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MMP-14 Mediated MMP-9 Expression Is Involved in
TGF-Beta1-Induced Keratinocyte Migration

Young Seomun,1 Jong-Tak Kim,2 and Choun-Ki Joo1*
1Laboratory of Ophthalmology and Visual Science, Korean Eye Tissue and Gene Bank Related to Blindness,
College of Medicine, The Catholic University of Korea, Seoul, Republic of Korea
2Bio Division, KOCAT, Inc., Geumcheon-Ku, Seoul, Republic of Korea

Abstract The importance of expression of matrix metalloproteinase (MMP) in keratinocyte migration is well
established, but its role remains unclear. Here we investigated the function of MMP-14 in TGF-b1-induced keratinocyte
migration. TGF-b1 stimulated cell migration and the expression of MMP-2, -9 in HaCaT human keratinocyte cells. When
we lowered MMP-14 mRNA with siRNA, cell migration, and MMP-9 expression decreased. Furthermore, the MMP-14
siRNA also reduced activation of JNK in response to TGF-b1, and a JNK-specific inhibitor decreased both cell migration and
MMP-9 expression. Taken together, these results suggest that TGF-b1-induced HaCaT cell migration is mediated by MMP-
14, which regulates MMP-9 expression via JNK signaling. J. Cell. Biochem. 104: 934–941, 2008. � 2008 Wiley-Liss, Inc.
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Cell migration is a complex process that
requires controlled degradation of the extra-
cellular matrix (ECM), which is achieved
by extracellular proteases such as serine pro-
teases and matrix metalloproteinases (MMPs)
[Okada et al., 1997; Kerkelä and Saarialho-
Kere, 2003]. The MMPs are a family of struc-
turally related zinc-dependent endopeptidases
that are secreted in inactive form and activat-
ed by removal of N-terminal propeptides
[Chakraborti et al., 2003]. The MMP family
has been classified into gelatinases, stromely-
sins, collagenases, and membrane type-MMPs
(MT-MMPs), depending on their substrate
specificity and structural properties. Many
physiological processes including wound heal-
ing, tissue remodeling, angiogenesis, and

embryonic development are regulated by MMPs
[Stetler-Stevenson et al., 1993; Sternlicht and
Werb, 2001]. However, the abnormal expres-
sion of various MMPs is known to contribute
to a variety of pathological conditions such
as rheumatoid arthritis, atherosclerosis, and
tumor invasion [Ravanti and Kähäri, 2000;
Chakraborti et al., 2003; Kerkelä and
Saarialho-Kere, 2003]. The expression of these
MMPs is tightly regulated at the transcrip-
tional and post-transcriptional levels [Stetler-
Stevenson et al., 1993].

MT1-MMP (MMP-14), which is constitutively
anchored to the cell membrane, activates MMPs
such as MMP-2, and cleaves various types of
ECM proteins such as collagens, laminins, and
its ligands, the integrins [Okada et al., 1997;
Chakraborti et al., 2003]. The latent forms of
some cytokines are also cleaved and activated
by MMP-14 [Sato et al., 2005]. In addition,
reduction of MMP-14 mRNA decreases angio-
genesis and tumor invasiveness [Robinet et al.,
2005; Rutkauskaite et al., 2005]. These data
suggest that MMP-14 plays an important role in
cell migration not only by regulating the activity
of downstream MMPs, but also by processing
and activating migration-associated proteins
such as integrins and ECMs, and inducing
a variety of intracellular signaling events
[Baumann et al., 2000; Seiki, 2003]. Although
the role of MMP-14 in cell migration has been

� 2008 Wiley-Liss, Inc.

Grant sponsor: Ministry of Education and Human Resour-
ces Development (MOE), the Ministry of Commerce,
Industry and Energy (MOCIE) and Ministry of Labor
(MOLAB).

