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Abstract

Context—Head and neck squamous cell carcinoma (HNSCC) is a highly invasive cancer with an 

association with locoregional recurrence and lymph node metastasis. We have previously reported 

that low microRNA-375 (miR-375) expression levels correlate with poor patient survival, 

increased locoregional recurrence, and distant metastasis. Increasing miR-375 expression in 

HNSCC cell lines to levels found in normal cells results in suppressed invasive properties. 

HNSCC invasion is mediated in part by invadopodia-associated degradation of the extracellular 

matrix.

Objective—To determine whether elevated miR-375 expression in HNSCC cell lines also affects 

invadopodia formation and activity.

Design—For evaluation of the matrix degradation properties of the HNSCC lines, an 

invadopodial matrix degradation assay was used. The total protein levels of invadopodia-

associated proteins were measured by Western blot analyses. Immunoprecipitation experiments 

were conducted to evaluate the tyrosine phosphorylation state of cortactin. Human Protease Arrays 

were used for the detection of the secreted proteases. Quantitative real time–polymerase chain 

reaction measurements were used to evaluate the messenger RNA (mRNA) expression of the 

commonly regulated proteases.

Results—Increased miR-375 expression in HNSCC cells suppresses extracellular matrix 

degradation and reduces the number of mature invadopodia. Higher miR-375 expression does not 

reduce cellular levels of selected invadopodia-associated proteins, nor is tyrosine phosphorylation 

of cortactin altered. However, HNSCC cells with higher miR-375 expression had significant 

reductions in the mRNA expression levels and secreted levels of specific proteases.
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Conclusions—MicroRNA-375 regulates invadopodia maturation and function potentially by 

suppressing the expression and secretion of proteases.

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer 

worldwide with roughly 50 000 new cases and 11 000 cancer deaths in the United States 

every year.1 HNSCC develops in the mucosal layer of the upper aerodigestive tract. Owing 

to the highly invasive nature of HNSCC, it is often associated with locoregional recurrence 

and metastasis to cervical lymph nodes.2–5 Early-stage tumors are often treated with 

radiation or surgery, while later-stage tumors are treated with the combination of surgery, 

radiotherapy, and/or chemotherapy.6 Despite attempts to develop new and improved 

treatment strategies, the 5-year survival rate associated with HNSCC has not significantly 

changed and still remains approximately 40% to 50%.1 Targeting molecules driving 

HNSCC invasion and understanding the mechanisms of invasion may lead to improvements 

in patient outcome.

MicroRNAs (miRNAs) are small noncoding RNAs that are approximately 22 nucleotides in 

length and function as posttranscriptional regulators of gene expression.7–9 Micro-RNAs are 

thought to regulate roughly 30% of protein-coding genes.9 Some miRNAs, including 

miR-375, have been identified as diagnostic and prognostic markers in human 

cancers.8,10–12 MicroRNAs regulate the proteome directly and indirectly by controlling 

many processes of cancer cells, including cellular proliferation, differentiation, apoptosis, 

invasion/metastasis, and angiogenesis.8,12–14 Multiple studies have demonstrated lower 

expression of miR-375 in HNSCC and other tumors compared with normal cells.11,15–19 

The ectopic overexpression of miR-375 in HNSCC cell lines and other cancer cells results in 

the suppression of cell proliferation, migration, and invasion.11,15,19–23

The ability of cells to degrade extracellular matrix (ECM) through secretion of proteases 

allows local invasion into the surrounding stroma, as well as possible metastasis.24 

Invadopodia are specialized actin-rich structures, which provide cancer cells with ECM 

degradation capacity.25–28 Invadopodium formation involves the assembly of actin 

regulators, including cortactin, cofilin, neural Wiskott-Aldrich syndrome protein (N-

WASP), and tyrosine kinase substrate with 5 SH3 domains (Tks5/Fish).29,30 These 

invadopodium precursor structures lack the ability to degrade the ECM.31,32 Invadopodium 

precursors are stabilized by the association of Tks5 with phosphatidylinositol (3,4)-

bisphosphate (PI(3,4)P2).30 Fascin, an actin-bundling protein, stabilizes actin in 

invadopodia.33 In HNSCC cells, increased epithelial growth factor receptor signaling results 

in elevated Src and extracellular-signal–regulated kinase (Erk) 1/2 activity, which induces 

tyrosine and serine phosphorylation of cortactin.34 Tks5/Fish is tyrosine phosphorylated by 

Src.35–37 The tyrosine phosphorylation of cortactin and Tks5 enhances binding to 

noncatalytic region of tyrosine kinase (Nck) family proteins in invadopodia.37–39 

Intracellular pH changes reverse the inhibitory interaction of cofilin and cortactin, allowing 

cofilin to sever F-actin, which induces actin polymerization, leading to membrane protrusion 

at invadopodia.37–39 The final step of the invadopodia maturation process involves the 

secretion of proteases, such as matrix metalloproteinase 2 (MMP-2) and matrix metal-

loproteinase 9 (MMP-9), and presentation of membrane type 1 metalloproteinase (MT1-

MMP) at the protruding invadopodia.40
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We previously reported that miR-375 was identified as a potential prognostic marker of poor 

outcome and metastasis in HNSCC.11 Also in that study, we observed that diminished in 

vitro invasive properties correlate with increased miR-375 expression in HNSCC cell lines. 

HNSCC invasion has been previously associated with invadopodia activity.34,40–44 Here we 

report that increased miR-375 expression in HNSCC cell lines suppresses the number of 

mature invadopodia as well as mRNA expression and secreted levels of proteases, resulting 

in markedly reduced ECM degradation.

