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Pax6 is a paired box containing transcription factor that resides at the top of a genetic hierarchy controlling
eye development. It continues to be expressed in tissues of the adult eye, but its role in this capacity is unclear.
Pax6 is present in the adult corneal epithelium, and we showed that the amount of Pax6 is increased at the
migrating front as the epithelium resurfaces the cornea after injury (J. M. Sivak, R. Mohan, W. B. Rinehart,
P. X. Xu, R. L. Maas, and M. E. Fini, Dev. Biol. 222:41-54, 2000). We also showed that Pax6 controls activity
of the transcriptional promoter for the matrix metalloproteinase, gelatinase B (gelB; MMP-9) in cell culture
transfection studies. gelB expression is turned on at the migrating epithelial front in the cornea, and it
coordinates and effects aspects of epithelial regeneration (R. Mohan, S. K. Chintala, J. C. Jung, W. V. Villar,
F. McCabe, L. A. Russo, Y. Lee, B. E. McCarthy, K. R. Wollenberg, J. V. Jester, M. Wang, H. G. Welgus, J. M.
Shipley, R. M. Senior, and M. E. Fini, J. Biol. Chem. 277:2065-2072). We define here two positively acting Pax6
response elements in the gelB promoter. Pax6 binds directly to one of these sites through the paired DNA-
binding domain. It binds the second site indirectly by interaction with AP-2q, a transcription factor that also
exerts control over eye development. Pax6 control of gelB expression was examined in vivo by using a corneal
reepithelialization model in mice heterozygous for a Pax6 paired-domain mutation (Sey*'™). A reduced Pax6
dosage in these mice resulted in a loss of gelB expression at the migrating epithelial front. This effect was
correlated with an increase in inflammation and the rate of reepithelialization, a finding consistent with the
phenotype of gelB knockout mice. Together, these data indicate that Pax6 controls activity of the gelB promoter
through cooperative interactions with AP-2a and support an active role for Pax6 in maintenance and repair

of the adult corneal epithelium.

Pax6 is an important regulator residing at the top of a ge-
netic hierarchy controlling eye morphogenesis. The most com-
mon form of Pax6 (p46) contains both a paired DNA-binding
domain (11, 17), as well as a homeodomain. However, these
domains can be combined in multiple ways by differential splic-
ing, allowing for considerable functional flexibility (12, 63).
Loss of Pax6 function results in a complete lack of eye forma-
tion in the homozygous mouse small eye strain (Sey), and Dro-
sophila eyeless, as well as defects in brain, neural tube, nose,
and pancreas (24, 45). Sey heterozygotes are microphthalmic
with progressive corneal opacities and lens and iris defects
(24). Human diseases displaying a variety of similar problems
have also been associated with mutations in Pax6, including
Aniridia and Peter’s anomaly (18, 21, 55). Interestingly, over-
expression of Pax6 in transgenic mice creates phenotypes rem-
iniscent of loss-of-function heterozygotes (48). These observa-
tions indicate that correct dosage is critical to proper Pax6
function.

Many of the defects in Pax6 heterozygotes are found in
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anterior structures of the eye, namely, cornea, lens, and iris.
These tissues retain Pax6 expression into adulthood, where it
has been postulated to be involved in their maintenance and
differentiation (30, 47). In support of this hypothesis is our
finding that Pax6 expression is increased in the corneal epithe-
lium during wound healing (53). These observations suggest
that Pax6 may be actively involved in coordinating adult tissue
organization.

In order to orchestrate the complex events of eye develop-
ment, Pax6 must ultimately control activity of a large number
of downstream genes. Few Pax6 target genes have been iden-
tified to date. The list includes other transcription factors, such
as the Drosophila genes eyes absent and sine oculus (20, 41), as
well as the eye-specific markers crystallins, rhodopsin, and
keratin 12 (9, 31, 50). Recently, we reported that the canonical
p46 form of Pax6 controls activity of the promoter for the
matrix metalloproteinase known as gelatinase B (gelB) or
MMP-9 (53). This suggested the existence of a new class of
Pax6 target genes, although it remained to be learned whether
Pax6 controls gelB expression in vivo.

Matrix metalloproteases (MMPs) are a family of zinc pro-
teases that play a fundamental role as regulators of tissue
remodeling in embryonic development, and adult health and
disease. Their substrates include structural components of the
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TABLE 1. Oligonucleotide probes used for EMSA

Probe

Sequence”

GelB promoter probes
GB(—467)....
GB(—487)....
GB(—359)....
GB(—359m)

Control probes

PDcon (Pax6 PD Site)......cccceuiirieiieuiiniciniiiieieiieieseicesesceieseseseessaeaens
SPLCON ettt s

r49sCTCCTTCCGCCCAGCTGGAGCCGGGA _
w51, TCCTGCCTCAGAGAGCCCACTCCT _ g7

w355 TCAAGGGTGGGCCTGGGGTGGCACTCA 550
w355 TCAAGGGTGGGTTTGGGGTGGCACTCA 540

............................. AATTTTCACGCTTGAGTTCACA
............................. ATTCGATCGGGGCGGGGCCAGC

“ The underlined region in GB(—359) is a region that footprints with AP-2 (13). The bases in boldface in GB(—359m) indicate two C-to-T substitutions at sites that
are critical for AP-2 binding to consensus probes (60). For the control probes, the canonical binding sequences are given.

extracellular matrix, and a wide array of proteins, including cell
adhesion molecules, cytokines, and other proteinases. MMPs
function as true morphogens with the capacity to control tissue
structure dynamics as both effectors and regulators (3, 52, 57).
Most MMPs, including gelB, are expressed only upon demand,
and expression patterns have provided important clues to un-
derstanding function. Control of MMP expression offers cur-
rently untapped potential for drug development to control
MMP activity in disease.

gelB is expressed in a number of specific sites during em-
bryologic development, including the eye (4, 5, 38, 46). A
deficiency of gelB created by gene targeting causes develop-
mental defects in long bone formation due to a delay in vas-
cularization at the growth plate (56). However, other organs
appear to form normally. This has enabled the use of gelB
knockout mice for investigation of normal and pathological
remodeling processes in adult organs and a number of studies
have identified critical roles (7, 32, 37).

gelB is induced at the front of the corneal or skin epithelium
migrating to resurface a wound and both underexpression or
overexpression results in defective repair (14, 16, 37). Thus,
like Pax6, the level of gelB expression must be precisely con-
trolled for proper regulation of specific morphogenetic events.
Studies from our lab and others have identified several regu-
latory factors necessary for gelB expression in the migrating
epithelium, including AP-1, NF-kB, and Spl (15). However,
we have found these are not sufficient to direct normal tem-
poral and spatial gelB expression in vivo (38). In particular, the
requirement for additional elements within the first 520 bp
upstream of the transcription start site was observed (27, 38).
Within this region are response elements for Pax6 (53). This
region also contains several binding sites for transcription fac-
tor AP-2, which was found to have positive regulator influence
on promoter activity in cell culture studies (13).