*Correspondence to: Choun-Ki Joo, Laboratory of Ophthal-
mology and Visual Science, Korean Eye Tissue and Gene
Bank Related to Blindness, College of Medicine, The
Catholic University of Korea, 505 Banpo-dong, Seocho-ku,
Seoul 137-040, Korea. E-mail: ckjoo@catholic.ac.kr

Received 1 October 2007; Accepted 28 November 2007

DOI 10.1002/jcb.21675



investigated [Endo et al., 2003; Udayakumar
et al., 2003], its mechanism of action is poorly
understood.

Cell migration requires the coordinated
expression of various signaling molecules includ-
ing platelet-derived growth factor (PDGF), epi-
dermal growth factor (EGF), small GTPases,
macrophage stimulating protein (MSP), and
TGF-b1 [Santoro and Gaudino, 2005]. TGF-b
has many roles in embryogenesis, morphogene-
sis, differentiation, senescence, tumorigenesis,
and apoptosis [O’Kane and Ferguson, 1997;
Gold, 1999; Siegel and Massague, 2003], but it
is also known to be the most potent cytokine in
terms of stimulating cell migration [O’Kane and
Ferguson, 1997; Philipp et al., 2004; Hosokawa
et al., 2005].

In this study, we tested whether TGF-b1-
induced HaCaT human keratinocyte migration
is linked to MMP-14 expression. Attenuation of
MMP-14 expression led to decreased MMP-9
expression and reduced the stimulation of cell
migration via the JNK pathway. These results
suggest that, during TGF-b1-induced keratino-
cyte migration, MMP-14, in addition to its well-
known role in MMP-2 activation, may stimulate
MMP-9 expression by altering level of JNK
signaling.

MATERIALS AND METHODS

Cell Culture and Reagents

Human keratinocyte cell line HaCaT cells
were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat
inactivated fetal bovine serum and Gentamycin
(Invitrogen, Carlsbad, CA). TGF-b1 was pur-
chased from PeproTech (London, UK). GM6001,
SP600125, and MMP-9 specific inhibitor
(#444278) were purchased from Calbiochem
(Darmstadt, Germany).

Migration Assay

For the migration assay, confluent HaCaT
cells in 6 well plates were wounded by the
manual scraping with a yellow pipette tip.
Plates were washed two times to remove non-
adherent cells and replaced serum free media
with or without TGF-b1 (4 ng/ml). Assessment
of cell migration was performed under micro-
scopy after 24 h of TGF-b1 treatment followed
by methanol fixation, and crystal violet stain-
ing. The photograph was taken by an inverted
microscope (Axiovert S100, Carl Zeiss Meditec,

Germany) with digital camera (Axiocam, Carl
Zeiss Meditec). The cell migration was analyzed
by measuring wound closure width. In each
samples, at least 10 areas of wound closure
were measured statistically analyzed in three
separated experiments.

Western Blot Analysis

The cells were harvested in RIPA lysis buffer.
Protein concentration was determined by
BCA protein assay kit (Pierce, Rockford, IL).
The lysates containing 10 or 20 mg of proteins
were loaded and separated on 8% or 10% SDS–
PAGE gel, and transferred to a nitrocellulose
membrane (Amersham Life Science, Cleveland,
OH). 5% skim milk in TBS-T was used for
blocking and antibody dilution buffer. The
membrane was developed by enhanced chemi-
luminescence solution (Santa Cruz, Santa Cruz,
CA). Prestained molecular weight standards
were purchased from Elpis-Biotech (EBM-1018,
DaeJeon, Korea). Antibodies used in this
study were obtained as follows: Akt, phospho-
Smad2/3, Smad2/3, MMP-2, -9, and -14 were
from Millipore (Beverly, MA). JNK was from BD
Bioscience (San Jose, CA). Phospho-ERK, phos-
pho-p38, phospho-Akt, and p38 were from
Cell Signaling (Denvers, MA). ERK, c-Jun,
phospho-c-Jun, and phospho-JNK were from
Santa Cruz. Actin was from Sigma (St. Louis,
MO).

