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Corneal neovascularization is one of the leading
causes of blindness. The aim of this study was to
evaluate the pro-angiogenic role of corneal fibroblast-
derived membrane type-1 matrix metalloproteinase
(MT1-MMP) on basic fibroblast growth factor (bFGF)-
induced corneal neovascularization in vivo and in
vitro. Immunohistochemical studies demonstrated
that MT1-MMP was expressed in keratocytes and im-
mortalized corneal fibroblast cell lines. Vascular en-
dothelial growth factor protein levels were increased
after bFGF-stimulation of wild-type fibroblast cells
compared with MT1-MMP knockout fibroblast cells.
Corneal vascularization was significantly increased
after a combination of bFGF pellet implantation and
naked MT1-MMP DNA injection in wild-type mouse
corneas compared with either bFGF pellet implanta-
tion or naked MT1-MMP DNA-injected corneas. West-
ern blotting analysis of the phosphorylation levels of
the key signaling molecules (p38, JNK, and ERK) dem-
onstrated that phosphorylation levels of both p38 and
JNK were diminished after bFGF stimulation of MT1-
MMP knockout cells compared with wild-type and MT1-
MMP knockin cells. These results suggest that MT1-MMP
potentiates bFGF-induced corneal neovasculariza-
tion, likely by modulating the bFGF signal transduc-
tion pathway. (Am J Pathol 2009, 174:1564–1571; DOI:
10.2353/ajpath.2009.080452)

The cornea is typically avascular in its normal state. How-
ever, corneal neovascularization (NV) occurs in conjunc-
tion with several corneal diseases such as infection, in-
jury, and autoimmune reactions and is one of the leading
causes of blindness. Recent studies have identified sev-
eral tyrosine kinases and their corresponding ligands that

mediate NV, including basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor (VEGF).1–3

bFGF was first identified as a pro-angiogenic factor
and is studied extensively in corneal NV models because
it is thought to be a major factor in the induction of corneal
NV.4–6 bFGF is secreted by corneal epithelial cells, stro-
mal fibroblasts, and endothelial cells, and is localized to
the corneal extracellular matrix.7 Low levels of bFGF are
produced in unwounded corneas; however, enhanced
bFGF production was detected in corneal epithelial cells
after injury.8 VEGF was also shown to promote NV in
corneal wounding models,9 and cross talk is thought to
occur between bFGF and VEGF during corneal NV. For
example, bFGF was shown to induce corneal NV by
activating the VEGF/VEGFR system10,11 and the systemic
administration of anti-VEGF-A neutralizing antibodies
dramatically reduces this effect.12

Membrane type-1 matrix metalloproteinase (MT1-
MMP) is the first transmembrane-containing matrix met-
alloproteinase to be identified.13 Based on previous re-
ports using corneal wound-healing models, MT1-MMP
mRNA is mainly localized to the corneal stroma.14 During
NV, quiescent endothelial cells are activated and migra-
tion is facilitated by degrading the extracellular matrix
through the action of specific proteases, including MT1-
MMP.15–17 The importance of the enzymatic function of
MT1-MMP in corneal NV was shown using the corneal
pocket assay in MT1-MMP-deficient mice.18 Interest-
ingly, the expression of MT1-MMP is up-regulated by
bFGF stimulation in prostate carcinoma cell lines,19

and it was also reported that MT1-MMP promotes
VEGF secretion.20 –25

In this study, we developed anti-MT1-MMP antibody to
localize and characterize MT1-MMP protein in the mouse
cornea. To assess the relationship between MT1-MMP
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and bFGF during corneal NV, we performed experiments
that combined the corneal pocket assay using a bFGF
pellet with the injection of naked MT1-MMP DNA. We
observed an enhanced phosphorylation of MAP kinases
in wild-type and MT1-MMP knockin (KI) cell lines over
that of MT1-MMP knockout (KO) cell lines, suggesting a
role of MT1-MMP in modulating bFGF-mediated signal
transduction pathways.

Materials and Methods

Animals

Eight- to ten-week-old C57BL/6 wild-type mice were
used. All animals were treated in accordance with the
Animal Care and Use Committee’s guidelines for the
University of Illinois at Chicago and The Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research.