MATERIALS AND METHODS

Generation of OSC19 Transductant Lines and Cell Culture Conditions

The generation of stable UMSCC1 control and precursor miR-375–expressing (Pre375) 

lentiviral transductant cell lines was previously described.11 Another oral cavity human 

papillomavirus–negative squamous cell carcinoma cell line, OSC19, was kindly provided by 

Jeffrey Myers, PhD, from University of Texas MD Anderson Cancer Center, Houston, 

Texas. For the generation of stable OSC19 lentiviral transductant cell lines, empty vector 

control or precursor miR-375 pseudoviral particle-containing medium supplemented with 

polybrene (8 µg/mL) was applied on OSC19 cells. Stable OSC19 empty vector control and 

Pre375 transductant lines were sorted for similar green fluorescent protein levels. Cells were 

grown in Dulbecco modified Eagle medium (DMEM)/High Glucose (Catalog No. [Cat.] 

SH30243, Hyclone/Thermo Fisher, Waltham, Massachusetts), 10% fetal bovine serum (Cat. 

10082-147, Gibco/Life Technologies, Norwalk, Connecticut), penicillin-streptomycin (100 

units/mL penicillin, 100 µg/mL streptomycin; Cat. 15140-122, Gibco/Life Technologies), 

100 µM nonessential amino acids (Cat. 11140-050, Gibco/Life Technologies), and 2 mM L-

glutamine (Cat. 25030-081, Gibco/Life Technologies). Both the UMSCC1 and OSC19 

transductant cell lines were treated with 50 µg/mL Plasmocure (Cat. ant-pc, InvivoGen, San 

Diego, California) for more than 2 weeks. The transductant cell lines were maintained in a 

37°C incubator with 5% CO2.

Antibodies

Total cortactin (Cat. 05–180) and phosphorylated tyrosine 421 (pY421) cortactin (Cat. 

AB3852) antibodies were purchased from EMD Millipore, Billerica, Massachusetts. Total 

Tks5 (Cat. sc-30122) antibody was purchased from Santa Cruz Biotechnology, Inc, Santa 

Cruz, California. β-tubulin (Cat. T4026), β-actin (Cat. A5441), and pY421 cortactin (Cat. 

C0739) antibodies were purchased from Sigma-Aldrich, St Louis, Missouri. Fascin (Cat. 

9269) and total phosphorylated tyrosine proteins (P-Tyr-1000) (Cat. 8954) antibody were 

purchased from Cell Signaling Technology, Danvers, Massachusetts. Rabbit 

immunoglobulin G (IgG) antibody (Cat. 02– 6102) was purchased from Invitrogen/Life 

Technologies, Norwalk, Connecticut. IRDye 680RD anti-mouse (Cat. 926–68072) and 

IRDye 800CW anti-rabbit (Cat. 926–32213) secondary antibodies were purchased from LI-

COR Biosciences, Lincoln, Nebraska. Mouse IgG (Cat. 015-000-003), cyanine (Cy) 5 anti-

rabbit (Cat. 711-175-152), and Cy3 anti-mouse (Cat. 715-165-161) antibodies were 

purchased from Jackson ImmunoResearch Laboratories, Inc, West Grave, Pennsylvania.
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Matrix Degradation Assay and Immunofluorescence

Labeling of gelatin with Alexa Fluor 405 dye (Life Technologies, Norwalk, Connecticut) 

and preparation of gelatin-coated MatTek dishes (MatTek Corporation, Ashland, 

Massachusetts) were performed as previously described.45 For the matrix degradation assay, 

1 × 105 UMSCC1 transductant cells or 0.5 × 105 OSC19 transductant cells were plated in 

DMEM culture media on Alexa Fluor 405 gelatin-coated MatTek dishes and cultured for 4 

hours. Cells were fixed in 4% paraformaldehyde for 20 minutes. Foci of degraded matrix 

were identified as dark spots that lacked Alexa Fluor 405 fluorescence. For 

immunofluorescence with invadopodium markers, cells were permeabilized in 0.05% Triton 

X-100 in 1× phosphate-buffered saline for 5 minutes after fixation. Cells were blocked in 

1% bovine serum albumin/1% fetal bovine serum in 1× phosphate-buffered saline for 30 

minutes and incubated with total cortactin (1:100) and Tks5 (1:50) or phosphocortactin 

(pY421) (1:200; Sigma) antibodies for 1 hour at room temperature. Cells were then 

incubated with Cy5 anti-rabbit and Cy3 anti-mouse (both 1:400) secondary antibodies for 1 

hour at room temperature. Cells were imaged on an Inverted Olympus IX71 microscope 

(Olympus, Center Valley, Pennsylvania). Ten fields per cell line were analyzed in 3 

independent experiments. Matrix degradation area (µm2) per field was quantified by using 

the FIJI image processing program46 and normalized to the number of cells in the field. 

Invadopodium precursors were identified as Tks5 and cortactin colocalized puncta lacking 

gelatin degradation; mature invadopodia were defined as Tks5 and cortactin colocalized 

puncta that were overlying Alexa Fluor 405 matrix degradation holes.29,31,32,45 For the 

assessment of cortactin activation at sites of matrix degradation, regions of interest were 

drawn in FIJI around puncta labeled for both total cortactin and phosphocortactin (pY421), 

which were overlying gelatin degradation holes. The signal intensities of total cortactin and 

phosphocortactin were measured and ratio of phosphocortactin to total cortactin was 

determined.

