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Keratoconus is a noninflammatory disease (8,9) that
Transcription factors are known to regulate gene progressively thins and distorts the central portion of

transcription through the recognition and binding of the cornea and leads to visual impairment. The condi-
specific DNA sequences in the promoter or enhancer tion commonly begins during the second decade of life.
regions of many genes. Keratoconus is a cornea-thin- No specific treatment of this disease exists, except toning disease in which upregulated expression of deg- replace the corneal tissue by transplantation when theradative enzymes and downregulated expression of

patient’s vision is beyond correction with contactprotease inhibitors have been demonstrated. In view
lenses. The exact cause is not clear, although evidenceof the alteration in gene expression for multiple pro-
suggests that a genetic component (10,11) is likely in-teins, five common transcription factors, AP1, AP2,
volved. Environmental conditions such as excessive eyeCREB, Sp1, and NF-kB were examined for their possi-
rubbing (12) and contact lens wear (13) may also beble roles in keratoconus. Immunostaining experiments
associated with the disease.and Western blotting showed that Sp1 exhibited en-

Previous protein studies, both in corneal specimenshanced expression in keratoconus corneas. Increased
from affected individuals and in cultured cells, indi-binding of Sp1 consensus sequence oligonucleotides
cated that there is a reduction in the amount of totalwith nuclear extracts from the epithelium of keratoco-

nus corneas was also seen by gel mobility shift assays. protein present in keratoconus corneas compared
This is believed to be a first demonstration connecting with normal controls (14,15), even while protein syn-
Sp1 alteration to a human disease. The elevated Sp1 thesis proceeds normally in some cases (14,16). This
expression may contribute to the enzyme and inhibi- finding led to the formulation of the hypothesis that
tor abnormalities found in keratoconus corneas. q 1997 the abnormality in keratoconus may lie in the degra-
Academic Press dative pathway of macromolecular constituents in

the cornea (14).
This hypothesis has gained support from a number

of studies demonstrating that in keratoconus corneasGene expression is often controlled through tran-
the levels of lysosomal enzymes, including acid esterasescriptional regulation by transcription factors. These
and acid phosphatase, are elevated (17) and those ofDNA-binding protein factors regulate gene transcrip-
protease inhibitors, including a1-proteinase inhibitortion via recognition and binding of specific short DNA
(18) and a2-macroglobulin (19), are reduced. This var-sequences in the promoter or enhancer regions of many
ied pattern persists up to the level of gene transcrip-genes (1-4). Transcription factors allow coordinated
tion, as has been verified through in situ hybridizationcontrol of multiple genes, a necessary ability in complex
experiments and quantitative competitive polymerasesituations such as during developmental stages, cell
chain reactions (20).cycle, or in response to extracellular signals (5-7).

Speculation that the perturbed pattern of degrada-
tive enzymes and inhibitors in keratoconus might be1 This investigation was supported by Research Grants EY 03890
due to coordinated transcriptional regulation led us toand EY 05628 and Core Grant EY 01793 from the National Institutes

of Health, Bethesda, MD. B.T.Y. is a recipient of Senior Scientific examine whether expression of transcription factors
Investigator Award from Research to Prevent Blindness, Inc, New was affected in this disease. We examined five of the
York, NY. better understood transcription factors, AP1, AP2, Sp1,2 To whom correspondence should be addressed at University of CREB, and NF-kB (6,7,21,22), in keratoconus usingIllinois at Chicago, Department of Ophthalmology and Visual Sci-
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FIG. 1. Immunostaining of corneas for c-fos. Paraffin sections prepared from corneas obtained from a 47-year-old normal individual (A
and B), a 56-year-old keratoconus patient (C and D), a 79-year-old patient with pseudophakic bullous keratopathy (E), and a 58-year-old
patient with herpetic infection (F). Sections except B and D were stained with polyclonal rabbit anti-c-fos. The specimen in B is a serial
section of A and that in D is a serial section of C. They were stained with nonimmune rabbit IgG as negative controls. The avidin-biotin-
alkaline phophatase method was used and positive staining appears as pink deposits (original magnification, 120).