Generation of Immortalized Wild-Type and
MT1-MMP KO Fibroblast Cell Lines

Wild-type and MT1-MMP KO immortalized mouse corneal
cell lines were generated as previously described.26

Briefly, the entire mouse corneal stroma was excised and
incubated with Dulbecco’s modified Eagle’s medium (Hy-
Clone Laboratories, Logan, UT) containing 3.3 mg/ml of
collagenase type II (Sigma-Aldrich, St. Louis, MO) at
37°C with shaking for 90 minutes. Isolated keratocytes
were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal calf serum (HyClone Laborato-
ries) at 37°C in a 5% CO2 humidified atmosphere. Sub-
confluent stromal fibroblasts were supplemented with a
mixture containing polybrene (4 �g/ml) and an equal
volume of pZIPTEX virus (containing SV40T antigen). Im-
mortalized mouse MT1-MMP KO corneal fibroblast cell
lines were generated from MT1-MMP KO mouse corneal
stroma (kindly provided by Dr. Zhongjun Zhou, Depart-
ment of Medical Biochemistry and Biophysics, Karolinska
Institutet, Stockholm, Sweden). Immortalized corneal
cells from wild-type or MT1-MMP KO mice were sub-
cloned by a serial dilution method to generate corneal
keratocyte cell lines.

Characterization of Corneal Fibroblasts

The corneal fibroblast cell lines were characterized im-
munohistochemically using anti-keratin AE1/AE3 (ICN,
San Francisco, CA) and anti-�-smooth muscle actin (ICN)
antibodies.26 Cultured fibroblasts were fixed for 15 min-
utes in cold (�20°C) methanol and rinsed three times in
phosphate-buffered saline (PBS). Fixed cells were incu-
bated in a blocking buffer of 1% bovine serum albumin
(BSA, Sigma-Aldrich) and 0.2% Triton X-100 in PBS for 30
minutes at room temperature. Cells were then incubated
with the following primary antibodies for 1 hour at room
temperature: monoclonal mouse anti-keratin antibodies
diluted 1:100 in 1% BSA-PBS or monoclonal mouse anti-

�-smooth muscle actin antibodies diluted 1:200 in 1%
BSA-PBS. The secondary antibody, fluorescein-conju-
gated donkey anti-mouse IgG (1:200 dilution of 1.2 �g/�l
IgG; Jackson ImmunoResearch Laboratories, West Grove,
PA), was applied to the fixed cultured cells for 1 hour at
room temperature. Cells were washed three times in PBS
and mounted with mounting medium containing propidium
iodide (PI; Vector Laboratories, Burlingame, CA) and were
subsequently viewed using a fluorescence microscope
(Eclipse E 800; Nikon, Tokyo, Japan).

Plasmid Construction

A cDNA encoding the MT1-MMP gene was subcloned
into the pCN vector for naked DNA injection and into the
pFB vector (Stratagene, La Jolla, CA) for stable cell line
generation. For the pFB-MT1-MMP construct, an en-
hanced green fluorescent protein (EGFP) gene was
linked to this construction, along with an internal ribo-
somal entry site and a 3� nontranslated region. All con-
structs were confirmed by DNA sequencing.

Generation of Recombinant Virus in 293T Cells

To generate cell lines stably expressing MT1-MMP, a
retroviral expression system was used. Recombinant vi-
ruses were generated by co-transfection of 293T cells
with either the recombinant EGFP-expressing pFB vector
encoding MT1-MMP or an empty vector. Briefly, 2 �l
of pFB-MT1-MMP DNA, 1 �g of pVPack Eco, and 1 �g of
pVPack gag-pol (Stratagene) were mixed with 16 �l of
Enhancer solution and 300 �l of transfection buffer (Qia-
gen, Valencia, CA). After vortex and incubation for 5
minutes, 60 �l of Effectene transfection reagent (Qiagen)
was added and mixed for 10 seconds. The final solution
was then incubated for 5 to 10 minutes at room temper-
ature for transfection-complex formation, which was then
mixed with 3 ml of conditioned growth medium and
added dropwise to 7 ml of fresh conditioned medium in
the cell dish. After a 24-hour incubation, the conditioned
medium was replaced by Dulbecco’s modified Eagle’s
medium and incubated for another 24 hours. The medium
obtained from the 2nd and 3rd days after transfection
(containing a high amount of virus) was collected and
used to infect the corneal fibroblast cell lines from MT1-
MMP KO mice. The infected corneal fibroblast cells were
incubated at 37°C for 1 to 3 days and monitored daily for
the presence of EGFP expression. The resulting EGFP�

MT1-MMP KI cells were sorted by fluorescence-activated
cell sorting.

