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Abstract
Oral squamous cell carcinoma (OSCC), which is the

most common malignancy of the oral cavity, is often

associated with local and regional invasion. Increased

expression of matrix metalloproteinase-9 (MMP-9) is

correlated with invasive behavior of OSCC. Because

transforming growth factor B1 (TGF-B1) is up-regulated

in OSCC tumors, we examined the relationship between

TGF-B1 signaling and MMP-9 in human OSCC

specimens. Evaluation of human specimens showed

that tumors with enhanced TGF-B1 signaling also

showed increased MMP-9 expression. Because the

transcription factor Snail has been determined to be a

key mediator of TGF-B1 signaling, we evaluated the role

of Snail in TGF-B1–mediated MMP-9 expression. Initially,

we examined the extent to which TGF-B1 regulated

Snail expression in oral keratinocytes and in OSCC cell

lines. TGF-B1 enhanced Snail expression in a majority of

the cell lines examined, with the largest induction of

Snail detected in UMSCC1 cells. Interestingly,

overexpression of Snail in UMSCC1 cells enhanced

MMP-9 and tissue inhibitor of metalloproteinase-1

protein levels. Despite the increase in the tissue inhibitor

ofmetalloproteinase-1 protein, therewas anet increase in

the pericellular proteolytic activity as shown by enhanced

MMP-9–dependent Matrigel invasion. Moreover,

Snail-specific siRNA blocked TGF-B1–induced MMP-9

expression and Matrigel invasion. In addition, Snail

increased Ets-1 levels and Ets-1–specific siRNA blocked

both Snail- and TGF-B1–mediatedMMP-9 expression and

Matrigel invasion. Thus, these data show that Snail

functions as a molecular mediator of TGF-B1–regulated

MMP-9 expression by increasing Ets-1 and thereby

contributing to oral cancer progression.

(Mol Cancer Res 2008;6(1):10–20)

Introduction
The American Cancer Society estimates that there will be

more than 20,000 new cases of cancer this year involving the

oral cavity in the United States (1). Although the morality due

to oral cancer has been gradually declining since 1975, the 5-

year survival rate for all patients with oral cancer is f60%,

with the 5-year rate dropping to f30% for patients with

metastatic oral cancer (1). Moreover, advanced oral squamous

cell carcinoma (OSCC) is associated with high morbidity, and

treatment is often complicated by disruption of speech and

swallowing due to surgical resection (2, 3). This dismal

outcome is attributed to the fact that OSCC is an aggressive

and a highly invasive cancer, and the cellular and biochemical

factors that underlie local, regional, and distant spread of

the disease are poorly understood. OSCC progression is

frequently associated with acquisition of a more invasive

phenotype and with proteinase-dependent extracellular matrix

degradation (4).

Invasive OSCC cells secrete matrix metalloproteinases

(MMP; refs. 4-6), which are a large family of highly conserved

metalloendopeptidases with activity directed against a variety

of extracellular matrix substrates (7-9). Immunohistochemical

studies have shown increased expression of MMPs, including

MMP-9 (gelatinase B, 92-kDa type IV collagenase), in invasive

and metastatic cases of human OSCC (4, 5). Moreover,

increased expression of MMP-9 is associated with decreased

staining of peritumoral extracellular matrix, suggesting that

MMP-9 promotes matrix breakdown in human tumors (4, 5). In

addition, animal studies have shown that blocking MMP-9 can

decrease tumor cell invasion and metastasis (10). Because

MMP-9 plays an important role in cancer progression, the

regulation of MMP-9 expression and activity has been

extensively studied (11-13).

Transforming growth factor-h1 (TGF-h1), which is elevated

in human OSCC tumors compared with normal head and neck

tissue (14), promotes tumorigenesis and increases metastasis

(15, 16). Targeted ectopic expression of TGF-h1 in head and

neck epithelia using transgenic mice results in severe

hyperplasia of the oral cavity epithelia and facilitates tumor

progression (14). Moreover, it has been shown in an orthotopic

murine model of head and neck cancer that the metastatic

tumors express higher levels of TGF-h1 compared with the

initial primary tumor and that the metastatic tumors with

increased TGF-h1 also have increased MMP-9 levels (17).

Additionally, recent data indicate that TGF-h1 regulates
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expression of Snail family of transcription factors (18, 19),

which have previously been shown to regulate MMP

expression (20-22).

In the current study, evaluation of human OSCC specimens

showed that tumors with enhanced TGF-h1 signaling also

showed increased MMP-9 expression. Because Snail has been

implicated as a key intermediary in TGF-h1 signaling, we

specifically evaluated the role of Snail in TGF-h1–mediated

MMP-9 expression and function. TGF-h1 promoted Snail

expression in both immortalized oral keratinocytes and OSCC

cells. Using a green fluorescent protein (GFP)–tagged Snail

construct to further examine the role of Snail in OSCC

invasion, we report that Snail overexpression suppressed

E-cadherin, enhanced MMP-9 and tissue inhibitor of metal-

loproteinases (TIMP)-1, and promoted MMP-9–dependent

matrix invasion. Similar results were obtained following

TGF-h1 treatment, whereas MMP-9 expression and invasion-

promoting activity were blocked by Snail-specific siRNA.

Furthermore, Snail regulation of the transcription factor Ets-1

was shown, and that Ets-1–specific siRNA blocked both Snail-

and TGF-h1–mediated MMP-9 expression and cellular

invasion. Together, these data support a model wherein Snail

functions as a molecular mediator of TGF-h1–regulated
MMP-9 expression in OSCC cells at the transcriptional level

via an Ets-1–dependent mechanism, thereby contributing to

oral cancer progression.