AP-2 denotes a small family of homologous genes that have
important roles in eye development (6, 42, 58, 59). Interest-
ingly, mice that are missing the AP-2a gene develop eye de-
fects similar to Pax6 heterozygotes (42, 59). Expression of the
AP-2a gene overlaps with Pax6 in corneal and lens epithelia,
iris, and ciliary body, neural tube, retina, and brain (23, 42, 59).
Like Pax6, AP-2a is constitutively present in adult corneal
epithelial cells, where we have shown family members to be
increased during wound healing (38).

In the present study we demonstrate that two regions of the
gelB promoter respond to Pax6 activity. Pax6 binds the more
distal site directly, whereas its mechanism of action at the more

proximal site is mediated via an interaction with AP-2. In
addition, we provide evidence that gelB is a true target of Pax6
in vivo during corneal reepithelialization.

MATERIALS AND METHODS

EMSA. Nuclear extracts from corneal epithelial cells were prepared as de-
scribed previously (38), essentially following the procedure of Dignam et al. (10).
Aliquots of protein were frozen at —80°C and thawed just prior to use. The
sequences of double-stranded oligonucleotides used for electrophoretic mobility
shift assay (EMSA) are delineated in Table 1. Probes containing the canonical
DNA-binding sites for transcription factor Spl was purchased from Promega
(Madison, Wis.). PDcon encodes the optimized Pax6 paired-domain (PD)-bind-
ing site as described previously (11). The double-stranded oligonucleotide probes
derived from the gelB promoter were synthesized by the Tufts University oligo-
nucelotide facility.

For EMSA radiolabeled DNA was incubated for 20 min at room temperature
with equal amounts of nuclear extracts (1 to 2 pg) derived from rabbit corneal
epithelium (Pelfreez, Rogers, Ariz.) prepared according to established protocol
(53). In competition experiments, a 100-fold molar excess of unlabeled probe was
incubated with nuclear lysates for 10 min before the addition of labeled oligo-
nucleotides. For supershifts, protein-DNA complexes were incubated with anti-
bodies for an additional 40 min at room temperature. Rabbit polyclonal NF-«B,
Spl, and pan-specific AP-2 antibodies for supershifts were purchased from Santa
Cruz Biotechnology (Santa Cruz, Calif.). The rabbit polyclonal Pax6 antibody
targets the C-terminal region of the canonical p46 isoform and was purchased
from Covance Co. (Richmond, Calif.).

DNA footprinting. Pax6 PD/glutathione S-transferase (GST) fusions (PD/GST
and GST control) were a gift of R. L. Maas (Harvard Medical School) and have
been previously described (11). Recombinant protein was purified on glutathi-
one-Sepharose 4B columns as recommended by the manufacturer (Amersham-
Pharmacia Biotech, Piscataway, N.J.). The entire gelB promoter was linearized
and end labeled with [>’P]dATP at the 3’ end. Probe was then purified and
footprinting with 10 wg of PD or GST protein was performed according to
established protocol (60). A sequencing reaction was run concurrently on the
same probe sequence by using the fmol DNA cycle sequencing system (Promega)
and run parallel to the footprint lanes in order to identify the protected se-
quence.

Transient-transfection analysis. Fresh young rabbit eyes were purchased from
Pelfreez, and corneal epithelial cells were isolated according to our standard lab
protocol (53). The cells were plated in 35-mm six-well tissue culture dishes. A
full-length human Pax6 expression plasmid (canonical p46 form) was a gift from
R. Maas and has been previously described (11). Full-length human AP-2« and
dominant-negative AP-2a (AP-2adn) have been previously characterized (61).
gelB promoter-reporter DNA constructs used in the present study were derived
from the rabbit gelB gene (13). The development of Pr42 was previously de-
scribed (38). Pr42(—PD) was created by deleting bases —466 to —491, which
corresponds to the region of the promoter footprinted by the Pax6 PD.
Pr42(mAP-2) has two C-to-T base mutations at —373 and —374 that disrupt an
AP-2 binding site (13, 61). Both constructs were created by using a PCR-based
site-directed mutagenesis method. The reporter gene used in each construct is
the gene for B-galactosidase (B-Gal), and each experiment was cotransfected
with a pCAT control plasmid (Promega) for the normalization of transfection
data.

In a standard transfection, 0.5 wg of a gelB construct was cotransfected with
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either 0.5 pg of the Pax6 expression plasmid or control DNA. Each transfection
reaction also contained 0.5 wg of chloramphenicol acetyltransferase (CAT) con-
trol vector (19). Total DNA transfected was equalized in all cases with empty
PCDNA3 expression vector. DNA was introduced into cells by using Lipo-
fectamine Plus reagent according to the procedure recommended by the man-
ufacturer (Invitrogen), and all transfections were done at least three separate
times in triplicate. Cells were collected 24 h after treatment, and cell lysates were
assayed for B-Gal activity (26). An equivalent volume of each lysate was assayed
for CAT activity and then normalized to B-Gal activities.