Western Blot

UMSCC1 transductant cells were lysed in radioimmunoprecipitation assay buffer containing 

1× protease inhibitors (Cat. 11836170-001 [Roche, Nutley, New Jersey]). Cell lysates were 

sonicated for 15 seconds at 4°C. Quantitation of total protein concentrations was performed 

with the Pierce Bicinchoninic Acid Protein Assay (Cat. 23225 [Thermo Scientific, 

Rockford, Illinois]). Sodium dodecyl sulfate–polyacrylamide gel electrophoresis sample 

loading buffer was added to 40 µg of total protein and heated at 95°C for 5 minutes. Samples 

were loaded in polyacrylamide gels and run at 120 volts for approximately 1.5 hours. Gels 

were transferred to nitrocellulose membranes at 100 volts for 1 hour. Membranes were 

blocked in LI-COR Odyssey blocking buffer (Cat. 927–40000 [LI-COR Biosciences]) for 1 

hour at room temperature and incubated with primary antibodies (β-tubulin [1:1000] and 

Tks5 [1:1000] or cortactin [1:1000]; β-actin [1:20 000] and fascin [1:1000]) overnight at 

4°C. The membranes were washed 3 times with 1× Tris Buffered Saline-Tween (TBS-T) 

and incubated with secondary antibodies (IRDye 680RD anti-mouse and IRDye 800CW 

anti-rabbit [1:5000]) for 1 hour at room temperature. The membranes were then washed 

again 3 times with 1× TBS-T and scanned with the LI-COR Odyssey Infrared Imaging 

System. The Western blot images were analyzed by using ImageJ.47 β-tubulin or β-actin was 

used as a loading control. The mean intensities of the Tks5, cortactin, fascin, β-actin, and β-
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tubulin bands were measured and the corresponding background mean intensities were 

subtracted. For Tks5 and cortactin, the background subtracted mean intensities of the Tks5 

and cortactin bands were normalized to the background subtracted mean intensity of the β-

tubulin band, and ratios of the value for the miR-375 line to its respective control line were 

calculated. For fascin, the background subtracted mean intensities of the fascin band were 

normalized to the background subtracted mean intensities of the β-actin bands, and ratio of 

the value for the miR-375 line to its respective control line was calculated.

Immunoprecipitation

Immunoprecipitation (IP) experiments were conducted with the Pierce Classic IP Kit (Cat. 

26146). UMSCC1 transductant cells were lysed with cold IP Lysis/Wash Buffer containing 

phosphatase inhibitor cocktails (set 1: Cat. 524624 [Chemicon, Billerica, Massachusetts] and 

set 2: Cat. P5726 [Sigma]) and protease inhibitors (Cat. 11836170-001; Roche). Cell lysates 

were centrifuged at 13 000g for 10 minutes and protein concentrations of lysates were 

determined by bicinchoninic acid protein assay. One milligram of lysate was incubated with 

10 µg of cortactin antibody, mouse IgG, or rabbit IgG, or phosphotyrosine antibody diluted 

1:200 overnight at 4°C to form the immune complex. Pierce Protein A/G beads were added 

to Pierce Spin Columns and rinsed twice with ice-cold IP Lysis/Wash Buffer. Immune 

complexes were captured by incubation with Protein A/G beads in spin columns for 6 hours. 

Columns were centrifuged to remove the immunodepleted lysate and were rinsed 3 times 

with ice-cold IP Lysis/Wash Buffer. Samples were eluted with 23 reducing sample buffer 

containing 20 mM dithiothreitol and analyzed by Western blot. Immunoprecipitated 

phosphotyrosine containing proteins were probed for cortactin levels. The intensities of the 

cortactin in the phosphotyrosine immunoprecipitate and total cortactin in the input were 

measured in ImageJ, background subtracted, and the ratio determined. Conversely, total 

immunoprecipitated cortactin was probed by using total cortactin and phosphocortactin 

(pY421) (Millipore) antibodies. The intensities of the total cortactin and phosphocortactin 

bands were measured in ImageJ, background subtracted, and the ratio of phosphocortactin to 

total cortactin was determined.

Protease Array

Secreted protease profiling was performed with Human Proteome Profiler Protease Array 

from R & D Systems, Minneapolis, Minnesota (Cat. ARY021). To generate conditioned cell 

culture medium for the protease arrays, 1 × 106 cells were cultured in a 6-cm dish in 3 mL of 

cell culture medium for 28 hours, followed by collection of the conditioned culture medium. 

The protease array membranes were incubated for 1 hour in Assay Buffer 6. Five hundred 

microliters of Assay Buffer 4 and 1 mL of conditioned cell culture medium from the 

HNSCC cells were combined with 15 µL of Detection Antibody Cocktail and incubated for 

1 hour. The Assay Buffer 6 was aspirated from the wells containing the membranes. The 

prepared sample/antibody mixtures were added to the membranes and incubated overnight. 