Results
Analysis of MMP-9 and Phospho-Smad2 in Human OSCC
Tumors

Using microarrayed human tissue, we examined the

relationship between expression of MMP-9 and phospho-

Smad2 (pSmad2; as a marker of TGF-h1 signaling) in

previously untreated human oral samples. A representative

example of H&E, MMP-9, and pSmad2 staining in normal

ral tissue and moderately differentiated OSCC is shown in

Fig. 1A. Quantification of MMP-9 and pSmad2 staining

showed a statistically significant overall increase in MMP-9

and pSmad2 expression in the tumor specimens compared with

the normal oral tissue (Table 1). In addition, tumor areas with

enhanced pSmad2 also showed increased MMP-9 expression

with a Pearson correlation coefficient of r = 0.44, P = 0.0007

(Fig. 1B).

TGF-b1 Promotes Snail Expression in OSCC Cells
Recent reports have shown that Snail can function as a

molecular mediator of TGF-h1 signaling (18, 19). Thus, we

examined the specific role of Snail in TGF-h1–mediated

MMP-9 expression in oral cancer cells. UMSCC1 cells were

treated with TGF-h1 for varying periods of time (0, 2, 4, and

24 h), and reverse transcription-PCR (RT-PCR) was done using

One-Step RT-PCR kit for Snail and glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH; Fig. 2A). Treatment of

UMSCC1 cells with TGF-h1 transiently enhanced Snail

expression. Using real-time PCR, the changes in Snail and

GAPDH messages were also quantified and relative gene

expression determined using the comparative C t method. As

shown in Fig. 2A (right), TGF-h1 enhanced Snail message

16-fold at 2 h, which declined to 2-fold at 24 h. Subsequently,

the effect of TGF-h1 on Snail expression was also quantified in

FIGURE 1. Analysis of MMP-9 and pSmad2 staining in previously
untreated human oral samples. A. H&E, MMP-9, and pSmad2 staining in
a normal oral tissue and in a moderately differentiated oral tumor
specimen (�400 magnification). B. The association between MMP-9
and pSmad2 was assessed using Pearson correlation coefficient.

Table 1. Immunohistochemical Expression of MMP-9 and
pSmad2 in Previously Untreated Human Oral Samples

Histology n 0 0.01-1.00 1.01-2.00 Mean intensity P

MMP-9
Normal 10 5 5 0 0.12 F 0.15
Well differentiated 10 0 1 9 1.29 F 0.36 <0.0001
Moderately differentiated 28 1 21 6 0.94 F 0.44 <0.0001
Poorly differentiated 6 0 1 5 1.05 F 0.57 0.01

pSmad2
Normal 10 1 8 1 0.62 F 0.35
Well differentiated 10 0 3 7 1.20 F 0.36 0.002
Moderately differentiated 28 0 12 16 1.06 F 0.41 0.004
Poorly differentiated 6 0 2 4 0.92 F 0.36 0.13

NOTE: Immunohistochemical expression of MMP-9 and pSmad2 was quantified
by determining the percentages of tumor cells that were positive at each of the
intensity scores: 0 (absent staining), 1+ (weak staining), and 2+ (strong staining).
The sum of these scores gave a final score for each of the cores: 0, 0.01-1.00, or
1.01-2.00. The P values were calculated using unpaired t test comparing each of
the tumor grades with the normal oral tissue samples.

Snail Regulates MMP-9 Expression in OSCC Cells
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additional OSCC cell lines by real-time PCR (Fig. 2B). TGF-h1
did not modulate Snail expression in SCC25 cells; however,

TGF-h1 significantly enhanced Snail message in the remaining

four cell lines with varying kinetics and magnitude.

Snail Increases MMP-9 and TIMP-1 without Affecting
MT1-MMP or TIMP-2

To determine if Snail can regulate MMP expression in

OSCC cells, we generated stable UMSCC1 cell lines expressing

GFP (UMSCC1-C) or GFP-tagged Snail (UMSCC1-Sn). As

shown in Fig. 3A, real-time PCR showed that Snail was

overexpressed by 70-fold in UMSCC1-Sn cells compared with

UMSCC1-C cells. Consistent with the published reports (23,

24), Snail overexpression in UMSCC1 cells suppressed E-

cadherin expression by 50% at the message level (Fig. 3A). To

examine the changes at the protein level, equal amounts of cell

lysates from UMSCC1-C and UMSCC1-Sn cells were probed

with anti-GFP antibody. As shown in Fig. 3A, GFP and GFP-

tagged Snail proteins were detected in these stable cell lines;

however, the amount of GFP-tagged Snail protein was

relatively decreased in UMSCC1-Sn cells compared with the

amount of GFP present in the control UMSCC1-C cells. This is

in agreement with reports showing that the Snail protein

undergoes ubiquitination followed by degradation (25, 26).

Despite the relatively short half-life of GFP-tagged Snail

protein, Snail overexpression decreased E-cadherin at the

protein level (Fig. 3A), in agreement with the real-time PCR

data. In contrast to the effect of Snail on E-cadherin, there was

no significant change in the levels of N-cadherin, vimentin, or

fibronectin in UMSCC1-Sn cells comparedwith the UMSCC1-C

cells (data not shown). However, Snail expression resulted in a

more scattered appearance of UMSCC1 cells as indicated by

phalloidin staining (Fig. 3B).

To examine the effect of Snail on MMP and TIMP

expression, equal numbers of UMSCC1-C and UMSCC1-Sn

cells were counted using a Z1 Coulter particle counter, plated

overnight in serum-containing media, serum starved for 8 h,

and then allowed to condition the media for additional 24 h. The

total RNA was isolated and the relative MMP-9 and TIMP-1

message levels were quantified by real-time PCR. Snail

expression increased MMP-9 message level by 5-fold; however,

no change in the TIMP-1 message level was observed (Fig. 3C).