Flow Cytometry and Cell Sorting

The MT1-MMP KI cells were sorted based on the expres-
sion of EGFP by the Flow Cytometry Core Facility at the
Schepens Eye Research Institute, Harvard Medical
School, Boston, MA. Single cell suspensions were pre-
pared and washed with cold PBS, trypsinized, and cen-
trifuged at 1000 rpm for 5 minutes, and subsequently
fixed in PBS containing 1% paraformaldehyde. Flow cy-
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tometry analysis was performed using the Coulter EPICS
XL-MCL flow cytometer (Coulter Electronics Inc., Miami,
FL). Cells were sorted using a Coulter ELITE cell sorter to
give two cell populations, EGFP-positive and EGFP-neg-
ative cells. The EGFP-positive population was then cul-
tured and sorted again. The stability of the expression of
EGFP was monitored by flow cytometry and the expres-
sion of MT1-MMP was analyzed by Western blotting.

Immunohistochemistry/Immunocytochemistry
Staining

Confocal immunohistochemistry/immunocytochemistry
was performed as described previously.27 Primary anti-
bodies pre-incubated (overnight at 4°C) with their spe-
cific blocking peptide were used as a negative control.
To localize MT1-MMP in fibroblast cells and in mouse
corneas, rabbit polyclonal anti-MT1-MMP peptide anti-
body was generated. The immunogen was a peptide
sequence in the MT1-MMP hinge domain (SPTKMP-
PQPRTT) (Figure 1). The same peptide was used as a
blocking peptide (negative control). To detect the ex-
pression of MT1-MMP in the cornea, we performed dou-
ble-immunofluorescence staining with goat anti-vimentin
(which may be expressed by corneal stromal cells or
other immune cells) and rabbit anti-MT1-MMP antibodies.
The VEGF expression in corneal fibroblast cell lines after
bFGF stimulation was detected using anti-VEGF antibody
(R&D Systems, Inc., Minneapolis, MN). The secondary
antibodies used were fluorescein isothiocyanate-conju-
gated anti-rabbit IgG and Cy5-conjugated anti-goat IgG
(Jackson ImmunoResearch Laboratories). PI was used
for nuclear staining.

Corneal Pocket Assay with bFGF and Naked
MT1-MMP DNA Injection

Corneal micropellet assays (with 120 ng of bFGF pellets)
were performed. The methods we used are described by
Kato and colleagues.28 To assess the interaction be-
tween bFGF and MT1-MMP, we combined the naked
DNA injection technique with the micropocket assay. A 1⁄2
inch, 33-gauge needle attached to a 10-�l gas-tight sy-
ringe (Hamilton, Reno, NV) was introduced from the mi-
cropocket into the corneal stroma, and plasmid (5 �g of
pCN or pCN-MT1-MMP) solution was forcibly injected
into the stroma to separate corneal lamellae and disperse
the plasmid.29 After the DNA was injected, bFGF pellets
were inserted as described above. Six mice per group

were used for surgery. Combinations of bFGF or blank
pellet along with vector or MT1-MMP DNA were intro-
duced into mouse corneas in each group. To evaluate a
possible pro-angiogenic effect of MT1-MMP in bFGF-
induced corneal NV, we used a low-dose of bFGF (50
ng/pellet) in conjunction with naked DNA injection.
Ofloxacin eye drops were applied after the surgery. The
eyes were examined and photographed on postoperative
days 1, 4, 7, and 10 by slit lamp microscopy (Nikon).
Color images were digitized and the images were re-
solved at 300 pixels/inch. The areas of corneal NV were
calculated and analyzed with NIH ImageJ software (Na-
tional Institutes of Health, Bethesda, MD).

