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Abstract

Intracellular calprotectin (S100A8/A9) functions in the control of the cell cycle checkpoint at 

G2/M. Dysregulation of S100A8/A9 appears to cause loss of the checkpoint, which frequently 

characterizes head and neck squamous cell carcinoma (HNSCC). In the present study, we 

analyzed carcinoma cells for other S100A8/A9-directed changes in malignant phenotype. Using a 

S100A8/A9-negative human carcinoma cell line (KB), transfection to express S100A8 and 

S100A9 caused selective down-regulation of MMP-2 and inhibited in vitro invasion and 

migration. Conversely, silencing of endogenous S100A8 and S100A9 expression in TR146 cells, a 

well-differentiated HNSCC cell line, increased MMP-2 activity and in vitro invasion and 

migration. When MMP-2 expression was silenced, cells appeared to assume a less malignant 

phenotype. To more closely model the architecture of cell growth in vivo, cells were grown in a 

3D collagen substrate, which was compared to 2D. Growth on 3D substrates caused greater 

MMP-2 expression. Whereas hypermethylation of CpG islands occurs frequently in HNSCC, 

S100A8/A9-dependent regulation of MMP-2 could not be explained by modification of the 

upstream promoters of MMP2 or TIMP2. Collectively, these results suggest that intracellular 

S100A8/A9 contributes to the cancer cell phenotype by modulating MMP-2 expression and 

activity to regulate cell migration and mobility.
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1. Introduction

Calprotectin is a heterodimeric complex of the calcium-binding proteins S100A8 and 

S100A9 (S100A8/A9). As members of the S100 protein family, S100A8/A9 had been 

postulated to regulate cell cycle progression, cell growth and cell survival (Heizmann et al., 

2002; Emberley et al., 2004). Indeed, S100A8/A9 appears to be a control of the cell-cycle 

checkpoint at G2/M and malignant phenotype in carcinoma cells (Khammanivong et al., 

2013). Expressed in a cell- and tissue-specific manner, S100A8/A9 is differentially 

regulated in different tissues and types of malignancy. For example, squamous epithelial 

tissues constitutively express S100A8/A9; S100A8/A9 is typically down-regulated in 

primary human head and neck squamous cell carcinomas (HNSCC), including oral, 

nasopharyngeal and oropharyngeal, and esophageal (Coleman & Stanley, 1994; Fung et al., 

2000; Kong et al., 2004; Wang et al., 2004; Tugizov et al., 2005). In these squamous 

mucosal cancers, decreased S100A8/A9 and loss of cellular differentiation correlate and are 

inversely related to proliferation. Conversely, S100A8/A9 expressing SCCs appear less 

aggressive (Wang et al., 2004; Roesch et al., 2005; Sewell et al., 2007).

Increased cell proliferation and malignant phenotype are associated with epithelial-

mesenchymal transition (EMT). In contrast to normal epithelium, EMT reflects the loss of 

cellular adherence and contact growth, involving dysregulation of adhesion molecules and 

increased breakdown of the extracellular matrix by matrix metalloproteinases (MMPs) 

(Guarino et al., 2007; Neth et al., 2007). MMPs are a family of zinc-dependent proteinases 

that degrade most extracellular matrix components (Kondo et al., 2007). Approximately 20 

members of the MMP family have been identified, sharing common structural and 

functional elements (Zucker & Vacirca, 2004). In comparison to normal tissues, cancers 

often show abnormally elevated MMP-2 expression and activity, which are directly 

correlated with invasion, metastasis and poor prognosis (Pellikainen et al., 2004; Vihinen et 

al., 2005; Turpeenniemi-Hujanen, 2005). Targeting MMP-2 activity, therefore, is actively 

pursued as a potential anticancer therapy.

We now report that S100A8/A9 contributes to control of MMP-2 expression and malignant 

phenotype in carcinoma cells. In S100A8/A9-negative human carcinoma cells (KB cell 

line), transfection to express S100A8 and S100A9 selectively down-regulated MMP-2 and 

inhibited in vitro invasion and migration. Conversely, silencing endogenous S100A8/A9 

expression in TR146 buccal carcinoma cells increased MMP-2 activity and in vitro invasion 

and migration. In contrast, silencing MMP-2 expression appears to drive cells to a less 

malignant phenotype. S100A8/A9-dependent expression of MMP-2 was not apparently 

related to epigenetic changes in the upstream promoters of either MMP2 or TIMP2. MMP-2 

levels were greater in 3D than 2D cell cultures on collagen substrate, more closely modeling 

the architecture of cell growth in vivo.

