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PURPOSE. Matrix metalloproteinase (MMP)-9 is induced in cor-
neal epithelial cells stimulated with platelet-activating factor
(PAF), and interferes with the normal reepithelialization of
wounded cornea. Here the transcriptional regulation of MMP-9
gene expression by PAF was investigated in human corneal
epithelial cells (HCECs).

METHODS. DNA-binding activity of NF�B, Sp1, and AP-1 was
determined in quiescent and PAF-stimulated HCECs by electro-
phoretic mobility shift assay (EMSA). A series of 5� deleted
human MMP-9 promoter-luciferase reporter constructs was
transiently transfected into HCECs, and luciferase activity was
examined after stimulation with PAF. Mutagenesis and specific
deletions of some elements in the MMP-9 promoter were also
introduced and analyzed. Phosphorylation of Sp1 and MEK/
ERK pathway proteins was examined by Western blot analysis.
Activation of Sp1 and MMP-9 was also determined by ELISA and
zymography, respectively, in the absence or presence of the
MEK inhibitor PD98059.

RESULTS. DNA-binding activity of NF�B, Sp1, and AP-1 was
upregulated by PAF with a peak at 1 hour after stimulation. A
region spanning –670 to –460 relative to the transcription start
point was required for the induction of the MMP-9 promoter
by PAF. Mutation of the –79AP-1 or –600NF�B motif reduced
the activity of MMP-9 promoter and the induction of gene
expression by PAF. In untreated HCECs, mutation of the
–558Sp1 motif upregulated gene expression, but it caused a
significant decrease in the promoter activity induced by PAF.
Inhibition of MEK activity eliminated the PAF-induced phos-
phorylation and activation of Sp1 and abolished the upregula-
tion of MMP-9 expression and activity.

CONCLUSIONS. These findings demonstrate that collaboration
between several regulatory elements is required for the induc-
tion of MMP-9 promoter activity by PAF and that PAF overturns
the repressor effect of Sp1 through activation of the MEK/ERK
signaling cascade. (Invest Ophthalmol Vis Sci. 2007;48:
1931–1941) DOI:10.1167/iovs.06-1008

The corneal surface is frequently exposed to injuries, and
rapid repair of corneal epithelium is essential to the recov-

ery of clear vision. Any interference or delay in the wound-
healing process may cause a number of pathologic conditions
ranging from simple haze to ulceration or even perforation of
the cornea.1 Moreover, because of avascularity that reduces
the number of interacting elements, the cornea may be con-
sidered an ideal model for evaluating mechanisms of tissue
repair and epithelial regeneration.

Matrix metalloproteinases (MMPs) constitute a family of
zinc-dependent endopeptidases that are involved in proteolytic
degradation of extracellular matrix (ECM) components2 as part
of physiological or pathologic processes.3–6 According to their
structures and substrate specificities, MMPs can be classified in
four categories: collagenases (MMP-1, -8, -13); gelatinases
(MMP-2, -9); stromelysins (MMP-3, -7, -10, -11, -12); and mem-
brane-type (MT) MMPs (MT1-MMP to MT6-MMP).5,7 MMP-9
(also known as the 92-kDa type IV collagenase) catalyzes the
cleavage of denatured collagens of all types and of native
basement membrane components.5,8 In the cornea, MMP-9
plays a major role in cell migration9 because of its ability to
facilitate the destruction of type IV collagen–containing base-
ment membrane,10 which separates the epithelial and stromal
layers. MMP-9 is expressed in epithelial cells migrating to
resurface the wound bed after an injury10,11 and in the inflam-
matory cells infiltrating the wound.12,13 Overexpression of
MMP-9, on the other hand, is linked to imperfect reepithelial-
ization and impaired adhesion complex integrity.10,14 Overall,
the architectural integrity of many tissues depends on a deli-
cate balance between MMPs and their inhibitors. Hence, the
regulation of gene transcription and tissue-specific expression
of MMP-9 in normal and diseased states are being widely
investigated in a search for new therapeutic targets.

Platelet-activating factor (PAF) is a potent lipid mediator of
inflammatory reactions that is also implicated in cellular acti-
vation, intracellular signaling, and apoptosis.15–20 Reports from
our laboratory show that during sustained corneal inflamma-
tion, PAF accumulates in the cornea and contributes to tissue
destruction and corneal ulcer formation.19,20 PAF selectively
upregulates gene and protein expression of MMP-1 and MMP-9
in corneal epithelial cells21,22 and gene expression of two
members of the tissue inhibitors of metalloproteinases
(TIMPs), TIMP-1 and TIMP-2, with a significant imbalance to-
ward the elevation of MMP-9 gene expression.23

The molecular mechanisms responsible for the activation of
MMP-9 promoter by PAF in corneal epithelial cells are un-
known. The present study was, therefore, carried out to iden-
tify the regulatory elements in the MMP-9 promoter, the tran-
scription factors involved, and the role of the MEK/ERK
signaling pathway in PAF-induced expression and activity of
MMP-9 in human corneal epithelial cells (HCECs). We identi-
fied a PAF-responding segment (PRS) spanning 670 to 460 base
pairs upstream of the transcription start point of the MMP-9
gene that plays the most important role in the regulation of
gene expression by PAF in HCECs. Although the transcription
factors NF�B and AP-1 are partially responsible for the basal
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and the PAF-induced activation of MMP-9 promoter, Sp1 has a
divergent function with a negative regulatory effect on MMP-9
gene expression in quiescent HCECs and an enhancing role in
PAF-stimulated cells. Moreover, PAF stimulates the phosphor-
ylation of MEK1/2 and ERK1/2 and of Sp1 in HCECs, and
blocking the MEK/ERK cascade resulted in the elimination of
PAF-induced MMP-9 expression and activity.