using the ExtrAvidin-alkaline phosphatase complex (Sigma, St.MATERIALS AND METHODS
Louis, MO) method as previously described (18,19,23). Primary anti-
bodies included polyclonal rabbit anti-human c-fos, c-jun, CREB,Twenty normal human eyes were obtained from the Illinois Eye
Sp1, or NF-kB (Santa Cruz Biotechnology, Santa Cruz, CA). TissueBank, Chicago. The donors ranged in age from 4 months to 92 years.
sections serving as negative controls received the same dilution ofThey did not have any known ocular diseases, and the corneas were
normal rabbit IgG. Biotinylated goat anti-rabbit IgG was used as theall clear. Eleven of these corneas were used for immunostaining.
secondary antibody and Fast Red TR/Naphthol AS-MX PhosphateNuclear extracts were obtained for the remaining nine corneas for
(Sigma) was the substrate for alkaline phosphatase. The slides wereEMSA and Western blot analysis.
examined under a light microscope for variations in staining patternHalf corneal buttons from 24 patients with clinical features typical
and/or staining intensity and then photographed. For AP2 staining,of keratoconus were collected after transplantation from the Cornea
frozen sections prepared from the corneas were used. Immunostain-Service at the University of Illinois at Chicago. Patients ranged in
ing experiments were repeated at least three times to confirm theage from 23 to 69 years at surgery. Half corneal buttons from 14
results.patients with other corneal diseases such as pseudophakic bullous

keratopathy, Fuchs’ corneal dystrophy, herpetic infection, and macu- Nuclear extraction, Western blotting, and EMSA. Nuclear extrac-
lar corneal dystrophy were obtained to serve as another set of con- tion was performed as previously described (24). Diseased corneal
trols. buttons and half of the 7.5 mm-diameter central portion trephinated

from normal human corneas were dissected into the epithelial, stro-Immunostaining. Normal human, keratoconus, and other dis-
mal, and endothelial layers. The stroma was digested with 1500 U/eased corneas were fixed in 10% formalin and embedded in paraffin.

Immunostaining experiments were performed on 5 mm-thick sections ml collagenase (Sigma) in minimal essential medium (Sigma) at 377C
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FIG. 2. Immunostaining of corneas for Sp1. Paraffin sections of corneas obtained from a 66-year-old normal individual (A and B), a 67-
year-old keratoconus patient (C and D), a 33-year-old patient with keratoconus (E), a 51-year-old patient with Fuchs’ corneal dystrophy
(F), a 67-year-old pateint with pseudophakic bullous keratopathy (G), and a 55-year-old pateint with herpetic infection (H). Sections except
B and D were stained with polyclonal rabbit anti-Sp1. The specimen in B is a serial section of A and that in D is a serial section of C. They
were stained with nonimmune rabbit IgG as negative controls. The avidin-biotin-alkaline phophatase method was used and positive staining
appears as pink deposits (original magnification, 120).

with periodic agitation until complete digestion was obtained, usu- and eight disease controls. The staining pattern and
ally 4 to 5 hours. The endothelial layer contained insufficient num- intensity for transcription factors AP1 (Fig. 1), AP2,
bers of cells for practical extraction and subsequent analysis, so this

CREB, and NF-kB (photographs not shown) in kerato-layer was not examined. The number of cells obtained from both the
conus corneas were similar to those found in controls.epithelial and stromal layers ranged from 11106 to 11107. The total

protein in each nuclear extract was determine by BCA assay (Pierce, Normal human corneas and corneas with diseases
Rockford, IL) using bovine serum albumin as a standard. Generally
between 75 to 100 mg of protein was recovered in each extraction.
All nuclear extracts were aliquoted and stored at 0707C.

Western blot analysis was performed as previously described (24),
using 40 mg of nuclear extracts from each sample. For EMSA, double
stranded consensus binding sequences, each specific for AP1, AP2,
CREB, Sp1, or NF-kB (Promega, Madison, WI, or Santa Cruz Bio-
technologies) were endlabeled with [g-32P] ATP (Amersham, Arling-
ton Heights, IL) with T4 polynucleotide kinase (Promega). The EMSA
reactions were performed as per manufacturer’s protocol (Promega).
The HeLa extract was used as a positive control. Four binding reac-
tions (negative, positive, competitive, and non-competitive) were car-
ried out for each extract using from 5 to 7.5 mg total protein per
reaction. In addition, some reactions were incubated with 7 mg of
anti-human antibodies (Santa Cruz) to specific transcription factor,
in supershift reactions to further verify the band shift identity. The
binding reactions were electrophoresed on a 6% polyacrylamide gel
with an 80:1 ratio of acrylamide to bis-acrylamide (BioRad, Hercules, FIG. 3. (A) Western blot analysis with polyclonal rabbit anti-c-
CA). Gels were dried under vacuum and exposed to XAR-5 film at fos. Nuclear extracts were prepared from the epithelial layer of a
0707C. Resulting band shifts were evaluated using an Intelligent normal human cornea (lane 1), a keratoconus cornea (lane 2), and a
Quantifier densitometry system (BioImage, Ann Arbor, MI). cornea with pseudophakic bullous keratopathy (lane 3). Arrow shows

