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PURPOSE. To characterize changes over time in the genomic
expression profile of rat corneas after excimer laser photore-
fractive keratectomy (PRK), in an effort to better understand
the cellular response to injury and the dynamic changes that
occur in gene expression patterns as a wound heals.

METHODS. The corneal gene expression profile of 1176 genes at
3 and 7 days after PRK was determined and compared with
untreated corneal gene expression patterns by interrogating
commercially available cDNA arrays with labeled target cDNA
prepared from pooled total RNA harvested from the respective
treatment group of adult male rats. The gene expression pat-
terns were inferred based on the hybridization intensities of
the probes on the cDNA arrays. The hybridization signals were
globally normalized and filtered. The data were analyzed by
using hierarchical and k-means clustering algorithms before
and after normalization of variances.

RESULTS. Of the 1176 cDNA elements on the array, 588 consis-
tently produced similar results in replicate experiments and
comprised the data set analyzed in this work. In total, 73 genes
were identified, with expression levels that differed by at least
threefold at either 3 or 7 days after PRK. At 3 days after PRK,
70 genes were identified with expression levels that differed by
more than threefold, compared with the expression level in
untreated animals. The expression of 42 genes increased by
threefold or more, whereas expression of 28 genes decreased
by threefold or more. By day 7 after PRK, the number of genes
displaying more than a threefold difference in expression pat-
tern was reduced to 27 genes, 20 of which showed elevated
levels, whereas 7 exhibited decreased levels. Hierarchical clus-
tering of the 588 studied genes produced 10 clusters with
correlation coefficients of 0.9 or greater. To determine
whether any of the clusters were overrepresented by genes
with related functions, the cumulative hypergeometric proba-
bility was calculated by obtaining the observed number of
functionally related genes within each of the 10 clusters. Seven
of the clusters were statistically overrepresented by one or
more categories of functionally related genes, such as cell cycle
regulators, transcription factors, and metabolic pathway genes.
Clustering analysis of 56 genes generally considered to influ-

ence corneal wound healing produced 10 gene clusters with
correlation coefficients of at least 0.9. Expression of 23 of these
56 genes increased at day 3, then decreased at day 7 to levels
similar to those on day 0. These included several growth
factors (VEGF, FGF, IGF-I), proteases (PAI-1, PAI-2A) and pro-
tease inhibitors (TIMP-2 and TIMP-3). Expression of nine genes
increased on both days 3 and 7 compared with expression on
day 0 (e.g., TGFB1, TGFBIIR, M6P/IGFR-2), and no genes
decreased on both days 3 and 7, compared with day 0.

CONCLUSIONS. Microarray analysis of 1176 identified 588 genes
with reproducible patterns of expression in rat corneas on days
3 and 7 after PRK and 73 genes with a threefold change in
expression compared with untreated corneas. Hierarchical
clustering of these 588 genes identified 10 clusters of genes
with very similar patterns of expression. Clustering of genes
with similar patterns of expression implies a common regula-
tory pathway for the genes within a cluster, and identifies
potential new targets for regulating corneal wound healing.
(Invest Ophthalmol Vis Sci. 2002;43:1772–1782)

Corneal wound healing is a complex biological process that
involves the integrated actions of many genes that code

for proteins with diverse functions, such as cytokines, growth
factors, receptors, extracellular matrix proteins, integrins, pro-
teases, inhibitors and cell cycle genes.1,2 When expression of
these genes is regulated correctly, corneal wounds heal appro-
priately. However, when intrinsic or extrinsic factors disrupt
the expression of these genes, corneal wounds may either fail
to heal adequately or may heal with excessive scar formation.
Thus, there is a need to understand, as broadly as possible, how
the expression of key genes changes during corneal wound
healing so that therapies can be logically designed to prevent
complications from occurring.

Previous studies investigating gene expression during cor-
neal wound healing have analyzed mRNA levels of a small
number of selected growth factors, receptors, and extracellular
matrix genes that are thought to regulate or participate in
corneal wound healing. For example, quantitative reverse tran-
scription–polymerase chain reaction (Q-RT-PCR) of rat corneas
after photorefractive keratectomy (PRK) showed prolonged
elevation of mRNAs for the three isoforms of transforming
growth factor-� (TGF�1, TGF�2, TGF�3), the TGF� type II
receptor (TGF�R-II), and extracellular matrix proteins (types I,
III, and VI collagen and fibronectin).3 Similar results were
reported for mRNA levels for collagens I, III, IV, and V using
semiquantitative RT-PCR in rat corneas after PRK.4 Analysis of
mRNA levels for hepatocyte growth factor (HGF), keratinocyte
growth factor (KGF), epidermal growth factor (EGF) and their
receptors in mouse corneas after an epithelial scrape injury
suggests that HGF and KGF also play important roles in regu-
lating epithelial wound healing.5