MATERIALS AND METHODS

Cell Culture

The HCEC line was kindly provided by Roger Beuerman (Department
of Ophthalmology, Louisiana State University Health Sciences Center
[LSUHSC], New Orleans, LA). Keratinocyte basal medium (KBM) and
keratinocyte growth medium (KGM [KBM supplemented with bovine
pituitary extract, recombinant human epidermal growth factor, bovine
insulin, hydrocortisone, and gentamicin sulfate/amphotericin-B]) were
purchased from Cambrex Bioscience Walkersville, Inc. (Walkersville,
MD). HCECs were grown in KGM and subcultured twice a week. KGM
was replaced with KBM for an overnight growth factor starvation of
HCECs before stimulation with 100 nM methyl-carbamyl-PAF (mcPAF
[1-O-alkyl-2n-methylcarbamyl-sn-glyceryl-3-phosphoryl-choline]), a non-
hydrolyzable PAF analog (Cayman Chemical Co., Ann Arbor, MI), for
the times specified in the experiments. LysoPAF (1-O-alkyl-sn-glycero-
3-phosphocholine; Sigma, St. Louis, MO) was used as a negative con-
trol, and phorbol-12-myristate-13-acetate (PMA; Calbiochem, La Jolla,
CA) was used as a positive control. In inhibition studies, HCECs were
preincubated for 1 hour with KBM containing 10 �M PAF receptor
antagonist LAU8080 (tetrahedral-4,7,8,10 methyl-1 (chloro-2-phenyl)6-
(methoxy-4 phenyl)carbamyl-9 pyrido (4� 3�-4,5) theine (3,2,-f) tria-
zolo-1,2,4(4,3-a) diazopine-1,4); provided by Nicolas G. Bazan, Neuro-
science Center of Excellence, LSUHSC) before stimulation with
mcPAF. In the MEK inhibition experiments, cells were left untreated or
were preincubated for 30 minutes with 20, 30, or 40 �M PD98059
(Calbiochem) before stimulation with PAF.

Plasmid Construction

The construct containing the regulatory sequence of the human
MMP-9 gene from position –2172 to �54 relative to the transcription
start point cloned upstream of the luciferase reporter gene of pGL3-
Basic vector (–2172/�54Luc) was kindly provided by Douglas D. Boyd
(Department of Cancer Biology, MD Anderson Cancer Center, Univer-
sity of Texas, Houston, TX) and was used in this study with permission
from Motoharu Seiki (Department of Cancer Cell Research, Institute of
Medical Science, University of Tokyo, Tokyo, Japan). The constructs
containing 5� deletions of MMP-9 promoter sequence and an empty
vector were produced by truncating the full-length plasmid using
combinations of KpnI and SmaI, PstI, XbaI, EcoRV, BamHI, PvuII, or
HindIII restriction enzymes (Promega, Madison, WI). Truncation of the
–670/–460 segment from the two constructs –1511/�54Luc and
–1112/�54Luc was performed using a combination of XbaI and EcoRV
restriction enzymes. Herpes simplex virus thymidine kinase promoter
sequence (HSV-TK) was cloned into pGL3-Basic vector (Promega) to
prepare a pGL3-TK construct, which was then used to clone the two
major regulatory segments from MMP-9 promoter sequence—that is,
basal expression segment (BES; –1112/–670) and PRS (–670/–460)—
upstream of the HSV-TK promoter to prepare the BES-TK and PRS-TK
constructs. Site-specific mutated constructs with point mutations at
–600/–591NF�B (GGAATTCCC to TTAATTCCC; mutNF�B), –558/–
563Sp1 (GGGCGG to GGGTTG; mutSp1), or –79/–73AP-1 (TGAGTCA
to TTTGTCA; mutAP-1) consensus sequences of a plasmid containing
the –670/�53 regulatory sequence of the MMP-9 gene cloned in
pGL2-Basic vector were kindly provided by Derek A. Mann (Molecular
Cell Biology, Division of Infection, Inflammation and Repair, University
of Southampton School of Medicine, Southampton General Hospital,
Southampton, UK). Luciferase reporter vectors containing the cis-
acting DNA-binding element for NF�B, Sp1, and AP-1 (NF�B-Luc, Sp1-

Luc, and AP-1-Luc, respectively) were purchased (Panomics Inc., Fre-
mont, CA).

Transient Transfection Assays

HCECs were cultured in 96-well plates (ViewPlate-96; Packard, Meri-
den, CT) to reach 50% to 60% confluence and were cotransfected with
a transfection reagent (FuGene 6; Roche, Palo Alto, CA) at a ratio of 1
�g plasmid DNA, 50 ng pRL-TK (kindly provided by Jay D. Hunt,
Department of Biochemistry and Molecular Biology, LSUHSC), and 2.5
�L FuGene 6/mL KBM at 37°C overnight. Activities of the two lucif-
erases were then measured (Dual Glo Luciferase Assay System [Pro-
mega]; TopCount Liquid Scintillation Counter [Packard]). Data were
normalized to the activity of Renilla luciferase before statistical analyses
were performed for comparison of various conditions.

Electrophoretic Mobility Shift Assay

HCECs at 80% confluence were left untreated or were stimulated with
100 nM mcPAF for 0.5, 1, or 2 hours. Crude nuclear extracts were
prepared (NE-PER kit; Pierce Biotechnology, Rockford, IL). Consensus
oligonucleotides for NF�B, Sp1, and AP-1 were obtained (Promega)
and biotinylated (Biotin 3� End DNA Labeling Kit; Pierce). Binding
reactions were performed for 20 minutes at room temperature with 5
�g protein in a mixture containing 2 �L buffer (Gel Shift Binding 5�
Buffer; Promega), 1 �L biotinylated consensus oligonucleotide (20
fmol/�L), and nuclease-free water (Promega) up to a total volume of 9
�L. To confirm the specificity of the shifted bands, 1 �L unlabeled
consensus oligonucleotide (1.75 pmol/�L) was also included in the
mixture in competition tubes. DNA–protein complexes were sepa-
rated from unbound oligonucleotide by electrophoresis through poly-
acrylamide gels for nucleic acid analysis (6% DNA Retardation Gels;
Invitrogen, Carlsbad, CA), transferred to membranes (Nytran Super-
Charge; Whatman-Schleicher & Schuell, Florham Park, NJ), and ultra-
violet (UV) light cross-linked (GS Gene Linker UV Chamber; Bio-Rad
Laboratories, Hercules, CA) before detection of shifted bands (Bright-
Star BioDetect Nonisotopic Detection System; Ambion, Austin, TX) and
autoradiography (Chemiluminescence BioMax films; Eastman Kodak,
Rochester, NY).