Western Blotting

Wild-type or MT1-MMP KO fibroblast cell lines were
plated at a density of 5.0 � 106 cells in a 75-cm2 flask.
After stimulation by bFGF (20 ng/ml), cells were lysed by
an ice-cold immunoprecipitation assay buffer containing
a protease inhibitor and phosphatase inhibitor. Total pro-
tein concentration was measured using a protein assay
(Bio-Rad, Hercules, CA) and each sample was adjusted
to 1.0 mg/ml. Proteins were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and trans-
ferred to Immobilon P membranes (Millipore, Bedford,
MA) that had been blocked with 3% BSA for 60 minutes.
The membranes were then incubated overnight with rab-
bit anti-ERK antibody (1:200 dilution; Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA), mouse anti-phospho-ERK
antibody (1:1000; Cell Signaling Technology, Danvers,
MA), rabbit anti-p38 antibody (1:1000, Cell Signaling
Technology), rabbit anti-phospho-p38 antibody (1:1000,
Cell Signaling Technology), rabbit anti-JNK antibody (1:
1000, Cell Signaling Technology), rabbit anti-phospho-
JNK antibody (1:1000, Cell Signaling Technology), or
rabbit anti-VEGF-A antibody (1:1000 dilution, Millipore).
The membranes were then incubated with horseradish
peroxidase-conjugated donkey anti-rabbit or anti-
mouse IgG antibodies (1:20,000 dilution; Amersham
Biosciences, Buckinghamshire, UK) for 30 minutes.
The membrane was washed with TBST and antigen
was detected using ECL solution (Pierce Biotechnol-
ogy Inc., Rockford, IL).

Reverse Transcriptase-Polymerase Chain
Reaction Analysis and Real-Time Polymerase
Chain Reaction (PCR) of VEGF-A and
MT1-MMP

Total RNA was purified from keratocyte wild-type, KO,
and KI cell lines using Trizol reagent (Invitrogen, Carls-
bad, CA) according to the manufacturer’s instructions.
Reverse transcription of RNA was synthesized using
High-Capacity cDNA reverse transcription kits (Applied
Biosystems, Foster City, CA) reagents. The following
primer sets were synthesized and used for amplifica-
tion: MT1-MMP, sense 5�-GCTTTACTGCCAGCGTTC-3�
and antisense 5�-CCCACTTATGGATGAAGCAAT-3�;

Figure 1. Schematic representation of MT1-MMP and the location of the
amino acid sequence (SGTKMPPQPRTT) that was used to generate the rabbit
anti-MT1-MMP antibody.
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VEGF-A, sense 5�-CAAAAACGAAAGCGCAAGAAA-3�
and antisense 5�-CGCTCTGAACAAGGCTCACA-3�;
GAPDH sense 5�-TTGCCATCAATGACCCCTTCA-3� and
antisense 5�-ATGGGCTTCCTGTTGATGACA-3�. GAPDH
mRNAs were used as internal controls. Real time PCRs
were performed using the fluorescence detection method
using the ABI Prism 7900HT sequence detection system
with SYBR Green PCR master mix (Applied Biosystems).
The cycling conditions were as follows: activation of Taq
enzyme at 50°C for 2 minutes, initial denaturation at 95°C
for 10 minutes, followed by 40 amplification cycles of
95°C for 15 seconds, 60°C for 60 seconds. All experi-
ments were performed with triplicate samples. After com-
pletion of PCR, ABI PRISM SDS 2.3 software was used to

Figure 2. MT1-MMP immunolocalization in normal and bFGF-induced
mouse corneas. Normal uninjured mouse eyes were enucleated, frozen in
OCT, and corneal sections were stained with anti-MT1-MMP antibody (A)
and PI (B); overlay image (C). Seven days after the blank (controls) or 120-ng
bFGF pellet implantation, mouse eyes were enucleated and the sections were
stained with anti-MT1-MMP antibody (D, G, J and P), PI (E, H, and K), or
anti-vimentin antibody (Q); overlay images (F, I, L, O, and R). Antibody
pre-incubated with cognate peptide was used to stain the bFGF pellet-
inserted cornea as a control (M, N, and O). S: Lysates from individual
bFGF-stimulated mouse corneas5–8 and untreated controls1–4 were immu-
noblotted with anti-MT1-MMP antibody. Scale bars � 20 �m.

Figure 3. MT1-MMP immunolocalization in corneal fibroblast cell lines.
Unstimulated wild-type (WT) corneal fibroblast cell lines were immuno-
stained with anti-MT1-MMP antibody (A) and PI (B). Wild-type corneal
fibroblast cells stimulated with bFGF (20 ng/ml) were immunostained with
anti-MT1-MMP antibody (D) and PI (E); overlay images (C, F, and I).
Antibody preincubated with cognate peptide was used as a control (G–I). J:
Real-time PCR analysis of MT1-MMP expression in wild-type, MT1-MMP KO,
and MT1-MMP KI keratocytes was performed. K: Western blot analysis was
performed using MT1-MMP antibody in wild-type, MT1-MMP KO, and MT1-
MMP KI keratocytes treated with and without bFGF. Scale bars � 50 �m.
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convert the raw data. The amount of VEGF-A and MT1-
MMP mRNAs were normalized with GAPDH mRNA.