Pulldown assays and immunoprecipitations. A six-polyhistidine tag was added
to the full-length Pax6 gene plasmid by PCR with the primer 5'-ATACATAG
CGGCCGCCATGCATCATCATCATCATCATCAGAACAGTCACAGCGG
AGTG-3'. Also, additional Pax6 deletion constructs were made by using primer
5'-ATACGATCTCGAGTGACTAGGAGTGTTGCTGGC-3' to make a C-ter-
minal deletion at amino acid 297, primer 5'-ATACGATCTCGAGTCGCATCT
GAGCTTCATCCG-3' to make a C-terminal deletion at amino acid 217, and
primer 5'-TACATAGCGGCCGCCATGCATCATCATCATCATCATAGCAA
AAGCAACAGATGGGCGCA-3" to make an N-terminal deletion at amino
acid 131.

For polyhistidine pulldown assays, 4 wg of tagged Pax6 or control His con-
structs were each cotransfected with AP-2a expression vector into 10-cm dishes
of rabbit corneal epithelial cells, isolated as described above, at ca. 70% conflu-
ency. Cells were isolated as described above but plated in this case in 10-cm
tissue culture dishes. Transfections were performed with Lipofectamine Plus
reagent (Invitrogen) according to the manufacturer’s instructions. Cells were
collected after 3 days, and lysates were prepared by standard procedures (37).
For each reaction, 100 pl of cell lysate was kept and frozen separately from each
reaction as input samples. Each pulldown used the total lysate from one 10-cm
dish, and all steps were performed at 4°C. Lysate was loaded onto Ni-NTA
microcolumns (Qiagen, Valencia, Calif.) and purified according to the manufac-
turer’s instructions. Bound samples were eluted in buffer containing 50 mM Tris
(pH 8.0), 150 mM NaCl, 0.05% NP-40, and 250 mM imidazole and then stored
at —80°C. Samples were then Western blotted with monoclonal AP-2« antibody
3B5 supernatant (1:8 dilution; Developmental Studies Hybridoma Bank). Ex-
pression of His-tagged proteins was confirmed by blotting with an anti-His
antibody (Sigma).

For immunoprecipitation constructs were transfected as described above, but
in this case wild-type AP-2a or control plasmid were cotransfected with wild-type
Pax6. Cell lysates were prepared as described above. Lysates were precleared by
adding 20 pl of protein G plus protein A-agarose beads (Calbiochem, San Diego,
Calif.) and 10 wl of rabbit immunoglobulin G. AP-2« antibody was added, and
immunoprecipitations were carried out with protein G plus protein A-agarose
beads according to standard protocols. Samples were blotted as described above
with Pax6 and AP-2a antibodies.

Corneal surgeries. Adult wild-type or Sey/+ mice (6 to 8 weeks old) were
anesthetized by an intraperitoneal injection of 2% Avertin (0.017 ml/g of body
weight). Residual eye reflexes were blocked by topical application of 0.5%
proparacaine to the corneal surface (Alcon, Fort Worth, Tex.). The epithelium
was debrided in the center of each cornea to a 1-mm diameter with an algerbrush
by using a 1-mm trephine to first outline the area. Antibiotic ointment was
applied to the eyes after surgery. Mice were allowed to recover and then sacri-
ficed 8 h after surgery at a time when the migrating epithelial sheet had partially
resurfaced the scrape region. Both reepithelializing and contralateral control
eyes were removed and processed for immunohistochemistry or zymography, as
described below.

Sey/+ eyes are microophthalmic due to the dosage deficiency of Pax6; there-
fore, extra care was taken to ensure that the wound areas between wild-type and
Sey/+ corneas were no greater than 1 mm in diameter. For unexplained reasons,
Sey/+ phenotypes varied in severity within each litter; however, only eyes that
had proceeded to eyelid opening were used for wound experiments.

Immunohistochemistry. Cryostat sections were prepared from control or
wounded wild-type and Sey/+ adult mouse eyes. Sections were fixed in 4%
paraformaldehyde and then incubated with a rabbit polyclonal antibody to
mouse gelB at a 1:1,000 dilution (a gift from B. Senior [2]), and a rat polyclonal
antibody to the mouse inflammatory cell marker, Mac-1, at 1:100 (Chemicon,
Temecula, Calif.). Anti-rabbit fluorescein isothiocyanate (gelB)- and anti-rat
rhodamine (Mac-1)-conjugated secondary antibodies were used at a 1:50 dilu-
tion. A Hoechst nuclear stain was included in the final wash (1:1,000 dilution).
Pax6 antibody was used at a 1:100 dilution (Covance), followed sequentially by
AP-2a at 1:200 (Sigma). Fluorescence staining was visualized on a Nikon E400
microscope, and an image intensity analysis was performed by using Image Pro
Plus software (Media Cybernetics, Silver Spring, Md.).
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Zymography. Corneal epithelial defects were created on adult wild-type and
Sey/+ mice. After 8 h the epithelium from the wound region was collected by
scraping with a scalpel blade and transferred to a microfuge tube containing
phosphate-buffered saline. Tissue from two experiments was combined for each
tube. The samples were lysed in radioimmunoprecipitation assay buffer contain-
ing 1 mM aprotinin and stored at —80° until use. The zymography technique was
done according to procedures adapted from Heussen and Dowdle (22). Lysates
were then run on a 2% gelatin zymography ready gel (Bio-Rad) and further
processed according to a standard protocol.

RESULTS

Two Pax6-binding sites on the gelB promoter. In a previous
study we had identified a positive response region for the
canonical p46 form of Pax6 on the gelB promoter located
between bases —312 and —522 (53). In the present study we set
out to identify the Pax6-binding elements within this region. A
series of EMSAs was performed on lysates from rabbit corneal
epithelial cells by using oligonucleotide probes to evolutionar-
ily conserved sequences within the positive response region
(Table 1). Rabbit corneal epithelial cells in culture express
gelB constitutively, much as occurs at the migrating wound
edge in vivo (1). Also, they constitutively make low amounts of
both Pax6 and AP-2 proteins, which are increased in levels
upon wounding in vivo (38, 53).