DNA-Binding Activity of Sp1

HCECs at 80% confluence were left untreated or were stimulated with
100 nM mcPAF for 1 hour, and nuclear extracts were prepared (Nu-
clear Extract Kit; Active Motif, Carlsbad, CA), to be tested for the
DNA-binding activity of Sp1 (TransAm Sp1/Sp3 Activation Assay kit;
Active Motif).

Western Blot Analysis

HCECs were cultured in six-well microplates (Corning, Corning, NY)
to 80% to 90% and were stimulated as specified in each experiment.
Cells from each well were extracted into 100 �L lysis buffer (20 mM
Tris, pH 7.5; 150 mM NaCl; 10 mM EDTA; 200 �M Na3VO4; 10 mM
NaF; 1 mM phenylmethylsulfonyl fluoride; 5 �g/mL leupeptin; 10
�g/mL aprotinin; 10% glycerol; 1% NP-40) for 8 minutes on ice and
centrifuged at 21,000g for 5 minutes at 4°C. Supernatants were col-
lected, protein concentration was determined (Bradford Protein Assay
Reagent; Bio-Rad), and 10 �g protein from each sample was denatured
by heating at 95°C for 7 minutes in a total volume of 25 �L, including
5 �L gel-loading buffer (62 mM Tris, pH 6.8; 6% SDS; 15% �-mercap-
toethanol; 40% glycerol; 0.025% bromophenol blue). Proteins were
separated on a (8% to 16% Tris-Glycine Gel; Novex, San Diego, CA) and
were transferred to a PVDF membrane (Invitrolon; Invitrogen). After
incubation with blocking buffer (Odyssey; LI-COR Biosciences, Lin-
coln, NE), membranes were probed for 1 hour at room temperature
with primary antibodies. Either polyclonal rabbit anti–Sp1 (Santa Cruz
Biotechnology, Santa Cruz, CA) or monoclonal mouse anti–Sp1 (BD
Biosciences PharMingen, San Diego, CA) and polyclonal rabbit anti–
actin (Sigma) were used for detection of Sp1. MEK/ERK pathway
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proteins were detected by using anti–ERK1 (Santa Cruz), which de-
tects ERK1 and ERK2 proteins (ERK1/2), monoclonal mouse anti–
phosphorylated ERK1/2 (pERK1/2; Sigma), and rabbit anti–phospho-
rylated MEK1/2 (pMEK1/2; Cell Signaling, Danvers, MA). Membranes
were then washed for 30 minutes with three changes of PBS–0.05%
Tween 20 solution, followed by 20 minutes of incubation at room
temperature with green (goat anti–rabbit; IRDye 800 [LI-COR Bio-
sciences]) and red (Alexa Fluor 680–conjugated rabbit anti–mouse
IgG; [Invitrogen]) secondary antibodies. After another washing step, as
already described, specific bands were visualized by scanning (Odyssey
Infrared Imaging System; LI-COR Biosciences) using both 800-nm and
700-nm channels.

Immunoprecipitation

Whole cell extract (200 �g) was mixed with anti–Sp1 antibody (4 �g;
Santa Cruz Biotechnology) for 2 hours followed by overnight incuba-
tion with 25 �L protein A/G PLUS-agarose at 4°C. Beads were pelleted
at 1000g for 5 minutes at 4°C and were washed 3 times with lysis
buffer before denaturation of proteins and immunoblotting of super-
natants, as described in Western Blot Analysis, using polyclonal rabbit
anti–Sp1 (Santa Cruz) and either anti–phosphoserine or anti–phospho-
threonine mouse monoclonal antibody (Sigma).

Zymography

HCECs were cultured to 70% to 80% confluence and were stimulated
as described in each experiment. Conditioned media were collected
and centrifuged to remove debris and dead cells, and 10 �L of each
supernatant was mixed with an equal volume of zymogram sample
buffer (Bio-Rad) and separated (10% Zymogram (Gelatin) Gel; Invitro-
gen) for 2 hours. The gel was then incubated for 2 hours in renaturing
buffer (Zymogram; Invitrogen) and overnight in developing buffer

(Zymogram; Invitrogen) before it was stained with 1% Coomassie
brilliant blue (Sigma) in distilled water/methanol/acetic acid (4.5:4.5:1)
for 30 minutes and washed with distilled water. Gels were examined
(Odyssey Infrared Imaging System; LI-COR) using the 700-nm channel.

Statistical Analysis

Comparison between various conditions was tested by analysis of
variance (ANOVA); P � 0.05 was considered statistically significant. All
experiments were performed at least three times.

RESULTS

Activation of NF�B, Sp1, and AP-1 in HCECs
Stimulated with PAF

MMP-9 is encoded by a 7.7-kb pair gene with 13 exons, the
transcription of which yields a 2.5-kb mRNA24,25 and is regu-
lated primarily by 670 bp of regulatory sequence, which in-
cludes the binding sites for NF�B, AP-1, and Sp1.25 We inves-
tigated the effect of PAF on the level of DNA-binding activity of
these transcription factors in HCECs. After treatment of the
cells with mcPAF for 0.5, 1, or 2 hours, nuclear extracts were
collected, and the DNA-binding activity of the transcription
factors NF�B, Sp1, and AP-1 was determined by electro-
phoretic mobility shift assay (EMSA). Nuclear extract from
untreated cells was used as a control for the basal level of
transcription factor activities. PAF induced an upregulation of
NF�B, Sp1, and AP-1 DNA-binding activity, with a peak at 1
hour after stimulation (Fig. 1A). To confirm the specificity of
the shifted bands, EMSA was performed in the presence of

FIGURE 1. DNA-binding activity of
NF�B, Sp1, and AP-1 in HCECs stim-
ulated with PAF. (A) After overnight
growth factor starvation, cultures of
HCECs were left untreated (lane 1)
or were stimulated with 100 nM
mcPAF for 0.5, 1, or 2 hours (lanes
2–4, respectively), and the nuclear
extracts were subjected to EMSA. (B)
EMSA was carried out with the use of
biotinylated oligonucleotide (B/O) in
the absence (–) or presence (�) of
unlabeled oligonucleotide (U/O) to
compete out the specific shifted
bands (arrows) in nuclear extracts of
HCECs stimulated for 1 hour with
100 nM mcPAF.
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unlabeled oligonucleotides that competed out the shifted
bands for each transcription factor (Fig. 1B).

