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Evaluation of differentially expressed genes identified in

keratoconus
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Purpose: To identify the differentially expressed genes (DEGs) in the human keratocytes in keratoconus.

Methods: Total RNA extracted from cultured corneal stromal fibroblasts from normal and keratoconic corneas were used
for the synthesis of cDNA. DEGs were screened by an annealing control primer™-based PCR method using
GeneFishing™ DEG kits. The differentially expressed bands were sequenced and analyzed. The genes identified were
further evaluated by reverse transcriptase PCR and quantitative real-time PCR.

Results: Overexpression of bone morphogenetic protein 4 (BMP4), cofilin 1 (CFLI), and JAW1-related protein
(MRVII) and underexpression of actin, alpha 2 (4CTA2), gene rich cluster, and C 10 gene (GRCCI0), tissue inhibitor of
metalloproteinase 3 (T/MP3), tissue inhibitor of metalloproteinase 1 (7/MP1I), and somatostatin receptor 1 (SSTR1) were
verified, and these results were confirmed by reverse transcriptase PCR and quantitative real-time PCR.

Conclusions: Eight genes were identified to be differentially expressed in keratoconus and related with apoptosis, the
cytoskeleton, wound healing, and nerve fibers. The genes identified may be involved in the mechanism underlying stromal
thinning; thus, they could be important and deserve further investigation.

Keratoconus is characterized by thinning of the corneal
stroma, but its pathological mechanism has not been fully
elucidated. Clinical studies have suggested that the disease has
a high incidence among long-term users of contact lenses,
often attacks those who have a history of rubbing their eyes,
and is related to atopy of the eye [ 1-4]. Therefore, it is believed
that the long-term damage to and stimulation of the corneal
epithelium play a key role in the pathogenesis of keratoconus.
Furthermore, it has been proven that when the corneal
epithelium is damaged, surrounding stromal keratocytes
disappear due to apoptosis, and that an imbalance between cell
death and proliferation is involved in the pathological
mechanism of keratoconus. The apoptosis of keratocytes
plays an important role in the corneal thinning in keratoconus
[5]. Hence, it is valuable to investigate the genes of the
keratocytes that are involved in the thinning of the cornea
because the it is important to grasp the fundamental
pathogenesis in order to understand and treat the disease of
keratoconus. Even though there have been studies on the
morphologic or ultrastructural differences between normal
and keratoconic cornea, there are few reports on their
differentially expressed genes (DEGs) [6-9]. Kim et al. [6-8]
compared the differential gene expression in the keratoconic
and normal corneal epithelium using microarray focusing on
the epithelium; their study had the advantage of early
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detection using the simple gene expression analysis of the
scraped-off epithelium. Ha et al. [9] used keratoconic and
normal cultured keratocyte and complementary DNA (cDNA)
microarrays to find apoptosis-related genes, and concentrated
on the importance of programmed cell death as having a
crucial role in the corneal thinning in keratoconus. In this
study, we investigated the DEGs between normal and
keratoconic cultured corneal stromal fibroblasts; the results
could be used as preliminary data for further study of the
molecular mechanism underlying keratoconus.

METHODS

Culture of human keratocytes: This study was conducted in
accordance with the tenets of the Declaration of Helsinki.
Normal corneas were obtained using human donor corneas
that had been discarded before transplantation due to mild
endothelial polymorphous dystrophy, and keratoconic
corneas came from patients with keratoconus found at
keratoplasty with informed consent. This study used five
samples each of normal and keratoconic corneas. Stromal
explants were prepared by removing the epithelium and
endothelium, followed by culturing in Dulbecco's Modified
Eagle Medium (DMEM; Gibco, BRL, NY), that contains 10%
fetal bovine serum (FBS; Gibco), 100 units/ml penicillin
(Gibco), and 100 mg/ml streptomycin (Gibco). Culture
medium was replaced every two to three days. When the cells
reached confluence, the culture medium was completely
removed and the cells were washed with Dulbecco's
Phosphate-Buffered Saline (D-PBS; Gibco) and detached
enzymatically with 0.25% trypsin—0.02% EDTA (Gibco). For
genetic analysis, cultured corneal stromal fibroblasts of the
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TABLE 1. PRIMER SEQUENCE USED IN CDNA syNTHESIS AND ACP™-asEp PCR.