Statistical Analysis

Results of areas of corneal NV are expressed as mean �
SEM, and statistical analyses were performed using a
paired sample t-test. Differences were considered signif-
icant when P � 0.05.

Results

Localization and Enhancement of Corneal
MT1-MMP Expression After bFGF Pellet
Implantation

To characterize the localization of MT1-MMP in mouse
corneal tissues, we generated anti-MT1-MMP antibody
and performed immunohistochemical staining of normal
uninjured mouse corneas. We observed weak expression
of MT1-MMP in the stromal and epithelial layer of mouse

cornea (Figure 2, A–C). The levels of corneal MT1-MMP
expression were enhanced at day 7 after bFGF (120 ng)
pellet implantation (Figure 2, D–L) when compared with
that of blank pellet implantation. The specificity of the
MT1-MMP immunostaining was confirmed by pre-incu-
bating the anti-MT1-MMP antibody with the cognate pep-
tide as a control (Figure 2, M–O). bFGF-induced mouse
corneal sections were double immunostained using anti-
MT1-MMP and anti-vimentin antibodies. The stromal ex-

Figure 4. VEGF-A expression in corneal fibroblasts. A: Wild-type (WT) and KO corneal
fibroblasts were starved for 18 hours and treated with 20 ng/ml of bFGF for 48 hours.
They were then fixed, permeabilized, and stained with antibody to VEGF-A. Corneal
fibroblasts were treated with bFGF in the same way, and the cell lysates were subjected
to Western blot analysis with antibodies to VEGF-A (B; VEGF-A control is shown) as well
as real-time PCR analysis (C). Scale bar � 20 �m.

Figure 5. MT1-MMP protein expression after naked MT1-MMP or vector
DNA injection. Either MT1-MMP-encoding DNA (A–F) or empty vector DNA
(G–L) was injected into mouse corneas, and the eyes were enucleated at days
1 and 3 and the corneal sections were stained with anti-MT1-MMP antibody
(A, D, G, and J) and PI (B, E, H, and K); overlay images (C, F, I, and L). Data
are representative of three independent experiments. Scale bars � 20 �m.

Figure 6. Enhanced bFGF-induced corneal NV after a combination of bFGF
pellet implantation and naked MT1-MMP DNA plasmid injection. The blank
pellets were implanted immediately after MT1-MMP DNA (E–H) or vector
control DNA (A–D) was injected into corneal stroma. Likewise, the bFGF
pellets were implanted immediately after MT1-MMP DNA (M–P) or vector
control DNA (I–L) was injected into corneal stroma. Photographs were taken
on days 1, 4, 7, and 10 after surgery. Q: Graphic representation of at least five
independent experiments (mean � SEM, *P � 0.05).
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pression of MT1-MMP (Figure 2P) was co-localized to the
cells that expressed vimentin (Figure 2, Q and R). In
addition, MT1-MMP protein levels were increased in
bFGF-treated corneas as compared with untreated cor-
neas (Figure 2S).

We performed immunofluorescence staining on cor-
neal fibroblast cell lines, and found that MT1-MMP was
expressed in cultured corneal fibroblast cells (Figure 3,
A–C). Additionally, the levels of MT1-MMP immunostain-
ing in corneal fibroblast cells were enhanced on stimula-
tion with 20 ng/ml of bFGF for 48 hours (Figure 3, D–I).
MT1-MMP mRNA levels of these cell lines were deter-
mined by real-time PCR (Figure 3J). MT1-MMP protein
levels in these cell lines with or without bFGF stimulation
are shown in Figure 3K.