Participation of a PAF-Responding Segment in the
Induction of MMP-9 Promoter Activity in HCECs

To investigate the contribution of various segments of MMP-9
promoter sequence from –2172 to –8 bp relative to the tran-
scription start point of the gene in the expression of the
MMP-9, HCECs were transfected with the full-length promoter
(–2172/�54Luc), a panel of 5�-deleted constructs, including
–1511/�54Luc, –1112/�54Luc, –670/�54Luc, –460/�54Luc,
–324/�54Luc, and –8/�54Luc, and the empty vector. The
basal expression of luciferase reporter gene was enhanced by
all 5�-deleted sequences of MMP-9 promoter compared with
the empty vector (Fig. 2A). A significant and sharp decrease in
gene expression was observed when the –1112/–670 segment
was deleted and was further reduced by the deletion of
–324/–8 segment (P � 0.05). The latter segment contains the
GC and TATA boxes and is indisputably essential to any regu-
latory activity of the promoter sequence. However, the
–1112/–670 segment seems to be a major player in the basal
expression of MMP-9 gene in HCECs, and we designated it as
the basal expression segment (BES; Fig. 2B). After stimulation
with mcPAF, a significant increase in the expression of the
reporter gene was observed (P � 0.05), with all the MMP-9
promoter constructs encompassing the segment –670/–460
(–2172/�54Luc, –1511/�54Luc, –1112/�54Luc, and –670/
�54Luc; Fig. 2A). The three constructs lacking this segment
(–460/�54Luc, –324/�54Luc, and –8/�54Luc) failed to re-

spond to stimulation by mcPAF, and their activity was compa-
rable to that of their corresponding untreated conditions (Fig.
2A). This demonstrates a major regulatory role for the segment
covering –670 to –460 bp of the MMP-9 promoter sequence in
the PAF-mediated expression of the gene, and we designated it
as the PAF-responding segment (PRS; Fig. 2B).

We further verified our findings by exploring the effect of
removing the PRS from MMP-9 promoter on the basal and
PAF-induced expression of the reporter gene. In this series of
experiments, two of the constructs carrying the 5�-deleted
sequences of MMP-9 promoter, –1511/�54Luc and –1112/
�54Luc, were truncated at –670/–460 to prepare the
–1511�54Luc and –1112�54Luc constructs, respectively.
Basal expression of the reporter gene in HCECs transfected
with truncated MMP-9 promoter sequences was significantly
lower than that of their nontruncated counterparts but was
significantly higher than the two 5�-deleted constructs lacking
BES (–670/�54Luc and –460/�54Luc; Fig. 3), indicating that
the presence of BES plays an essential role in the expression of
the MMP-9 gene in quiescent HCECs. Stimulation of HCECs
transfected with truncated constructs of MMP-9 with PAF,
however, did not induce a significantly higher expression of
the reporter gene compared with stimulation of untreated cells
(Fig. 3). Levels of induction for the truncated constructs were
only comparable to the 5�-deleted construct lacking the PRS
(–460/�54Luc), whereas induction levels for nontruncated
constructs were significantly higher than for their truncated
counterparts and comparable to the 5�-deleted construct car-
rying the PRS (–670/�54Luc; Fig. 3). These findings corrobo-

FIGURE 2. Human MMP-9 promoter
activity in HCECs stimulated by PAF.
(A) Cultures of HCECs were cotrans-
fected with pRL-TK and one of the
various 5�-deleted MMP-9 promoter
constructs containing firefly lucif-
erase as the reporter gene. Tran-
siently transfected cells were left un-
treated or were stimulated with 100
nM mcPAF overnight, and promoter
activity was tested. �Significant dif-
ferences (P � 0.05) between PAF-
stimulated and untreated conditions.
��Significant differences (P � 0.05)
between the empty vector and any of
the other constructs in untreated
conditions. Values are the averages
(�SEM) of 5 independent experi-
ments. (B) Key segments in the hu-
man MMP-9 promoter sequence.
Transcriptional regulation of the
MMP-9 gene in quiescent HCECs is
mainly controlled by the BES located
at –1112 to –670 relative to the tran-
scription starting point. PRS that is
largely responsible for the elevated
activation of human MMP-9 pro-
moter sequence in response to PAF
stimulation is located immediately
downstream of the BES and spans
–670 to –460 relative to the tran-
scription starting point.
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rate a major role for PRS in the expression of the MMP-9 gene
in HCECs stimulated with PAF.

Thymidine Kinase Promoter Response to PAF as
Modified by PRS of MMP-9 Promoter

To attest the regulatory capacity of BES and PRS in a different
promoter and to determine the selectivity of PAF in the acti-
vation of MMP-9, we transfected HCECs with BES-TK or
PRS-TK constructs carrying fusion sequences composed of BES
or PRS of the MMP-9 promoter, respectively. pGL3-Basic and
pGL3-TK plasmids were used as controls. When cloned up-
stream of HSV-TK, both the PRS and the BES of MMP-9 signif-
icantly upregulated basal expression of the reporter gene (P �
0.05) compared with that of pGL3-TK (Fig. 4). This was con-
sistent with our findings that 5�-deleted constructs containing
BES showed a significantly higher level of activity than those
lacking BES (Fig. 2A) and that the gene expression of PRS-
truncated constructs was significantly lower than that of their
full-length counterparts (Fig. 3). PAF stimulation induced a
significant increase in the expression of the reporter gene (P �

0.05) when PRS and not BES was present in the promoter
sequence (Fig. 4). When transfected HCECs were stimulated
with the physiologically inactive LysoPAF, no significant differ-
ence was observed in gene expression for any of the con-
structs. Pretreatment of the cells with the PAF receptor antag-
onist LAU8080 abolished the induction of gene transcription
by PAF in PRS-TK–transfected HCECs (Fig. 4). These results
indicate that only PRS exerts additional transcriptional activity
to the HSV-TK promoter in PAF-treated HCECs and that PAF-
induced upregulation of gene expression by PRS-TK is specific
to the active form of PAF and is receptor mediated.