Use Primer name
cDNA synthesis primer dT-ACPI 5
Reverse primer dT-ACP2 5
Arbitrary primer ACP12 5
(forward primer) ACP17 5
ACP21 5
ACP22 5
ACP25 5
ACP27 5
ACP28 5
ACP31 5

Sequence
*-CTGTGAATGCTGCGACTACGATIIIL(T) 18-3’
*-CTGTGAATGCTGCGACTACGATIIIKT) 15-3°
>-GTCTACCAGGCATTCGCTTCATIIIIGCCAGGAAGA-3’
*-GTCTACCAGGCATTCGCTTCATIIIICCATGAAGAT-3’
>-GTCTACCAGGCATTCGCTTCATIIIIGGCCCTGGAT-3’
’-GTCTACCAGGCATTCGCTTCATHINAGTTCGTGGG-3’
>-GTCTACCAGGCATTCGCTTCATIIIICCTACGCCAC-3’
-GTCTACCAGGCATTCGCTTCATIIIATTATTTATA-3’
>-GTCTACCAGGCATTCGCTTCATIIICCTTGAGCGC-3’
*-GTCTACCAGGCATTCGCTTCATIIIIAGGAAAAAAG-3’

ACP, annealing control primer; The polydeoxyinosine [poly(dI)] linkers are underlined. In the table, "I" represents deoxyinosine.

third to fourth passage were collected and kept at -70 °C until
used for experiments.

Messenger RNA isolation: Using the RNeasy® mini kit
(QIAGEN Inc., Valencia, CA), all RNA was extracted from
the cultured corneal stromal fibroblasts of normal and
keratoconic corneas that were cultured for genetic analysis.
First, the buffer was added to the cell pellets and they were
homogenized for 30 s using a rotor-stator homogenizer. After
adding the ethanol and mixing well by pipetting, the top layer
solution that contained RNA was applied to an RNeasy®
minicolumn (QIAGEN Inc.) placed in a collection tube. After
repeating the processes of centrifugation, washing, and adding
the buffer, the remaining solution was centrifuged and RNase-
free water was used to elute the RNA. The separated
messenger RNA (mRNA) was measured and checked by
electrophoresis.

c¢DNA Synthesis: The mRNA extracted from cultured corneal
stromal fibroblasts was employed for the synthesis of first-
strand cDNA by reverse transcriptase, as described by Hwang
et al. [10]. Reverse transcription was performed for 1.5 h at
42 °C in a final reaction volume of 20 pl containing 3 pug of
the purified total RNA, 4 ul of 5x reaction buffer (Promega,
Madison, WI), 5 ul of deoxyribonucleotide triphosphate (each
2 mmol), 2 pl of 10 pmol cDNA synthesis primer
deoxythiamine annealing control primer 1 (dT-ACP1; Table
1), 0.5 pl of RNasin® RNase Inhibitor (40 U/ul; Promega), and
1 ul of Moloney murine leukemia virus reverse transcriptase
(200 U/pl; Promega). First-strand cDNA was diluted by the
addition of 80 pl of ultra-purified water for the
GeneFishing™ PCR, and stored at -20 °C until use.

Annealing control primer™-based GeneFishing™ PCR: DEGs
were screened by the annealing control primer (ACP)™-based
PCR method using the GeneFishing™ DEG kits (Seegene,
Seoul, South Korea) [11]. The GeneFishing™ PCR technique
involved an ACP™ system that had a unique tripartite structure
in that its distinct 3’-end target core sequence and 5’-end non-
target universal sequence portions were separated by a
regulator, it used primers that annealed specifically to the
template, and it allowed only genuine products to be
amplified; this process that eliminated false positive results.
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Second-strand cDNA synthesis and subsequent PCR
amplification were conducted in a single tube. Briefly,
second-strand cDNA synthesis was conducted at 50 °C (low
stringency) during one cycle of first-stage PCR in a final
reaction volume of 49.5 ul containing 3—5 pl (about 50 ng) of
diluted first-strand cDNA, 5 pl of 10x PCR buffer plus Mg
(Roche Applied Science, Mannheim, Germany), 5 ul of INTP
(each 2 mM), 1 pl of 10 uM dT-ACP2, and 1 pl of 10 pM
arbitrary primer preheated to 94 °C (Table 1). The tube
containing the reaction mixture was held at 94 °C, while 0.5
pl of Taq DNA Polymerase (5 U/ul; Roche Applied Science)
was added to the reaction mixture. The PCR protocol for
second-strand synthesis was one cycle at 94 °C for 1 min,
followed by 50 °C for 3 min, and 72 °C for 1 min. After the
completion of second-strand DNA synthesis, 40 cycles were
performed. Each cycle involved denaturation at 94 °C for 40
s, annealing at 65 °C for 40 s, extension at 72 °C for 40 s, and
a final extension at 72 °C to complete the reaction. The
amplified PCR products were separated in 2% agarose gel
stained with ethidium bromide.