VEGF-A Expression in Wild-Type and
MT1-MMP KO Cell Lines

VEGF-A expression levels were determined in wild-type
and MT1-MMP KO fibroblasts using immunostaining and
Western blot analysis. Cells were starved for 18 hours
and stimulated with 20 ng/ml of bFGF for 48 hours, then
immunostained with anti-VEGF-A antibodies (Figure 4A).
The intensity of anti-VEGF-A antibody immunostaining
was enhanced in bFGF-stimulated wild-type fibroblast
cells, but staining was observed to a lesser extent in
MT1-MMP KO cells. Similarly, using Western blot analy-
sis, we confirmed that VEGF-A expression was up-regu-
lated by bFGF stimulation in wild-type fibroblast cells,
however the enhancement of VEGF-A expression in
bFGF-stimulated MT1-MMP KO cells was less notable
(Figure 4B). bFGF enhanced VEGF-A mRNA expression
in wild-type and KI keratocytes but to a lesser extent in
KO keratocytes by real-time PCR (Figure 4C).

MT1-MMP Expression After Injection of
Plasmid DNA

Naked DNA injection has been used routinely for tran-
sient expression of exogenous proteins in mouse cor-
neas. To assess the feasibility and efficiency of this tech-
nique, intrastromal protein expression was confirmed by
immunohistochemical staining. Twenty-four hours after
injection of MT1-MMP DNA or vector DNA into the mouse

cornea, sections were immunostained with anti-MT1-
MMP antibody. Our data showed that keratocytes in-
jected with MT1-MMP DNA expressed MT1-MMP pro-
teins (Figure 5, A–F). Increased levels of MT1-MMP
protein were not detected in the vector-injected corneas
(Figure 5, G–L). The expression of MT1-MMP diminished
3 days after naked DNA injection (Figure 5, D–F).

Potentiating Effects of MT1-MMP on
bFGF-Induced Corneal NV in Vivo

We combined corneal micropocket implantation of blank
or bFGF pellets with naked vector or MT1-MMP DNA
injection and the results of corneal NV are shown in
Figure 6. At days 7 and 10 after implantation/injection, the
areas of NV in the corneas that had been both injected
with MT1-MMP DNA and implanted with bFGF pellets
(Figure 6, M–P) were significantly higher than the groups
with the MT1-MMP DNA injection (Figure 6, E–I) or the
bFGF pellet implantation alone (Figure 6, I–L; summa-
rized in Figure 6Q).

MT1-MMP Induces the Activation of Three MAP
Kinase

In the keratocyte cells lines, the levels of three MAP
kinases (ERK, p38, and JNK) known to be phosphory-
lated by bFGF stimulation were also assessed.30,31 Wild-
type and MT1-MMP KO corneal fibroblast cells were
stimulated with bFGF and the total protein levels and
phosphorylation status of the three MAP kinases was
evaluated in cell extracts using Western blot (Figure 7).
We found that phosphorylation levels of these MAP ki-
nases were enhanced in response to bFGF stimulation in
corneal fibroblast cells, whereas the total protein levels
were unchanged (Figure 7, A–C). MT1-MMP KI and KO
fibroblast cell lines were stimulated with bFGF and cell
lysates were subsequently analyzed by Western blot
analysis (Figure 7, D–F). The phosphorylation levels of
p38 in KI were higher than those of KO keratocytes
(Figure 7E).

Figure 7. Activation of MAP kinases by bFGF stim-
ulation in wild-type (WT) and MT1-MMP KO cell
lines. MT1-MMP KO and wild-type cell lines were
serum-starved for 18 hours and treatedwith bFGF for
15, 30, or 60 minutes. The cell lysate was subjected to
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis with subsequent Western blot analysis with
antibodies against phospho-ERK1/2, ERK1/2 (A),
phospho-p38, p38 (B), or phospho-JNK and JNK
(C). Comparison of the phosphorylation of MAP ki-
nases on bFGF stimulation in MT1-MMP KO and KI
cell lines. Cell lines were serum-starved for 18 hours
and stimulated with bFGF for 15, 30, and 60 minutes.
Cell lysates were subjected to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis with subse-
quent Western blot analysis with antibodies against
phospho-ERK1/2, ERK1/2 (D), phospho-p38, p38
(E), or phospho-JNK and JNK (F).
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Discussion

In this study, we investigated the relationship between
bFGF and MT1-MMP in corneal NV. The expression lev-
els of both MT1-MMP14 and bFGF8 are known to be
increased in corneal wound healing. We have demon-
strated that bFGF causes an increased expression of
MT1-MMP in the cornea. We and others have previously
demonstrated that an increase in MT1-MMP enhances
VEGF production and cleavage of ECM, which may fa-
cilitate corneal NV. Taken together, these data may sug-
gest that bFGF induction of MT1-MMP expression may in
part be responsible for the role of bFGF in NV. The
interaction between bFGF and MT1-MMP may occur in
both stromal and vascular endothelial cells. Additionally,
because MT1-MMP is expressed in tumor cells,32 the
interaction between MT1-MMP and bFGF may play a
similar role in the enhancement of tumor growth and
vascularization. Based on these findings, we further ex-
amined the function of MT1-MMP in corneal keratocyte/
fibroblasts.