Membranes were then washed with 1× Wash Buffer 3 times. Two milliliters of diluted 

Streptavidin-HRP was added to each membrane and incubated for 30 minutes. Membranes 

were washed 3 times with 1×Wash Buffer. One milliliter of the prepared Chemi Reagent 

Mix was added onto each membrane and incubated for 1 minute. Two methods were used 

for the determination of the signal intensities of the proteases. In the case of the first 2 
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UMSCC1 experiments, the membranes were exposed to x-ray film for varying amounts of 

time. The x-ray films were scanned and the intensities of the proteases were determined 

from scanned images in ImageJ. For all other experiments, the chemilluminescence signals 

of proteases were measured with a LI-COR Odyssey Fc scanner. The intensities of proteases 

were determined in ImageStudio Lite program and the protease signal intensities from the 

cell line with increased expression were compared to its respective control line.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from HNSCC cells by using the RNeasy Mini Kit from QIAGEN, 

(Cat. 74104, Germantown, Maryland) following manufacturer’s protocol. Two hundred 

nanograms of RNA from each cell line was used for the quantitative real-time polymerase 

chain reaction (qPCR) measurements. The measurements were made with the TaqMan RNA 

to Ct One Step Kit (Cat. 4392938) from Life Technologies, by using their recommended 

parameters. TaqMan Gene Expression assays used were Hs00160519_m1 (kallikrein 6, 

KLK6), Hs00173611_m1 (kallikrein 10, KLK10), Hs00234579_m1 (matrix 

metalloproteinase 9, MMP9) and Hs99999905_m1 (glyceraldehyde 3-phosphate 

dehydrogenase, GAPDH). For each cell line, a mean cycle threshold (CT) value was 

calculated from the 3 replicates. For each cell line, the changes in the mean CT values (ΔCT) 

were computed by subtracting the mean CT value of GAPDH from the mean CT value of 

KLK6, KLK10, or MMP9. To calculate the change in the ΔCT value in the UMSCC1 and 

OSC19 Pre375 cell lines relative to their respective control lines, ΔΔCT values were 

computed and used to calculate the fold change as 2−ΔΔCT.

Ingenuity Pathway Analysis

The predicted miR-375 target list was obtained from Target-Scan.48 A functional analysis 

was performed with the use of QIAGEN’S Ingenuity Pathway Analysis (QIAGEN Redwood 

City, California; www.qiagen.com/ingenuity). In the Diseases and Disorders category, 

Invasion was filtered for in the Cancer subcategory. A list of putative miR-375 targets 

associated with cell movement was obtained. In the Molecular and Cellular Functions 

category, putative miR-375 targets involved in formation of cellular protrusions and 

organization of actin cytoskeleton were identified in the Cellular Assembly and 

Organization subcategory. These putative miR-375 targets were then compared to an 

updated list of proteins in the invadopodia network.49 A modified version of the 

invadopodia network was generated in Ingenuity Pathway Analysis, showing some of the 

interactions between the invado-podia-associated proteins and highlighting the theoretical 

miR-375 targets, which are invadopodia-associated proteins.

Statistical Analysis

All of the results shown are based on at least 3 independent experiments. Statistical analyses 

were assessed by using 2-tailed unpaired t tests or z tests.
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RESULTS

Increased miR-375 Expression in HNSCC Cell Lines Suppresses Matrix Degradation and 
Mature Invadopodia

We previously reported that stable increased miR-375 expression in the UMSCC1 cell line 

results in diminished invasion in vitro.11 One major determining feature of the ability of 

cells to invade is their capability to degrade matrix barriers.24 Invadopodia are cellular 

structures, which can mediate degradation of extracellular matrix barriers.25–28,45,50 Since 

invadopodia mediate invasion and matrix degradation, we asked if elevated miR-375 

expression in HNSCC cell lines affects invadopodium formation and maturation. To do that, 

we used the fluorescent matrix degradation assay in combination with the 

immunolocalization of cortactin and Tks5 (2 invadopodia markers). From this assessment, 

the area of Alexa Fluor 405 gelatin matrix degradation and numbers of precursor and mature 

invadopodia were determined. Invadopodium precursors were defined as puncta of Tks5 and 

cortactin colocalization that were not associated with gelatin degradation; mature 

invadopodia were defined as Tks5 and cortactin colocalized puncta that were associated 

with gelatin degradation holes.29,31,32,45 After incubation on the gelatin matrix for 4 hours, 

UMSCC1 cells expressing increased miR-375 expression (UMSCC1 Pre375) showed a 71% 

reduction in matrix degradation area per cell and a 52% reduction in the number of mature 

invadopodia per cell, compared to empty vector UMSCC1 control cells (Figure 1, A through 

H). In contrast to measurements of mature invadopodia, increased miR-375 expression in 

UMSCC1 cells did not significantly change the numbers of invadopodium precursors per 

cell (Figure 1, H). OSC19 cells expressing higher levels of miR-375 (OSC19 Pre375) 

showed a 73% reduction in matrix degradation area per cell when compared to OSC19 

control cells (Figure 2, A through H). OSC19 cells with increased miR-375 expression 

showed an 81% reduction in the number of mature invadopodia per cell, as well as a 48% 

reduction in invadopodium precursors, compared to OSC19 control cells (Figure 2, A 

through H). The major effect of increased miR-375 expression in the UMSCC1 and OSC19 

cells is on matrix degradation and mature invadopodia numbers.

Elevated Levels of miR-375 in UMSCC1 Did Not Significantly Alter Total Protein Levels of 
Tks5, Cortactin, and Fascin

One possible mechanism for having fewer invadopodia is the suppression of the levels of 

key invadopodia-associated proteins. Total levels of Tks5, cortactin, and fascin proteins in 

the UMSCC1 transductant cells were assessed by Western blot analyses. Tks5 has been 

identified as a theoretical miR-375 direct-target regulated gene by various miRNA target-

prediction algorithms, including TargetScan,48 Mirwalk,51 DIANAmT,52 and Miranda,53 

and was therefore of particular interest. Quantitative Western blot analysis showed that there 

were no significant reductions in the total Tks5, cortactin, or fascin protein levels in 

UMSCC1 Pre375 cells compared to the control line (Figure 3, A through D). Tks5 therefore 

does not appear to be a direct target of miR-375, nor are the other measured proteins 

regulated by this miRNA.
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Higher miR-375 Expression in UMSCC1 Cells Does Not Diminish the Phosphorylation State 
of Cortactin