Importantly, when the stable cell lines overexpressed Snail by

15- to 30-fold, there remained a significant 2.5- to 3-fold

increase in the MMP-9 mRNA levels. Thus, when Snail is

expressed at levels comparable to those induced by TGF-h1
treatment, enhanced MMP-9 mRNA expression remains

apparent in the UMSCC1 cells. In addition, the conditioned

media were analyzed for MMP-9 protein expression by gelatin

zymography and for TIMP-1 protein by Western blotting. Snail

overexpression increased MMP-9 protein level; however, in

contrast to the effect on TIMP-1 message level, Snail expression

also increased TIMP-1 protein level (Fig. 3C).

Because it has been suggested that Snail can also regulate

MT1-MMP expression (21, 22), we examined the effect of Snail

overexpression on MT1-MMP at the message level by real-time

PCR and at the protein level by Western blot analysis. Additio-

nally, we examined the effect of Snail overexpression on TIMP-2,

an endogenous inhibitor of MT1-MMP activity. Snail over-

expression in UMSCC1 cells did not affect the message levels

for MT1-MMP or TIMP-2 (Fig. 3D). No change in total MT1-

MMP protein expression or cell-surface localization of MT1-

MMPwas detected (Fig. 3D). In addition, there was no difference

in the levels of TIMP-2 protein present in the conditioned media

of UMSCC1-C and UMSCC1-Sn cells (Fig. 3D).

We also examined the effect of Snail on the expression levels

of MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-13,

MMP-15, and MMP-16 by real-time RT-PCR. As shown in

Fig. 3E, Snail expression increased MMP-7 mRNA levels while

decreasing MMP-1 and MMP-3 mRNA levels in UMSCC1

cells. Snail had minimal or no effect on the mRNA levels of

MMP-2, MMP-8, MMP-13, MMP-15, and MMP-16 (Fig. 3E).

Snail Promotes MMP-9–Dependent Matrigel Invasion
To examine the functional consequence of increased MMP-9

levels with Snail expression, the ability of UMSCC1 cells to

invade a protein rich matrix-like barrier was examined.

UMSCC1-C and UMSCC1-Sn cells were plated onto transwell

chambers coated with Matrigel and allowed to invade for 40 h.

In addition, the protease-dependent component of invasion was

examined in the presence of a broad-spectrum pharmacologic

MMP inhibitor (GM6001), an endogenous inhibitor of MMP

activity (TIMP-1), and a function-blocking anti–MMP-9

antibody. Although Snail increased both MMP-9 and TIMP-1

levels (Fig. 3C), a significant increase in invasive activity was

FIGURE 2. TGF-h1 promotes Snail expression in OSCC cells. A.
Serum-starved UMSCC1 cells were treated with 10 ng/mL TGF-h1 for
varying periods of time, and RT-PCR for Snail and GAPDH was done with
primers described in Materials and Methods. Relative expression of Snail
and GAPDH was determined by real-time PCR, quantified, and normalized
to untreated sample, arbitrarily set at 1.0. B. OKF4, OKF6, SCC9, SCC25,
and SCC68 cells were treated with TGF-h1 for varying periods of time, and
relative expression of Snail and GAPDH was determined by real-time
PCR, quantified, and normalized to untreated sample, arbitrarily set at 1.0.
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evident in Snail transfectants, indicating a net increase in

pericellular proteolytic activity (Fig. 4A). The enhanced

invasion was blocked by GM6001, showing a requirement for

metalloproteinase activity (Fig. 4B). To examine the specific

contribution of MMP-9 in cellular invasion, the ability of an

endogenous inhibitor of MMP-9 activity (TIMP-1) and the

function-blocking MMP-9 antibody to block invasion was

examined. As shown in Fig. 4C, cellular invasion was blocked

by TIMP-1 and by function-blocking anti–MMP-9 antibody,

supporting a key role for MMP-9 in Snail-induced invasion. In

contrast to the increased MMP-dependent invasion, there was

no significant change in the motility of UMSCC1-Sn cells

compared with the UMSCC1-C cells (data not shown).