Mutation of Sp1 Motif and Its Divergent Effect on
the MMP-9 Promoter Activity in Quiescent and
PAF-Treated HCECs

To further explore the role of transcription factors NF�B, Sp1,
and AP-1 in the induction of MMP-9 gene expression by PAF,
we analyzed the contribution of their putative consensus se-
quences to gene expression by transfecting HCECs with wild-

FIGURE 3. Truncation of PRS abol-
ished the upregulation of MMP-9
gene transcription by PAF. Cultures
of HCECs were cotransfected with
pRL-TK and one of the various 5�-
deleted MMP-9 promoter constructs,
two of which were also truncated to
remove PRS. Transiently transfected
HCECs were left untreated or were
stimulated with 100 nM mcPAF over-
night, and promoter activity was
tested. In the untreated conditions,
significant differences were found
between any two constructs (P �
0.05) but not between –670/�54Luc
and –460/�54Luc constructs (NS,
not significant). �Significant differ-
ences between PAF-stimulated and
untreated conditions. Values are the
averages (�SEM) of three indepen-
dent experiments.

FIGURE 4. PRS conferred PAF-induc-
ible activity to the HSV-TK promoter.
Cultures of HCECs were cotrans-
fected with pRL-TK and pGL3-Basic,
pGL3-TK, or pGL3-TK with BES or
PRS of the MMP-9 promoter se-
quence cloned upstream of the
HSV-TK promoter, as indicated in the
figure. Transiently transfected HCECs
were left untreated or were stimu-
lated overnight with 100 nM lysoPAF
or 100 nM mcPAF in the absence or
presence of 10 �M PAF receptor an-
tagonist LAU8080, and promoter ac-
tivity was tested. In the untreated
conditions, significant differences
were found between any two con-
structs (P � 0.05). �Significant differ-
ences between PAF-stimulated and
untreated conditions (P � 0.05). Val-
ues are the averages (�SEM) of three
independent experiments.
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type and mutant constructs of the human MMP-9 promoter. In
this series of experiments, we used a construct consisting of
670 bp of the regulatory sequence of the human MMP-9 gene
(Fig. 5A) cloned in pGL2-basic vector (–670/�53Luc) and its
mutated forms mutNF�B (–600), mutSp1 (–558), and mutAP-1
(–79). After transfection of HCECs and stimulation with
mcPAF, we examined the effect of mutations on the basal and
PAF-induced activities of the MMP-9 promoter. Basal activity of
the promoter for the wild-type and mutant constructs was
significantly different from empty vector pGL2-Basic (P �
0.05), indicating that mutations at –600NF�B, –558Sp1, and
–79AP-1 did not knock down the activity of MMP-9 promoter
to undetectable levels (Fig. 5B). However, there was a signifi-
cant decrease of approximately 30% for mutNF�B and more
than 60% for mutAP-1 constructs in the basal expression of the
reporter gene (P � 0.05). Basal expression of the reporter gene
for the mutSP1 construct, on the other hand, was increased by
greater than 50% (P � 0.05), indicating a negative regulatory
role for the –558Sp1 site in the promoter of human MMP-9.
Stimulation with mcPAF caused a significant increase (P �

0.05) in the expression of the reporter gene in the HCECs
transfected with any of the wild-type or mutated MMP-9 pro-
moter constructs (Fig. 5C). The magnitude of induction in
HCECs transfected with the mutated constructs was, neverthe-
less, significantly lower than the wild-type MMP-9 promoter
sequence (P � 0.05) at 29%, 15%, and 33% induction for
mutNF�B, mutSp1, and mutAP-1, respectively, compared with
65% induction for the wild type. These findings point out a
cooperative participation of NF�B, Sp1, and AP-1 in the up-
regulation of MMP-9 gene expression by PAF. Sp1, however,
showed a unique regulatory disposition in MMP-9 expression
with a negative function in quiescent HCECs and a strong
upregulating role in PAF-treated cells. Expression of the re-
porter gene driven by the wild-type or various mutated MMP-9
promoter sequences in HCECs stimulated with PAF in the
presence of the PAF receptor antagonist LAU8080 was compa-
rable to those obtained in untreated conditions, indicating the
specific receptor-mediated action of PAF. We also treated trans-
fected HCECs with PMA, a well-known inducer of MMP-9,26 to
compare its effect with that of PAF. Stimulation of HCECs with

FIGURE 5. Site-directed mutations in
the MMP-9 promoter sequence. (A)
Cultures of HCECs were cotrans-
fected with pRL-TK and empty vec-
tor (pGL2-Basic), wild-type (w/t), or
mutant MMP-9 promoter constructs.
(B) After overnight culture of tran-
siently transfected cells, the pro-
moter activity was tested. �Signifi-
cant differences between pGL2-Basic
and any of the MMP-9 promoter con-
structs (P � 0.05). ��Significant dif-
ferences between the wild-type and
any of the mutant constructs (P �
0.05). Values are the averages
(�SEM) of four independent experi-
ments. (C) Transiently transfected
cells were left untreated or were
stimulated overnight with 100 nM
mcPAF in the absence or presence of
10 �M PAF receptor antagonist
LAU8080 or with 50 nM PMA as a
positive control. �Significant differ-
ences between PAF- or PMA-stimu-
lated and untreated conditions (P �
0.05). §Significant differences be-
tween the wild-type and any of the
mutant constructs (P � 0.05). Values
are the averages (�SEM) of four in-
dependent experiments.
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50 nM PMA induced a significant upregulation of reporter gene
expression (approximately 80% above untreated) that was not
affected by any of the mutations introduced (Fig. 5B). This
demonstrates that MMP-9 promoter activity in HCEC is regu-
lated differently by PAF and PMA.