Cloning and sequencing: The differentially expressed bands
were extracted from the gel using the GENCLEAN® I Kit (Q-
BIO gene, Carlsbad, CA), and directly cloned into a TOPO
TA® cloning vector (Invitrogen, Karlsruhe, Germany)
according to the manufacturer’s instructions. The cloned
plasmids were sequenced with an ABI PRISM® 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA). Complete
sequences were analyzed by searching for similarities using
the Basic Local Alignment Search Tool (BLAST) search
program at the National Center for Biotechnology
Information GenBank [12].

Reverse transcriptase-polymerase chain reaction and
quantitative real-time PCR confirmation: The differential
expression of DEGs was confirmed by reverse transcriptase—
polymerase chain reaction (RT-PCR) using each gene-
specific primer pair. The primer sets and annealing
temperatures for eight genes are shown in Table 2. The cDNA
was amplified using primers derived from the sequence of the
DEGs and glyceraldehydes 3-phosphate dehydrogenase
(GAPDH) as a control reference. The PCR reaction was
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TABLE 2. CHARACTERISTICS AND SEQUENCE-SPECIFIC PRIMERS USED FOR RT-PCR AND QUANTITATIVE REAL-TIME PCR OF 8 DIFFERENTIALLY EXPRESSED GENES.

GenBank

Annealing

PCR product
Gene number Primer sequence (5'-3") tem]z:g;ture sizf (bp)

Bone morphogenetic protein 4 (BMP4) NM_130850 F: GGGCACCTCATCACACGAC

R: TGGGCACACAACAGGCTTT 60 550
Cofilin 1 (CFLI) BC011005 F: TTCTGCGGCTCTCGGTG

R: GCTTCTCTGCCAGGGTG 60 499
JAW 1-related protein (MRVII) XM_001166452  F: TGTGGATCTGAAGAGTCC CCCA

R: ACAGTTCAATGCTAGCACACCTG 60 282
Actin, alpha 2 (ACTA2) BC017554 F: CCTCCCTTGAGAAGAGTTACG

R: GAGCAGGAAAGTGTTTTAGAA 60 443
Gene rich cluster and C 10 gene (GRCC10) BC009925 F; CGTGGCTCTTTATTCGTGA

R: GGGCTTCGTAGGACTTGAC 60 333
Tissue inhibitor of metalloproteinase 3 (7/MP3) NM_000362 F: AAGCGATGTCAGAGGGCG

R: AACTGGATGGGCAGCAGG 60 465
Tissue inhibitor of metalloproteinase 1 (T/MPI) NM_003254 F: GTTCCAAGCCTTAGGGGATGC

R: TGACGTAGTCAGGTCCACCAC T 60 407
Somatostatin receptor 1 (SSTRI) NM_001049 F: CTGGCTTGTACATAGTAGGCAC

R:CAATGGTAACAAGTTAAGAGCACT 60 426

In the table, "F" indicates forward strand and "R" indicates reverse strand.

conducted in a final reaction volume of 20 pl containing 2—4
pl (about 50 ng) of diluted first-strand cDNA, 1 pl of primer
57 (10 uM), 1 pl of primer 3’ (10 pM), and 10 pl of 2x Master
Mix® (Seegene). The PCR amplification protocol was an
initial 3 min denaturation at 94 °C, followed by 20-25 cycles
of 94 °C for 40 s, 60 °C for 40 s, 72 °C for 40 s, and a 5 min
final extension at 72 °C. The amplified PCR products were
separated in 2% agarose gel stained with ethidium bromide.

Quantitative real-time PCR was performed in triplicate
in 384-well plates; each 20 pl reaction consisted of 10 ul of
SYBR Green Master Mix (Applied Biosystems), 0.5 pl of
template (10 ng/ul), and 0.8 pl of 10 pM forward and reverse
primers of DEGs and GAPDH as control reference (Table 2).
The PCR amplification protocol was 50 °C for 2 min and 95
°C for 10 min followed by 40 cycles of 95 °C for 30 s, 60 °C
for 30 s, and 72 °C for 30 s. Each of the 384-well quantitative
real-time PCR plates included serial dilutions (1, 1/2, 1/4, 1/8,
and 1/16) of cDNA, which were used to generate relative
standard curves for DEGs and GAPDH. The real-time PCR
analysis was performed on an Applied Biosystems Prism 7900
Sequence Detection System (Applied Biosystems). Relative
quantitation with the data obtaining was performed using the
relative standard curve method according to the user’s
manual. In the relative standard curve method, one of the
experimental samples (keratoconus or normal cornea) can be
used as the calibrator. Following this method, in the present
study, each relative value was divided by the value of the
calibrator and the relative expression was presented as the n-
fold difference compared to the calibrator.