Figure 1A shows a representative EMSA with the
GB(—467) oligonucleotide as a probe to bases —467 to —492
see (also Fig. 1D). A shifted band was effectively competed
away by the addition of 100-fold unlabeled competitor match-
ing the Pax6 PD-binding consensus sequence (PDcon) and also
by increasing amounts of Pax6 antibody (1X and 3 Pax6, Fig.
1A, arrow). An upper band in Fig. 1A is also competed away by
the antibody but not by the PD probe. Since the antibody is
targeted to the Pax6 C-terminal region, this upper band may
consist of a Pax6 splice variant, such as the slightly larger 5a
form, or it may be simply another higher mobility complex
containing p46 Pax6. In contrast, neither an irrelevant gelB
promoter sequence (GB-487) nor an SP1 binding consensus
probe (SP1con) had any competitive effect. Likewise, antibod-
ies to NF-kB and SP1 created no supershift. These results
support the identification of the GB(—467) probe region as a
specific Pax6-binding site.

The second binding site at bases —359 to —385 overlaps with
a previously characterized binding sequence for AP-2 tran-
scription factors (13) (Fig. 1D). Figure 1C shows an EMSA
with probe GB(—359) to this site. In this case a shifted band
was removed by the addition of Pax6 antibody and supershifted
by a panspecific AP-2 antibody but was not altered by an
antibody to NF-kB. The presence of Pax6 and AP-2 in a com-
plex at this binding site introduced the possibility of interac-
tions between the two proteins that were investigated in fur-
ther experiments.

Both the GB(—467) and GB(—359) sequences have partial
homology to the PD-binding consensus. To learn whether Pax6
binds these DNA elements directly, a DNase protection foot-
printing assay was performed on the gelB promoter by using
purified GST-Pax6 PD. The PD protein protected a region
spanning bases —465 to —492, which was not protected by GST
alone (Fig. 1B). This sequence corresponds almost identically
to the GB(—467) probe, which indicates that this site does
indeed bind Pax6. The promoter sequence corresponding to
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FIG. 1. Pax6 binding is found at two sites on the gelB promoter. (A) EMSA with GB(—467) as a probe. The arrow indicates a shifted band
that is removed by a Pax6 PD consensus sequence (PDcon) and Pax6 antibody but not control oligonucleotides [GB(—487) and SP1con] or control
antibodies (NF-kB and SP1). (B) DNase footprinting assay with recombinant Pax6/GST PD protein (PD) protected bases —492 to —465 of the
gelB promoter that were not protected by GST alone. This sequence corresponds to the GB(—467) oligonucleotide sequence. (C) EMSA with
GB(—359) as a probe. The arrow indicates a shifted band that is removed by antibody to Pax6 and AP-2, but not NF-kB. (D) Representation of
the gelB promoter showing previously identified transcription factor binding sites and the locations of the new Pax6 elements.

probe GB(—359) did not footprint, which led us to conclude
that the PD does not bind alone to this sequence.

In summary, the EMSA search produced two sites which
bound to complexes containing Pax6; one at bases —467 to
—492, and the other between —359 and —385 [oligonucleo-
tides GB(—467) and GB(—359), respectively]. A stylized map

of the gelB promoter showing the locations of the probes and
footprinted region is presented in Fig. 1D. The locations of
previously characterized response elements for NF-kB, SP-1,
AP-1, and PEA3 transcription factors have also been included.
Note that these transcription factors are probably present in
the cell lysates, and their binding sites formed the basis for the
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FIG. 2. Pax6 directly controls gelB promoter activity through the PD-binding site. (A) Diagram depicting the two gelB promoter constructs
used in panel B: Pr42, which is a minimal gelB promoter construct that responds to Pax6, and Pr42(—PD), which has the PD-binding sequence
from —491 to —466 deleted. (B) Transfection results with Pr42 and Pr42(—PD) in corneal epithelial cells. Cotransfection of Pax6 with Pr42 induces
a typical increase in B-Gal reporter activity that is partially lost when the PD-binding site is deleted in Pr42(—PD).

control oligonucleotides used for gel shifts. Both of the Pax6-
binding sites were subsequently investigated in detail to deter-
mine the mechanisms of the Pax6 response.

Pax6 PD partially controls gelB promoter activity. In order
to test the functionality of the GB(—467) PD binding site,
cotransfection experiments were conducted by using a minimal
gelB promoter construct, Pr42. Pr42 contains bases —312 to
—522 of the gelB promoter driving a LacZ reporter. This
construct was known from earlier study to respond positively to
Pax6 stimulus (53). In a typical experiment Pr42 was trans-
fected into cultured corneal epithelial cells, which are normally
quiescent but have the capacity to be induced to make gelB
(13, 52). Cotransfection with a human p46 Pax6 expression
vector increases reporter 3-Gal activity by three- to fourfold
(after normalization to a constitutive chloramphenicol acetyl-
transferase expression vector: cytomegalovirus [CMV]-CAT).
For this experiment the GB(—467) PD-binding site was de-
leted from Pr42, creating construct Pr42(—PD) (Fig. 2A).
When Pr42(—PD) was cotransfected as before the response to
Pax6 was reduced to only 1.5-fold (Fig. 2B). Taken together,
these data indicate that bases —465 to —492 of the gelB pro-
moter contain a functional Pax6 PD-binding site, but that this
site accounts for only part of the promoter response. We there-
fore turned our attention to the second Pax6 response element
we had identified.

Pax6 also controls the gelB promoter through interactions
at an AP-2 binding site. The second Pax6-binding element
identified in the EMSA screen, located at bases —359 to —385,
overlaps a previously characterized binding site for the tran-
scription factor AP-2 (13). This juxtaposition led us to inves-
tigate whether the two proteins interact with each other. As an
initial test of this hypothesis, AP-2 binding was blocked at the
site by mutation of two key bases in the Pr42 construct, labeled
Pr42(mAP-2) (Fig. 3A). The substitution of two thymines for

cytosines at bases —373 and —374 mutates two critical residues
and renders the site inactive to bind AP-2 proteins (60). To
verify that AP-2 binding had been blocked by the mutation, an
EMSA was performed by using the corresponding probe
GB(—359m), which contains the same changes. A band super-
shifted by pan-specific AP-2 antibody when the unaltered
GB(—359) probe is used disappears when GB(—359m) is used
(Fig. 3B).

In experiments similar to those described above, Pr42 and
Pr42(mAP-2) were cotransfected with or without Pax6 into
corneal epithelial cells. Strikingly, use of the Pr42(mAP-2)
reporter resulted in a complete loss of response to Pax6 (Fig.
3C). These data show that AP-2 binding is necessary for Pax6
activity at the —359 to —385 site and may also influence Pax6
activation at the more distal site.