Snail-Specific siRNA Blocks TGF-b1–Mediated MMP-9
Expression and Invasion

Our data indicate that TGF-h1 promotes expression of

Snail, which can also function to regulate MMP-9 expression

in UMSCC1 cells. To provide additional evidence of a key

role for Snail in this pathway, Snail expression was blocked

with siRNA (26) or control siRNA with no binding affinity for

any known human sequence. The UMSCC1 cells were

transfected with 100 nmol of control siRNA or Snail siRNA

using Amaxa kit, allowed to recover overnight, serum starved

for 24 h, and treated with TGF-h1 for 3 h to examine the

effect on Snail expression or for 24 h to examine the effect on

MMP-TIMP expression. As shown in Fig. 5A, transfection of

FIGURE 3. Snail increases MMP-9 and TIMP-1 without affecting MT1-MMP or TIMP-2. A. UMSCC1 cells overexpressing GFP (C ) or GFP-tagged Snail
(Sn ) were generated as described in Materials and Methods. Relative expression of Snail, E-cadherin, and GAPDH mRNA was determined by real-time
PCR, quantified, and normalized to UMSCC1-C cells, arbitrarily set at 1.0. Equal amounts of cell lysates from UMSCC1-C and UMSCC1-Sn cells were
analyzed for GFP, E-cadherin, and total ERK2 (loading control) by Western blotting. *, P < 0.005; **, P < 0.05, versus UMSCC1-C cells. B. UMSCC1-C and
UMSCC1-Sn cells were plated on glass coverslip and stained with phalloidin to label actin. The cells were then examined for GFP expression and phalloidin
staining using Zeiss fluorescence microscope. C and D. Equal numbers of UMSCC1-C and UMSCC1-Sn cells were plated in six-well tissue culture plates,
serum starved overnight, and further allowed to condition the serum-free media for an additional 24 h. Relative expression of MMP-9, MT1-MMP, TIMP-1,
TIMP-2, and GAPDH was determined by real-time PCR, quantified, and normalized to UMSCC1-C cells, arbitrarily set at 1.0. MMP-9 levels were analyzed by
gelatin zymography, TIMP-1 and TIMP-2 levels in the conditioned media, and whole-cell and cell-surface MT1-MMP expression were analyzed by Western
blotting as described in Materials and Methods. *, P < 0.005, versus UMSCC1-C cells. Representative results of at least three independent experiments.
E. Relative expression of the indicated MMPs and GAPDH was determined by real-time PCR, quantified, and normalized to UMSCC1-C cells, arbitrarily set
at 1.0. Representative results of at least two independent experiments.

Snail Regulates MMP-9 Expression in OSCC Cells
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Snail siRNA significantly blocked TGF-h1–induced Snail

expression without affecting the basal Snail mRNA levels,

whereas transfection of control siRNA had no effect. To

examine the effect of Snail down-regulation on TGF-h1–
induced MMP-9 expression, the conditioned media and total

RNA from samples treated with TGF-h1 for 24 h were

analyzed for MMP-9 expression by gelatin zymography and

real-time PCR, respectively. Gelatin zymography showed that

TGF-h1–induced MMP-9 expression was blocked by Snail

siRNA (Fig. 5B). This was confirmed by quantitative PCR

analysis as TGF-h1 increased MMP-9 message by 60-fold in

control samples, whereas down-regulation of Snail abrogated

MMP-9 induction by TGF-h1 (Fig. 5B). In contrast to the

effect of TGF-h1 on MMP-9 expression, TGF-h1 did not

induce TIMP-1 message or affected the basal TIMP-1

message levels in the control siRNA– and Snail siRNA–

transfected UMSCC1 cells (data not shown).

To determine whether Snail contributes to TGF-h1–
stimulated invasion of UMSCC1 cells, we first examined the

contribution of MMP-9 to TGF-h1–stimulated invasion.

UMSCC1 cells were plated in invasion chambers coated with

Matrigel and the effect on invasion was examined in the

presence of function-blocking anti –MMP-9 antibody.

As shown in Fig. 5C, TGF-h1 promoted Matrigel invasion,

which was significantly reduced in the presence of function-

blocking anti–MMP-9 antibody (Fig. 5C). Moreover, TGF-

h1–mediated Matrigel invasion was completely blocked with

the MMP inhibitor GM6001 (data not shown). To examine the

contribution of Snail to this process, Snail expression was

blocked with siRNA as detailed above, and then equal numbers

of control siRNA– and Snail siRNA–transfected UMSCC1

cells were added to transwell inserts coated with Matrigel and

allowed to invade in the presence or absence of TGF-h1. TGF-
h1 promoted a 4-fold increase in Matrigel invasion of control

UMSCC1 cells, and this effect was significantly reduced in

UMSCC1 cells transfected with Snail siRNA (Fig. 5D).

Similarly, blocking Snail expression in SCC68 cells with

siRNA abrogated TGF-h1–induced MMP-9 expression and

Matrigel invasion (Fig. 5E).

Ets-1 Regulates Snail- and TGF-b1–Mediated MMP-9
Expression and Matrigel Invasion

The MMP-9 promoter is regulated by a number of

transcription factors including Ets-1 (27). To determine

whether Snail alters MMP-9 levels via regulation of Ets-1,

Ets-1 levels in wild-type and Snail-overexpressing UMSCC1

cells were compared. UMSCC1-Sn cells have increased

levels of Ets-1 protein (Fig. 6A) and message levels as

determined by real-time PCR (data not shown). To examine

the potential role of Ets-1 in Snail-mediated MMP-9

expression, Ets-1 levels were down-regulated using Ets-1–

specific siRNA (28), successfully blocking Ets-1 expression

at the protein level and Ets-1 message by >90% (Fig. 6A).

However, Ets-1 siRNA did not affect Snail message level

(Fig. 6A), indicating that Ets-1 functions downstream of

Snail. We then examined if Ets-1 was involved in Snail-

mediated MMP-9 expression in UMSCC1 cells by trans-

fecting Ets-1 or control siRNA followed by analysis of

MMP-9 expression by gelatin zymography and real-time

PCR. As shown in Fig. 6B (top), Ets-1 siRNA blocked

Snail-induced MMP-9 expression as determined by zymog-

raphy. Similarly, there was only a 3-fold increase in MMP-9

message in response to Snail in the UMSCC1-Sn cells

transfected with Ets-1 compared with the 10-fold increase

in MMP-9 message in UMSCC1-Sn cells transfected

with control siRNA. Consistent with the decrease in

FIGURE 4. Snail promotes MMP-9–dependent Matrigel invasion by
UMSCC1 cells. A. Equal numbers of UMSCC1-C and UMSCC1-Sn cells
were plated onto Matrigel-coated BD transwell chambers and allowed to
invade for 40 h. Noninvading cells were removed from the upper chamber,
filters were fixed and stained, and the invasive cells were photographed
using Nikon camera. B. Matrigel invasion by UMSCC1-C and UMSCC1-
Sn cells was examined in the absence or presence of a broad-spectrum
MMP inhibitor GM6001 (12.5 Amol/L), and the invading cells were
enumerated using ocular micrometer. Columns, mean of four different
experiments; bars, SE. *, P < 0.005, versus UMSCC1-C cells. C. Matrigel
invasion by UMSCC1-C and UMSCC1-Sn cells was examined in the
absence or presence of TIMP-1 (10 Amol/L) and in the presence or
absence of function-blocking MMP-9 antibody (15 Ag/mL). Invading cells
were then enumerated using ocular micrometer. Columns, mean of three
different experiments; bars, SE. *, P < 0.005, versus UMSCC1-C cells.
**, P < 0.05, versus control UMSCC1-Sn cells.
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MMP-9 expression, Ets-1 siRNA also significantly blocked

Snail-induced invasion by 60% (data not shown), showing

that Snail promotes MMP-9 expression in UMSCC1 cells

through Ets-1.