RESULTS
The analysis was performed with 5 pairs of normal and
keratoconic samples. To identify DEGs, mRNA from normal
and keratoconic corneas was extracted and subjected to

ACP™ analysis using a combination of 120 arbitrary primers
and two anchored oligo (dT) primers (dT-ACP 1 and dT-ACP
2). On the basis of the differential expression levels of the
mRNA fragments observed on the agarose gels, 8 bands
showed the same differential patterns in all 5 pairs of normal
and keratoconic samples. Homology searching using the
Basic Local Alignment Search Tool revealed their likely
identities (Figure 1; Table 2). Three (bone morphogenetic
protein 4 [BMP4], cofilin 1 [CFLI], and JAW 1-related protein
[MRVII]) were found to be markedly upregulated genes in
keratoconus, while the remaining five (actin, alpha 2
[ACTA2], gene rich cluster, and C 10 gene [GRCC10], tissue
inhibitor of metalloproteinase 3 [TIMP3], tissue inhibitor of
metalloproteinase 1 [TIMPI], and somatostatin receptor 1
[SSTR1]) were downregulated.

The expression patterns of the DEGs were confirmed by
RT-PCR. The RT-PCR assays revealed that in agreement with
the ACP™ differential display, 8 bands had similar expression
patterns (Figure 2). The results of the ACP™ analysis were also
validated with quantitative real-time PCR. Data obtained after
normalization to GAPDH showed that, in keratoconus,
BMP4 increased 1.6 fold (Figure 3A), CFLI increased 3.3 fold
(Figure 3B), MVII increased 11 fold (Figure 3C), ACTA2
decreased by nearly 4.5 fold (Figure 3D), GRCCI0 decreased
by 2.7 fold (Figure 3E), TIMP3 decreased by nearly 14 fold
(Figure 3F), TIMPI decreased by 8.5 fold (Figure 3G), and
SSTR1 decreased by 1.8 fold (Figure 3H) relative to a normal
cornea. The quantitative real-time PCR assay also revealed
similar expression patterns in agreement with the results of
ACP™ differential display.

DISCUSSION

Recently, to identify differences in gene expression,
microarray analysis with DNA chips has been often used
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Figure 1. Annealing control primer™-—
base polymerase chain reaction.
Annealing  control  primer™-base
polymerase chain reaction product of
eight verified differentially expressed
genes shows increased or decreased
levels of expression in keratoconus
(arrows). Higher levels of expression in
keratoconus (column 2) compared with
normal cornea (column 1) were found in
bone morphogenetic protein 4 (A),
cofilin 1 (B), and JAW 1-related protein
(C), whereas lower levels of expression
were found in actin, alpha 2 (D), gene
rich cluster, and C 10 gene (E), tissue
inhibitor of metalloproteinase 3 (F),
tissue inhibitor of metalloproteinase 1
(G), and somatostatin receptor 1 (H).
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[13]. Using cDNA microarray, it is possible to perform large
scale expression surveys to identify the genes whose
expression is altered in a disease. However, the change in
expression of each gene spot could be variable between
sample pairs and within duplicates. This may be due to
different incorporation efficiencies of Cy-3 and Cy-5
fluorescence dyes, which may consequently generate variable

signal intensity. Therefore, it was necessary to repeat array
analysis with different sample pairs in order to find frequently
altered genes with a more or less stable pattern of change.

In this study, we employed the new differential display
GeneFishing™ PCR technique to compare the gene expression
in normal and keratoconic corneas [10,11]. Difficulty often
arises in identifying a gene responsible for a specialized
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function during a certain biological stage because the gene is
expressed at low levels, whereas the bulk of mRNA transcripts
within a cell are highly abundant [14]. To screen DEG
transcripts in low concentrations while minimizing the false
positive results, it was reasonable to use a PCR-based
technique. Moreover, it was possible to detect
GeneFishing™ technology reaction products easily on
ethidium bromide—stained agarose gel. This is supposed to
greatly assist studies searching for genes that are expressed
differentially in cells under various physiological stages or
experimental conditions. However, one of the concerns in this
study was the effect of the culturing process; the other was the
age and sex matching of sample pairs, which was not possible
due to the difficulty in obtaining corneas. With this technique,
we identified eight DEGs that are specifically expressed or
lacking in keratoconus as compared to normal corneas.

We found that BMP4 was expressed significantly more
highly in keratoconus than in normal corneas. BMP4 is known
to mediate apoptosis or alternative developmental fates of
neural crest and other types of cells during development
[15-17]. BMP4 and its receptor are found in all cell types
(epithelial cells, keratocytes, and endothelial cells) of the
human cornea [18,19]. Because keratocytes are derived from
neural crest, BMP4 stimulates apoptosis in corneal fibroblasts
and has a role in mediating keratocyte proliferation and
apoptosis in the cornea [15-20]. From the higher expression
of BMP4 in keratoconus in this study, it was suggested that
BMP4 might play an important role in mediating the apoptosis
of keratocytes in keratoconus.