The AP-2a gene interacts with Pax6 in corneal epithelial
cells. The AP-2 gene family currently consists of four separate
genes: a, B, v, and 3. Although each gene is highly homolo-
gous, they have separate functions, as evidenced by distinct
expression patterns (23). As discussed, the AP-2a gene has
overlapping expression with Pax6 in many tissues. However,
due to availability we have in the past used a pan-specific AP-2
antibody for experiments in the cornea. In order to confirm
AP-2a as a candidate protein for interactions with Pax6 in the
corneal epithelium, we used a monoclonal AP-2a antibody to
stain sections of reepithelializing cornea. We observed that
staining was present in the basal epithelial cells and was up-
regulated during corneal reepithelialization (Fig. 4A, AP-2a
panel). This expression pattern correlates with the increase
seen in a similar section stained for Pax6 (Fig. 4A, Pax6 panel).
Figure 4A also shows an adjacent section stained with hema-
toxylin and eosin to outline the relevant corneal epithelial and
stromal layers and wound edge.
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FIG. 3. Paxo6 also controls gelB promoter through interactions at an AP-2 binding site. (A) Diagram depicting the two gelB promoter constructs
used in panel C: Pr42 minimal gelB promoter and Pr42(mAP-2), which has a nonfunctioning AP-2 binding site. (B) EMSA with GB(—359) and
GB(—359m) as probes. GB(—359m) contains mutations corresponding to those in Pr42(mAP-2). The shifted band indicated by the arrow is
removed by an AP-2 antibody when the GB(—359) probe is used. The same band is absent when the probe GB(—359m) is used. (C) Transfection
results with Pr42, which is induced in response to cotransfection with Pax6 in corneal epithelial cells. Mutation of the AP-2 binding sequence in

Pr42(mAP-2) eliminates the Pax6 response.

In order to test for functional interactions with Pax6 in
corneal epithelial cells, we used an interferring or “dominant-
negative” form of the human AP-2« gene to block endogenous
AP-2 activity. This construct, labeled AP-2adn, is missing its
N-terminal activation domain, but it retains a DNA-binding
and dimerization domain (61). In our experiment, the gelB
promoter construct Pr42 was cotransfected with either Pax6
alone or Pax6 and AP-2adn. The addition of AP-2adn reduced
the normal Pax6 response seen with Pr42 (Fig. 4B). These
results confirm those observed in Fig. 3C, where mutation of

the AP-2 response element also blocked Pax6 response in
Pr42. Additional experiments cotransfecting full-length AP-2a
and Pax6 were performed; however, there was no significant
increase in reporter activity over each factor alone (data not
shown). This latter result is difficult to interpret, however, since
corneal epithelial cells already constitutively express low levels
of AP-2a. Also, previous work has shown that the gelB pro-
moter in culture does not respond robustly to AP-2a unless the
response elements are used in conjunction with only the min-
imal basal promoter (38).
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FIG. 4. gelB promoter response to Pax6 is reduced by blocking AP-2« activity. (A) Immunohistochemical analysis of reepithelializing mouse
corneas. Sections were either stained with hematoxylin and eosin or with AP-2a and Pax6. The arrows point to the increased Pax6 and AP-2a
staining at the migrating wound edge. The bottom panel shows a merged image indicating Pax6 and AP-2« staining overlap in yellow. Bar, 50 pwm;
E, epithelium; S, stroma. (B) Transfection results in which the Pr42 gelB promoter construct was cotransfected with Pax6 and dominant-negative
AP-2adn. The inductive response to Pax6 is reduced upon cotransfection with AP-2adn.

Pax6 and AP-2a proteins interact physically. Transfection
and gel shift experiments provided functional evidence for
interactions between Pax6 and AP-2a. Therefore, we pro-
ceeded to test their ability to bind to each other in a series of
immunoprecipitation and pull-down experiments (Fig. 5). For
immunoprecipitations, human Pax6 and AP-2a expression vec-
tors were cotransfected into corneal epithelial cells. A mono-
clonal antibody to AP-2a was used to immunoprecipitate ly-
sates and, after sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, the mixture was blotted with a polyclonal an-
tibody to Pax6. A Pax6 band could be seen in the AP-2a
transfected lysates but not in transfected controls (Fig. 5B).

There were technical difficulties with the reverse pull down
because the 50-kDa size of AP-2a is similar to the size of the
antibody light chain. Therefore, human Pax6 expression con-
structs were polyhistidine tagged at their N termini and co-
transfected into corneal epithelial cells with AP-2a. Lysates
were then pulled down by using a nickel column and Western
blotted to determine the presence or absence of AP-2a. Figure
5A shows duplicate samples transfected with either control His
vector [His(con)] or HisPax6. AP-2« protein is clearly present
in the eluates from cells transfected with His Pax6 but not in
the control.

In order to narrow down the region of Pax6 responsible for

binding AP-2a, a series of Pax6 deletion constructs were cre-
ated. Each construct broadly removes a functional region of
the Pax6 protein: HisPax6(297) is missing the C-terminal acti-
vation domain, HisPax6(217) has no activation domain or ho-
meodomain, and HisPax6(131N) has a deletion at its N termi-
nus that removes the PD. Representations of these constructs
are shown in Fig. 5C. Each vector was cotransfected into cor-
neal epithelial cells with AP-2a, pulled down, and blotted as
described above. Lysates were also blotted with anti-His anti-
bodies to ensure comparable expression of truncated proteins
(Fig. SE). Deletion of either the activation domain
[HisPax6(297)] or the activation and homeodomain [His-
Pax6(217)] removed most AP-2a binding; however, deletion of
the PD [HisPax6(131N)] had no effect (Fig. 5C and D). These
data taken together indicate that Pax6 binds to AP-2a through
its C-terminal domains.