In agreement with our previous report detailing the
localization of MT1-MMP mRNA in rat corneas. We
showed that MT1-MMP protein is localized to the kerato-
cyte in normal and neovascularized corneas.14 By using
corneal fibroblast cell lines, the expression levels of MT1-
MMP are enhanced by bFGF stimulation. Our data are in
agreement with Udayakumar and colleagues,19 who
show an up-regulation of MT1-MMP protein on bFGF
stimulation in a prostate carcinoma cell line.

Zhou and colleagues33 reported that MT1-MMP is re-
quired for bFGF-induced corneal NV. Therefore, to inves-
tigate the interaction between MT1-MMP and bFGF, we
have used a corneal NV model. This model combines
naked MT1-MMP DNA injection with corneal pocket im-
plantation of bFGF because implantation is a method that
is typically used to assay the effects of bFGF on NV in the
avascular background.5 After MT1-MMP plasmid injec-
tion into mouse corneal stroma, we could detect the
expression of MT1-MMP protein. When combined with
the corneal pocket assay, MT1-MMP DNA injections sig-
nificantly promoted bFGF-induced NV in comparison with
the independent effect generated by bFGF stimulation or
DNA injection alone. We therefore hypothesize that MT1-
MMP potentiated the effect of bFGF-induced corneal NV
by modulating the bFGF-mediated signal transduction
pathways.

Three MAP kinase homologues, ERK, JNK, and p38,
are known to be phosphorylated by bFGF stimula-
tion.30,31,34 Additionally, expression of MT1-MMP acti-
vates ERK, which is important for MT1-MMP-dependent
cell migration.34,35 These reports correspond with our
present data, which demonstrate increased pERK ex-
pression on bFGF stimulation in MT1-MMP KI cell lines
compared with wild-type cell lines. On the other hand, no
difference in pERK expression was observed on compar-
ison of MT1-MMP KO and wild-type cell lines.

The difference in p38 and JNK activation was evident
when comparing wild-type and KO cell lines in this study.
Disruption of the p38 gene results in embryonic lethality
because of severe defects in placental NV.36 The reports

of p3837–39 and JNK40 involvement in VEGF expression
suggest a relationship between MAP kinases and bFGF-
induced NV. The central role of VEGF and its receptor in
vascular endothelial cell proliferation and NV is already
established.41 Activation of MAP kinases by various cel-
lular stresses increases VEGF mRNA stability and sub-
sequently enhances VEGF protein production.42 These
findings and reports imply a mechanism of MT1-MMP
modulating bFGF signal transduction pathways and sub-
sequently regulating VEGF-A expression. Interestingly,
overexpression of MT1-MMP in tumors enhances NV in
vivo by stimulating VEGF-A synthesis from the tumor
cells.22–25 In agreement with this finding is our observa-
tion that VEGF-A expression is diminished in MT1-MMP
KO cells when compared with that of wild-type fibroblast
cells. The enhancement of VEGF synthesis requires the
catalytic activity and cytoplasmic domain of MT1-MMP.25

This report shows the potentiating function of MT1-MMP
on bFGF-induced corneal NV mediated through intracel-
lular signal transduction pathways.

We show that MT1-MMP has an effect on bFGF-in-
duced signal transduction via activation of MAP kinases
in corneal NV. Based on our data, along with previously
published data, we can envision a complicit interaction
between MT1-MMP, bFGF, and VEGF-A in corneal NV.
Further study is necessary to more clearly define the
interaction between MT1-MMP and the upstream regula-
tory molecules involved in bFGF-induced MAP kinases
during corneal NV. Investigating the mode of action by
which MT1-MMP affects signal transduction is valuable
for identifying potential targets for the treatment of not
only corneal NV but also NV-related disorders such as
diabetic retinopathy, macular degeneration, and cancer.
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