CFL1 is well characterized as an actin depolymerization
factor and crucial for many cellular processes, such as cell
motility, cell division, and membrane organization. Binding
of CFLI1 to actin filaments alters the twist of the filament,
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thereby promoting filament severing and depolymerization.
CFL1 is involved in the organization of the cytoskeleton
[21,22]. It also has an important function during the initiation
phase of apoptosis, which it induces by being translocated to
mitochondria during the initial stage of apoptosis [23].
CFLI was also a gene whose expression was increased in
keratoconus.

MRVII, although no function of this gene is well known,
is involved in the control of growth and/or differentiation of
hematopoietic cells, and supposed to be a tumor suppressor
gene. MRVI1 functions as cofactor in several signaling-
transduction  systems that affect cellular growth,
differentiation, motility, and adhesion [24]. Although it has
not been studied in the tissue of cornea, the upregulation of
MRVII in keratoconus in this study suggested that MRVI1
might retard the cell cycle of keratocytes and affect the
cytoskeleton as well as wound healing. Further studies of
MRVI1 involving the cornea should help to define the
mechanism of keratoconus related with the MRVII gene.

Meanwhile, ACTA2, which has been known to be
involved in the cytoskeleton [25], showed low expression in
keratoconus. ACTA?2 is a functional marker for a fibroblast
subtype that rapidly remodels the extracellular matrix [26].
Keratocytes can become myofibroblasts during corneal injury
and wound healing, and the transformation of keratocytes into
myofibroblasts is a key point in the healing process [27].
Myofibroblast cells are characterized by alpha—smooth
muscle actin expression and have additional differences
relative to keratocytes that include increased production of
growth factors, collagen, glycosaminoglycans, collagenases,
gelatinases, and metalloproteinases associated with
remodeling of the collagen and the stroma. ACTA2 is
expressed at the mRNA level within 24 h of injury to the
corneal stroma, is expressed at the protein level at day 3, and
declines at the mRNA level by day 5. Therefore, ACTA2 is
important for the wound healing process and the cytoskeleton
[28,29]. Although alpha smooth muscle actin is normally not
expressed in significant levels in keratocytes and the
expression of the ACTA2 gene in the normal cornea could be
affected by culture process, it is possible for normal
keratocytes to express this gene in case of the potential corneal
injury, and further study of ACTA42 should be undertaken.

GRCCI0 is located at the CD4 locus on human
chromosome 12p13 and possesses diverse expression patterns
and functions, ranging from signal transduction and glycolysis
to regulation of cell proliferation and ubiquitin-dependent
proteolysis [30,31]. The underexpression of genes such as
ACTA2 and GRCC10 in keratoconus was believed to delay the
growth of keratocytes that were necessary for the synthesis
and maintenance of collagen fibrils and the extracellular
matrix.

It is known that there are four types of tissue inhibitor of
metalloproteinase (TIMP), and especially TIMP3 has been

© 2009 Molecular Vision

reported to exist only in interstitial substances. The role of this
gene is to control the balance between the destruction and
reformation of the corneal tissue by inhibiting the action of
matrix metalloproteinase to protect tissues from irreversible
destruction and suppress angiogenesis [32]. Because the
expression of TIMP3 in keratoconus was decreased relative
to the normal cornea, it was suggested that the decreased
expression of this gene caused the imbalance between the
destruction and reformation of interstitial substances. In
agreement with this, it has already been reported that
increased matrix metalloproteinase and decreased TIMP
levels are related to the formation of keratoconus [33-35].

The level of TIMP1 also decreased significantly in
keratoconus compared with the normal cornea. Although
keratoconus does not involve extensive scarring or
inflammatory infiltrates, considerable degradation of the
extracellular matrix occurs [36,37]. A decreased level of
TIMP1 increases gelatinase activities and apoptosis, which
are found in keratoconus [34,38-41]. Decreased TIMP1 might
play arole in the matrix degradation that was the hallmark of
keratoconus.

We found that SSTR/ expression was downregulated in
keratoconus. The cell-specific distribution of SSTRI1 in
normal human eye tissue has been reported, and SSTR1 is
found on the cell membrane and cytoplasm of stromal
keratocytes [42]. Somatostatin is a ubiquitously distributed
cyclic neuropeptide that has diverse biological functions, the
most important of which are its neurotransmitter,
antisecretory, and antiproliferative functions [43,44]. It has
been reported that corneal nerves may play a role in the
development and progression of keratoconus, with support for
this hypothesis coming from the close proximity of stromal
nerve changes to breaks in Bowman’s membrane and the
progression of keratoconus observed in a patient with
unilateral fifth cranial nerve palsy [45-47]. The significant
alteration in corneal nerves in keratoconus has been also
documented with a subbasal nerve fiber density 52.7% lower
than that in control eyes, and a correlation between nerve
density and severity of disease [48], although whether these
alterations play a causative role or are secondary
manifestations of the underlying disease remains unknown.
These studies indicate that the decreased expression of SSTR1
as a receptor for neuropeptides might be involved in the
pathophysiology of keratoconus.