Zymography

The cell culture supernatants were concen-
trated using Microcon-30 (Millipore). The con-
centrates of 400 ml medium were applied to
8% SDS–PAGE gel containing 1 mg/ml of
gelatin. After electrophoresis, the gel was
washed with renaturation buffer (50 mM
Tris–Cl, pH 7.5, 2.5% Triton X-100) to remove
SDS and incubated in an activation buffer
(50 mM Tris–Cl, pH 7.5, 10 mM CaCl2, 1 mM
ZnCl2) for 4 h at 378C. The gel was stained
with Coomassie brilliant blue R-250 for 1 h
at room temperature and destained in 30%
ethanol, 10% acetic acid.

MMP-14 siRNA Stable Transfection

Predesigned two sets of MMP-14 specific
siRNA sequences (M14si-1 and M14si-2) and
scrambled controlswere purchased from Ambion
(Austin, TX). From these sequences, we con-
structed a MMP-14 specific siRNA expression
vector using pSilencer 2.1-U6 neo vector (M14si)
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system according to manufacture’s manual
(Ambion). For stable transfection, HaCaT
cells were changed the medium to Opti-MEM
(Invitrogen) and the cells were transfected with
the 1 mg of M14si vector using SiPORTTM Lipid
siRNA transfection reagent (Ambion). The
M14si and scrambled control expressing cells
were selected by 500 mg/ml of Geneticin (G418,
Invitrogen). Completely attenuation of MMP-14
mRNA was confirmed by RT-PCR and Western
blot analysis.

RT-PCR

Total RNA was isolated from scrambled,
M14si-1, and M14si-2 stably expressed HaCaT
cells using TRIzol reagent (Invitrogen). Reverse
transcription was performed with 1.5 mg of RNA
in a 50 ml reaction volume. PCR was carried out
3 ml of cDNA with each MMP-14 and b-actin
specific primers.

Over-Expression of MMP-2 and MMP-9

pIRES-neo vector which encoded human full
length MMP-2 cDNA [Seomun et al., 2001], and
MMP-9 (purchased from Invitrogen, #4054882,
a full length human MMP-9 cDNA) inserted in
pcDNA3.1 vector (Invitrogen) was prepared for
stable transfection, respectively. One micro-
gram of each plasmid were used to transfection
using the Wellfect-EX transfection reagent
(Welgene, Korea). At 2 days after transfection,
medium containing 600 mg/ml of G418 was
applied to select the transfectants for 2 weeks
with media changed every day. Twelve colonies
(for MMP-2) and eight colonies (for MMP-9)
were selected. The selected colonies were grown
and expanded for further experiments and
maintained containing 200 mg/ml of G418.

Statistical Analysis

The wound width of cells in Figures 1A, 2B,
3B,C, and 5B were calculated by using Student’s
t-test. P< 0.05 was considered statistically
significant.

RESULTS

TGF-b1 Induces Cell Migration
and MMP Expression

To confirm an effect of TGF-b1 on keratino-
cyte migration, we added 4 ng/ml of TGF-b1 to
wounded HaCaT cells for 24 h. Crystal violet
staining showed that TGF-b1 increased the cell
migration (Fig. 1A). As it is well-known that cell

migration is controlled by MMPs [Okada et al.,
1997; Ravanti and Kähäri, 2000; Santoro
and Gaudino, 2005], we examined the effect of
GM6001, a broad range MMP inhibitor. 20 mM
of GM6001 blocked TGF-b1-induced cell migra-
tion. Above results of keratinocyte migration
was quantified by measuring wound width
under the microscope. The wound width of the
TGF-b1-treated cells was 0.39� 0.1 mm, and
that of the control cells was 1.08� 0.05 mm.
The wound width of the GM6001 pretreated
cells with and without TGF-b1 was similar to
that of the control cells (1.02� 0.12 mm and
1.11� 0.09 mm, respectively).