2. Materials and Methods

2.1. Cell culture

S100A8/A9 was studied in S100A8/A9-negative KB carcinoma cells as we previously 

described (Nisapakultorn et al., 2001; Khammanivong et al., 2013). In brief, KB cells 
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(ATCC CCL-17), a HeLa-like S100A8/A9-negative human carcinoma cell line, had been 

co-transfected to express S100A8 (MRP8) and S100A9 (MRP14) in the same cell to generate 

KB-S100A8/A9 cells (same as KB-MRP8/14 cells reported previously) (Nisapakultorn et 

al., 2001). A sham-control transfectant, KB-EGFP, was also generated. The transfected cells 

were compared experimentally to the parent KB carcinoma cells. As we described 

previously (Sorenson et al., 2012), TR146 cells, a buccal carcinoma cell line, which 

constitutively expresses S100A8/A9, was transfected with short hairpin RNA (shRNA) to 

silence S100A8 and S100A9 (termed TR146-S100A8/A9-shRNA). TR146-shRNA-control 

cells were produced as a negative control cell line for S100A8/A9 gene silencing by 

transfecting with non-specific shRNA for any mammalian gene.

KB cells were maintained in Minimum Essential Medium (MEM), whereas TR146 cells 

were cultured in Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 (DMEM/F-12; 1:1 

volume ratio) (Mediatech Inc., Manassas, VA); both media were supplemented with 10% 

fetal bovine serum. MCF-7 cells were maintained in DMEM supplemented with 5% fetal 

bovine serum. KB-EGFP and KB-S100A8/A9 were maintained in 700 μg/ml Geneticin® 

(G418) sulfate (Mediatech), whereas TR146-shRNA-control and TR146-S100A8/A9-

shRNA were maintained in 250 μg/ml G418 sulfate. The wild-type KB and TR146 cells 

were grown in complete medium without G418 sulfate (Sorenson et al., 2012).

MMP-2 expression in KB cells was knocked-down using small interfering RNA (siRNA) 

for MMP-2 (sc-29398; Santa Cruz Biotech) as described in the manufacturer’s instructions. 

Briefly, KB cells were washed with siRNA transfection medium (sc-36868, Santa Cruz 

Biotech) and treated with MMP-2 siRNA, resuspended to 10 μM in RNAse-free water, or 

with scrambled siRNA (control) in transfection reagent (sc-29528, Santa Cruz Biotech). 

After 72 h, cells were collected and lysed and the efficiency of MMP-2 knockdown was 

determined by Western Blotting (Ke et al., 2006).

2.2. 2D collagen substrate cultures

For two-dimensional collagen cultures, CytoOne 6-well plates (USA Scientific, Ocala, FL) 

were coated by incubating with 1 mg/mL collagen type I (BD Biosciences, San Jose, CA) 

for 1 h at 37°C. Each well was rinsed with PBS. Cells were then plated at a density of 

approximately 3 × 105 cells/mL.

2.3. 3D collagen matrix cell cultures

Collagen type 1 stock solution (BD Biosciences, San Jose, CA) was diluted to 1 mg/mL at 

4°C as recommended by the manufacturer. The diluted collagen solution (1 mL) was mixed 

with 3 × 105 cells, pipetted into the wells of 6-well plates as above and incubated (37°C, 5% 

CO2) for 1 h to allow complete polymerization. After polymerization, culture media (1 mL) 

was added on top of the collagen gel (Chen et al., 2012).

2.4. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Cellular expression of S100A8, S100A9 and MMPs was verified using polymerase chain 

reaction (PCR) analysis (Schröpfer et al., 2010). For RT-PCR, total cellular RNA was 

isolated using TRIzol reagent (Invitrogen) and concentration and purity were determined by 
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analyzing absorption at 260/280 nm. Genomic contamination was eliminated using the 

RNeasy® Mini Kit (Qiagen), and 1 μg of total RNA per sample was used to generate cDNA 

using the iScript™ enzyme (Bio-Rad Laboratories, Hercules, CA, USA). Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as an internal control.