It has been a common experience of many investigators
to find genes that are identified as differentially expressed but
that cannot be verified by other independent means. However,
we assessed the expression of eight genes in more detail by
employing RT-PCR and real-time PCR, which confirmed the
overexpression of BMP4, CFLI, and MRVII, and the
underexpression of ACTA2, GRCC10, TIMP3, TIMP1, and
SSTR1 in keratoconus.

We found differential expression of the eight genes in
relation to apoptosis, cytoskeleton structure, wound healing,
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and nerve fiber density in keratoconus using the
GeneFishing™ PCR technique. The ACP™-based strategy was
easy, showed a lack of false positives, and yielded
reproducible results. Although the detailed function of these
genes and their products remain to be determined, they could
be important and deserve further investigation, and their
identification in this study provides preliminary data for
further study of the molecular mechanism underlying
keratoconus.

ACKNOWLEDGMENTS
This study was supported by medical research institute
Grant (2006-13), Pusan National University.

REFERENCES

1. Koreman NM. A clinical study of contact lens related
keratoconus. Am J Ophthalmol 1986; 101:390-2. [PMID:
3953745]

2. Macsai MS, Varley GA, Krachmer JH. Development of
keratoconus after contact lens wear. Arch Ophthalmol 1990;
108:534-8. [PMID: 2322155]

3. Coyle JT. Keratoconus and eye rubbing. Am J Ophthalmol
1984; 97:527-8. [PMID: 6720826]

4. Harrison RJ, Klouda PT, Easty DL, Manku M, Charles J,
Stewart CM. Association between keratoconus and atopy. Br
J Ophthalmol 1989; 73:816-22. [PMID: 2818991]

5. Wilson SE, He YG, Weng J, Li Q, McDowall AW, Vital M,
Chwang EL. Epithelial injury induces keratocyte apoptosis:
Hypothesized role for the interleukin-1 system in the
modulation of corneal tissue organization. Exp Eye Res 1996;
62:325-7. [PMID: 8795451]

6. Nielsen K, Heegaard S, Vorum H, Birkenkamp-Demtroder K,
Ehlers N, Orntoft TF. Altered expression of CLC, DSG3,
EMP3, S100A2, and SLP1 in corneal epithelium from
keratoconus patients. Cornea 2005; 24:661-8. [PMID:
16015083]

7. Nielsen K, Vorum H, Fagerholm P, Birkenkamp-Demtroder K,
Honore B, Ehlers N, Orntoft TF. Proteome profiling of
corneal epithelium and identification of marker proteins for
keratoconus, a pilot study. Exp Eye Res 2006; 82:201-9.
[PMID: 16083875]

8. Nielsen K, Birkenkamp-Demtroder K, Ehlers N, Orntoft TF.
Identification of Differentially Expressed Genes in
Keratoconus Epithelium Analyzed on Microarrays. Invest
Ophthalmol Vis Sci 2003; 44:2466-76. [PMID: 12766045]

9. Ha NT, Kanayasu K, Murakami A, Ishidoh K, Kanai A.
Microarray analysis identified differentially expressed genes
in keratocytes from keratoconus patients. Curr Eye Res 2004;
28:373-9. [PMID: 15512944]

10. Hwang IT, Kim YJ, Kim SH, Kwak CI, Gu YY, Chun JY.
Annealing control primer system for improving specificity of
PCR amplification. Biotechniques 2003; 35:1180-4. [PMID:
14682052]

11. Kim YJ, Kwak CI, Gu YY, Hwang IT, Chun JY. Annealing
control primer system for identification of differentially
expressed genes on agarose gels. Biotechniques 2004;
36:424-30. [PMID: 15038158]

12. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic
local alignment search tool. J Mol Biol 1990; 215:403-10.
[PMID: 2231712]

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

2486

© 2009 Molecular Vision

Shalon D. Gene expression micro-arrays: a new tool for
genomic research. Pathol Biol 1998; 46:107-9. [PMID:
9769921]

Wan JS, Sharp SJ, Poirier GM, Wagaman PC, Chambers J, Pyati
J,Hom YL, Galindo JE, Huvar A, Peterson PA, Jackson MR,
Erlander MG. Cloning differentially expressed mRNAs. Nat
Biotechnol 1996; 14:1685-91. [PMID: 9634852]