Fig. 1. TGF-b1-induced HaCaT cell migration and MMP
expression. A: A wound was made with a yellow tip in confluent
HaCaT cells, and the cells were pretreated with DMSO or
GM6001 (20 mM) before addition of 4 ng/ml TGF-b1. After 24 h,
crystal violet staining was used to assess TGF-b1-induced cell
migration. B: The expressions of MMP-2, -9, and -14 by TGF-b1
were analyzed in total cell lysates (for MMP-14 and Actin) and
concentrated cell culture medium (for MMP-2 and -9) by
Western blotting and zymography, respectively. The results
shown are from one of three separate experiments.

936 Seomun et al.



Next, we investigated which MMPs may be
involved in the TGF-b1-induced cell migration.
The expressions of MMP-1, -3, -7, -10, -11, and
-13 mRNA, which were expressed in wounded
skin [Ravanti and Kähäri, 2000; Santoro and
Gaudino, 2005], were not increased by TGF-b1
(data not shown). Western blotting and zymog-
raphy revealed increased expression of MMP-2
and MMP-9 (Fig. 1B). MMP-14 did not signi-
ficantly increased by TGF-b1, but showed
steady level of expression both control and
TGF-b1-treated cells.

Attenuation of MMP-14 Blocks Cell Migration
and MMP-9 Expression

Next, we checked the role of MMP-14, since it
is a well-known upstream activator of MMPs
such as MMP-2 [Okada et al., 1997; Baumann
et al., 2000], and there are evidences that
attenuation of MMP-14 with siRNA affects
angiogenesis and tumor invasiveness [Robinet
et al., 2005; Rutkauskaite et al., 2005]. We made
an MMP-14 mRNA specific siRNA expression
vector and selected transformants stably over-
expressing the siRNA (M14si) using G418.

We isolated individual cell lines (M14si-1
and M14si-2) to determine the effect of dif -
ferent levels of MMP-14 attenuation on TGF-b1-
induced cell migration and the expression of
MMP-2 and MMP-9. M14si-2 cells were more
attenuated in MMP-14 expression (Fig. 2A),
migrated less (1.11� 0.03 mm, Fig. 2B) than
M14si-1 (0.52� 0.04 mm) and scrambled control
(SC) cells (0.16� 0.03 mm). The expression of
MMP-9, but not that of MMP-2 in response to
TGF-b1, correlated with the extent of reduction
of MMP-14 expression (Fig. 2C; compare
SC, M14si-1 and -2). In addition, the expression
of MMP-2 was not decreased in M14si-2,
but active-form of MMP-2 was completely
decreased (data not shown). However, attenua-
tion of MMP-14 mRNA in M14si-1 and -2 had no
significant affect on expression of MMP-1, -2, -3,
-7, -9, -10, -11, and -13 in HaCaT cells (data not
shown).

MMP-9-Mediated Cell Migration in HaCaT Cells

Above results indicated that TGF-b1-induced
cell migration was inhibited by MMP-14
attenuation followed by MMP-9 reduction.
We tested whether MMP-9 is involved in kera-
tinocyte migration. We stably over-expressed
MMP-2 and MMP-9 in HaCaT cells. Stable over-

expressions of both genes were confirmed
by zymography (Fig. 3A). The MMP-9 over-
expressing cells without TGF-b1 stimulation
displayed significantly increase of cell migra-
tion (0.45� 0.06 mm), whereas MMP-2 over-
expressing cells (0.63� 0.05 mm) did not
show this effect like as Mock transfected cells
(0.68� 0.05 mm, Fig. 3B). MMP-9 mediated
cell migration was confirmed using MMP-9
specific inhibitor treatment. MMP-9 inhibitor
displayed the inhibition of cell migration (0.96�
0.05 mm of MMP-9 inhibitor treated cells and
0.4� 0.09 mm of control cells) caused by TGF-b1
(Fig. 3C).