2.5. Real-Time quantitative PCR

To analyze expression of S100A8, S100A9 and MMP2 mRNA, total RNA was isolated as 

above and cDNA was synthesized using the SuperScript™ III First-Strand Synthesis System 

(Invitrogen). MMP2 mRNA was quantified using real-time quantitative PCR (TaqMan® 

Reverse Transcription Kit, Invitrogen). For human S100A8 and S100A9, primers were 

obtained from Integrated DNA Technologies (Coralville, IA) and for MMP2, PrimeTime 

pre-designed qRT-PCR assays were used (Integrated DNA Technologies, Coralville, Iowa) 

and GAPDH (Integrated DNA Technologies) was used as an internal control.

2.6. MMP activity assay

MMP activity was assayed by zymography as previously described (Gerlach et al., 2007). 

Conditioned serum-free medium was collected, equal amounts of protein were loaded onto 

10% polyacrylamide gels containing 1 g/L gelatin, and proteins were separated 

electrophoretically. The gels were re-natured in 2.5% Triton-X-100 with gentle agitation for 

30 min at room temperature, placed into developing buffer (5 mM CaCl2, 50 mM Tris, 0.2 

mM NaCl, and 0.02% Brij35, pH 7.5) for 30 min at room temperature, then incubated 

overnight at 37°C, stained with Coomassie Brilliant Blue R-250 for 30 min, destained, and 

digestion of gelatin was visualized as clear, unstained bands.

2.7. Western blot analysis

Cells were washed twice with 1 to 2 ml ice-cold (4°C) Dulbecco’s-PBS and lysed in 

standard radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific, Rockford, IL, 

USA). After centrifugation, soluble protein concentrations were measured using 

Bicinchoninic Acid (BCA) assay. Total protein (50 μg) was resolved using SDS-PAGE and 

transferred onto nitrocellulose membranes. Anti-MMP-1 (ab2461), anti-MMP-2 (ab2462), 

anti-MMP-9 (ab3159) and anti-MMP-15 (ab53770) were purchased from ABcam 

(Cambridge, MA, USA). Rabbit anti-β-actin (DB070, Delta Biolabs, Gilory, CA) was used 

as control. Membranes were visualized using PIERCE® ECL Western Blotting Substrate 

(Thermo Scientific, Rockford, IL, USA) and exposed to Amersham Hyperfilm ECL film 

(GE Healthcare Biosciences, Piscataway, NJ).

2.8. Cell migration assay

Cells were grown at 37°C with 5% CO2 to approximately 80-90% confluence in 6-well 

plates and were incubated for 2 to 3 hours with 10 μg/ml Mitomycin C from Streptomyces 

caespitosus (M4287, Sigma-Aldrich, Saint Louis, MO), an inhibitor of DNA synthesis. 

After incubation, the medium containing Mitomycin C was removed and cells were washed 

once with 2 mL of Dulbecco’s-PBS per well. A center swathe of cells of reproducible 

dimensions was scraped from the monolayer using a sterile 200 μl pipette tip. Dislodged 

cells and debris were removed by rinsing twice with MEM. For KB, KB-EGFP and KB-
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S100A8/A9 cell lines, incubation continued for up to 48 h in fresh MEM supplemented with 

10% fetal bovine serum, and images were recorded immediately (time zero), 24 and 48 h 

later. TR146, TR146-S100A8/A9-shRNA, TR146-shRNA-control, and the KB-MMP-2 

knocked-down cells were each incubated for up to 24 h and images were recorded at time 

zero and 24 h later. To assure optimal silencing of MMP-2 during cell migration assays, 

growing KB cells were plated at 50-60% confluency in 6-well plates for 12 to 18 h before 

transfection. A swathe was scraped 72 hrs after transfection and MMP-2 knockdown 

efficiency was confirmed by Western blotting. Cell migration into the denuded area was 

visualized at a magnification of 200X using an upright Nikon AZ100 Motorized Microscope 

(Tokyo, Japan) and documented with a Nikon DS-Ri1 color 12-bit camera. Captured images 

were processed using Nikon Elements AR software for multi-dimensional data collection. 

Migration of cells was quantified using a planimetric approach. Denuded swathes of images 

at the identical magnification were measured as the weight of paper corresponding to the 

area of at least four randomly selected fields. The total weight of paper was subsequently 

converted into the area of remaining denuded surface. Assays were performed in triplicate 

for each cell line and repeated at least three times.