Graham A, Francis-West P, Brickell P, Lumsden A. The
signaling molecule BMP4 mediates apoptosis in the
rhombencephalic neural crest. Nature 1994; 372:684-6.
[PMID: 7990961]

Zou H, Niswander L. Requirement for BMP signaling in
interdigital apoptosis and scale formation. Science 1996;
272:738-41. [PMID: 8614838]

Ito K, Hotta Y. Proliferation pattern of postembryonic
neuroblasts in the brain of Drosophila melanogaster. Dev Biol
1992; 149:134-48. [PMID: 1728583]

You L, Kruse FE, Pohl J, Volcker HE. Bone morphogenetic
proteins and growth and differentiation factors in the human
cornea. Invest Ophthalmol Vis Sci 1999; 40:296-311. [PMID:
9950587]

Mohan RR, Kim WJ, Mohan RR, Chen L, Wilson SE. Bone
Morphogenic Proteins 2 and 4 and their receptors in the adult
human cornea. Invest Ophthalmol Vis Sci 1998;
39:2626-36. [PMID: 9856772]

Mooy CM, Clark BJ, Lee WR. Posterior axial corneal
malformation and uveoretinal angiodysgenesis-a
neurocristopathy? Graefes Arch Clin Exp Ophthalmol 1990;
228:9-18. [PMID: 2311950]

McGough A, Pope B, Chiu W, Weeds A. Cofilin changes the
twist of F-actin: implications for actin filament dynamics and
cellular function. J Cell Biol 1997; 138:771-81. [PMID:
9265645]

dos Remedios CG, Chhabra D, Kekic M, Dedova 1V,
Tsubakihara M, Berry DA, Nosworthy NJ. Actin binding
proteins: regulation of cytoskeletal microfilaments. Physiol
Rev 2003; 83:433-73. [PMID: 12663865]

Chua BT, Volbracht C, Tan KO, Li R, Yu VC, Li P.
Mitochondrial translocation of cofilin is an eary step in
apoptosis induction. Nat Cell Biol 2003; 5:1083-9. [PMID:
14634665]

Shaughnessy JD Jr, Largaespada DA, Tian E, Fletcher CF, Cho
BC, Vyas P, Jenkins NA, Copeland NG. Mrvil, a common
MRV integration site in BXH2 myeloid leukemias, encodes
a protein with homology to a lymphoid-restricted membrane
protein Jawl. Oncogene 1999; 18:2069-84. [PMID:
10321731]

Liew KJ, Chow VT. Microarray and real-time RT-PCR
analyses of a novel set of differentially expressed human
genes in ECV 304 endothelial-like cells infected with dengue
virus type 2. J Virol Methods 2006; 131:47-57. [PMID:
16112753]

Arora PD, McCulloch CA. Dependence of collagen remodeling
on alpha-smooth muscle actin expression by fibroblasts. J
Cell Physiol 1994; 159:161-75. [PMID: 8138584]

Parrish CM, Chandler JW. Corneal trauma. In: Kaufman HE,
Barron BA, McDonald MB, editors. The cornea. Boston:
Butterworth-Heinemann; 1998. p. 633-67.

Vande Berg JS, Rudolph R, Poolman WL, Disharoon DR.
Comparative growth dynamics and actin concentration


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3953745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3953745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2322155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=6720826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2818991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8795451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16015083
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16015083
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16083875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16083875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12766045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15512944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14682052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14682052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15038158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2231712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2231712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9769921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9769921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9634852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7990961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7990961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8614838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1728583
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9950587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9950587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9856772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2311950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9265645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9265645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12663865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14634665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14634665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10321731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10321731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16112753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16112753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8138584
http://www.molvis.org/molvis/v15/a265

Molecular Vision 2009; 15:2480-2487 <http://www.molvis.org/molvis/v15/a265>

29.

30.

31.

32.

33.

34.

35.

36.

37.

between cultured human myofibroblasts from granulating
wounds and dermal fibroblasts from normal skin. Lab Invest
1989; 61:532-8. [PMID: 2811301]

Koulikovska M, Podskochy A, Fagerholm P. The expression
pattern of the subunit of chaperonin containing T-complex
polypeptide 1 and its substrate, alpha-smooth muscle actin,
during corneal wound healing. Acta Ophthalmol Scand 2005;
83:543-8. [PMID: 16187990]

Ansari-Lari MA, Muzny DM, Lu J, Lu F, Lilley CE, Spanos S,
Malley T, Gibbs RA. A gene-rich cluster between the CD4
and triosephosphate isomerase genes at human chromosome
12p13. Genome Res 1996; 6:314-26. [PMID: 8723724]

Ansari-Lari MA, Shen Y, Muzny DM, Lee W, Gibbs RA.
Large-scale sequencing in human chromosome 12pl3:

Experimental and  computational gene  structure
determination. Genome Res 1997; 7:268-80. [PMID:
9074930]

Johnson MD, Kim HR, Chesler L, Tsao-Wu G, Bouck N,
Polverini PJ. Inhibition of angiogenesis by tissue inhibitor of
metalloproteinase. J Cell Physiol 1994; 160:194-202. [PMID:
7517405]

Brown D, Chwa MM, Opbroek A, Kenney MC. Keratoconus
corneas: increased gelatinolytic activity appears after
modification of inhibitors. Curr Eye Res 1993; 12:571-81.
[PMID: 8359032]

Kenney MC, Chwa M, Opbroek AJ, Brown DJ. Increased
gelatinolytic activity in keratoconus keratocyte cultures. A
correlation to an altered matrix metalloproteinase-2/tissue
inhibitor of metalloproteinase ratio. Cornea 1994;
13:114-24. [PMID: 8156782]

Bochert A, Berlau J, Koczan D, Seitz B, Thiessen HJ, Guthoff
R. Gene expression in keratoconus. Initial results using DNA
microarrays. Ophthalmologe 2003; 100:545-9. [PMID:
12920555]

Tuori A, Virtanen I, Aine E, Uusitalo H. The expression of
tenascin and fibronectin in keratoconus, scarred and normal
human cornea. Graefes Arch Clin Exp Ophthalmol 1997;
235:222-9. [PMID: 9143890]

Kenney MC, Chwa M, Lin B, Huang GH, Ljubimov AV, Brown
DJ. Identification of cell types in human diseased corneas.
Cornea 2001; 20:309-16. [PMID: 11322422]

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

© 2009 Molecular Vision

Kenney MC, Chwa M, Atilano SR, Tran A, Carballo M,
Saghizadeh M, Vasiliou V, Adachi W, Brown DJ. Increased
levels of catalase and cathepsin V/L2 but decreased TIMP-1
in keratoconus corneas: evidence that oxidative stress plays a
role in this disorder. Invest Ophthalmol Vis Sci 2005;
46:823-32. [PMID: 15728537]

Collier SA. Is the corneal degradation in keratoconus caused by
matrix-metalloproteinases? Clin Experiment Ophthalmol
2001; 29:340-4. [PMID: 11778801]

Kenney MC, Chwa M, Escobar M, Brown D. Altered
gelatinolytic activity by keratoconus corneal cells. Biochem
Biophys Res Commun 1989; 161:353-7. [PMID: 2471530]

Kaldawy RM, Wagner J, Ching S, Seigel GM. Evidence of
apoptotic cell death in keratoconus. Cornea 2002; 21:206-9.
[PMID: 11862097]

Klisovic DD, O’Dorisio MS, Katz SE, Sall JW, Balster D,
O’Dorisio TM, Craig E, Lubow M. Somatostatin receptor
gene expression in human ocular tissues: RT-PCR and
immunohistochemical study. Invest Ophthalmol Vis Sci
2001; 42:2193-201. [PMID: 11527930]

Patel YC. Somatostatin and its receptor family. Front
Neuroendocrinol 1999; 20:157-98. [PMID: 10433861]

Grant MB, Caballero S, Millard WJ. Inhibition of IGF-1 and b-
FGF stimulated growth of human retinal endothelial cells by
the somatostatin analogue, octreotide. A potential treatment
for ocular neovascularization. Regul Pept 1993; 48:267-78.
[PMID: 7505469]

Brookes NH, Loh IP, Clover GM, Poole CA, Sherwin T.
Involvement of corneal nerves in the progression of
keratoconus. Exp Eye Res 2003; 77:515-24. [PMID:
12957150]

Jakus MA. Further observations on the fine structure of the
cornea. Invest Ophthalmol 1962; 1:202-5. [PMID: 14450971]

Ruddle JB, Mackey DA, Downie NA. Clinical progression of
keratoconus following a Vth nerve palsy. Clin Experiment
Ophthalmol 2003; 31:363-5. [PMID: 12880466]

Niederer RL, Perumal D, Sherwin T, McGhee CNJ. Laser
scanning in vivo confocal microscopy reveals reduced
innervation and reduction in cell density in all layers of the
keratoconic cornea. Invest Ophthalmol Vis Sci 2008;
49:2964-70. [PMID: 18579760]

The print version of this article was created on 25 November 2009. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.
2487


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2811301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16187990
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8723724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9074930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9074930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7517405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7517405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8359032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8359032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8156782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12920555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12920555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9143890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11322422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15728537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11778801
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2471530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11862097
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11862097
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11527930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10433861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7505469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7505469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12957150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12957150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14450971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12880466
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18579760
http://www.molvis.org/molvis/v15/a265

