller et al., 1993; P et al., 2001; Stott-Miller et al., 2011; Suhr et al., 2007; Villaret 

et al., 2000; Ye et al., 2008; Yen et al., 2009; Ziober et al., 2006), the need to study these 

proteins at a molecular level is evidenced by a study of MMP expression in benign and 

malignant prostate tissue that revealed no correlation between mRNA and protein 

expression(Lichtinghagen et al., 2002).

In our study adhesion of cells to OA in the ECM increased MMP-10 expression in 

UMSCC14a and SCC15 cells, but decreased expression of MMP-9 in UMSCC14a cells. OA 

gene silencing decreased MMP-10 expression in UMSCC12 cells, and decreased MMP-3 

and MMP-9 expression in SCC25 cells. These results indicate that OA can both promote and 

inhibit MMP expression in HNSCC. While differential responses in MMP expression to OA 

stimulation and OA gene silencing could relate to differences in function of the 

transmembrane and excreted forms of the protein (UMSCC12 did not express the 115 kDa 

excreted form of OA), these responses appear to be cell line-specific. Differential responses 

in MMP profile expression to OA stimulation and depletion may represent the fact that these 

cells lines were derived from different individuals, and possibly by different mechanisms of 

carcinogenesis.
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Post-transcriptional regulation of MMPs is related to the fact that they are secreted as pro-

enzymes, requiring activation.(Kleiner and Stetler-Stevenson, 1999; Sundelin et al., 2005) 

The antibodies used in this study to detect MMPs do not distinguish between the 

proenzymes and their active forms, so zymography was used to assess MMP activity in the 

cell lines. Cellular adhesion to OA in the ECM and OA gene silencing significantly affected 

gelatinase activity only in SCC15 and SCC25 cells, indicating that OA effects on MMP 

activation may be cell line-dependent. OA in the ECM increased MMP-2 activity in SCC15 

cells. While MMP-9 activity was increased in both cell lines, this was only statistically 

significant for SCC25 cells. OA knock down decreased both MMP-2 and -9 activities in 

SCC25 cells. Cellular adhesion to OA in the ECM and OA gene silencing did not affect 54-

kDa gelatinase activity (which could be attributed to MMP-3, -10 and/or -13, all 54 kDa) in 

any of the cell lines.(Vihinen and Kahari, 2002)

Only UMSCC12 cells demonstrated caseinolytic activity, and OA treatment significantly 

upregulated the activity of tPA in this cell line. The plasmin-dependent pathway is a 

significant pathway for the initiation of MMP-mediated matrix degradation, particularly in 

the context of oral inflammation(Birkedal-Hansen et al., 1993; Chang et al., 2006; Ho et al., 

2009; Huang et al., 2008), and may be one mechanism of OA-mediated MMP upregulation. 

tPA upregulation in oral keratinocytes also occurs downstream of MAPK activation.(Chang 

et al., 2006) This is the first study, to our knowledge, demonstrating increased tPA activity in 

the presence of OA.

OA gene silencing in UMSCC12 cells inhibited matix invasion by tumor spheroids. The 

spheroid invasion assay was used to mimick the hypoxic conditions encountered in the 

tumor microenvironment, and because of its simplicity.(Vinci et al., 2015) Unlike the 

transwell invasion assay, the spheroid invasion assay is not dependent on tumor cell 

diameter, which varies significantly within the SCC15 and SCC25 cell lines. Spheroids 

formed by OA siRNA-treated cells had fewer invadopodia than those formed by control cells 

(Figure 5). Moreover, the spheroids formed by OA-depleted cells were less cohesive and 

started disintegrating by day 4.

Tissue-specific inhibitors of MMPs (TIMPs) modulate MMP activity, and acquisition of the 

invasive phenotype has been attributed to an imbalance between MMPs and TIMPs.(Kleiner 

and Stetler-Stevenson, 1999; Sundelin et al., 2005) However, the relationship between 

MMPs and TIMPs is more complicated, as it has become clear that TIMPs can form 

quaternary structures with membrane-type MMPs that activate secreted MMPs, and that 

TIMP overexpression is also associated with a more aggressive OSCC phenotype.(Kurahara 

et al., 1999; Yoshizaki et al., 2001) We did not assess TIMP expression in our cell lines, 

which is a limitation of this study. We also did not assess the expression of MMPs that have 

been primarily associated with carcinoma-associated fibroblasts (CAFs) in HNSCC (e.g., 

MMP-1).(Johansson et al., 1997)

Assessment of MMP expression in HNSCC cells in isolation is another limitation of this 

study. While MMP-2, -3, -9, -11 and -13 localize to tumor cells at the invading fronts in 

some studies(de Vicente et al., 2005; Hong et al., 2000; Ikebe et al., 1999; Impola et al., 

2004; Johansson et al., 1997; Shimada et al., 2000; Soni et al., 2003), they have also been 
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detected in stromal cells(de Vicente et al., 2005; Impola et al., 2004; Johansson et al., 1997; 