2.9. Matrigel invasion assay

Transwell inserts of 8 μm pore size polyethylene terephthalate (PET) membranes covered 

with MATRIGEL Basement Membrane Matrix (#354480, BD BioCoat, BD Biosciences, 

Bedford, MA) were placed into transwell chambers and used for this study of cell invasion. 

Cells (1.25 × 105 in 500 μL of serum free medium) were added to the upper chamber inserts, 

and 750 μL DMEM with 20% serum was added to the lower chamber. After 22 h at 37°C in 

5% CO2, cells remaining on the upper side of the membrane (non-invading) were removed 

using cotton swabs. Cells that invaded to the underside were fixed in ice-cold methanol at 

room temperature for 30 min at room temperature and then stained with crystal violet 

solution. KB cells were transfected with the MMP-2 siRNA 72 hrs before the matrigel 

invasion assays. KB-MMP-2-siRNA cells were grown to 70 to 80% confluency in 10 cm 

plates (about 72 hrs of culture), the efficiency of MMP-2 knockdown was confirmed by 

Western blot analysis, and harvested cells were seeded on the inserts. The number of 

invaded cells in 10 high power fields (hpfs) was counted by visualizing at 100× 

magnification under an inverted Leica MZ FL III Stereomicroscope using a Leica DFC420 

C camera. Assays were performed in four replicates (inserts) for each cell line and repeated 

at least 3 times.

2.10. DNA methylation analysis

Genomic DNAs from MCF-7, KB, KB-EGFP and KB-S100A8/A9 cells were isolated using 

the PureLink™ genomic DNA mini kit (Invitrogen). The purified genomic DNA for each 

cell line was bisulfite converted using the CpGenome Fast DNA Modification Kit 

(Millipore, MA) according to the manufacturer's recommendations. Bisulfite-treated DNA 

was then analyzed by methylation-sensitive PCR (MSP) analysis and bisulfite DNA 

sequencing. All PCR amplifications were carried out using Platinum Taq polymerase (Life 

Technologies, Grand Island, NY). MSP analysis for human MMP-2 was performed as 

described previously (Chernov et al. 2009; Farias et al. 2012) (see Fig. S1A). Bisulfite-

treated genomic DNA from human blood (Promega) and MCF-7 cells were used as positive 
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controls for unmethylated and methylated specific amplification, respectively. Amplified 

products were separated by gel electrophoresis. Bisulfite DNA sequencing of BIS1 and BIS2 

region of MMP-2 (see Fig. S1B) or TIMP-2 (see Fig. S2) in KB-EGFP and KB-S100A8/A9 

cells was performed as described previously (Chernov et al., 2009).

2.11. Statistical analysis

Differences among multiple independent groups were evaluated for significance using one-

way ANOVA and subsequent comparisons were made with the Tukey test. Differences 

between two independent groups were analyzed using Student’s t-test. For all statistical 

analyses, the criterion for significance was p < 0.05.

3. Results

3.1. Stable expression of S100A8/A9 in KB cells inhibits MMP-2 expression

KB-S100A8/A9 cells stably expressed S100A8 and S100A9 mRNAs as analyzed by PCR 

(Fig. 1A). Neither mRNA was detected in the parent KB cells or in KB-EGFP, which 

received the EGFP vector. We analyzed the three KB cell lines for expression of MMP1, 

MMP2, MMP3, MMP7, MMP9, MMP13, MMP15, MMP17, MMP23, MMP24, and MMP28 

mRNA using PCR (Fig. S1A). Expression of MMP1, MMP2, MMP9 and MMP15 mRNAs 

differed between the cell lines, but only MMP-2 differed at the protein level using Western 

blots (Fig. S1B).

Therefore, KB, KB-EGFP, and KB-S100A8/A9 cells were compared for MMP2 expression 

using real-time PCR (Fig. 1B), and MMP-2 activity using zymographic (Fig. 1C), and 

immunoreactive protein (Fig. 1D) analyses. Stable expression of S100A8/A9 inhibited 

MMP2 mRNA expression, MMP-2 enzyme activity and protein production.