the position of the 62-kD c-fos protein. (B) Western blot analysis with
polyclonal rabbit anti-human Sp1. Nuclear extracts were preparedRESULTS
from the epithelial layer of a normal human cornea (lane 1), a kerato-
conus cornea (lane 2), and a cornea with pseudophakic bullous kera-

The immunostaining procedure was carried out on a topathy (lane 3). Arrows indicate the positions of 106-kD and 95-kD
Sp1 proteins.total of 16 keratoconus corneas, eleven normal corneas,
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FIG. 4. Electrophoretic mobility shift analysis with corneal epithelium nuclear proteins. (A) 32P-Labeled AP-1 consensus oligonucleotide
was incubated with no protein (lane 1, negative control); 7.5 mg of nuclear extracts from the epithelium of a normal human cornea (lane
2), a keratoconus cornea (lane 3), and a cornea with pseudophakic bullous keratopathy (lane 4). (B) 32P-Labeled NF-kB consensus oligonucleo-
tide was incubated with no protein (lane 1, negative control); 10 mg of nuclear extracts from the epithelium of a normal human cornea (lane
2), a keratoconus cornea (lane 3), and 2 mg of HeLa nuclear extract (lane 4, positive control). Arrow denotes specific DNA-transcription
factor interactions.

other than keratoconus yielded only basal level immu- prepared from the epithelial layer of keratoconus cor-
neas was visibly much higher than that from normalnostaining for Sp1 (Fig. 2). By contrast, strong nuclear

SP1 staining was observed, especially in the epithelium human or other diseased samples (Fig. 5). The binding
was competed specifically with an excess of unlabeledof all 11 keratoconus specimens examined.

For AP1, Western blotting assay detected a 62-kD c- homologous Sp1 oligonucleotide (Fig. 6) and, to a much
lesser extent, with a nonhomologus oligonucleotide.fos protein band. A mild increase in staining intensity

for the c-fos band was noted in keratoconus specimens The complex formation was also reduced in the pres-
ence of anti-Sp1 antibody, and a slower complex wascompared with normal human ones (Fig. 3A). However,

an increase was also observed in disease control cor- formed instead (data not shown).
Autoradiograms of the polyacrylamide gels were sub-neas. The alteration thus was most likely related to

the disease or wound healing condition (23). For Sp1, jected to densitometry and the band intensities found
in 8 keratoconus specimens were approximately four-a 106-kD protein band and a 95-kD band were detected

by Western blotting of nuclear extracts (Fig. 3B). Con- teenfold (14.7 { 9.7 fold) of those found in normal con-
trols. Nuclear extracts from the stromal layer of kerato-sistent with the immunostaining data, extracts of the

keratoconus epithelium yielded much stronger Sp1 conus corneas and normal human corneas showed no
significant differences in the amounts of proteins bybands than that from the normals or disease control

corneas. Western blotting or levels of DNA-protein complexes
by EMSA.By EMSA, nuclear extracts from keratoconus and

normal human corneal epithelial specimens showed no
striking differences in the amounts of DNA-protein DISCUSSION
complexes with consensus sequences to AP1 (Fig. 4A),
AP2, CREB (data not shown) and NF-kB (Fig. 4B). Two The present study demonstrates that the expression

of one transcription factor, Sp1, is increased in kerato-DNA-protein complexes were generated with the Sp1
consensus sequence (Fig. 5), as was demonstrated pre- conus, a disease that causes thinning and scarring of

the corneal. Data were obtained from three differentviously (24-26). The binding activity in nuclear extracts
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Previous work from our laboratory have shown that
in keratoconus corneas, a number of degradative en-
zymes exhibit an increased level and/or activity while
some protease inhibitors are present in reduced
amounts. The abnormal levels of both enzymes and
inhibitors may result in accelerated degradation of cor-
neal constituents, leading to pathogenesis of keratoco-
nus. The mRNA levels for genes encoding for these
enzymes and inhibitor have also been found to parallel
those from protein studies. The pattern of the keratoco-
nus phenotype is thus suggestive of some form of coor-
dinated regulatory control, and the issue of transcrip-
tional control must be examined.