Because our data show that TGF-h1–mediated MMP-9

expression involves Snail (Fig. 5) and that Snail increases

MMP-9 via Ets-1, we also examined if Ets-1 is involved in

TGF-h1–mediated MMP-9 expression. UMSCC1 cells were

transfected with 100 nmol of control siRNA or Ets-1 siRNA,

serum starved, and treated with TGF-h1 for 24 h. The

conditioned media and cell lysates were collected and examined

for MMP-9 expression. As shown in Fig. 6C, TGF-h1

FIGURE 5. Snail siRNA blocks TGF-h1–mediated MMP-9 expression and Matrigel invasion. UMSCC1 cells were transfected with control siRNA or Snail-
specific siRNA and treated with TGF-h1 for either 3 or 24 h. A. Relative expression of Snail and GAPDH was determined for the 3-h samples using real-time
PCR, quantified, and normalized to untreated control siRNA transfected cells, set at 1.0. *, P < 0.05, versus ctrlSi,TGF-b1(�) samples. **, P < 0.05, versus
ctrlSi,TGF-b1(+) samples. B. The 24-h samples were analyzed for MMP-9 expression by gelatin zymography and real-time PCR. *, P < 0.005, versus
ctrlSi,TGF-b1(�) samples, set at 1.0. **, P < 0.05, versus ctrlSi,TGF-b1(+) samples. Representative results of at least three different experiments.
C. UMSCC1 were plated onto Matrigel-coated BD transwell chambers, allowed to invade for 40 h in the presence or absence of TGF-h1, and invasive cells
photographed using Nikon camera. TGF-h1–mediated Matrigel invasion by UMSCC1 cells was examined in the presence or absence of function-blocking
MMP-9 antibody (15 Ag/mL). Columns, mean of three different experiments; bars, SE. *, P < 0.05, versus TGF-b1(�) samples. **, P < 0.05, versus IgG,
TGF-b1(+) samples.D. UMSCC1 cells transfected with control siRNA or Snail-specific siRNA were allowed to invade Matrigel-coated BD transwell chambers
for 40 h in the presence or absence of TGF-h1. Columns, mean of three different experiments; bars, SE. *, P < 0.05, versus ctrlsi,TGF-b1(�) samples.
**, P < 0.05, versus ctrlSi,TGF-b1(+) samples. E. SCC68 cells were transfected with control siRNA or Snail-specific siRNA and treated with TGF-h1 for 24 h,
and then analyzed for MMP-9 expression by gelatin zymography and real-time PCR. SCC68 cells transfected with control siRNA or Snail-specific siRNA were
allowed to invade Matrigel-coated BD transwell chambers for 40 h in the presence or absence of TGF-h1. *, P < 0.005, versus ctrlSi,TGF-b1(�) samples, set
at 1.0. **, P < 0.05, versus ctrlSi,TGF-b1(+) samples. Representative results of three different experiments.

Snail Regulates MMP-9 Expression in OSCC Cells

Mol Cancer Res 2008;6(1). January 2008

15



increased MMP-9 expression by 320-fold in the presence of

control siRNA, whereas the increase was more modest

(130-fold) in the presence of Ets-1 siRNA, supporting a role

for Ets-1 in TGF-h1–mediated MMP-9 expression. In

addition, TGF-h1 promoted a 5-fold increase in Matrigel

invasion of control UMSCC1 and this effect was significantly

reduced in UMSCC1 cells transfected with Ets-1 siRNA

(Fig. 6D), suggesting a regulatory contribution of Ets-1 to

TGF-h1–stimulated invasion.

Discussion
The Snail family of transcription factors is one of the key

regulators of epithelial to mesenchymal transition in normal

development and during tumor progression (29-31). Correlative

studies have shown a direct relationship between Snail

expression and an invasive phenotype in a variety of cancers

(32-34); consequently, Snail expression is under stringent

regulation. One of the factors that have been shown to regulate

Snail expression is TGF-h1. TGF-h1 treatment of Madin-

Darby canine kidney cells was previously shown to trigger

epithelial to mesenchymal transition by enhancing Snail

expression (18). Data in this report show that TGF-h1 can

also induce Snail expression in OSCC cells and thereby

regulate OSCC cellular behavior. In contrast to the effect of

Snail in Madin-Darby canine kidney cells, Snail did not

regulate vimentin or fibronectin in UMSCC1 cells (data not

shown); however, decreased E-cadherin levels and cytoskeletal

rearrangement indicate that Snail induced partial epithelial to

mesenchymal transition. Furthermore, basal motility of

UMSCC1 cells was unaffected by Snail, whereas MMP-9–

dependent cellular invasion was significantly enhanced. Snail

functions as a molecular mediator of TGF-h1 to promote

invasion via enhanced MMP expression, as supported by loss

of MMP-9 expression and invasive capacity using Snail siRNA.