3.2. S100A8/A9 expression decreased KB cell motility and matrigel invasion

To determine whether S100A8/A9 expression affects the potential for KB cells to migrate 

and invade, KB, KB-EGFP and KB-S100A8/A9 cells were analyzed in vitro. KB-

S100A8/A9 cells showed significantly reduced motility (reduced cell-free area) for up to 48 

h when compared to KB and KB-EGFP cells (Fig. 2A). Likewise, S100A8/A9 expression in 

KB cells significantly reduced the ability of the cells to invade the matrigel when compared 

to KB or KB-EGFP cells (Fig. 2B). Unexpectedly, invasiveness increased as a result of 

traansfection to create the KB-EGFP cells.

3.3. Knockdown of S100A8/A9 in TR146 cells promotes MMP-2 expression

To confirm that expression of S100A8/A9 regulates expression of MMP2, TR146 cells were 

transfected with a mammalian shRNA expression vector, silencing both S100A8 and S100A9 

genes. When compared to TR146 or TR146 cells with control shRNA, TR146-S100A8/A9-

shRNA cells show no detectable expression of S100A8 or S100A9 (Fig. 3A) and significant 

increases in MMP2 mRNA (Fig. 3B) and MMP-2 protein (Fig. 3C). S100A8/A9-dependent 

control of MMP2 expression was not idiosyncratic to the KB cell line.
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3.4. S100A8/A9 knockdown enhanced motility and matrigel invasion of TR146 cells

Knock-down of S100A8/A9 in TR146 cells significantly increased motility (reduced cell-

free area) (Fig. 4A) and promoted invasion (Fig. 4B) in vitro in comparison to TR146 and 

TR146-shRNA-control cell lines, which express S100A8/A9.

3.5. MMP-2 silencing inhibited motility and matrigel invasion of KB cells

To confirm that modulation of MMP-2 by S100A8/A9 affects motility and invasion 

properties of cancer cells, we silenced MMP2 expression in KB cells. Silencing reduced 

MMP2 expression by more than 60% when compared to cells transfected with control 

siRNA (Fig. 5A). Consistent with reduced MMP-2, cell migration (Fig. 5B) and invasion 

(Fig. 5C) were both significantly reduced in KB-MMP-2-siRNA cells when compared to KB 

and KB-control-siRNA cell lines with unaffected MMP-2 expression.

3.6. MMP2 expression and total cellular activity in 3D collagen matrix substrate cultures

To learn whether substrate tissue architecture would affect our results, we grew cells in 2D 

and 3D collagen matrix substrates and compared MMP-2 expression. MMP-2 protein levels 

in KB, KB-EGFP, and KB-S100A8/A9 cells were greater when grown in 3D than 2D 

collagen substrate cultures and were unaffected by the expression of S100A8/A9 (Fig. 6A). 

Similarly, there was no detectable difference in the proportion of pro MMP-2 to active 

MMP-2 in 2D and 3D cultures between any of the cell lines (Fig. 6B). Note that during 

electrophoresis, SDS activates the “cysteine switch”, dissociating Cys73 from bound zinc 

resulting in activation of the pro-MMP-2 (Snoek-van Beurden and Von den Hoff, 2005).

3.7. S100A8/A9 inhibition of MMP-2 expression and MMP2 or TIMP2 upstream methylation 
status

We determined whether DNA methylation status of the human MMP2 5’ upstream promoter 

region affects S100A8/A9-dependent MMP2 gene regulation. Most KB, KB-EGFP and KB-

S100A8/A9 cells show MMP2 methylation (Fig. S2A). There is a weak unmethylated signal 

suggesting that some cells contain unmethylated MMP2 promoters (Fig. S2A). To better 

characterize the methylation status of the human MMP2 upstream region in KB-EGFP and 

KB-S100A8/A9 cells, a 221 bp BIS1 region with 26 CpG sites and a 230 bp BIS2 region 

with 6 CpG sites were chosen for further analysis (Chernov et al., 2009). In a total of six 

clones that represent the population of KB-EGFP and KB-S100A8/A9 cells, the frequency 

of methylation sites was similar in KB-EGFP and KB-S100A8/A9 cells (Fig. S2B). When 

compared to the BIS2 region, the BIS1 region of MMP2 was hypermethylated in KB-EGFP 

and KB-S100A8/A9 cells (Fig. S2B). Only a few methylated sites were observed in BIS2 

region in either KB-EGFP or KB-S100A8/A9 cells (Fig. S2B).