Other groups have investigated changes in protein levels in
corneas during wound healing. Immunohistochemical analysis
of cat corneas after PRK indicated there were increased levels
of TGF�1, TGF�2, and TGF�3 and the TGF�R-I and TGF�R-II
receptor proteins in the subepithelial tissue of laser-ablated
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regions at 4 weeks after injury.6 Immunofluorescence staining
of monkey corneas showed distinct changes in the amount and
localization of fibronectin, type III collagen, type VII collagen,
and keratin sulfate in ablated regions at different times during
the 18 months after excimer laser ablation.7 Analyses of matrix
metalloproteinases (MMPs) and the tissue inhibitors of metal-
loproteinases (TIMPs) in rat and rabbit corneas after PRK found
increased levels of TIMP-2 and MMP-9, -7, and -13 proteins and
mRNAs in migrating basal epithelial cells.8–12 Immunofluores-
cence analysis of radial keratotomy (RK) wounds in human
corneas detected several extracellular matrix proteins that
were not present in the stroma of normal corneas, including
collagen types III, VIII, and XIV; the �1-�2 chains of type IV
collagen; tenascin-C; and fibrillin-1.13 Immunohistochemical
analysis of rat corneas after PRK ablation showed that macro-
phages moved into injured area within 36 hours after injury.14

These studies have provided important information about
the expression of a few selected genes during healing of cor-
neal wounds. However, the ability to simultaneously measure
changes in expression of large numbers of genes during cor-
neal wound healing is severely limited by conventional tech-
niques of immunohistochemistry, enzyme analysis, Northern
blot analysis, RNase protection assays, or Q-RT-PCR. In this
study, we simultaneously analyzed expression of 588 genes in
rat corneas on day 0 (nonablated), days 3 and 7 after excimer
ablation, using membrane microarray technology. The expres-
sion patterns of these 588 genes were analyzed to identify
genes with similar patterns of expression. In addition, the
levels of expression of a selected subset of 56 genes thought to
influence corneal wound healing were examined in greater
detail.

MATERIALS AND METHODS

Animal Models

Animal procedures were performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research,
and the animal protocol was approved by the University of Florida
Animal Care and Use Committee. Rat corneas underwent excimer laser
ablation as described previously.15 Briefly, a total of 30 adult Sprague-
Dawley male rats (250 g) with normal eyes were anesthetized with an
intraperitoneal injection of pentobarbital sodium (30 mg/kg). Eye-
lashes and whiskers surrounding the eye were removed from the visual
field. A drop of proparacaine (0.05%) was applied to the eye, and the
cornea was centered under the laser microscope. Bilateral ablation of
the corneas was performed in a 4.4-mm treatment zone with an
excimer laser (SVS Apex; Summit Technology, Waltham, MA). The
corneal epithelium was ablated to a depth of 40 �m, followed by
ablation of the stroma to a depth of 20 �m, for a total ablation depth
of 60 �m. After excimer laser treatment, tobramycin (0.3%) drops were
applied to the corneal surface to prevent infection. No postoperative
topical steroid was administered. On days 3 and 7 after excimer laser
ablation, 15 rats were randomly selected and killed by peritoneal
injection of pentobarbital. Corneas were excised under an operating
microscope and placed in solution (RNAlater; Ambion, Austin, TX), to
stabilize the mRNA. Once harvested, the corneas were stored at 4°C
not longer than 24 hours before RNA extraction. Thirty corneas were
harvested at each time point. For each time point three pools of 10
corneas each were prepared, and total RNA was extracted, as de-
scribed in the next section. An additional 30 untreated normal corneas
were harvested, separated into three pools, and processed as de-
scribed. Thus, nine RNA samples were generated comprising three
independent preparations for each of the three experimental groups
(nonablated corneas designated as day 0 and days 3 and 7 after abla-
tion).

RNA Isolation from Rat Corneas

Total RNA was extracted from each group of 10 pooled corneas using
guanidine isothiocyanate and phenol-chloroform according to standard
methods. Briefly, pooled corneal tissue was homogenized in 0.75 mL
RNA extraction solution (TRIzol; Gibco, Grand Island, NY) using a
5-mL frosted glass-on-glass tissue grinder (Duall; Konte Scientific Glass-
ware, Vineland, NJ), RNA was extracted with chloroform, precipitated
with isopropanol, washed with ethanol, and dissolved in RNase-free
water treated with 0.1% diethylpyrocarbonate. The material was then
treated with 1 U/�L DNase I at 37°C for 30 minutes to remove any
contaminating genomic DNA, and then extracted once with phenol-
chloroform-isoamyl alcohol (25:24:1 pH 4.5), followed by extraction
with chloroform, precipitated with 2 M sodium acetate and 95%
ethanol, washed with 80% ethanol, and resuspended in RNase-free
water. The concentration of RNA were measured spectrophotometri-
cally at 260 nm (GeneQuant; Amersham Pharmacia Biotech, Uppsala,
Sweden). Absorbance ratios of 280 to 260 nm were consistently more
than 1.8 for all samples.