Fig. 2. Attenuation of MMP-14 mRNA by siRNA. A: MMP-14
siRNA (M14si-1 and -2) and scramble control (SC) HaCaT cells
were analyzed the effect of MMP-14 attenuation by RT-PCR and
Western blot. B: Cell migration of SC, M14si-1 and -2 cells with
or without TGF-b1 for 24 h was measured by microscope
following crystal violet staining. C: TGF-b1-induced MMP-2 and
-9 expressions in SC, M14si-1 and -2 cells were analyzed by
Western blot. Results are representative of three independent
experiments.
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MMP-14-Mediated JNK Activation

Because it was not clear how the expression
of MMP-9 is regulated by MMP-14, we examin-
ed various potential downstream mediators

of TGF-b1 in SC and M14si-2 cells. ERK,
p38 MAPK, JNK, Akt, and Smad2/3 were all
activated by TGF-b1, which are known as a
regulator of MMPs [O’Kane and Ferguson,
1997; Hintermann et al., 2001; Chakraborti
et al., 2003; Philipp et al., 2004; Hosokawa et al.,
2005]. Figure 4 shows that TGF-b1 stimulates
the phosphorylation each of these signaling
molecules. Interestingly, only the activation of
JNK was reduced in the M14si-2 cells, indicat-
ing that MMP-9 may be activated by MMP-14
via the JNK pathway. To confirm this idea, we
treated cells with SP600125, a specific inhibitor
of JNK prior to TGF-b1 treatment. As shown
in Figure 5A, TGF-b1-induced expression of
MMP-9 and the phosphorylation of c-Jun, a
downstream kinase of JNK was blocked by
SP600125 whereas MMP-2 expression was
unaffected. Furthermore, TGF-b1-induced cell
migration (0.43� 0.09 mm) was also blocked by
SP600125 (1.13� 0.03 mm, Fig. 5B).

DISCUSSION

The regulation of cell migration by MMP-14
has been well studied. Transfection of MMP-14
into HT1080 cells resulted in increased cell
migration [Takino et al., 2004], while attenua-
tion of MMP-14 expression by siRNA decreased
fibroblast invasiveness [Rutkauskaite et al.,
2005] and reduced angiogenesis in microvas-
cular endothelial cells [Robinet et al., 2005].
Recently, Itoh [2006] proposed that four routes
of cell migration are regulated by MMP-14:
direct ECM proteolysis, amplification of ECM

Fig. 3. MMP-9 over-expression induced cell migration. A:
Over-expression of MMP-2 and MMP-9 protein confirmed by
zymography. B: Cell migration of Mock, MMP-2, and MMP-9
over-expressing cells was measured after 36 h of wounding. The
graph showed the average width of the wound (see Materials and
Methods Section). C: MMP-9 inhibitor (5mM) was pretreated
before TGF-b1 addition, and cell migration was assessed after
24 h. The results are representative of four independent
experiments. * Significantly different from Mock and MMP-2
transfected cells at P< 0.05.

Fig. 4. MMP-14 dependent JNK activation in response to
TGF-b1. TGF-b1 treated or untreated SC and M14si-2 cells were
collected at indicated time point to examine the phosphorylation
of ERK (15 min), Akt (15 min), p38 (30 min), Smad2/3 (5 min), and
JNK (60 min), respectively by Western blot. Phosphorylation of
ERK, p38 MAPK, Akt, JNK, and Smad2/3 in response to TGF-b1
was analyzed using their phospho-specific antibodies. The
results are representative of three independent experiments.
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proteolysis by activating MMP-2 and MMP-13,
processing of cell adhesion molecules, and
release of ECM fragments that stimulate cell
migration.MMP-14-mediatedMMP-2 activation
is also well-known during cell migration, tumor
invasion, and angiogenesis [Okada et al., 1997;
Baumann et al., 2000; Decline et al., 2003;
Kerkelä and Saarialho-Kere, 2003]. We found
that attenuation of MMP-14 expression in TGF-
b1-treated cells reduced cell migration (Fig. 2B)
and lowered the level of the active form ofMMP-2
(data not shown). This shows that MMP-2

activation by MMP-14 is needed for cell migra-
tion, as previously reported [Okada et al., 1997;
Baumann et al., 2000]. However, Holmbeck et al.
[1999] found severe defects in the development of
MMP-14 deficient mice, whereas the develop-
ment of MMP-2 deficient mice was not as
defective. This result suggested that MMP-14
may have functions in addition to activation of
MMP-2. Similarly, over-expression of the MMP-
2 pro-form alone did not induce cell migration
(Fig. 3B). Furthermore, in M14si-2 cells exposed
to TGF-b1, MMP-2 expression did not decrease
but cell migration was blocked (Fig. 2B,C). These
results suggest that MMP-14 performs an addi-
tional essential function during cell migration.