Pax6 controls gelB expression in vivo. So far, the evidence
presented for Pax6 control of gelB expression has been largely
from in vitro studies and correlative data. A useful tool for
studying the regulation of gelB expression in vivo is a well-
established corneal wound-healing model. In these experi-
ments, the epithelial layer is removed by abrasion in a circum-
scribed region in the center of the cornea. The epithelium is
then allowed to resurface the corneas until the defect is par-
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FIG. 5. Interactions between Pax6 and AP-2a proteins. (A) Duplicate pull-down experiments with polyhistidine-tagged Pax6 (HisPax6),
followed by blotting with a monoclonal antibody to AP-2a. AP-2a protein is pulled down from lysates containing HisPax6 but not from those
transfected with control His vector [His(con)]. (B) Immunoprecipitation with AP-2a monoclonal antibody blotted for Pax6. A Pax6 band is present
in the AP-2a-transfected lysate but not the control lysate. (C) Diagram depicting the various Pax6 deletion constructs used in panel D and their
AP-2a binding activities. Abbeviations: His, N-terminal polyhistidine tag; HD, homeodomain; AD, activation domain. Constructs which deleted
the AD and HD removed AP-2a binding [HisPax6(297) and HisPax6(217)], whereas constructs that retained those domains continued to bind
AP-2a [HisPax6 and HisPax6(131N)]. (D) Representative His pull-down results from panel C showing decreases in AP-2a binding to HisPax6(297)
and HisPax6(217). (E) Anti-His blot showing comparable expression levels of truncated proteins in cell lysates.

tially closed, at which time the animals are sacrificed and the
corneas are removed for analysis. In normal animals the cor-
neal epithelial cells at the migrating wound edge begin to
express high levels of gelB within an hour of injury, whereas
expression in the unwounded contralateral cornea remains un-
detectable (34, 52).

An ideal experiment for our study would be simply to com-
pare the levels of gelB induction in wild-type mouse corneas
versus corneas without Pax6. Unfortunately, homozygous de-
letions of Pax6, such as in the Small eye mouse (Sey), leads to

a complete lack of eye formation. We did have at our disposal,
however, heterozygous Sey mice for our studies. In these mice,
eye development proceeds, but they are microophthalmic, and
defects are evident in the cornea, lens, iris, and ciliary body
(25). Based on past observations, we predicted that the re-
duced Pax6 dosage might be sufficient to observe an effect on
gelB induction in the corneal scrape model.

In these experiments the epithelium was removed from a 1-
mm diameter circle in the center of wild-type and heterozygous
Sey (Sey/+) corneas. This smaller wound size was chosen so
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FIG. 6. Pax6-deficient mice make little gelB and have increased inflammation during corneal reepithelialization. Epithelial defects (~1 mm
long) were produced on the corneas of wild-type (WT) and Pax6 heterozygous (Sey/+) mice. After 8 h, the eyes were sectioned and stained with
hematoxylin and eosin (A and B) or triple stained with Hoechst nuclear stain (C and D), antibodies to gelB (E and F), or inflammatory cell marker
Mac-1 (G and H). Sey/+ eyes showed a lack of gelB staining at the wound edge (F, arrowhead) and a dramatic increase in Mac-1 staining cells

(H, arrows). Bar, 50 pwm.

that the wound region was small enough to produce a mini-
mum of disturbance to stem cells in the corneal periphery in
both wild-type corneas and the smaller Sey/+ corneas. Initially,
the eyes were allowed to heal for 20 h, which typically allows
wild-type eyes to almost resurface. We found that after 20 h the
Sey/+ eyes had completely resurfaced, and so no scrape region
could be defined (data not shown). We therefore switched to a
much-shorter 8-h healing period in order to catch the still-
healing wound edge. Corneas were then sectioned for immu-
nohistochemistry or, alternatively, the epithelium was collected
for zymography (Fig. 6 and 7).

The corneal epithelia of the Sey/+ mice were thinner, with
fewer stratified layers than the epithelia of wild-type mice (Fig.
6A and B). Nevertheless, wound reepithelialization occurred

much as in the wild-type mice. Interestingly, although wound
reepithelialization was normal, our clear impression was that it
occurred considerably faster (data not shown), similar to the
phenotype of gelB knockout mice. In wild-type mice, the
wound edge stained brightly with an antibody to gelB as ex-
pected (Fig. 6E, arrowhead). In dramatic contrast, Sey/+ mice
showed no increase in anti-gelB staining at the wound edge
(Fig. 6F, arrowhead), a finding consistent with the gelB-defi-
cient reepithelialization phenotype. Unwounded wild-type and
Sey/+ mice did not stain (data not shown).

Sey/+ mice did show increased gelB staining, however, in
select cells of the underlying corneal stromal layer (Fig. 6F,
arrows). Upon closer inspection these cells appeared as if they
might be inflammatory cells invading the wound site. There-
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FIG. 7. Quantification of gelB reduction in Sey/+ reepithelialization experiments. (A) Fluorescence images from three corneal epithelial scrape
experiments were analyzed for intensity of increased gelB staining at the wound edge after 8 h. Wild-type eyes (WT) showed a characteristic
increase in gelB antibody staining at the wound edge, arbitrarily set to 100%. In comparison, Pax6-deficient eyes (Sey/+) had only a 16% increase
over background (P < 0.002). (B) Gelatin zymography of lysates scraped from unwounded (C) or wounded (W) corneas from either wild-type
(WT) or Pax6-deficient (Sey/+) eyes. White bands indicate gelatinolytic activity on the gel. Wild-typlysates had no gelatinolytic activity in
unwounded control, but wounded samples show an increase in activity at 92 kDa as expected. Sey/+ lysates also showed no activity in unwounded
controls; however, there was also little increase in wound samples (arrow).