DNA Arrays and Interrogations

Rat cDNA expression arrays (Atlas 1.2; Clontech Laboratories, Palo
Alto, CA) were used in this work to study gene expression patterns in
corneas after PRK. Each DNA array was manufactured by spotting a
nylon membrane with cDNA fragments representing 1176 known
genes in addition to three plasmid and bacteriophage DNA sequences,
which were included as a negative control, and 9 housekeeping gene
sequences, which were included as a positive control. To minimize
cross-hybridization and nonspecific binding, cDNA fragments bound
on the array were selected, so that they ranged in size from 200 to 600
bp and they did not contain repetitive elements. All clones used to
generate the immobilized gene probes were sequenced by the manu-
facturer to verify identity, and the size of PCR products generated
from all clones by gene-specific primers was confirmed by gel electro-
phoresis.

For DNA array interrogation, the arrays were interrogated with
�32P-labeled cDNA prepared by reverse transcribing pools of total
corneal RNA isolated. Using the manufacturer’s protocol (Clontech
Laboratories), 5 �g total RNA was reverse transcribed with gene-
specific primers and reagents provided with the cDNA expression
array. The radiolabeled target cDNAs were purified by column chro-
matography, denatured under basic conditions, neutralized, and added
to 10-mL aliquots of hybridization solution (ExpressHyb; Clontech
Laboratories) at 68°C, containing 100 �g/mL heat-denatured and
sheared salmon testes DNA (Sigma, St. Louis, MO), to obtain a final
probe concentration of 5 � 106 cpm/mL. The radiolabeled cDNA
hybridization solutions were applied to prehybridize the array mem-
branes (30 minutes in ExpressHyb with salmon testes DNA at 68°C
without labeled probe) and were hybridized overnight at 68°C in glass
bottles with constant rotational mixing in a hybridization incubator.
After hybridization, the membranes were washed four times with 140
mL 2� SSC (300 mM sodium chloride, 330 mM sodium citrate, pH 7.0),
and 1% SDS solution at 68°C for 30 minutes each, followed by one
wash for 30 minutes in 140 mL 0.1% SSC and 0.5% SDS, at 68°C. Finally,
the membranes were rinsed for 5 minutes in a solution of 2� SSC at
room temperature, and exposed to phosphor screens. Each sample
was applied to a new membrane—-that is, the membranes were not
stripped and rehybridized.

Data Analysis

Data Acquisition. Hybridization signals on the cDNA expres-
sion arrays were scanned at a pixel resolution of 150 �m and digitized
using a phosphorescent imager (Storm PhosphorImager; Molecular
Dynamics Inc., Sunnyvale CA). The digitized data were analyzed using
the image-analysis software associated with the cDNA arrays (Atlas
Image, ver. 1.5; Clontech Laboratories). The signal intensity of each
element on the array was determined and corrected by subtracting
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background. Background intensities were determined by the image
analysis software, based on the average background intensity from nine
areas of each array where no DNA was present. The subtraction of the
background generated the net signal intensity value for each of the
elements on the array.

Global Normalization of Gene Spot Hybridization In-
tensities. To normalize for experimental variations between samples
and membranes, such as differences in signal intensities due to differ-
ences in specific activities of labeled target cDNA, hybridization signals
on each membrane were normalized using a global normalization
method. Briefly, the net signal intensity of each element on the array
was determined and multiplied by a scaling factor so that the average
intensity of elements on the array was 12,000 phosphorescence image
units after scaling. Once the hybridization signals of each element on
each array were scaled to the same target intensity, the normalized
intensities for each gene were compared from experiment to experi-
ment.

Statistical Analysis

Variance Normalization and Hierarchical Clustering.
To aid in identifying patterns in changes of gene expression, we
transformed the data set to normalize the variance observed for each
set of gene expression observations. For each gene (element on the
array), we calculated its average hybridization intensity and SD after
global normalization, as described earlier. We then transformed the
data set by subtracting the mean observation value from each obser-
vation and dividing by the SD: (x � mean of x)/SD of x. The mean
transformed expression value of each gene in the transformed data set
is 0 and the SD for each gene is 1.

Hierarchical clustering of the variance in gene expression over the
time course of the experiment was preformed using the Cluster algo-
rithms developed by Eisen et al.16 Clusters calculates the distances in
gene expression space of the expression values observed for each gene
and constructs a hierarchical tree, placing the two genes with the most
similar expression values next to one another until all branches of the
tree are linked. In this study we used the Pearson (uncentered) corre-
lation metric option and the average-linking method to generate the
clusters. The output of Cluster was displayed for visual inspection
using the TreeView program (available at http://rana.stanford.edu/
software) also developed by Eisen et al.16

Cumulative Hypergeometric Probabilities. We calculated
the probability of obtaining gene members of similar functional groups
within the major clusters obtained by hierarchical clustering. We used
the cumulative hypergeometric probability calculation to determine
whether any of the 24 functional groups of genes as defined by the
manufacturer (Clontech Laboratories) were significantly overrepre-
sented in any of the 14 major clusters identified by hierarchical clus-
tering.17 In general form, the cumulative hypergeometric probability
calculation allows calculation of the probability of observing at least
(k) genes from a functional group within a cluster of size (n) given (g)
genes to choose from containing f genes of the functional group in
question. The probability is calculated using the formula:

P � 1 � �
i�0

k�1 � f
i�� g � f

n � i�
� g

n�
where f is the total number of genes within each functional group
provided by the manufacturer (Clontech Laboratories), and g is the
total number of genes present on the array (1176). To set the signifi-
cance level, we applied a Bonferroni-type correction, because we
tested for overrepresentation of each functional group. Therefore, the
P � 0.05 significance level was divided by 24, which is the number of
functional groups of genes present on the arrays. Accordingly proba-
bilities greater than 0.00208 (0.05/24) (�log � 2.68) were not con-
sidered statistically significant.