Our findings suggest that MMP-9 is another
MMP involved in TGF-b1-induced cell migra-
tion (Fig. 3B,C), and that its expression is MMP-
14 dependent (Fig. 2C). Studies have shown
that expression of MMP-9 is critical for
keratinocyte tumorigenesis and migration
[Cooper et al., 2004; Bigelow et al., 2005],
but those studies focused on EGF receptor-
dependent processes. On the other hand, TGF-b
modulates MMP-9 production through the Ras/
MAPK pathway in transformed mouse kerati-
nocytes [Santibanez et al., 2002] and NF-kB
induces cell migration by binding to the MMP-9
promoter in human skin primary culture [Han
et al., 2001]. We have provided good evidence
that MMP-9 over-expression induces keratino-
cyte migration without the need for stimulation
by factors such as TGF-b1 (Fig. 3B).

Despite the importance of MMP-9 in
keratinocyte migration, it is not clear how
TGF-b regulates the expression of MMP-9. We
noted that attenuation of MMP-14 expression
decreased TGF-b1-mediated MMP-9 expression
(Fig. 2C), and suggested that TGF-b1-induced
MMP-9 expression requires MMP-14. There is
evidence that MMP-14 activates a number of
intracellular signal pathways including the
extracellular signal-related kinase (ERK)
pathway, the focal adhesion kinase (FAK),
Src, Rac, and CD44 during cell migration and
tumor invasion [Takino et al., 2004; Sato et al.,
2005; Sounni and Noel, 2005]. ERK signaling is
known to be activated by MMP-14, and in COS-7
cells, ERK activation is essential for cell migra-
tion and is induced by over-expression of
MMP-14 [Gingras et al., 2001]. Work with
MMP-14-transfected HT1080 cells also reveal-
ed that MMP-14 plays an important role in the
activation of ERK and of cell migration [Takino

Fig. 5. JNK-mediated MMP-9 induction and cell migration in
TGF-b1-treated cells. HaCaT cells were incubated with 10 mM
SP600125 (JNK inhibitor) before TGF-b1 treatment. A: Cells were
harvested 1 h (lysates, for c-Jun and Actin) and 24 h (medium, for
MMP-2, -9) after TGF-b1 treatment, and subjected to Western
blot analysis. B: Cell migration was measured by crystal violet
stain after 24 h of TGF-b1 treatment with absence and presence of
SP600125. The results are representative of three independent
experiments.
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et al., 2004]. However, we have found, in work
with an ERK specific inhibitor and the MMP-14
promoter, that ERK signaling regulates MMP-
14 and MMP-2 expression in TGF-b1-treated
HaCaT cells (unpublished observation). This
indicates that TGF-b1-induced ERK activation
acts upstream of MMP-14 and MMP-2, but not
of MMP-9, in HaCaT cells.

Smad2/3, p38 MAPK, and Akt were all
activated by TGF-b1 in both SC and M14si-2
cells (Fig. 4). Interestingly, only activation of
JNK was defective in the TGF-b1-treated
M14si-2 cells. Furthermore, the JNK specific
inhibitor clearly decreased MMP-9 expression
and cell migration in response to TGF-b1
(Fig. 5A,B). This is indirect evidence that JNK
signaling mediates MMP-9 expression and may
be controlled by MMP-14. However, further
studies are needed to understand how MMP-14
regulates JNK signaling.