PAF-Stimulated MEK/ERK Pathway in HCECs

Previous studies in our laboratory showed that ERK1/2 is acti-
vated in rabbit corneal epithelial cells stimulated with PAF.27

To investigate the activation profile of the MEK/ERK signaling
pathway in HCECs stimulated with PAF, we examined the
phosphorylation status of MEK1/2 and ERK1/2 by Western blot
analysis. The infrared imaging system allowed us to examine
the phosphorylation of MEK and ERK proteins on the same
membrane. MEK1/2 and ERK1/2 proteins were rapidly phos-
phorylated after stimulation (Fig. 6A). A thin band in the
800-nm channel image that was heavier than 44-kDa ERK1 (Fig.
6A, top) and represented the phosphorylated form of 45-kDa
MEK1/2 proteins (pMEK1/2) appeared 2 minutes after stim-
ulation and peaked at 3 minutes, followed by a gradual de-
crease thereafter. Phosphorylated ERK1 and ERK2 proteins
(pERK1/2) are shown as two bands in the 700-nm channel
image (Fig. 6A, middle) that also peaked at 3 minutes after
stimulation but lasted longer and were detectable at 10 min-
utes as well. The phosphorylated ERK1 and ERK2 bands are

clearly indicated in the merged image (Fig. 6A, bottom), and
details are illustrated in Figure 6B. After 24 hours of stimulation
with PAF, ERK2 phosphorylation was more prominent than
ERK1 (Fig. 6C, top and middle) and is clearly indicated in
orange in the merged capture representing the dual immuno-
blotting of the pERK1 and pERK2 by the total (green) and
phosphospecific (red) antibodies (Fig. 6C, bottom). Inhibition
of MEK1/2 activity resulted in a minimal phosphorylation of
ERK1/2 after stimulation with mcPAF (Fig. 6C). Pretreatment
with PD98059 did not affect the total expression of ERK1/2.
These results revealed a rapid activation of the MEK/ERK path-
way by PAF in HCEC that after 24 hours is mainly observed as
ERK2 phosphorylation. This could have important effects on
transcriptional regulatory mechanisms targeted by this path-
way.

Involvement of the MEK/ERK Pathway in the
Activation of Sp1 DNA Binding by PAF

Sp1 showed a unique and bipolar role in the activation of the
MMP-9 promoter in HCECs that was different from the func-
tions of NF�B and AP-1 (see Fig. 5). To determine whether the
activation of the MEK/ERK pathway by PAF was involved in the
alterations in Sp1 disposition, we studied the expression pro-
file of luciferase reporter gene driven by the cis-acting DNA-
binding element for NF�B, Sp1, or AP-1 in transiently trans-

FIGURE 6. Activation of the MEK/
ERK pathway in HCECs stimulated
with PAF. (A) HCECs were left un-
treated (U) or were stimulated with
100 nM mcPAF for the times specified.
Whole cell extracts were subjected to
Western blot analysis. Images were
captured using the 800-nm (top) or the
700-nm (middle) channel on an infra-
red imaging system and were merged
together (bottom). (B) Bands for
3-minute stimulation in (A) are shown
at a higher magnification for details.
(C) HCECs were left untreated or were
stimulated with 100 nM mcPAF for 24
hours in the absence or presence of 20
�M PD98059. Whole cell extracts
were subjected to Western blot analy-
sis, and images were captured as de-
scribed in (A). In the merged captures,
orange represents the binding of both
antibodies to the same band, indicat-
ing that these are phosphorylated
ERK1/2 proteins. (D) Cultures of
HCECs were transiently transfected
with luciferase reporter vectors con-
taining the cis-acting DNA-binding ele-
ment for NF�B, Sp1, or AP-1 before
they were stimulated with 100 nM
mcPAF in the absence or presence of
40 �M PD98059 (PD). Luciferase activ-
ity was determined and is indicated by
the dashed line in untreated cells. (E)
Cultures of HCECs were left untreated
or were stimulated with 100 nM
mcPAF in the absence or the presence
of 20 �M PD98059 for 1 hour, and the
nuclear extracts were collected and
tested for the DNA-binding activity of
Sp1. �Significant differences (P �
0.05) between PAF-stimulated or
PD98059-treated and untreated condi-
tions. Values are the averages (�SEM)
of three independent experiments.
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fected HCECs stimulated with mcPAF in the absence or
presence of the MEK inhibitor PD98059. Stimulation with PAF
significantly upregulated reporter gene expression driven by
any of the three cis-acting DNA-binding elements (Fig. 6D).
Although treatment of the HCECs with PD98059 increased the
transcriptional activity of NF�B and, more prominently, Sp1 in
quiescent cells, stimulation of the PD98059 pretreated HCECs
with PAF caused an increase in the expression of the reporter
gene driven by NF�B or AP-1 motifs but not Sp1 (Fig. 6D). This
indicates that interference with the activity of MEK/ERK sig-
naling cascade only affected the induction of Sp1 transcrip-
tional activity by PAF. To further verify this finding, we exam-
ined whether the inhibition of MEK activity interfered with the
PAF-induced DNA-binding activity of Sp1. HCECs were stimu-
lated with PAF in the absence or presence of PD98059, and
nuclear extracts were collected. Sp1 DNA-binding activity
showed a significant increase in PAF-stimulated HCECs com-
pared with the activity of quiescent cells (Fig. 6E). Further-
more, treatment with PD98059 caused a smaller but significant
increase in the Sp1 DNA-binding activity in quiescent HCECs
and abolished any upregulation by PAF (Fig. 6E), indicating that
the binding activity of Sp1 is regulated by the MEK/ERK path-
way.

Role of MEK/ERK Pathway in the
Phosphorylation of Sp1 by PAF

The involvement of MEK/ERK signaling pathway in the phos-
phorylation of Sp1 in PAF-stimulated HCECs was examined by
Western blotting. Sp1 phosphorylation was upregulated in
HCEC stimulated with PAF for 24 hours (Fig. 7A). This was
more prominent when the intensity of the bands was normal-
ized to the actin band. To confirm the phosphorylation status
of Sp1, extracts of HCECs stimulated with PAF were immuno-
precipitated with Sp1 antibody and tested for the expression of
Sp1 (green) and either phosphorylated threonine (Fig. 7B, top;
pThr) or phosphorylated serine (Fig. 7B, bottom; pSer) resi-
dues. As indicated in Figure 7B, the lower band corresponds to
the nonphosphorylated form and the higher band is positive
for both pThr and pSer. Stimulation of HCECs by PAF in the
presence of PD98059, however, did not cause the phosphor-
ylation of Sp1 (Fig. 7A).