Given the unchanged levels of cortactin and other invadopodia proteins, we looked for 

tyrosine phosphorylation of cortactin as a way to regulate invadopodial maturation.54 

Immunoprecipitation experiments of total tyrosine phosphorylated proteins in the UMSCC1 

trans-ductant cells were conducted to evaluate the overall tyrosine phosphorylation state of 

cortactin. The levels of tyrosine phosphorylation of cortactin measured by this assay were 

not significantly changed in UMSCC1 cells with increased miR-375 expression compared to 

its empty vector control line (Figure 4, A and B). We then evaluated the phosphorylation 

levels of a specific key tyrosine residue (Y421) by immunoprecipitation of cortactin protein 

in UMSCC1 transductant cells, followed by Western blots for cortactin and 

phosphocortactin (pY421). The level of phosphocortactin (pY421) was not consistently 

changed in UMSCC1 cells containing higher levels of miR-375 compared to its control line 

(Figure 4, C and D). Taken together, the data presented in Figures 3 and 4 indicate that 

altered cellular levels of total invadopodia-associated proteins or levels of phosphocortactin 

are not responsible for the reduction in mature invadopodia seen in the cell lines with higher 

miR-375 expression.

The experiments presented above did not evaluate the possibility that the phosphorylation 

state of cortactin was selectively altered in the mature invadopodia. To assess whether there 

is reduced tyrosine phosphorylation of cortactin specifically at sites of matrix degradation, 

the fluorescent matrix degradation assay was combined with immunofluorescence for 

cortactin and phosphocortactin (pY421).54 For this assessment, UMSCC1 transductant cells 

were plated on the Alexa Fluor 405 gelatin-coated MatTek dishes, cultured for 4 hours, 

fixed, and stained by using total anti-cortactin and anti-phosphocortactin (pY421) 

antibodies. The signal intensity of total cortactin and phosphocortactin puncta, which were 

colocalized with matrix degradation holes, were measured and the ratio of phosphocortactin 

to total cortactin was determined. The ratio of phosphocortactin to total cortactin at matrix 

degradation holes was not significantly changed in UMSCC1 Pre375 cells compared to 

UMSCC1 control cells (Figure 5, A through G). This result suggests that the decreases in 

mature invadopodia formed in the cells with elevated miR-375 expression are not due to 

reduced cortactin pY421 phosphorylation in invadopodia.

Increased miR-375 Expression in HNSCC Cells Causes Reductions in Numerous Secreted 
Proteases

Extracellular matrix degradation is caused by the action of proteases acting on their 

substrates within the matrix.26,28,55 For the detection of possible effects of increased 

miR-375 expression in HNSCC cells on the secretion of proteases from the cells, Proteome 

Profile Human Protease Arrays were used. The protease arrays allow for quantitative 

measurements of proteases secreted into the cell culture medium. Increased levels of 

miR-375 expression in UMSCC1 cells resulted in dramatic reductions in secreted proteases. 

In the conditioned cell culture medium from UMSCC1 cells with higher expression of 

miR-375, the most significantly reduced secreted proteases were a group of serine proteases 

known as kallikreins: kallikrein 5, kallikrein 6, kallikrein 10, and kallikrein 13. The secreted 

levels of these proteases were significantly suppressed by 95%, 98%, 93%, 89%, 
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respectively, compared to the empty vector control line (Figure 6, A and B). In the 

conditioned medium from UMSCC1 cells with increased expression of miR-375 there was 

also significant reductions in the secreted levels of MMP-9 and ADAMTS-1, which were 

diminished by 70% and 64%, respectively (Figure 6, A and B). In OSC19 cells, higher 

miR-375 expression resulted in less dramatic, but significant reductions in secreted levels of 

kallikrein 6, kallikrein 10, MMP-9, and kallikrein 5. These proteases were reduced by 59%, 

34%, 33%, and 15%, respectively, compared to the empty vector control line (Figure 7, A 

and B). OSC19 cells with increased miR-375 expression also showed MMP-2 and cathepsin 

X/Z/P secreted levels significantly diminished by 22% and 15%, respectively. Our results 

revealed reproducible reductions in some proteases with additional decreases in other 

proteases unique to each cell line. The most strongly diminished proteases in the lines with 

higher miR-375 expression were kallikrein 6, kallikrein 10, and MMP-9.

Elevated miR-375 Expression in HNSCC Cells Regulates Kallikrein 6, Kallikrein 10, and 
MMP-9 mRNA Expression

The qPCR measurements were used to evaluate the impact of elevated miR-375 expression 

on the mRNA expression of the commonly regulated proteases, kallikrein 6 (KLK6), 

kallikrein 10 (KLK10), and matrix metalloproteinase 9 (MMP9). We observed that the 

mRNA expression levels of KLK6 were reduced by 99% and 64% in the UMSCC1 and 

OSC19 cells with increased miR-375 expression, respectively, compared to their control 

lines (Figure 8, A). We determined that the UMSCC1 and OSC19 Pre375 cells had 

reductions in the mRNA expression levels of KLK10, by 99% and 81%, respectively (Figure 

8, B). Likewise, we observed that the MMP9 mRNA expression levels were reduced by 80% 

and 53% in the UMSCC1 and OSC19 Pre375 cells, respectively, compared to their control 

lines (Figure 8, C). All of these mRNA reductions were significant (P < .001). These results 

validated the protease array measurements and demonstrate that the reductions in secreted 

levels of these proteases correlate with diminished mRNA levels.