In summary, TGF-b1-induced keratinocyte
migration requires upregulation of MMP-9
expression as well as an increase of the active
form of MMP-2, and MMP-14 regulates MMP-9
expression via JNK signaling. Our results point
to a novel role of MMP-14 in mediating MMP-9
expression via the JNK pathway during TGF-
b1-induced keratinocyte migration.

ACKNOWLEDGMENTS

The authors especially thank to Jun-sub
Choi, Ji-won Mok and Jung-eun Lee for critical
reading of this manuscript. This study was
funded by the Ministry of Education and
Human Resources Development (MOE), the
Ministry of Commerce, Industry and Energy
(MOCIE) and Ministry of Labor (MOLAB)
through the fostering project of the Lab of
Excellency.

REFERENCES

Baumann P, Zigrino P, Mauch C, Breitkreutz D, Nischt R.
2000. Membrane-type 1 matrix metalloproteinase-medi-
ated progelatinase A activation in non-tumorigenic and
tumorigenic human keratinocytes. Br J Cancer 83:1387–
1393.

Bigelow RL, Jen EY, Delehedde M, Chari NS, McDonnell
TJ. 2005. Sonic hedgehog induces epidermal growth
factor dependent matrix infiltration in HaCaT keratino-
cytes. J Invest Dermatol 124:457–465.

Chakraborti S, Mandal M, Mandal A, Chakraborti T. 2003.
Regulation of matrix metalloproteinases: An overview.
Mol Cell Biochem 253:269–285.

Cooper KL, Myers TA, Rosenberg M, Chavez M, Hudson
LG. 2004. Roles of mitogen activated protein kinases and
EGF receptor in arsenite-stimulated matrix metallo-
proteinase-9 production. Toxicol Appl Pharmacol 200:
177–185.

Decline F, Okamoto O, Mallein-Gerin F, Helbert B,
Bernaud J, Rigal D, Rousselle P. 2003. Keratinocyte
motility induced by TGF-beta1 is accompanied by
dramatic changes in cellular interactions with laminin
5. Cell Motil Cytoskeleton 54:64–80.

Endo K, Takino T, Miyamori H, Kinsen H, Yoshizaki T,
Furukawa M, Sato H. 2003. Cleavage of syndecan-1 by
membrane type matrix metalloproteinase-1 stimulates
cell migration. J Biol Chem 278:40764–40770.

Gingras D, Bousquet-Gagnon N, Langlois S, Lachambre
MP, Annabi B, Beliveau R. 2001. Activation of the
extracellular signal-regulated protein kinase (ERK)
cascade by membrane-type-1 matrix metalloproteinase
(MT1-MMP). FEBS Lett 507:231–236.

Gold LI. 1999. The role for transforming growth factor-beta
(TGF-beta) in human cancer. Crit Rev Oncog 10:303–
360.

Han YP, Tuan TL, Hughes M, Wu H, Garner WL. 2001.
Transforming growth factor-b- and tumor necrosis factor-
a mediated induction and proteolytic activation of MMP-
9 in human skin. J Biol Chem 276:22341–22350.

Hintermann E, Bilban M, Sharabi A, Quaranta V. 2001.
Inhibitory role of alpha 6 beta 4-associated erbB-2 and
phosphoinositide 3-kinase in keratinocyte haptotactic
migration dependent on alpha 3 beta 1 integrin. J Cell
Biol 153:465–478.

Holmbeck K, Bianco P, Caterina J, Yamada S, Kromer M,
Kuznetsov SA, Mankani M, Robey PG, Poole AR, Pidoux
I, Ward JM, Birkedal-Hansen H. 1999. MT1-MMP-
deficient mice develop dwarfism, osteopenia, arthritis,
and connective tissue disease due to inadequate collagen
turnover. Cell 99:81–92.

Hosokawa R, Urata MM, Ito Y, Bringas P, Jr., Chai Y. 2005.
Functional significance of smad2 in regulating basal
keratinocyte migration during wound healing. J Invest
Dermatol 125:1302–1309.

Itoh Y. 2006. MT1-MMP: A key regulator of cell migration
in tissue. IUBMB Life 58:589–596.
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