Contribution of MEK/ERK Signaling Cascade to
the Expression and Activation of MMP-9 by PAF

To explore the role of the MEK/ERK signaling pathway in
MMP-9 expression and activity, we examined the effect of the
MEK inhibitor PD98059 on the expression and activity of
MMP-9 by Western blot analysis of whole cell extracts and
zymography of conditioned media, respectively. MMP-9 ex-
pression was upregulated after 24 hours of stimulation with
PAF (Fig. 7C, WB). Although PD98059 treatment increased the
basal level of MMP-9 expression in HCECs, PAF stimulation in
the presence of PD98059 did not cause any upregulation of
MMP-9 expression. Stimulation of HCECs with PAF induced
more than a twofold increase in the activity of MMP-9 (Fig. 7C,
Zym and bar graph). Pretreatment of the cells with PD98059
resulted in an approximately 58% increase in basal MMP-9
activity. This increased MMP-9 activity may be attributed to the
removal of the Sp1 repressor effect and to an increase in the
transcriptional activity of the MMP-9 promoter. However, the
stimulation of HCECs with PAF in the presence of the MEK
inhibitor did not cause any changes in the activity of MMP-9.
These results suggest that the MEK/ERK pathway plays an
essential role in the upregulation of MMP-9 activity in HCECs
treated with PAF.

DISCUSSION

Although our previous studies have shown that PAF strongly
induces the gene and protein expression of MMP-9 and two of
its inhibitors, TIMP-1 and TIMP-2, with an imbalance in favor of
MMP-9,21–23 the regulatory mechanism of such induction is
unknown. With the use of HCECs, we found that PAF stimu-
lates the DNA-binding activity of NF�B, Sp1, and AP-1 in the
cells. Activation of these transcription factors is known to be
involved in the expression of MMP-9 by other stimu-

FIGURE 7. PAF induced the phosphorylation of Sp1 and the upregu-
lation of MMP-9 expression and activity in HCECs. (A) HCECs were left
untreated or were stimulated with 100 nM mcPAF for 24 hours in the
absence or presence of 20 �M PD98059. Whole cell extracts were
subjected to Western blot analysis. Images were captured using the
700-nm (top) or 800-nm (bottom) channel on an infrared imaging
system. (B) HCECs were stimulated with 100 nM mcPAF for 24 hours.
Whole cell extract was subjected to immunoprecipitation with anti–
Sp1 antibody, and membranes were immunoblotted for Sp1 and either
phosphothreonine (top) or phosphoserine (bottom). Images were cap-
tured using the 800-nm (left) or 700-nm (middle) channel on an
infrared imaging system and merged together (right). In the merged
captures, orange represents the binding of both antibodies to the same
band, indicating that these are phosphorylated Sp1. (C) HCECs were
left untreated or were stimulated overnight with 100 nM mcPAF in the
absence or presence of 20 �M PD98059. Whole cell extracts were
subjected to Western blotting, and conditioned media were subjected
to zymography, to detect the expression level and the activity of
MMP-9. Images were captured on 800 nm channel (WB) and 700 nm
channel (Zym) on an infrared imaging system. Bands on the zymogra-
phy gels from three independent experiments were measured for the
intensity of reactions, and the averages (�SEM) were graphed to
indicate the significant differences (*) between PAF-stimulated or
PD98059-treated and untreated conditions (P � 0.05).
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lants,25,26,28–33 indicating that an orchestrated collaboration of
various transcription factors may be responsible for the up-
regulation of MMP-9 promoter activity.

To uncover the significance of their role in the expression
profile of MMP-9 in HCECs, we studied the contribution of
various segments of the regulatory sequence of the human
MMP-9 gene by implementing sequential deletions at the 5�
end of a construct spanning –2172 to �54 bp relative to the
transcriptional start site of the MMP-9 gene. We found that the
basal expression of the gene was predominantly regulated by a
segment spanning –1112 to –670 bp upstream of the transcrip-
tion start site, which we designated BES. The elements partic-
ipating in the PAF-induced expression of the MMP-9 gene in
HCECs were, however, primarily accumulated in a region po-
sitioned immediately downstream of the BES, from –670 to
–460, which was designated PRS. We further confirmed our
findings by performing truncation studies in which the PRS
was cut out from two of the constructs carrying the 5�-deleted
MMP-9 promoter sequence, which resulted in the elimination
of PAF-induced activation of the promoter. We also carried out
fusion studies by the insertion of PRS or BES upstream of the
promoter sequence of thymidine kinase and found that PAF
enhanced the promoter activity of HSV-TK adjoined by the PRS
and not the BES. These findings demonstrate that PRS has the
capacity to enhance the activity of various promoter sequences
in PAF-stimulated cells, and they signified the undisputable
contribution of the elements integrated in the PRS of the
MMP-9 regulatory sequence in the gene expression induced by
PAF in HCECs.

PRS consists of consensus sequences for NF�B at –600 and
Sp1 at –558,25 indicating a possible role for these transcription
factors in the upregulation of MMP-9 gene expression in
HCECs stimulated with PAF. It has been reported that the
mutation or deletion of –600NF�B, –558Sp1, or –79AP-1 motifs
reduced or abolished the ability of tumor necrosis factor-� to
stimulate the MMP-9 promoter in OST osteosarcoma and
HepG2 hepatoma cells.25 Moreover, activation of the MMP-9
promoter by v-src in HT 1080 fibrosarcoma cells was attributed
to a binding site for AP-1 (–79) and an Sp1-binding GT box at
–52.26 We therefore extended our investigation by using the
wild-type and mutant constructs of MMP-9 promoter se-
quence, with the –600NF�B, –558Sp1, or –79AP-1 site
knocked down by site-directed mutagenesis. We found that
though –600NF�B site was partially involved in basal and
PAF-induced expression of the MMP-9 gene, the –558Sp1 site
is a negative regulator in the expression of MMP-9 in quiescent
HCECs but contributes to the upregulation of gene expression
in cells stimulated with PAF. We also showed that mutation of
the –79AP-1 site did not entirely abolish basal expression of the
MMP-9 gene and had only a diminishing effect on PAF-induced
expression. In a previous study, the proximal –79AP-1 site was
identified as an essential element for TPA- and TNF�-induced
promoter activity. It was also shown that the –79AP-1 motif is
indispensable but insufficient for induction of the gene by TPA
or TNF-�, which also requires the two upstream binding sites
for NF�B (–600) and Sp-1 (–558).25 We found that the proxi-
mal –79AP-1 site is not essential for the response of HCECs to
PMA, whereas it is a crucial element for the PAF-induced
activity of the MMP-9 promoter. We also found that though the
–79AP-1 site contributes to the induction of MMP-9 promoter
activity by PAF, the NF�B (–600) and Sp1 (–558) binding sites
were also essential and played a major role in the elevated
activity of the MMP-9 promoter in PAF-stimulated HCECs. Re-
moval of the NF�B (–600) and Sp1 (–558) motifs by deletion or
truncation of the PRS abolished the upregulation of MMP-9
promoter activity by PAF, indicating the collaborative and
synergistic role of the two transcription factors as the most