K-Mean Clustering of Known Wound
Healing Genes

Expression patterns of a set of 56 specific genes that are generally
thought to play important roles in corneal wound healing based on
previous publications were also studied.18–22 The expression patterns
of these selected genes were analyzed using k-means clustering in the
Cluster software. Briefly, k-means clustering divided the genes into a
user-defined number of groups based on the similarities of their ex-
pression profiles. In this study, the data were clustered into five groups
with 100 cycles. Subsequently, each of the gene clusters generated by
k-means was hierarchically clustered as has been described, and the
individual expression profiles of each gene within all clusters were
plotted on line graphs.

RESULTS

Comparisons of Replicate Membrane
cDNA Microarrays

DNA array experiments, as with any other type of experiment,
are subject to noise and experimental artifact. We designed our
experiments and analysis to filter out as much noise and vari-
ation due to uncontrolled experimental variables as possible.
Three replicate experiments were conducted for each time
point so that differences due to the controlled experimental
variable, healing through a time course, would be reinforced,
whereas differences due to uncontrolled experimental vari-
ables would be dampened. The first filter we applied to the
data was the criterion that replicate measurements should yield
similar results.

For each of the three time points, the three globally nor-
malized arrays were compared to assess the uniformity and
reproducibility of the data. For this purpose, we used the
algorithm in Cluster to determine the similarity of the repli-
cates to themselves at each time point. As shown by the
dendogram in Figure 1A, at each of the three time points, two
of the arrays (day 0 a and b, day 3 a and c, day 7 a and c) yielded
similar data, whereas one tended to be an outlier. In each case,
the data from the outlying arrays (day 0 c, day 3 b, and day 7 b)
were excluded from the data set. Therefore, the analyses pre-
sented are based on two replicate arrays at each time point
(Fig. 1B).

In addition to assessing the overall similarities between
replicate arrays, we assessed the gene-by-gene similarity of
hybridization signal at each element on the arrays. Accordingly,
the mean hybridization intensity from the replicate membranes
were calculated. For the data of a gene to be included in the

FIGURE 1. Dendograms showing similarity of expression arrays. (A)
The nine expression arrays (day 0 a–c, day 3 a–c, day 7 a–c) were
hierarchically clustered with the algorithm Cluster and displayed with
TreeView. The relatedness of the arrays is denoted by the distance to
the node linking the arrays. Boxed rectangles: outliers. (B) Dendogram
of relatedness of arrays after removing the outliers boxed in (A).
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data set, both of its hybridization intensities at each of the three
time points had to be within 50% of the observed mean hy-
bridization intensity for that time point (e.g., consider two sets
of observations for genes X and Y: X1 � 90, X2 � 110 and Y1

� 10, Y2 � 190. The mean observation value for both X and Y
is 100. However, data for Y would be excluded, because the
observations were outside the window defined by mean � 50%
of mean [50–150]). After applying this second filter, we arrived
at a data set comprising 588 genes. The entire unfiltered data
set from all nine arrays can be viewed on our web site, http://
www.obgyn.ufl.edu/research/wound/default.htm.

So-called housekeeping genes are generally believed to be
expressed at similar levels under all conditions, although there
are few or no data to support this view. Therefore, we were
interested in assessing the expression of the nine housekeep-
ing genes present on the arrays. Of these genes, phospholipase
A2 was severely depressed on day 3 (19-fold) recovering some-
what on day 7, but still depressed (2-fold) when compared
with day 0. Expression of myosin heavy chain transcript was
depressed twofold at day 3 but recovered by day 7. In contrast,
hypoxanthine-guanine phosphoribosyltransferase displayed

higher levels of expression on day 3 (fivefold) recovering
somewhat by day 7. Variations in expression of housekeeping
genes have also been reported in postnatal rabbit sclera.23 The
other six housekeeping genes present on the arrays were
expressed at similar levels at all three time points.

Pair-wise Comparisons

Figure 2A, 2B, and 2C show scatterplots of the hybridization
intensities for the 588 selected genes at each of the three time
points. Scatterplots comparing the levels of expression for
each of the 588 genes on each day compared with the other
two days are shown in Figures 2D, 2E, and 2F. The dotted lines
are the boundaries for the � threefold change in levels of gene
expression. As seen in Figure 2D, there was a change in the
level of gene expression on day 3 compared with day 0.
Specifically, expression of 42 genes increased at least three-
fold, and expression of 28 genes decreased at least threefold on
day 3. On day 7 after PRK, the expression of only 20 genes
increased at least threefold, and expression of seven genes
decreased at least threefold compared with day 0 (Figure 2E).