We also determined whether the DNA methylation status of human TIMP-2, an endogenous 

inhibitor of matrix metalloproteinases (MMPs) (Ivanova et al., 2004), contributes to 

S100A8/A9-dependent MMP-2 gene regulation. A 329 bp BIS1 region with 16 CpG sites 

and a 220 bp BIS2 region with 12 CpG sites in human TIMP-2 upstream region were chosen 

for bisulfite sequencing analysis (Chernov et al., 2009). In contrast to hypermethylated 

BIS1, the 5’ end of the BIS2 region of the human TIMP-2 upstream region was less 
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methylated, whereas the 3’ end of the region was highly methylated and similar in KB-

EGFP and KB-S100A8/A9 cells (Fig. S3).

4. Discussion

S100A8/A9 plays a mechanistic role in cell cycle control of certain carcinoma cells, 

maintaining the control checkpoint at G2/M (Khammanivong et al., 2013). As we now 

report, the presence of this protein complex in carcinoma cells (KB) appears to modulate 

additional features of the cancer cell phenotype in vitro, including MMP-2-dependent 

motility and invasion through matrigel precoated membranes. S100A14 also regulates 

expression of MMP-2 in squamous cell carcinoma (Chen et al., 2012). Unlike S100A8/A9, 

which does not interact with G1/S controls, S100A14 functions to control MMP-2 through 

p53-dependent transcriptional regulation. Since KB cells expressing S100A8/A9 show 

slower growth than sham-transfected cells, we might have assumed cell cycle control to be a 

singular explanation for the phenotypic differences we observed. In the present study, 

however, we showed that expression of S100A8/A9 in KB and TR146 carcinoma cells 

selectively reduces production of MMP-2. Attributable to S100A8/A9, reduced MMP-2 also 

attenuates the invasive and migratory potential of the KB and TR146 carcinoma cells as 

studied in vitro.

This unexpected connection between S100A8/A9 and MMP-2 production and activity in 

vitro and the associated changes in cancer phenotype would appear to be relevant to human 

cancer. It has long been established that deregulated motile behavior contributes to 

pathological processes including tumor metastasis (Haemmerlin & Sträuli, 1981). 

Facilitating extracellular matrix or basement membrane invasion and migration, cells 

migrate from a primary tumor to blood vessels or lymphatics. To model and compare cell 

motility and invasive capacity among cell lines in vitro, cell migration and matrigel invasion 

assays are commonly used.

Tumor cell invasion and metastasis, characteristic of malignant phenotypes, requires 

regulated expression of MMPs (Vinihen et al., 2005; Pellikainen et al., 2004). Among the 

MMPs, MMP-2 and MMP-9 have well-characterized roles in the invasiveness and 

metastasis of cancer cells (de Vicente et al., 2005; Zhou et al., 2010; Roh et al., 2012). In our 

study, the production of S100A8/A9 selectively reduced the concomitant production of 

MMP-2 protein and associated enzymatic activity. Expression of other MMPs by the KB 

cells was not similarly affected by S100A8/A9. Using knock-in and knock-down approaches 

to change expression of S100A8/A9 in different carcinoma cell lines, we showed that 

expression of MMP-2 and the malignant phenotype were co-regulated in vitro. Silencing 

MMP2 increased motility and invasiveness of the KB cells, directly linking the modulation 

of these activities by S100A8/A9 to MMP-2 levels. Hence, S100A8/A9 reduces MMP-2 

expression and activity, suggesting less degradation of ECM components, and a less 

malignant phenotype expressed by carcinoma cells.

Carcinoma cells in vitro produce their own two-dimensional extracellular matrix, which can 

be modified by MMP-2 to facilitate cell adhesion and migration (Lu et al., 2012; Wu et al., 

2012; Chen et al., 2013). Cells grown in 3D conditions produce higher levels of MMPs than 
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in 2D monolayers, reflecting the need to degrade the more complex, spatially constrained 

architecture of the extracellular matrix (Olsen et al., 2010; Sarkar & Yong, 2009). Over 

time, MMPs process and mature the extracellular matrix (Karamichos et al., 2007). The 

changing characteristics of the matrix are likely to signal for variation in MMP expression.