important element in the PAF-induced expression of MMP-9 in
HCECs.

Among other regulatory elements reported to be involved
in the activation of the MMP-9 promoter, Pax6 was shown to
bind directly to a motif that is not located within the PRS and
to interact with a consensus sequence within the PRS that also
contains the Sp1 motif.34 The possibility of collaboration be-
tween Pax6 and Sp1 in the activation of the MMP-9 promoter
by PAF must be further investigated. AP-2 shares two motifs
located within the PRS with other transcription factors, NF�B
(–470) and NF�B and Sp1 (–482). Further studies on these two
consensus sequences are required to identify the possible col-
laboration between AP-2 and Sp1 or NF�B with regard to
activation of the MMP-9 promoter by PAF.

Although the inducing effect of PAF on the expression of
the MMP-9 gene in HCECs is regulated by more than one
element, we report, for the first time, that a negative regulatory
element (Sp1-binding site at –558) has an important role in the
upregulation of MMP-9. Previous studies suggest that Sp1 can
act as either a transcription activator or a repressor.35–44 These
contradictory findings indicate that Sp1 and the Sp1-like tran-
scription factors may exert a bipolar function, depending on
the type and intensity of stimulation.36,43,45 The ultimate
course of action taken by the Sp1-like family largely depends
on the promoter to which they bind and on their interactions
with coregulators.41,42,44,46–52 It has been shown that the zinc
finger DNA-binding domain (ZFDBD) and inhibitory domain
(ID) of Sp1 are involved in protein–protein interactions with
corepressors53–55 and that they play an important role in the
transcriptional regulation of Sp1-dependent genes.56 These in-
teractions are apparently regulated by the MEK/ERK signaling
pathway, and the activation of MEK was shown to reduce the
association between the corepressor/s and Sp1 bound to the
regulatory sequence of the gene, resulting in an enhanced
transcriptional activity of Sp1.56 It has also been reported that
the activation of ERK1/2 increases the DNA-binding activity of
Sp1.57 Furthermore, recombinant ERK2 stimulates and dephos-
phorylation reduces the DNA-binding activity of Sp1,58 indicat-
ing that the activity of Sp1 entails its phosphorylation.

ERK1/2 has also been shown to directly phosphorylate Sp1
on threonines 453 and 739 in vitro and in vivo.59 We found
that MEK1/2 and ERK1/2 were rapidly phosphorylated after
PAF stimulation. ERK2 activation was more prominent after 24
hours of stimulation with PAF and was accompanied by thre-
onine and serine phosphorylation of Sp1 that could be elimi-
nated by MEK inhibition. The DNA-binding and transcriptional
activity of Sp1 were also upregulated by PAF and were abol-
ished by blocking of the activation of the MEK/ERK pathway.
This correlates with elimination of the PAF-induced upregula-
tion of MMP-9 protein expression and gelatinase activity. Our
findings indicate that PAF regulates the expression and enzy-
matic activity of MMP-9 by activation of the MEK/ERK pathway
and phosphorylation of Sp1, resulting in the increased DNA-
binding and transcriptional activity of Sp1. Our data also show
that though an orchestrated collaboration of NF�B, Sp1, and
AP-1 is required for the optimal upregulation of MMP-9 gene
expression by PAF, Sp1 plays a pivotal role by changing its
repressor disposition to an inducer element. It may, therefore,
be postulated that PAF could disengage the repressor elements
from Sp1 (Fig. 8A), enhance the cross talk between the coac-
tivators and Sp1 (Fig. 8B), or use a combination of the two
effects (Fig. 8C) through activation of the MEK/ERK pathway.
These effects overrule the repressor effect of Sp1 that, in
unstimulated HCECs, plays a balancing role in the expression
of MMP-9. Moreover, Sp1-like proteins, including a class of
Krüppel-like factors (KLFs), have recently been identified by
the presence of zinc-binding domain structures highly similar
to the ZFDBD of Sp135,60–62 and were described, along with
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Sp1-Sp6, as the Sp1-like/KLF (Sp/KLF) family.36 Some members
of the Sp/KLF family have been reported to function as repres-
sor proteins that bind the same consensus sequence as Sp1 and
that prevent proper activation of the promoter sequence by
Sp1.36,45 Therefore, it is possible that activation of the MEK/
ERK pathway by PAF turns down the DNA-binding activity of a
repressor protein, which in turn allows a more compelling
interaction between Sp1 and its consensus sequence, resulting

in the upregulation of transcriptional activity of an otherwise
repressed promoter (Fig. 8D). Further studies are required to
determine which of these mechanisms are activated by PAF.
Overall, our results support the conclusion that PAF stimula-
tion transposes the suppression effect of Sp1 transcription
complex to an activating function through MEK/ERK signaling
and increased phosphorylation of Sp1. Activation of Sp1, along
with an increase in the DNA-binding activity of other transcrip-
tion factors (NF�B and AP-1), leads to upregulation in the
expression and enzymatic activity of MMP-9 in HCECs stimu-
lated with PAF. Further studies on the pathways involved in the
overturn of Sp1 from a repressor to an inducer in corneal
epithelial cells may reveal the corresponding corepressors,
coactivators, or both that may be targeted for therapeutic
approaches in the regulation of inflammatory responses by
PAF.
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