FIGURE 2. Scatterplot analysis of duplicate membranes and pair-wise comparisons between the three time points. Two-dimensional comparison
of duplicate membranes for day 0 (A), day 3 (B) and day 7 (C). Scatterplot analyses of expression data for days 0, 3, and 7 are represented as the
pair-wise comparisons of day 0 versus day 3 (D), day 0 versus day 7 (E), and day 3 versus day 7 (F) plotted on log–log axes. Each point represents
the normalized expression levels of an individual gene on the two days. Solid line: predicted line of identity on which a gene would lie if no change
occurred in the level of expression between the two days. Dotted lines: � threefold changes. The perpendicular distance of a point away from
the diagonal line represents the degree to which a gene is differentially expressed between the two time points.
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Comparison of the multiple increase in expression between
days 3 and 7 after PRK showed an intermediate result, with 24
genes having increased expression on day 7 compared with
their levels on day 3, whereas expression of 16 genes de-
creased at least threefold (Figure 2F). Overall, the scatterplots
indicate that the level of expression of 70 genes increased or
decreased at least threefold on day 3 after PRK, compared with
noninjured normal corneas. By day 7, expression of many of
these genes had returned to levels similar to those of day 0.
Twenty-seven genes were differentially expressed on day 7 at
more than three times the level on day 0.

Hierarchical Cluster Analysis

Analysis of the 588 selected genes identified 73 genes with
expression that varied more than threefold at at least one time
point after PRK when compared with the level of expression

observed before injury. Figure 3 shows the result of hierarchi-
cal clustering of these 73 genes at each of the three time
points. Because the level of expression of each gene on day 0
was set as the reference value for that gene, ratios were 1 in all
cases. If a gene decreased in expression compared with the
reference condition, its expression was plotted in green,
whereas, if its expression increased, its value was plotted in
red. The expression profile of each gene was graphically de-
picted as a continuum of color luminescence from saturated
green (�10-fold decrease) to black (no change) to saturated
red (�10-fold increase), representing the average multiple of
change for each gene (depicted as a horizontal color bar)
across the three time points (days 0, 3, and 7). Visual inspec-
tion of the TreeView image in Figure 3 indicates that there
were two well-defined clusters of genes: A and B. Of the 44
genes in cluster A, 42 are upregulated and only 2 showed a

FIGURE 3. Differential expression analysis of detectable genes after PRK. Left: expression profiles of 73 differentially expressed genes (� threefold
change) are graphically depicted as a continuum of color intensity from green (decrease) to black (no change) to red (increase), representing the
average multiple of change for each gene across the three time points (days 0, 3, and 7). The level of expression for each gene on day 0 (normal
corneas) was used as the reference value for comparison versus days 3 and 7. Two well-defined clusters (A, B) with distinct patterns of expression
were identified. Right: all the genes belonging to each cluster. The genes are listed by functional categories with the corresponding multiples of
changes and the accession numbers (GenBank is provided in the public domain by the National Center for Biotechnology Information, Bethesda,
MD, and is available at http://www.ncbi.nlm.nih.gov/Genbank).
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decrease in level of expression at day 3. At day 7, 38 remain
upregulated and only 6 showed a level of expression similar to
that at day 0. In cluster B, 28 genes showed a decrease in level
of expression, whereas only one showed a very slight increase
at day 3. By day 7, 22 remained downregulated, 6 returned to
levels of expression similar to day 0, and 1 showed an increase
in expression. In summary, most of the genes in cluster A
showed an increase in level of expression at day 3 and re-
mained upregulated at day 7, whereas almost all the genes in
cluster B showed a decrease in expression at day 3 and remain
downregulated at day 7.

A more in-depth look into clusters A and B reveals the
prevalence of certain functional groups in those clusters. Very
interesting patterns emerged from this observation. For exam-
ple, cluster A contained 11 genes from the metabolic pathways
functional group, whereas cluster B contains only 1. This may
reflect a general increase in metabolism during healing of the
corneal injuries. Included in the group in cluster A from the
metabolic pathways group were four cytochrome P450 genes
(2A3, 3A1, 2C7, and 2A1). Also of importance is the presence
in cluster A of three genes from the protein turnover group
including the general inhibitor of serine proteases, �-1 anti-
trypsin, and the more specific serine protease inhibitor, plas-
minogen activator inhibitor-1 (PAI-1) along with the genes for
fibrinogen � subunit and myelin-associated glycoprotein pre-
cursor belonging to the extracellular matrix proteins functional
group. Similarly, cluster B contains 15 genes from the receptor
(by ligands) functional group, whereas cluster A contains only
5. Genes with decreased expression from the receptor (by
ligands) group in cluster B included two subunits of the �-ami-
nobutyric acid (GABA) receptor, glutamate metabotropic re-
ceptors 2 and 6, as well as glutamate receptor 3 and somatosta-
tin receptor 2. Figure 2 (right) shows a complete list of all the
genes from clusters A and B with their respective multiples of
increases and functional group designation.