Since carcinoma cells in vivo establish a 3D extracellular matrix (Kulasekara et al., 2009), 

we also compared MMP2 expression and MMP-2 activity in KB cells using 2D and 3D type 

I collagen matrix culture models (Fig. 6). Since the 3D model involved growth of KB cells 

in a type I collagen gel, we established 2D growth on a type I collagen substrate for 

comparison. On 2D and 3D collagen substrates, S100A8/A9 positive and negative (KB and 

KB-EGFP) KB cell lines showed similar MMP-2 expression and inactive and active pro-

enzyme forms; MMP-2 levels appeared greater in cells grown in 3D cultures. In contrast, 

S100A8/A9-dependent down-regulation of MMP2 was observed only when the cancer cells 

produce their own 2D ECM. Since MMP2 expression by KB, KB-EGFP and KB-

S100A8/A9 cells was similar in 2D and 3D collagen type I cultures, we would expect that 

native ECMs produced largely by the carcinoma cells would replicate the down-regulation 

seen in 2D cultures. Hence, an outside-in signal from the tumor stroma is suggested to 

regulate MMP-2 production in 2D or 3D conditions and the regulation by S100A8/A9 is 

indirect.

Indeed, we sought evidence for a direct mechanism whereby S100A8/A9 would affect 

promoter methylation of MMP2 or TIMP2. There was no significant difference in the MMP2 

or TIMP2 promoter methylation status in KB cells in the presence and absence of 

S100A8/A9. The data suggest, therefore, that S100A8/A9 affects stromal synthesis and 

ECM fabrication or the selectivity of the outside-in signal that regulates MMP expression.

The invasiveness and migratory potential of carcinoma cells involves independently 

regulated expression of MMP2 and other factors to remodel tumor stroma (ECM). During 

tumorigenesis in vivo, carcinoma cells engage and direct stromal fibroblasts to cooperatively 

control the expression and characteristics of the stromal environment (Dolznig et al., 2011; 

Lee et al., 2011). When grown on type I collagen in 2D and 3D cultures, however, 

keratinocyte-releasable factors caused co-cultured fibroblasts to up-regulate MMP1 and 

MMP3 (Li et al., 2009). When co-cultured in 3D conditions on Matrigel matrix with breast 

cancer cells, fibroblasts increased production of S100A4 and MMP-2 and showed greater 

invasive phenotype (Olsen et al., 2010). Fibroblast MMPs and the composition of the stroma 

are also important determinants of the fate of tumor cells.

Understanding the molecular basis of cancer cell invasion and migration is crucial to the 

development of more successful and more targeted therapies. Metastasis is the final stage in 

tumor progression from a normal cell to a fully malignant cell and is the cause of 90% of all 

deaths from cancer (Yilmaz et al., 2007). Metastasis of cancer cells is a complex multistep 

process involving cell adhesion, motility, migration and invasion. Hence, interruption of one 

or more of these steps may limit direct tissue invasion and contribute to anti-metastatic 

therapy (Nam & Shom, 2009).
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5. Conclusion

Taken together, our results demonstrate that intracellular S100A8/A9 was able to inhibit 

cancer cell migration and stromal invasion. The underlying mechanism requires that 

S100A8/A9 indirectly attenuate expression and activity of MMP-2 in the carcinoma lines 

studied. How this mechanism manifests in more complex, native 3D co-culture models and 

in vivo remains to be learned.
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Figure 1. Endogenous expression of MMP2 in KB cells
(A) Semi-quantitative RT-PCR analysis confirming expression of S100A8 and S100A9 

mRNA in KB cells. (B) mRNA levels of MMP2 in KB, KB-EGFP and KB-S100A8/A9 cell 

lines using quantitative RT-PCR. All mRNA values were normalized to GAPDH, a 

housekeeping gene, and expressed relative to KB control cells. (C) Zymography analysis for 

gelatinase activity. (D) Levels of MMP-2 protein in KB, KB-EGFP and KB-S100A8/A9 cell 

lines using Western blot analysis. Protein levels were normalized to β-actin and expressed 

relative to KB cell controls. MMP-2 protein and mRNA levels are analyzed by one-way 

ANOVA and the statistical analysis reveal differences between the cell lines (P < .05).
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Figure 2. S100A8/A9 up-regulation inhibited motility and matrigel invasion
(A) KB, KB-EFGP and KB-S100A8/A9 cells migrate to fill a uniform gap in the monolayer. 

Cells were treated with Mitomycin-C before the motility assay to inhibit cell proliferation. 