Snail expression in UMSCC1 cells is sufficient to promote

MMP-9 expression, in agreement with a recently published

report showing that Snail expression in Madin-Darby canine

kidney cells increased MMP-9 levels (35). Increased extracel-

lular signal– regulated kinase (ERK)-1/2 and phosphatidylino-

sitol 3-kinase signaling were implicated in pathways leading to

Snail-enhanced MMP-9 promoter activity in Madin-Darby

canine kidney cells, which was blocked with the mitogen-

activated protein kinase/ERK kinase inhibitor U0126 and the

phosphatidylinositol 3-kinase inhibitor wortmanin (35). In the

current study, although treatment of control and Snail-expressing

UMSCC1 cells with these inhibitors decreased basal MMP-9

levels, the Snail-induced increase in MMP-9 expression was

FIGURE 6. Ets-1 regulates Snail- and
TGF-h1–mediated MMP-9 expression and
Matrigel invasion. A. Cell lysates from equal
numbers of UMSCC1-C and UMSCC1-Sn
cells were analyzed for Ets-1 and ERK2 by
Western blotting (top left ). UMSCC1 cells
were transfected with control siRNA (ctrlSi )
or Ets-1–specific siRNA (Ets1Si ), and cell
lysates analyzed for Ets-1 and ERK2 by
Western blotting (top right ) and for Ets-1 and
Snail expression by real-time PCR (bottom ).
B. Equal numbers of UMSCC1-C and
UMSCC1-Sn cells were transfected with con-
trol siRNA or Ets-1 – specific siRNA, and
MMP-9 expression was determined by gelatin
zymography and real-time PCR. C. UMSCC1
cells were transfected with control siRNA or
Ets-1–specific siRNA and treated with TGF-
h1 for 24 h, and MMP-9 expression was
determined by gelatin zymography and real-
time PCR. D. UMSCC1 cells were transfected
with control siRNA or Ets-1–specific siRNA
and then added to Matrigel-coated BD trans-
well chambers and allowed to invade for
40 h in the presence or absence of TGF-h1.
Invading cells were then enumerated using
ocular micrometer. Columns, mean of three
different experiments; bars, SE. *, P < 0.05,
versus ctrlsi,TGF-b1(�) samples. **, P < 0.05,
versus ctrlSi,TGF-b1(+) samples.
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unaffected (data not shown). Moreover, careful examination of

the data by Jorda et al. (35) showed that these inhibitors also

blocked basalMMP-9 levels inMadin-Darby canine kidney cells

whereas Snail-mediated induction of MMP-9 was not signifi-

cantly affected, suggesting that additional regulatory pathways

participate in Snail-mediated MMP-9 expression.

Snail-induced MMP-9 expression in UMSCC1 cells is

mediated by increases in Ets-1 levels, consistent with a recent

report showing that Snail expression in A431 epithelial cells

can enhance Ets-1 (36) and that Ets-1 siRNA blocked MMP-9

expression. Moreover, our data show that Snail-mediated

Matrigel invasion was also blocked with Ets-1–specific siRNA.

Furthermore, TGF-h1–induced MMP-9 expression and Matri-

gel invasion were both blocked with Ets-1 siRNA. Together

with our results showing that TGF-h1– induced MMP-9

expression and invasion can be blocked with Snail siRNA,

these data strongly suggest that Ets-1 functions downstream of

Snail to regulate TGF-h1–mediated cellular behavior in OSCC

cells. Importantly, recent reports have shown that Ets-1 is

involved in tumor development and progression. Overexpres-

sion of Ets-1 in HeLa cells resulted in anchorage-independent

growth and Matrigel invasion (37). Conversely, expression of

Ets-1 antisense in an invasive melanoma Mel Im cell line

blocked Matrigel invasion (38). Moreover, Ets-1 expression has

been shown to correlate with a higher tumor stage and increased

lymph node metastasis in human OSCC specimens (39).

Although stable transfection of liver cancer cell lines with

Snail promoted expression of MT1-MMP (21, 22), Snail did

not regulate MT1-MMP expression in UMSCC1 cells as shown

herein and in epidermoid A431 cells (20). Moreover, Snail did

not regulate expression of MT2-MMP (MMP-15) or MT3-

MMP (MMP-16) in UMSCC1 cells. Similarly, although Snail

up-regulated MMP-2 levels in liver cancer cell lines and in

epidermoid A431 cells (21, 36), Snail expression did not affect

MMP-2 mRNA expression in UMSCC1 cells. UMSCC1 cells

do not express MMP-2 protein as determined by gelatin

zymography (40, 41); in agreement with our real-time RT-PCR

data, Snail did not increase MMP-2 protein levels as assessed

by gelatin zymography (data not shown). Consistent with our

findings in UMSCC1 cells, Snail did not affect expression

of MMP-2 in the mouse squamous cell carcinoma HaCa4 cell

line (42). Interestingly, although Snail did not regulate TIMP-1

at the message level in UMSCC1 cells, there was increased

TIMP-1 protein, suggesting that Snail can also regulate gene

expression at the posttranscriptional level. Despite the increase

in TIMP-1 protein level, Snail expression enhanced Matrigel

invasion, which was prevented using MMP-9 function-blocking

antibody, showing that the invasion was indeed due to a net

increase in MMP-9 proteolytic activity.

Interestingly, a recent report showed that MMPs also

promote epithelial to mesenchymal transition by inducing Snail

expression. Treatment of mammary epithelial cells with MMP-

9 was reported to induce Snail expression with consequent

down-regulation of E-cadherin (43). Conversely, our data show

that Snail can in turn regulate MMP-9 expression in OSCC

cells, providing evidence of reciprocal interactions between

Snail and MMP-9 regulation. Moreover, we also show a novel

mechanism by which TGF-h1 regulates MMP-9 expression in

OSCC cells via enhanced Snail expression. As MMP-9 has

been shown to be important for OSCC invasion, these data

identify Snail as a key factor that promotes OSCC progression,

not only by regulating EMT but also by enhancing MMP

expression downstream of TGF-h1 signaling.