It is important to point out that the justification for identi-
fying genes that show large increases or decreases in expres-
sion (i.e., threefold induction or reduction) after PRK ablation
is based on the assumption that genes that show large changes
in expression play important roles in corneal wound healing.
However, it is also important to examine expression of genes
that show relatively smaller changes in expression, because it
is likely that many genes that play key roles in regulating
corneal wound healing do so by regulating expression of other
genes or by altering the activities of cascading pathways.
Therefore, small changes in expression of some key regulator
genes can generate effects in cells that are amplified many
times more than the actual change in their level of transcrip-
tion. To better evaluate genes with smaller changes in expres-
sion, we analyzed the changes in expression patterns of all 588
genes by variance normalization and hierarchical clustering
analysis.

Variance Normalization and Hierarchical
Clustering of the Selected 588 Genes

Variance normalization was used to detect similarities in the
expression patterns of genes that show the same pattern of
variation in their gene expression profiles. After variance nor-
malization, the transformed data set for each gene has a mean
of 0 and a SD of 1. After hierarchical cluster analysis of the
variance-normalized data set, genes that are expressed at dif-
ferent levels but that vary in similar ways in their expression
pattern cluster together. Hierarchical clustering of the vari-
ance-normalized expression of all 588 genes identified 10 clus-
ters of genes (Figs. 4) with similar expression patterns. The
cluster sizes ranged from 18 genes for cluster F to 109 genes for
cluster A. The correlation coefficients of the expression pat-

terns of the genes in each of the 10 clusters were greater than
0.9. Genes that show similar patterns of expression may be
regulated by common regulatory networks.

The expression of 213 genes increased by day 3 and then
decreased by day 7 (clusters E–H). Conversely, 255 genes
decreased expression by day 3 (clusters A–D), and of those 223
genes increased expression by day 7 (clusters A, C, D). The
genes that were upregulated included those involved in trans-
lation, metabolic pathways, protein turnover, trafficking and
targeting, and immune system proteins among others. Most of
the genes that were downregulated belonged to the extracel-
lular cell signaling and communication, receptors (by ligands),
modulators, effectors and intracellular transducers, and cell
surface antigens groups. The complete database of the ex-
pressed genes and their levels and patterns of expression is
available in our Web site at the address provided earlier.

Cumulative Hypergeometric Probability

Genes that are functionally related tend to be governed by the
same or overlapping sets of genetic regulatory networks. The
utility of cluster analysis with respect to gene expression data
is based on the tacit assumption that genes subject to the same
genetic regulatory networks cluster in gene expression space.
We sought to determine whether any of the clusters we iden-
tified in this study were overrepresented by genes of a partic-
ular functional group. The arrays used in this study (Clontech
Laboratories) contained 1176 genes in total that were classified
into 24 functional groups. We calculated the cumulative hy-
pergeometric probability of obtaining at least the number of
genes of each functional group in each of the 10 clusters we
obtained. Because we tested each of the 24 functional catego-
ries for overrepresentation, we applied a Bonferroni-type cor-
rection (0.05/24) to the standard 0.05 significance level. Thus,
probabilities lower than 0.00208 (�log � 2.68) were consid-
ered statistically significantly. As shown in Table 1, five func-
tional groups were significantly overrepresented in 7 of the 10
clusters identified in this study (transcription factors and DNA-
binding proteins; modulators effectors, and intracellular trans-
ducers; cell cycle regulators; oncogenes and tumor suppres-
sors; and metabolic pathways). For example, 24 genes
belonging to the transcription factors and DNA-binding pro-
teins functional group are present on the 1176 gene array. Nine
of the 71 genes in cluster J of Figure 3 are members of the
transcription factors and DNA-binding proteins functional
group. The probability of a cluster of 71 genes’ (the size of
cluster J) containing at least 9 genes from the transcription
factors and DNA-binding proteins functional group, which to-
tals 24 genes on the array of 1176 genes, is 4.0 � 10�6 (�log �
5.39). Thus, transcription factors and DNA binding proteins are
overrepresented in cluster J at levels higher than would be
expected by mere chance. Similarly, 6 of the 83 genes in
cluster D are members of the cell cycle regulators functional
group. Cell cycle regulators functional group consists of a total
of 19 genes present on the array. The probability of finding 6
of the 19 cell cycle regulator genes among the 83 genes in the
cluster is P � 1.3 � 10�3 (�log � 2.88). The chance proba-
bility of finding 16 of the 125 metabolic pathways genes among
the 68 genes in cluster G is even lower, at P � 1.2 � 10�3

(�log � 2.91). Therefore, the general pattern of gene expres-
sion shown in cluster G of a peak in expression on day 3,
followed by a decrease to levels similar to day 0 corneas, is
indicative of a coordinated physiological change in general
metabolic pathway activity during the early phase of corneal
healing.
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Expression Analysis of 56 Genes Considered
Important to Wound Healing
A subset of 56 genes, including growth factors, cytokines,
receptors, and protein turnover genes, that are thought to play
roles in wound repair were examined in greater detail by
variance normalization followed by k-means clustering and
subsequent hierarchical clustering of the k-means clusters. As
shown in Figure 5, the 56 genes were divided into five bins by
k-means clustering, based on the similarities of their expression

profiles. The expression patterns of the genes in each of the
five clusters were then subjected to hierarchical clustering, the
results of which are shown in Figure 4.