Monolayer closure expressed as a function of time after removal of uniform swath of cells 

was observed, photographed, and measured at times up to 48 h. The experiments were 

performed in triplicate for each cell line and repeated at least three times with similar results. 

(B) Matrigel invasion capacity of KB, KB-EFGP and KB-S100A8/A9 cells using transwell 

analysis. Cells invading through to the underside of the Matrigel-coated transwell membrane 

were fixed with ice-cold methanol for 30 minutes, stained with crystal violet and observed 

using an inverted microscope at 100x magnification. For each cell line, 10 hpfs were 

randomly chosen, the number of invaded cells per field was counted, and the total number of 

cells in the 10 hpfs was reported. Assays were performed in four replicates (inserts) for each 

cell line and repeated 3 times. Values were analyzed by one-way ANOVA and significant 

differences reported (P < .05). Data are expressed as mean ± SD.
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Figure 3. Endogenous expression of MMP2 in TR146 cells
(A) Confirmation of knockdown of endogenous S100A8 and S100A9 in TR146 cells using 

PCR analysis. (B) MMP2 mRNA levels in TR146, TR146-shRNA-control, TR146-

S100A8/A9-shRNA cell lines determined using quantitative RT-PCR. All mRNA values 

were normalized to GAPDH, a housekeeping gene, and expressed relative to TR146 control 

cells. (C) Levels of MMP-2 protein in TR146, TR146-shRNA-control, and TR146-

S100A8/A9-shRNA cells as determined using Western blots. Protein levels were normalized 

to β-actin and expressed relative to TR146 cells. Assays were performed in triplicate and 

repeated three times. The protein and mRNA levels were analyzed by one-way ANOVA and 

statistical differences between the cell lines were reported (P < 0.05).
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Figure 4. S100A8/A9 silencing promoted motility and matrigel invasion by TR146 cells
(A) TR146, TR146-control-shRNA and TR146-S100A8/A9-shRNA cells treated with 

Mitomycin-C migrate to fill a uniform gap in the monolayer as described in the Materials 

and Methods. The monolayer gap was photographed and measured after 24 h. The 

experiment was performed in triplicate for each cell line and repeated four times. (B) 

TR146, TR146-control-shRNA and TR146-S100A8/A9-shRNA cells invading matrigel 

precoated transwell membranes. Cells invading through to the underside of the membrane 

were fixed with ice-cold methanol for 30 minutes, stained with crystal violet and observed 

using an inverted microscope at 100x magnification. For each cell line, 10 hpfs were 

randomly chosen, the number of invaded cells per field was counted, and the total number of 

cells in the 10 hpfs was reported. Assays were performed in four replicates (inserts) for each 

cell line and repeated 3 times. These values were analyzed by one-way ANOVA and 

statistical differences between the cell lines were reported (P < 0.05). Data are expressed as 

mean ± SD.
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Figure 5. MMP2 silencing inhibited motility and matrigel invasion in KB cells
(A) MMP-2 protein levels in KB, KB-control-siRNA and KB-MMP2-siRNA cells using 

Western blot analysis. Protein levels were normalized to β-actin. (B) KB, KB-control-siRNA 

and KB-MMP2-siRNA cell motility as photographed and measured after 24 h. Growing KB 

cells were plated at 50 to 60% confluency in 6-well plates for 12 to 18 h before transfection. 

A swathe was scraped 72 hours after transfection and the efficacy of MMP-2 knockdown 

was confirmed by Western Blotting. Assays were performed in triplicate for each cell line 

and repeated 3 times. (C) KB, KB-control-siRNA and KB-MMP2-siRNA cell invasion using 

matrigel transwell analysis. For each cell line, 10 hpfs were randomly chosen, the number of 

invaded cells per field was counted and the total number of cells in ten fields was reported. 

The experiment was performed in four replicates (inserts) for each cell line and repeated 3 

times with reproducible results. These values were analyzed by one-way ANOVA and 

significant differences were reported (P < 0.05). Data are expressed as mean ± SD.
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Figure 6. MMP2 expression and activity in 2D and 3D collagen cultures
(A) MMP-2 protein levels in KB cells cultured in 2D and 3D collagen cultures using 

Western blot analysis. (B) Gelatinase activities in 2D and 3D collagen cultures as observed 

using zymography.

Silva et al. Page 18

Int J Biochem Cell Biol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