Soni et al., 2003; Sutinen et al., 1998; Yoshizaki et al., 2001). Tumor stromal cells have been 

typically identified as CAFs, but Soni et al demonstrated that epithelial cells that have 

undergone mesenchymal transformation can be found in the stroma and can overexpress 

MMPs(Soni et al., 2003). CAF-tumor cell interactions induce epithelial-to-mesenchymal 

transformation in epithelial malignancies, and these interactions also mediate MMP 

expression in both cell types. Co-culture of SCC25 cells with periodontal ligament 

fibroblasts upregulated MMP-1 and -9 expression by the cancer cells, and upregulated 

MMP-1, -2 and -3 production by the fibroblasts. Co-culture also increased MMP-2 and -9 

activity.(Fullar et al., 2012) Similarly, CAFs protect HNSCC cells from the effects of 

cetuximab by causing upregulation of MMP expression by the tumor cells.(Johansson et al., 

1997) Tumor-infiltrating lymphocytes(Vihinen and Kahari, 2002) and vascular endothelial 

cells(Nagashima et al., 1997) are other sources of MMP production within the tumor 

microenvironment. Further studies are needed to assess the effect of OA-mediated MMP 

expression in tumor cell-fibroblast and –endothelial cell co-culture models.

Despite the significance of MMPs in mediating tumor invasion and neo-angiogenesis, 

oncologic clinical trials of synthetic MMP inhibitors have had disappointing results, with 

some trials terminated for lack of efficacy and because patients receiving the MMP 

inhibitors had worse outcomes.(Coussens et al., 2002; Vihinen and Kahari, 2002) Increased 

understanding of the role of MMPs in tumor progression reveals that they are involved in a 

wide range of biological activity, including cell death, cell proliferation, cell differentiation, 

tumor-associated angiogenesis, angiogenesis inhibition and malignant conversion.(Coussens 

et al., 2002) Moreover, it has been recognized that MMPs, including MMP-3 and MMP-9 

can have protective roles in tumor progression (e.g., angiogenesis inhibition by MMP-9).

(Martin and Matrisian, 2007) Our results suggest that OA may be a more promising target 

for cancer therapy.

In conclusion, OA in the ECM upregulated MMP-10 expression in UMSCC14a and SCC15 

cells, but decreased MMP-9 expression in UMSCC14a cells. OA gene silencing decreased 

MMP-10 expression in UMSCC12 cells, but increased MMP-9 expression in SCC15 cells. 

OA knock down decreased MMP-3 and -9 expression in SCC25 cells. In SCC15 and SCC25 

cells, OA in the ECM increased gelatinase activity, and OA depletion decreased gelatinase 

activity in SCC25 cells. OA increased caseinolytic activity in UMSCC12 cells. OA depletion 

decreased invasive capacity of UMSCC12 tumor spheroids. Therefore, OA’s effects on 

MMP expression in HNSCC are variable, and may promote cancer cell invasion.
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Table 1

Cell lines representing different head and neck subsites, and derived from tumors at different stages were used. 

“T” designates the stage of the primary tumor based on size. “N” represents nodal stage based on size and 

number of lymph node metastases to the neck. “M” represents distant metastatic stage. The overall stage 

(combination of T, N and M) is given in parentheses (Gregoire et al., 2010).

Cell Line Stage Anatomic Site of Origin

SCC15 T4N1M0 (IV) Tongue

SCC25 T2N1M0 (III) Tongue

UMSCC12 T2N1M0 (III) Larynx

UMSCC14a T1N0M0 (I) Oral cavity
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Table 2
Primer sequences used for qRT-PCR

Primers for MMP-3 were designed using the National Center for Biotechnology, National Library of Medicine 

(National Institutes of Health, NIH) Primer Basic Local Alignment Search Tool (BLAST). All other primers 

were used as described previously.

Gene Primer Sequences (5′ – 3′)

MMP-2 (Piotrowski et al., 2011)
Forward ACTGTTGGTGGGAACTCAGAAG

Reverse CAAGGTCAAT GTCAGGAGAGG

MMP-3
Forward GGCAAGACAGCAAGGCATAG

Reverse GGAACCGAGTCAGGTCTGTG

MMP-7 (Piotrowski et al., 2011)
Forward CGGATGGTAAGCAGTCTAGGG

Reverse AGGTTGGATACATCACTGCATTAG

MMP-9 (Ye et al., 2008)
Forward GCACGACGTCTTCCAGTACC

Reverse TCAACTCACTCCGGGAACTC

MMP-10 (Vendelin et al., 2006)
Forward GACCTGGGCTTTATGGAGATATT

Reverse GCTTCAGTGTTGGCTGAGTGAA

MMP-11 (Piotrowski et al., 2011)
Forward TGGGTGTACGACGGTGAAAA

Reverse CATGGGTCTCTAGCCTGATA

MMP-13 (Winter et al., 2005)
Forward AGTGGTAAGAATAGTAGATGTG

Reverse GGCCGATCATATATTCAATAAGT

β-Actin (Gao et al., 2011)
Forward AGGTCATCACCATTGGCAAT

Reverse ACTCGTCATACTCCTGCTTG
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