Materials and Methods
Materials

TGF-h1, peroxidase-conjugated secondary antibodies, and

the MT1-MMP antibody directed against the hinge region were

purchased from Sigma. DMEM, Ham’s F-12, and keratinocyte-

SFM were purchased from Life Technologies. Purified human

TIMP-1 protein, rabbit polyclonal TIMP-1 and TIMP-2 anti-

bodies, and the broad spectrum MMP inhibitor GM6001 were

purchased from Chemicon. Function-blocking anti–MMP-9

monoclonal antibody (Ab-1) was from Calbiochem. Anti-ERK2

and anti–Ets-1 antibodies were purchased from Santa Cruz

Biotechnology. SuperSignal enhanced chemiluminescence

reagent, EZ-Link Sulfo-NHS-LC-Biotin, and UltraLink immo-

bilized streptavidin gel were obtained from Pierce. Microcon-10

microconcentrators and polyvinylidene difluoride membranes

were purchased from Millipore. A nucleofector electroporation

kit specifically designed for keratinocytes was obtained from

Amaxa. Protease inhibitor mixture was purchased from Roche

Diagnostics. BD Biocoat Matrigel Invasion Chambers were

from BD Biosciences.

Immunohistochemistry
Oral cancer microarrays were obtained from US Biomax and

consisted of 54 tissue cores of normal oral tissue or previously

untreated squamous cell carcinomas measuring 1.5 mm in

diameter and 5 Am in thickness. The slides were H&E stained or

stained for MMP-9 and pSmad2 by the Pathology Core Facility

of the Robert H. Lurie Comprehensive Cancer Center at

Northwestern University. The microarray tissue specimen grades

were verified by a pathologist (V.A.) and included 10 normal oral

tissues and 10 well-differentiated, 28 moderately differentiated,

and 6 poorly differentiated squamous cell carcinomas. Immuno-

histochemical stainingwith antibodies forMMP-9 (NeoMarkers;

1:200 dilution) and pSmad2 (Cell Signaling; 1:200 dilution) was

done according to standard procedures. Analysis of tissue

sections was done by light microscopy by a pathologist (V.A.)

and a total of 100 tumor cells in each core (six fields) were

examined at �40 magnification. Because many of the tumors

showed nonhomogeneous staining, the percentages of tumor

cells (excluding stromal cells) that were positive at each of the

intensity scores [0 (absent staining), 1+ (weak staining), and 2+

(strong staining)] were recorded and the sum of these scores gave

a final score for each of the cores: 0, 0-0.99, or 1-1.99. The P

values were calculated using unpaired t test comparing the scores

of each of the tumor grades with the normal oral tissue samples.

The association between MMP-9 and pSmad2 expression in the

tumor samples was assessed using Pearson correlation coeffi-

cient test. Statistical analyses were done using GraphPad Instat 3.

Cell Cultures
SCC9, SCC25, SCC68, and UMSCC1 cells were derived

from squamous cell carcinoma of the oral cavity. SCC9 and

SCC25 cells were obtained from American Type Culture
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Collection (44), whereas UMSCC1 cells were generously

provided by Dr. E. Lengyel (University of Chicago, Chicago,

IL; refs. 40, 41). SCC68 cells and tert-immortalized normal oral

keratinocytes (OKF4 and OKF6 cells) were kindly provided by

Dr. J. Rheinwald (Brigham and Women’s Hospital, Harvard

Institutes of Medicine, Boston, MA; ref. 45). SCC9, SCC25,

and UMSCC1 cells were routinely maintained in DMEM and

Ham’s F-12 medium (1:1) containing 10% FCS and supple-

mented with 100 units/mL penicillin and 100 Ag/mL strepto-

mycin. OKF4, OKF6, and SCC68 cells were maintained in

keratinocyte-SFM supplemented with 100 units/mL penicillin,

100 Ag/mL streptomycin, 25 Ag/mL bovine pituitary extract

(supplied with the medium), 0.2 ng/mL epidermal growth

factor, and 0.31 mmol/L CaCl2.

Cloning of GFP-Tagged Snail
The complete coding sequence of Snail was cloned out of

human fetal kidney Marathon ready cDNA library (Clontech)

according to the manufacturer’s instructions using the following

set of primers: forward, 5¶-ATGCCGCGCTCTTTCCTCGT-
CAGGAAGCTC-3¶; reverse, 5¶-TCAGCGAGGGCCCCCT-
GAGCAGCCCGACTC-3¶. The Snail gene was then

subcloned into eukaryotic expression vector pEGFP-C1 to

obtain GFP-tagged Snail, with the GFP tag at the NH2 terminus

of Snail. All plasmids were verified by DNA sequencing.

Generation of UMSCC1-C and UMSCC1-Sn Cells
UMSCC1 cells were stably transfected with pEGFP-C1

empty vector or pEGFP-C1 vector containing full-length

Snail using nucleofector Amaxa kit according to the

manufacturer’s instructions. Transfected cells resistant to

0.85 mg/mL G418 were then sorted for GFP expression

by fluorescence-activated cell sorting analysis to obtain

GFP-expressing control UMSCC1-C cells and GFP-tagged

Snail-expressing UMSCC1-Sn cells. The stable cell lines

were then routinely maintained in DMEM and Ham’s F-12

medium (1:1) containing 10% FCS and supplemented with

100 units/mL penicillin, 100 Ag/mL streptomycin, and

0.65 mg/mL G418.