COMMENT

This study extends our previous observation that the invasive properties of cells are 

regulated by miR-375 by demonstrating that increased miR-375 expression results in 

reduced matrix degradation and invadopodial activity. This was shown by identifying the 

invadopodia as sites of colocalization of cortactin and Tks5 in discrete puncta of matrix 

degradation. In particular, the number of mature invadopodia per cell was significantly 

reduced by miR-375 expression in parallel with the suppression of matrix degradation. The 

reduction in mature invadopodia was not accompanied by decreases in expression of 

selected invadopodia-associated proteins or changes in tyrosine phosphorylation of 

cortactin. In contrast, we found that there was a reduction in the levels of specific proteases, 

including kallikrein 6, kallikrein 10, and MMP-9.

MicroRNA-375 affects a variety of tumor phenotypes. The expression level of miR-375 is a 

potential biomarker for HNSCC and other cancers. Low expression of miR-375 in solid 

tumors, such as esophageal adenocarcinoma, glioma, and HNSCC, is associated with 

diminished patient survival and poor prognosis, whereas low expression of miR-375 in 

pediatric acute myeloid leukemia has been associated with better patient 
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prognosis.11,17,56–58 In addition, although ectopic expression of miR-375 by transient 

transfection causes reduction in the proliferation of cervical, hepatocellular, gastric, 

colorectal, oral, and hypopharyngeal cancer cells, it stimulates proliferation of estrogen 

receptor– positive breast cancer cells.19,23,59–64 As we reported previously, the proliferation 

rates of stable transductant lines were not impaired by increased miR-375 expression, 

compared to the empty vector control lines.11 These findings suggest that the reduced 

survival of patients with HNSCC in low miR-375–expressing tumors is not due to altered 

proliferation. Ectopic overexpression of miR-375 impairs cell invasion of oral cavity, 

hypopharyngeal, nasopharyngeal, esophageal, breast, hepatocellular, cervical, and gastric 

cancer cells.15,20,22,23,65–69 Our previous study11 reported that stable increased miR-375 

expression in both UMSCC1 and UMSCC47 cell lines results in diminished invasion in 

vitro. The invasive nature of HNSCC is often associated with locoregional invasion and 

metastasis to cervical lymph nodes. Identifying the drivers of HNSCC invasion is pivotal for 

new and improved treatment strategies for treating this disease.

Cancer cell invasion is mediated in part by invadopodia, which facilitate ECM 

degradation.25–28 The core structure of invadopodia consists of actin, cortactin, Tks5, 

cofilin, N-WASP, and actin-related protein-2/3 (Arp2/3) complex.70 Tks5 and cortactin are 

essential for invadopodium precursor formation.31,45 Tks5 is needed for invadopodium 

precursor stabilization, but it is not essential for the secretion of proteases leading to ECM 

degradation.30,32 Our data have shown that higher miR-375 expression in HNSCC cells did 

not correlate with changes in total Tks5 or cortactin. Tyrosine phosphorylation of cortactin 

contributes to actin polymerization responsible for membrane protrusion at invadopodia and 

efficient ECM degradation.31,54 Increased miR-375 expression did not affect tyrosine 

phosphorylation of cortactin. However, we did find that mature invadopodia were decreased 

in the cells expressing higher levels of miR-375, suggesting that a step subsequent to 

formation of precursor invadopodia is affected by miR-375 expression.

An Ingenuity Pathway Analysis of theoretical targets of miR-375 from TargetScan 

prediction database identified target candidates that have involvement in cell movement, 

formation of cellular protrusions, and organization of actin cytoskeleton (see Supplemental 

Table 1; see supplemental digital content). Some of these theoretical targets have been 

reported to be invadopodia-associated proteins, including tyrosine kinase Arg (ABL2), 

integrin α3 (ITGA3), podocalyxin-like protein (PODXL), protein kinase C α (PRKCA), 

podoplanin (PDPN), Tks4 (SH3PXD2B), and ADAM metallopeptidase with 

thrombospondin type 1 motif, 1 (ADAMTS1). Studies using breast cancer cell lines have 

shown that β-integrin 1 associates with tyrosine kinase Arg, which subsequently leads to the 

phosphorylation of cortactin at tyrosine 421.71,72 Additional work with HNSCC cell lines 

has identified that the Abelson kinases, Abl and Arg, are not essential for cortactin 

phosphorylation when there is elevated Src activity.34 Integrins α3 and β1 border the heads 

and tails of invadopodia73 and are needed for the association of seprase, a transmembrane 

serine protease, at invadopodia.74 In studies conducted with oral squamous cell carcinoma 

(OSCC) cells, podocalyxin-like 1 protein, a sialomucin, is needed for OSCC migratory, 

invasive, and proliferative properties.75 Podocalyxin-like 1 protein promotes invadopodia 

formation by regulating cortactin phosphorylation and Ras-related C3 botulinum toxin 
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substrate 1 (Rac1)/cell division cycle 42 (CDC42) activity.76 In squamous cell carcinoma 

cells, podoplanin, a type 1 transmembrane glycoprotein, localizes to invadopodia-associated 

adhesion rings and serves an important role in the stabilization of invadopodia.77 Podoplanin 

controls the maturation of invadopodia of squamous cell carcinoma cells by regulating 

RhoC activity, affecting the Rho-associated protein (ROCK)/LIM-domain kinase (LIMK) 

pathway, which subsequently controls the phosphorylation of cofilin.77 In HNSCC cells 

with regulated (wild-type) PI3 kinase activity, protein kinase C α stimulates invadopodium 

formation.49 Tyrosine kinase substrate with 4 SH3 domains (Tks4), a Tks5-related protein, 

is important for the localization and stabilization of the transmembrane protease, MT1-