As depicted in Figure 5, 32 of the 56 wound-healing genes
were expressed at elevated levels at day 3 compared with day
0. Twenty-two of the 32 genes had peak levels of expression at
day 3. Genes with peak expression at 3 day include granulo-
cyte-macrophage colony stimulating factor (GM-CSF), tumor
necrosis factor-� (TNFA), glioma-derived vascular endothelial

FIGURE 4. Hierarchical tree clustering analysis of variance-normalized gene expression for days 0, 3, and 7. The hierarchical clustering of the
selected 588 genes yielded 10 gene clusters. The average expression of all the genes within a cluster at each time point was expressed as standard
deviations from the mean observation value. Thus, the larger the change in gene expression, the farther the point lies from the mean (the x-axis).
The average expression profile for each of the clusters is shown using line plots. The correlation coefficient for all the 10 clusters was at least 0.917,
indicating extremely similar changes in expression of the genes within the cluster.
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growth factor (VEGF), fibrinogen-�, and TIMP-2 and -3, and the
proteases �1-antitrypsin, plasminogen activator inhibitor I and
2A (PAI-I and PAI-2A). These data suggest that in the early
stages of wound healing, there was elevated expression of
several genes, such as cytokines and proteases, which probably
participate in the inflammatory response and enhance migra-
tion of corneal cells.24

Growth factors and their receptors play key roles in corneal
wound healing.24,25 In this study, levels of TGF� (TGFB)
mRNA increased on days 3 and 7, whereas levels of EGF-R
mRNA increased on day 3 and decreased on day 7 which is
similar to the upregulation of TGFA mRNA reported in rat
corneas after epithelial debridement.26 The TGF� system has
been implicated in promoting corneal scar formation. Levels of
TGFB1 (cluster K5A), and TGFBIIR (cluster K5B) mRNAs in-
creased at days 3 and 7, which generally agrees with studies
that have reported increased levels of TGF�s and receptor
mRNAs and protein in rat corneas after PRK.6,15,27 Expression
of the platelet-derived growth factor (PDGF) B chain was in-

creased at day 7, whereas expression of the PDGF A chain
decreased, which is consistent with previous studies that
found that the PDGF BB dimer was more effective than the
PDGF AA dimer in accelerating epithelial regeneration in rabbit
corneas after anterior keratectomy.28 Levels of PDGF-� recep-
tor mRNA increased on days 3 and 7 compared with day 0,
whereas the levels of PDGF-� receptor mRNA decreased on
day 3 then increased on day 7 to a level similar to that on day
0. It is likely that prolonged upregulation of profibrotic growth
factors and their receptors is a factor in generation of the
subepithelial haze and regression after PRK, and suppression of
these growth factors through pharmacologic means may be of
therapeutic benefit after PRK.

DISCUSSION

Healing of corneal wounds is a complex process that requires
the integrated actions of numerous genes. Corneal scarring can

TABLE 1. Cumulative Hypergeometric Distribution Probability

Cluster
Genes in

Cluster (n) Functional Group (Total Genes on Array)

Genes from
Functional Group

In Cluster (n)
P

(�log 10)

109 Modulators, effectors, and intracellular transducers (196) 36 5.11

32 Modulators, effectors, and intracellular transducers (196) 15 4.29

83 Transcription factors and DNA-binding Proteins (24)
Cell cycle regulators (19)
Oncogens and tumor suppressors (49)

8
6

10

3.89
2.88
2.82

18 Modulators, Effectors, and Intracellular transducers (196) 9 2.99

68 Metabolic pathways (125) 16 2.91

49 Metabolic pathways (125) 14 3.52

71 Transcription factors and DNA-Binding proteins (24) 9 5.39
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FIGURE 5. Expression profiles of genes previously identified to play roles in corneal wound healing. The expression profiles of 56 genes presumed
to play important roles in wound healing were analyzed by k-means and hierarchical clustering. K-means clustering divided the genes into five
separate groups based on the similarities of their expression profiles. Each group was then hierarchically clustered into 10 clusters. All 56 genes
changed expression levels at days 3 or 7 after PRK, with the expression of 32 genes increasing at day 3. Included in this group are TNFA,
glioma-derived VEGF, TGFB1, TGFBIIR, EGFR, TIMP2, TIMP3, and �1-antitrypsin among others. This indicates that the process of wound healing
is most active at day 3 after PRK.
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severely limit visual function, yet there are no agents currently
available that safely limit the development of corneal haze.
With the increase in PRK and LASIK procedures, the need to
limit corneal scarring is not restricted to trauma or infection.
Thus, there is a need to better understand which factors induce
corneal haze and to design agents that selectively reduce their
action. Because the phenotype of a tissue is the manifestation
of the expressed genotype of the cells, analysis of the ex-
pressed genotype of cells within the cornea during wound
healing can provide important information about how cells
interact at a molecular level. Microarray technology enables a
large number of genes to be simultaneously analyzed, which
enables broad insights to be made into the general trends and
patterns of gene expression.16 Previous reports of cDNA mi-
croarray gene analyses have been performed on Drosophila,29

yeast,30,31 the nematode Caenorhabditis elegans,32 tumor
samples,31,33 embryonic stem cells,34 or cells in culture.35,36

This study is the first report of a cDNA microarray analysis of
the cornea after PRK.