UMSCC1-C and UMSCC1-Sn cells were plated overnight

on glass coverslips, washed with PBS, fixed with 3.7%

formaldehyde solution for 10 min, blocked with 1% bovine

serum albumin for 20 min, permeabilized with 0.1% Triton

X-100 for 3 min, and stained with Alexa Fluor 594 phalloidin;

after which the cells were washed, mounted, and observed

using a Zeiss Axiovert 200 microscope.

Down-Regulation of Snail and Ets-1 Expression
Snail expression was transiently down-regulated using the

following duplex siRNA directed against Snail: forward primer,

5¶-AGGCCUUCAACUGCAAAUAdTdT-3¶; reverse primer,

5¶-UAUUUGCAGUUGAAGGCCUdTdT-3¶ (26). UMSCC1

or SCC68 cells were transiently transfected with 100 nmol

of Snail-specific siRNA or control siRNA using Amaxa

nucleofector kit, allowed to recover overnight, serum starved

for 24 h, and then treated with TGF-h1 to examine the effect

on Snail expression or MMP-TIMP expression. Similarly,

Ets-1 expression was transiently down-regulated using the

following duplex siRNA directed against Ets-1: forward primer,

5¶-GGACAAGCCUGUCAUUCCUdTdT-3¶; reverse primer,

5¶-AGGAAUGACAGGCUUGUCCdTdT-3¶(28).

Analysis of MMP-9 and TIMP Expression
Gelatinase activity in 24-h serum-free conditioned medium

was determined using SDS-PAGE gelatin zymography as

previously described (46, 47). The conditioned media were

concentrated 15- to 20-fold using Microcon-10 microconcen-

trators, boiled in Laemmli sample dilution buffer, analyzed for

TIMP-1 and TIMP-2 by SDS-PAGE (15% gels), and

immunoblotted with rabbit polyclonal antibodies (Chemicon;

ref. 48).

Analysis of MT1-MMP Expression
Cell-surface MT1-MMP expression was analyzed by

labeling cell-surface proteins with biotin and isolating the

biotin-labeled proteins with streptavidin beads as previously

described (48, 49). Aliquots of the whole-cell lysate from

UMSCC1-C and UMSCC1-Sn cells were analyzed by SDS-

PAGE (9% gels) and immunoblotted for MT1-MMP.

Analysis of Ets-1 Expression
Whole-cell lysates from UMSCC1-C and UMSCC1-Sn cells

were analyzed by SDS-PAGE (9% gels) and immunoblotted for

Ets-1.

RT-PCR
Total RNA was isolated using RNeasy Mini kit (Qiagen)

according to the manufacturer’s specifications and quantified

by spectrophotometric measurement. Primer pairs for human

Snail and human GAPDH were as follows: Snail, 5¶-
AATCGGAAGCCTAACTACAAG-3¶ (forward) and 5¶-
AGGAAGAGACTGAAGTAGAG-3¶ (reverse); GAPDH, 5¶-
CGGAGTCAACGGATTTGGTCGTAT-3¶ (forward) and 5¶-
AGCCTTCTCCATGGTGGTGAAGAC-3¶ (reverse; refs. 48,

50). The RT-PCR reactions were done using the One-step RT-

PCR kit (Invitrogen) and the PCR products were visualized by

UV transillumination of 1.5% agarose gels stained with

ethidium bromide.

Real-time PCR
Reverse transcription of RNA to cDNA was done using

GeneAmp RNA PCR kit (Applied Biosystems). Quantitative

gene expression was done for Snail, Ets-1, E-cadherin, MMP-1,

MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-13, MMP-

14 (MT1-MMP), MMP-15 (MT2-MMP), MMP-16 (MT3-

MMP), TIMP-1, TIMP-2, and GAPDH with gene-specific

probes (Applied Biosystems) using TaqMan Universal PCR

Master Mix and the 7500 Fast Real-time PCR System (Applied

Biosystems). The data were then quantified with the compar-

ative C t method for relative gene expression (51).

Analysis of Matrigel Invasion
Invasive activity was quantified using BD Biocoat Matrigel

invasion chambers (8-Am pore size; refs. 46, 47). UMSCC1-C

and UMSCC1-Sn cells (2 � 105) were counted using Z1

Coulter Counter and added to the upper chamber in 500 AL of
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serum-free medium, and 500 AL of serum-containing medium

were added to the lower well to promote invasion. In selected

experiments, the proteinase dependence of invasion was

determined by quantifying invasion in the presence of the

broad-spectrum MMP inhibitor GM6001, TIMP-1, or function-

blocking anti–MMP-9 antibody. In additional experiments, the

effect of TGF-h1 on invasion was determined by adding TGF-

h1 in the lower chambers. Nonmigrating cells after 40 h were

removed from the upper chamber with a cotton swab, filters

were fixed and stained with Diff-Quik stain, and migrating cells

adherent to the underside of the filter were enumerated using an

ocular micrometer and by counting a minimum of five high-

power fields. Data are expressed as relative migration (number

of cells per field).

The role of Snail in TGF-h1–mediated Matrigel invasion

was examined by transiently transfecting UMSCC1 or SCC68

cells with Snail-specific siRNA or control siRNA using Amaxa

nucleofector kit, allowing the cells to recover overnight, and

then serum starving for additional 24 h. The cells were then

trypsinized, counted using a Z1 Coulter Counter, and then equal

numbers of Snail-specific siRNA– and control siRNA–trans-

fected cells were plated in the upper chamber and allowed to

invade for 40 h in the presence or absence of TGF-h1. The
noninvasive cells were removed from the upper chamber using

cotton swabs, fixed, stained, and quantified as described above.

Similarly, the role of Ets-1 in TGF-h1–mediated Matrigel

invasion was examined by transiently transfecting UMSCC1

cells with Ets-1–specific siRNA or control siRNA.
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