MMP, in invadopodia.78 Tks4 and Tks5 are also needed for extravasation and lung 

metastasis formation of breast cancer cells.79 Depletion of ADAMTS-1, a secreted protease, 

increases migration, invasion, and invadopodia formation in breast cancer cells.80 On the 

other hand, ADAMTS-1 also facilitates cell invasion by cleaving heparin-binding epithelial 

growth factor–like growth factor and amphiregulin.81,82 Interestingly, in our data from the 

protease arrays of the UMSCC1 cells, the secreted levels of ADAMTS-1 was identified as 

being significantly diminished in conditioned cell culture medium from UMSCC1 cells with 

increased miR-375 expression compared to its control line. The interactions of the 

theoretical miR-375 targets mentioned above with other invadopodia-associated proteins are 

shown in Supplemental Figure 1 (see supplemental digital content). These target candidates 

may warrant further investigation of a potential role in defective matrix degradation of 

HNSCC cells as a result of increased miR-375 expression.

Proteolysis of matrix components at invadopodia is mediated in part by transmembrane and 

secreted proteases. Matrix metalloproteinases, membrane-bound MT1-MMP, and secreted 

MMP-2 and MMP-9 have been reported to play key roles in invadopodia-mediated ECM 

degradation.29,40 Our data showed that increased miR-375 expression levels regulate 

MMP-9 mRNA and secreted MMP-9 in both oral cavity human papillomavirus-negative 

HNSCC cell lines, indicating possible defects in transcription of MMP-9. MMP-9 is not 

predicted to be a direct target of miR-375; thus, miR-375 may be targeting a transcriptional 

regulator of MMP-9. Activator protein 1 (AP-1) is important for the expression of both 

MMP2 and MMP9 genes.83 Specificity protein 1 (Sp1) has been shown to bind to the 

promoter of MMP9 and to induce its transcription.84 Metadherin (MTDH), also known as 

astrocyte elevated gene-1 (AEG-1), activates the transcription of MMP9 by directly binding 

to the MMP9 promoter.85 Both Sp1 and MTDH are validated direct targets of miR-375 and 

therefore are candidates for playing a part in this phenotype.

Transmembrane type II serine proteases, fibroblast activation protein (or seprase), and 

dipeptidyl peptidase IV (DPPIV) localize to invadopodia, and DPPIV-seprase complex has 

been reported to play a vital role in the gelatin ECM degradation in fibroblasts.86–88 Our 

protease arrays revealed another family of serine proteases regulated by elevated miR-375 

expression. Kallikreins, a family of secreted serine proteases, have been identified as 

diagnostic and biomarkers for various malignancies.89,90 Kallikreins have several 

physiological roles, including regulating cancer cell growth, angiogenesis, invasion, and 

metastasis.89 Kallikreins can have direct and indirect effects on the degradation of ECM 

components. Kallikrein 5, kallikrein 6, kallikrein 10, and kallikrein 13 degrade fibronectin, 
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laminin, and collagen type I–IV.91–94 Kallikreins facilitate ECM degradation by activating 

other proteases. Kallikrein 1 activates pro–MMP-2 and pro–MMP-989 and kallikrein 7 

activates pro–MMP-9 by cleaving its C-terminus.95

Our data show that increased miR-375 expression results in reductions in the secretion of 

kallikrein 6 and kallikrein 10 in both UMSCC1 and OSC19 cells. The mRNA expression 

levels of these proteases were also greatly diminished in the cells with higher miR-375 

expression, indicating that miR-375 may be directly or indirectly affecting the transcription 

of kallikrein 6 and kallikrein 10. One possible mechanism for the regulation of the 

expression of the kallikreins is through hypermethylation of CpG islands in their promoters. 

The promoters of kallikrein 5, kallikrein 6, kallikrein 10, kallikrein 11, and kallikrein 12 are 

epigenetically regulated by DNA methylation.96–99 The promoters of kallikrein 6 and 

kallikrein 10 have Sp1 consensus sequences, as well as an AP-1 binding site.99,100 Perhaps 

in the proper cellular context, these factors could contribute to a somewhat widespread 

change in protease expression patterns. Since we have observed that 2 classes of proteases 

are affected by miR-375 on the mRNA level, this suggests that miR-375 might be targeting 

a common transcriptional regulator needed to activate the transcription of the proteases.

In summary, miR-375 was shown to suppress invadopodial function. The miR-375 gene is 

significantly repressed in head and neck cancers, and our data suggest that reduced miR-375 

expression in patients with HNSCC can contribute to the invasive properties of head and 

neck cancer through increased invadopodial activity. Our data indicate that increased 

miR-375 expression does not prevent invadopodium formation but affects a step in the 

invadopodia maturation process. We have provided evidence that increased miR-375 

expression affects the expression of secreted proteases, which potentially directly impact 

ECM degradation properties of HNSCC cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Increased microRNA-375 expression impairs extracellular matrix degradation and number 

of mature invadopodia in UMSCC1 cells. Representative images of fluorescent matrix (A, 