In this study, the whole cornea was analyzed during the
early phase of wound healing, rather than just the response of
a single cell type (e.g., fibroblasts or epithelial cells). One
limitation of this experimental design, however, is that the
measured values represent the average expression of a gene for
all the cells in the cornea and does not permit assessing the
contribution of different cell types in the cornea. Another
limitation of the use of cDNA microarrays is that the values
represent the steady state levels of mRNAs, and there are other
well-known cellular mechanisms that regulate the activity of
gene products and occur after transcription, including transla-
tional regulation, proteolytic activation of latent proteins, or
covalent modifications, such as phosphorylation reactions.
However, the most common mechanism for regulating the
action of a gene product is to regulate the transcription of the
gene. In spite of these limitations, cDNA microarray analysis is
the most powerful experimental technique to study changes in
expression of large numbers of genes. When combined with
hierarchical clustering, patterns of gene expression can iden-
tify genes that may be regulated by common transcriptional
regulatory pathways. It is also important to recognize that
corneal cells in vivo are exposed, not only to autocrine and
paracrine corneal factors such as TGF�37 and IL-1�38 that can
regulate corneal gene expression after injury, but also are
exposed to exocrine proteins that are present in tears that can
influence corneal gene expression. For example, EGF,39 TGF-
�1,40 TGF-�2,41 VEGF,40 and plasmin42 are all present in phys-
iologically relevant levels in normal tears, and their levels
typically change after a corneal injury. Thus, the results of
analysis of corneal gene expression during healing after PRK
injury probably reflect regulation by autocrine, paracrine, and
exocrine factors.

Analyzing the cornea at days 0, 3, and 7 after PRK provided
insight into the magnitude and time course of changes in gene
expression at different stages of corneal wound healing. Mi-
croarray analysis of the expression of the selected 588 genes
showed that at day 3, when the epithelial injury was not fully
closed, 70 genes were differentially expressed (a � threefold
change) compared with day 0, which shows that a relatively
large number of genes were induced or repressed at this early
stage of corneal healing. At day 7 when the epithelial wound
typically had closed but the stromal injury was still actively
healing, 27 genes were differentially expressed (� threefold
change) compared with day 0. Thus, there was a greater
change in overall gene expression on day 3 compared with day
7 when the number of differentially expressed (� threefold
change) genes decreased by 62% (70 vs. 27 differentially ex-
pressed genes). This suggests that corneal cells were undergo-

ing more phenotypic changes during the early phase of healing
(day 3) than during the later phase (day 7).

A more extensive analysis of the 73 genes that had a three-
fold change or more in expression revealed important obser-
vations about the patterns of gene expression during corneal
wound healing. A substantial number of metabolic pathway
genes increased in expression threefold or more at day 3,
including genes for metabolic enzymes, such as lipases (e.g.,
hormone sensitive lipase), dehydrogenases (e.g., 11-�-hydrox-
ysteroid dehydrogenase 2), and transferases (e.g., lecithin-cho-
lesterol acyltransferase, alcohol sulfotransferase A). The up-
regulation of these genes is probably a result of an increased
need for cellular energy during wound healing, to allow cells to
proliferate, migrate, and synthesize extracellular matrix. A total
of 11 metabolic pathway genes showed at least a threefold
increase at day 3. Also, three genes belonging to the protein
turnover functional group had induction of threefold or more
at day 3 (�1-antitrypsin, PAI-I, and proteasome subunit R-�).
Turnover of proteins by specific proteases is essential during
wound healing, with proteases playing essential roles in migra-
tion, angiogenesis, apoptosis, and extracellular matrix forma-
tion.

Among the most striking observations was the extreme
similarity in the pattern of expression of the genes within the
same hierarchical cluster in Figure 4. Presented on the right
side the figure are all the line plots showing the expression
profiles for all the genes within each cluster. The correlation
coefficients from these clusters ranged from 0.930 to 0.997
suggesting that the genes within each cluster are “moving
together” through gene expression space and therefore could
be controlled by common regulatory elements. This is an
important finding, because it could help in the understanding
of the molecular environment during corneal wound healing.

In summary, this is the first report of cDNA microarray
analysis performed on healing rat corneas after PRK. The se-
lected 588 genes self-assembled into 10 clusters, based on the
similarities of their expression profiles. The grouping of these
genes into the same clusters suggests that these genes interact
with each other and/or may have common elements of regu-
lation during the process of corneal wound healing. In addi-
tion, the expression patterns of 56 genes that are believed to
play a part in corneal wound healing provided insight that
showed increases on days 3 and/or 7. To further expand our
understanding of corneal wound healing, experiments are cur-
rently being conducted to examine the expression of 12,626
genes and expressed sequence tags (ESTs) over a broader time
course after PRK.
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