fore, sections were costained with antibodies to the inflamma-
tory cell marker Mac-1 (Fig. 6G and H). Wild-type scrape
corneas showed no Mac-1 staining, as would be expected (Fig.
6G), but the Sey/+ scrapes showed a marked increase in Mac-1
staining (Fig. 6H). These Mac-1-positive cells proved to be the
same as the gelB-staining stromal cells seen in Fig. 6F. The
increased inflammation in Sey/+ corneas is important in two
ways. First, since the inflammatory cells in the corneal stroma
still make gelB, this serves as an internal control and indicates
that the loss of gelB induction at the epithelial wound edge is
a specific regulatory phenomenon. Second, the increased in-
flammatory cell invasion appears to be similar to what we
recently reported seeing in corneal wound healing in gelB
knockout mice (37). This similar inflammatory phenotype sup-
ports the observed lack of gelB staining in Sey/+ corneas.
Quantification of gelB absence in Sey/+ corneal wounds.
Two different approaches were taken to quantify the difference
in gelB induction between wild-type and Sey/+ corneas (Fig.
7). First, image intensity analysis of three separate gelB stain-
ing experiments was performed by using the increase in gelB
staining at the wound edge compared to the background. Sey/+
corneal scrapes displayed a significant decrease of 87% in gelB
induction compared to the wild type (P < 0.002 [Student ¢
test]) (Fig. 7A). A second way to quantify the loss of gelB
induction was the use of zymography analysis. This technique
allows for the separation and activation of gelB on a gelatin
substrate included in a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gel. In our experience this method is an
extremely sensitive way to compare changes in amounts of
proteases in a tissue. Epithelial lysates from the central region
of either control or scraped corneas were isolated and run on
a gelatin zymogram gel. After reactivation and incubation, a
92-kDa gelatinolytic band corresponding to gelB could be de-
tected in wound lysates from wild-type mice. The same band

was markedly decreased in wounded Sey/+ corneas (Fig. 7B).
Lysates from unwounded wild-type and Sey/+ mice did not
create a band. The lower 60-kDa band in Fig. 7B could be a
degradation product of gelB but is probably GelA, a related
MMP that recognizes similar substrates. The absence of this
band in the Sey lanes is probably not due to Pax6 control over
its transcription, since GelA is constitutively found throughout
the body and is unique among MMPs in that it does not seem
to be transcriptionaly regulated (15). Note that the 60-kDa
band is characteristically present in both wounded and un-
wounded control corneas. The lack of these bands in the Sey
lanes may be due to the lack of tear film or aqueous humour in
which wild-type corneas are normally bathed. Therefore, we
were able to confirm by zymography analyses the lack of gelB
induction in Sey/+ mice observed immunohistochemically.

DISCUSSION

Pax6 is a powerful morphogenic regulator whose mecha-
nisms of activity and downstream targets remain poorly under-
stood. An intriguing question is how relatively global expres-
sion of Pax6 in the eye can be translated into tissue-specific
effects on patterning and differentiation. We had previously
reported that the common p46 form of Pax6 activates the
promoter for gelB, an MMP directly involved in the formation
and maintenance of tissue architecture (53). Here we have
presented evidence that this regulation occurs through both
direct PD binding and cooperative interactions with AP-2aq,
and we show its importance in the adult in vivo by using a
corneal wound healing model.

Through an EMSA screen, we identified two possible Pax6-
binding elements on the gelB promoter and proceeded to
investigate the regulatory mechanisms at these sites. One site,
located between bases —467 and —492 binds the Pax6 PD



VoL. 24, 2004

directly, as shown by DNase footprinting analysis. However,
loss of the PD-binding sequence at this site only partially re-
moves responsiveness to Pax6 (Fig. 2). The other site, located
between bases —359 and —385, works indirectly through novel
interactions with the transcription factor AP-2«. At this site,
mutagenesis of the AP-2 binding sequence completely re-
moved Pax6 response (Fig. 3). Cotransfection with a dominant-
negative AP-2a construct was similarly able to reduce the Pax6
response (Fig. 4). Finally, immunoprecipitation and pull-down
assays confirmed that Pax6 physically interacts with AP-2a
through its C terminus (Fig. 5). These data support a model in
which Pax6 controls gelB promoter activity through a combi-
nation of direct PD binding and cooperative interactions with
AP-2a. In this scenario, AP-2a binding to its site may also
reinforce or recruit Pax6 to an overlapping promoter sequence.
Future analyses of the DNA-binding mechanisms involved will
be needed to clarify whether the two binding elements coop-
erate or act independently of each other.

Interactions between Pax6 and AP-2a.. At present the AP-2a
family consists of four highly homologous genes: AP-2a, AP-
2B, AP-2y, and AP-28 (36, 39, 43, 65). Each gene has both
overlapping and distinct expression patterns; however, they all
bind similar promoter sequences as homodimers (40, 62). Ex-
pression of the AP-2a gene shares a number of similarities to
Pax6. AP-2a is found during the development of the neural
tube, forebrain, facial prominences, lens and corneal epithelia,
and retina (23, 42, 59). In adult eyes AP-2« is found in the
basal layer of the corneal epithelium, the lens epithelium, the
iris and ciliary body, and the retinal ganglion and inner nuclear
layers (59). AP-2a knockout mice exhibit a failure in cranial
neural tube closure, exencephaly, and a variety of craniofacial
skeletal deformities and develop eye defects similar to those of
Pax6 heterozygotes. In an effort to isolate distinct roles of
AP-2a, mice chimeric for knockout cells were studied. When
the chimeric cells were found in the eye, these mice developed
isolated lens and corneal defects (42, 59).

Although Pax6 and AP-2a exhibit overlapping expression
patterns in many tissues, they also have distinct differences. For
example AP-2a is found in the developing limb bud mesen-
chyme, and Pax6 is found in pancreatic acini (35, 47). Combi-
natorial interactions between multiple transcription factors are
increasingly found to direct specific transcriptional events not
specified by either factor alone. For example, interactions be-
tween AP-2 proteins and a number of other transcription fac-
tors have been implicated in controlling differentiation of the
epidermis (51). We propose that interactions between Pax6
and AP-2a may modulate a specific subset of genes in partic-
ular tissues such as the cornea. In support of this model is a
recent report from of a mouse strain harboring a Pax6 muta-
tion that truncates the C-terminal end of the protein (33).
These mice develop milder defects than Sey mice (in which the
entire protein is deleted) that are limited to progressive cor-
neal opacifications. It is interesting that the C-terminal domain
of Pax6 deleted in these mice is the same region that interacts
with AP-2a. It may be that cooperative interactions between
Pax6 and AP-2a are necessary for normal corneal epithelial
development and maintenance.