D), tyrosine kinase substrate with 5 SH3 domains (Tks5) (B, E), and cortactin (C, F) 

immunostaining for UMSCC1 transductant cells. Arrows in zoomed areas show matrix 

degradation holes colocalized with Tks5 and cortactin puncta. Quantitation of matrix 

degradation per cell for UMSCC1 transductant cells (G) shown as mean and standard error 

of the mean (SEM) of 4 independent experiments; **P=.002. Quantitation of invadopodium 

precursors and mature invadopodia per cell for UMSCC1 transductant cells (H) shown as 

mean and SEM of 4 independent experiments; *P=.02 (original magnification × 413 [A 
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through F]; original magnification × 1270 [insets A through F]). Abbreviation: n.s., not 

significant.
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Figure 2. 
Increased microRNA-375 expression impairs extracellular matrix degradation and 

invadopodia numbers in OSC19 cells. Representative images of fluorescent matrix (A, D), 

tyrosine kinase substrate with 5 SH3 domains (Tks5) (B, E), and cortactin (C, F) 

immunostaining for OSC19 transductant cells. Arrows in zoomed areas show matrix 

degradation holes colocalized with Tks5 and cortactin puncta. Quantitation of matrix 

degradation per cell for OSC19 transductant cells (G) shown as mean and standard error of 

the mean (SEM) of 5 independent experiments; ***P< .001. Quantitation of invadopodium 

precursors and mature invadopodia per cell for OSC19 transductant cells (H) shown as mean 
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and SEM of 5 independent experiments; *P=.01, ***P <.001 (original magnification ×413 

[A through F]; original magnification ×1191 [insets A through F]).
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Figure 3. 
Elevated microRNA-375 expression does not significantly alter total Tks5 (tyrosine kinase 

substrate with 5 SH3 domains), cortactin, and fascin protein levels in UMSCC1 cells. 

Representative Western blots of total Tks5 (A), cortactin (B), and fascin (C) protein levels in 

UMSCC1 transductant lines. β-Tubulin or β-actin was used as a loading control for Western 

blots. Quantitation of total Tks5, cortactin, and fascin levels in UMSCC1 transductant cells 

(D) shown as means and standard error of the mean of 5 independent experiments. 

Abbreviation: n.s., not significant.
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Figure 4. 
Higher microRNA-375 expression does not reduce tyrosine phosphorylation of cortactin in 

UMSCC1 cells. A, Representative Western blots (WBs) for cortactin in total 

phosphotyrosine immunoprecipitates (IP pTYR) compared to the total cell lysate (5% input) 

and nonspecific rabbit immunoglobin G (IP Rabbit IgG) and beads (Beads only) control. B, 

Quantitation of cortactin levels in immunoprecipated phosphotyrosine proteins, shown as 

mean and standard error of the mean (SEM) of 4 independent experiments. C, 

Representative WBs for cortactin and phosphocortactin (pY421) in cortactin 

immunoprecipitates (IP Cortactin) compared to the total cell lysate (5% input) and 

nonspecific mouse IgG (IP Mouse IgG) and beads (Beads only) controls. D, Quantitation of 

phosphocortactin levels compared to total cortactin in cortactin immunoprecipitates, shown 

as mean and SEM of 4 independent experiments. Abbreviation: n.s., not significant.
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Figure 5. 
Increased microRNA-375 expression in UMSCC1 cells did not diminish cortactin tyrosine 

phosphorylation at matrix degradation holes. Representative images of fluorescent matrix 

(A, D), cortactin (B, E), and phosphocortactin (pY421) (C, F) immunostaining for UMSCC1 

transductant cells. Arrows in zoomed areas show matrix degradation holes colocalized with 

cortactin and phosphocortactin puncta. G, Quantitation of the ratio of signal intensity of total 

cortactin and phosphocortactin at matrix degradation holes, shown as mean and standard 
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error of the mean of 3 independent experiments (original magnification ×413 [A through F]; 

original magnification ×953 [insets A through F]).
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Figure 6. 
UMSCC1 cells expressing increased levels of microRNA-375 show dramatic reductions in 

protease secretion levels. Conditioned cell culture supernatants were harvested and assayed 

for protease secretion levels by using the Proteome Profiler Human Protease Arrays. A, 

Representative images of protease arrays incubated with cell culture supernatants from 

UMSCC1 transductant cells. B, Ratio of the 6 proteases that were most diminished in the 

protease array analyses, shown as means and standard error of the mean of 3 independent 
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experiments; *P < .001. Abbreviations: ADAMTS-1, ADAM metal-lopeptidase with 

thrombospondin type 1 motif, 1; MMP-9, matrix metalloproteinase 9.
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Figure 7. 
OSC19 cells expressing higher levels of microRNA-375 exhibit declines in secreted levels 

of proteases. Conditioned cell culture supernatants were harvested and assayed for protease 

secretion by using the Proteome Profiler Human Protease Arrays. A, Representative images 

of protease arrays incubated with cell culture supernatant from OSC19 transductant cells. B, 

Ratio of the 6 proteases that were most diminished in the protease array analyses, shown as 

means and standard error of the mean of 3 independent experiments; *P <.001. 

Abbreviation: MMP, matrix metalloproteinase.
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Figure 8. 
Elevated expression of microRNA-375 in HNSCC cells significantly reduces kallikrein 6, 

kallikrein 10, and MMP-9 messenger RNA (mRNA) expression. The mRNA expression 

levels in the transductant lines were measured by TaqMan quantitative real-time polymerase 

chain reaction (qPCR). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as 

internal control per cell line. Relative kallikrein 6 (KLK6), kallikrein 10 (KLK10), and 

matrix metal-loproteinase 9 (MMP9) mRNA expression levels in UMSCC1 and OSC19 

transductant lines, shown in A through C, respectively. Data shown as mean and standard 
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error of the mean of the fold change (2−ΔΔCT) from 5 independent experiments; ****P<.

001.
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