In recent years a number of studies have found evidence of
interactions between Pax6 and cooperative partner proteins to
influence regional gene expression. For example, Pax6 inter-
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acts with the transcription factor SOX2 to synergistically in-
duce the vy crystallin promoter during lens placode formation
(29). Also in the lens, Pax6 has been shown to bind to the
retinoblastoma protein (8). In pancreas, Pax6 has been shown
to interact with Maf and cdx-2 transcription factors to cooper-
atively activate the glucagon gene promoter (28, 44). Interest-
ingly, the Pax6/Maf study was unable to find a similar combi-
natorial effect on the aA-crystallin promoter, even though both
proteins are present during lens development and transactivate
aA-crystallin separately (44). Here we have presented evi-
dence for cooperative interactions between Pax6 and AP-2« in
the cornea. To our knowledge the present study is the first to
propose a mechanism for the regulation of specific corneal
genes by Pax6 or which provides an understanding of the in-
teraction between Pax6 and AP-2a. Taken together, all of
these studies suggest an evolved mechanism whereby Pax6
controls tissue-specific gene expression through interactions
with a variety of local proteins.

Pax6 as a regulator of gelB expression. Recent years have
seen revisions in our understanding of MMP function.
Whereas previously they were thought to be simply degrada-
tive in nature, MMPs are now understood to be deeply inte-
grated into the regulatory processes underlying tissue forma-
tion and maintenance. MMPs have been implicated in cytokine
activation, cleavage of cell adhesion molecules, and the cre-
ation of biologically active fragments (3, 57). For example,
besides basement membrane components, gelB is also capable
of proteolytically activating latent TGFB on the cell surface
(64). In the reepithelializing corneas of gelB knockout mice,
we observed an accumulation of the provisional matrix com-
ponent fibrin(ogen). However, we also noted an increase in the
rate of epithelial sheet migration and cell replication, as well as
premature infiltration of the wound by inflammatory cells.
These changes were correlated with a delay in activation of
Smad-2 transcription factor and a premature increase in the
levels of the inflammatory cytokine interleukin-1la (37). In light
of these newly appreciated functions it is doubly important to
understand the factors regulating gelB expression.

We were able to test the influence of Pax6 dosage on gelB
expression with heterozygous Sey mice (Sey/+). Unlike ho-
mozygotes, which do not form eyes, in Sey/+ mice, eye devel-
opment proceeds, although the eyes are microphthalmic. Also,
these animals develop corneal opacities characterized by an
epithelium that fails to properly stratify (25). We used a cor-
neal reepithelialization model to determine whether we could
observe changes in the normal gelB induction at the wound
edge in Sey/+ mouse corneas. An equal region of epithelium
was removed from wild-type and Sey/+ corneas. After an 8-h
healing period little, if any, increase in gelB was detectable in
Sey/+ corneas by either immunohistochemistry or zymography
compared to the normal wild-type increase (Fig. 6 and 7).

Two additional observations correlated the lack of gelB ac-
tivation seen in Sey/+ corneas with the phenotypes observed in
reepithelializing gelB knockout mice. First, in gelB~/~ mice we
observed increased inflammatory cell invasion after scraping,
as observed by staining with the neutrophil marker Mac-1. In
the present study we saw a similar increased inflammatory cell
invasion in Sey/+ mice. Interestingly, these Sey/+ inflamma-
tory cells still stained as in the wild-type animals with gelB
antibody, whereas the wound edge did not. This observation
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supports the conclusion that Pax6 control over gelB expression
is corneal epithelium specific. A second, indirect, observation
is that in initial experiments, eyes were allowed to heal for 20 h,
a time that in wild-type mice typically allows the cornea to
almost reepithelialize. However, after this time we were unable
to detect a wound edge in Sey/+ mice since their corneas had
completely healed over. Since care was taken to ensure that the
wound size remained constant between control and experi-
mental animals, this observation correlates with the increased
reepithelialization rate seen in gelB knockout mice (37). Fur-
ther experiments directed at migration and proliferation rates
of corneal epithelial cells from Sey/+ or chimeric mice will help
clarify the influence of Pax6 over these processes. The similar-
ities between Sey/+ and gelB knockout corneas support our
conclusion that proper dosage of Pax6 in these cells is neces-
sary for gelB promoter activation.

There are a number of other transcription factors known to
induce gelB expression, such as NF-kB, SP1, and AP-1 (15).
These other factors, however, are much more broadly and
generally expressed than Pax6. We propose that Pax6 and
AP-2a cooperate to regulate gelB expression in a tissue-spe-
cific manner, acting in this case to localize and/or induce gelB
expression in the reepithelializing cornea. This interpretation
is supported by our observation in Pax6-deficient mice that
gelB is still made by inflammatory cells, but not the corneal
epithelium (Fig. 6). This mechanism helps explain how local
control of gelB expression is maintained in the presence of
more global signals. It will be interesting to test whether other
cornea-specific genes are controlled in a similar fashion.

A great deal of interest has been directed at discovering
therapeutic targets to control pathological gelB expression and
activity. In the eye, excessive, inappropriate, or reduced gelB
expression has been linked to improper corneal wound healing,
formation of chronic corneal ulcers, cataracts, glaucoma, and
proliferative retinopathies (16, 37, 49, 52, 54). It is interesting
that at later developmental stages and into adulthood both
Pax6 and gelB expression in the eye become refined to the
cornea and lens epithelia, iris and ciliary body, and the retinal
ganglion cell layer (30, 53). Furthermore, Pax6 deficiencies in
both heterozygous Sey mice and humans are characterized by
progressive corneal opacities, as well as iris and lens defects. If
changes in gelB expression facilitate these phenotypes, then it
may be that Pax6 could be used as a regulatory target to
control expression of gelB in the eye. Alternatively, our dem-
onstrated interaction between Pax6 and AP-2a could be ex-
ploited in therapeutic strategies to control gelB expression in
the cornea.

In conclusion, we present evidence that gelB is a true target
of Pax6, controlling promoter activity in the adult corneal
epithelium both directly and through novel interactions with
AP-2a. Since Pax6 function has been largely studied during
developmental processes, these findings provide the first dem-
onstration of Pax6 function in the adult mammalian eye. Fur-
ther studies are needed to elaborate the role of Pax6 in the
adult cornea.
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