Results presented here indicate that the expression

FIG. 5. Electrophoretic mobility shift analyses with corneal epi-
thelium nuclear proteins. 32P-Labeled Sp-1 consensus oligonucleotide
was incubated with 1 mg of HeLa nuclear extract (lane 1, positive
control); 10 mg of nuclear extracts from the epithelium of a normal
human cornea (lane 2), and two keratoconus corneas (lanes 3 and
4), and a cornea with Fuchs’ corneal dystrophy (lane 5). The resulting
complexes were resolved in a 6% native polyacrylamide gel. Positions
of two DNA-protein complexes (arrows) are shown.

methods and results from each corroborated with the
others.

Sp1 is a specific factor originally described as required
for simian virus 40 (SV40) transcription (27). It interacts
with GC boxes in the promoter elements and plays an
important role in the expression of many viral and cellu-
lar genes including constitutive housekeeping genes and
inducible genes (28). Recent investigations have shown
that the activity and synthesis of Sp1 are subject to a
variety of regulations. For example, Sp1 expression is
increased during SV40 infection of the CV1 cells (29,30).
Although ubiquitously expressed, the level of Sp1 protein
expression varies widely among different cell types in the
mouse, and increased Sp1 expression has been associated

FIG. 6. Competitive EMSA assays with keratoconus corneal epi-with late stages of differentiation (31,32). Elevated levels
thelium nuclear proteins. Nuclear extracts (7.5 mg each lane) wereof Sp1 expression have also been noted in gastric carci-
incubated with radiolabeled Sp1 oligonucleotide in the absence (lanenoma cells (33). The current study provides the first re- 2), or presence of unlabeled Sp1 probe (lane 3) or unlabeled AP2

ported demonstration of an altered Sp1 expression in con- consensus oligonucleotide (lane 4). Lane 1 contains no protein as a
negative control.nection with a human disease.
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13. Macsai, M. S., Varley, G. A., and Krachmer, J. H. (1990) Arch.of transcription factors AP1, AP2, CREB, and NF-kB
Ophthalmol. 108, 534–538.is either only slightly enhanced or not altered in kerato-

14. Yue, B. Y. J. T., Sugar, J., and Benveniste, K. (1985) Proc. Soc.conus. Since these transcription factors, especially AP1
Exp. Biol. Med. 175, 336–341.and NF-kB, are known to be induced under stress con-

15. Critchfield, J. W., Calandra, A. J., Nesburn, A. B., and Kenney,ditions (34-37), the lack of specific alteration in their M. C. (1988) Exp. Eye Res. 46, 953–963.
expression implies that stress, either environmental or 16. Yue, B. Y. J. T., Sugar, J., and Benveniste, K. (1985) Proc. Soc.
physiologic, is probably not a significant determinant Exp. Biol. Med. 178, 126–132.
in the pathogenesis of keratoconus (23). This finding 17. Sawaguchi, S., Yue, B. Y. J. T, Sugar, J., and Gilboy, J. E. (1989)

Arch. Ophthalmol. 107, 1507–1510.argues against the suspicion that environmental or me-
18. Sawaguchi, S., Twining, S. S., Yue, B. Y. J. T., Wilson, P. M.,chanical trauma such as eye rubbing may be a caus-

Sugar, J., and Chan, S.-K. (1990) Exp. Eye Res. 50, 549–554.ative factor for keratoconus.
19. Sawaguchi, S., Twining, S. S., Yue, B. Y. J. T., Chang, S. H. L.,The Sp1 expression that was markedly increased in

Zhou, X., Loushin, G., Sugar, J., and Feder, R. S. (1994) Invest.keratoconus was not observed in other disease controls.
Ophthalmol. Vis. Sci. 35, 4008–4014.

Furthermore, the increase is found mostly in the epi-
20. Whitelock, R. B., Fukuchi, T., Zhou, L. L., Twinning, S. S., Sugar,

thelial layer of the keratoconus corneas, a layer pre- J., Feder, R. S., and Yue, B. Y. J. T. (1997) Invest. Ophthalmol.
viously shown to be involved in keratoconus. The sig- Vis. Sci. 38, 529–534.
nificance of the elevated Sp1 expression in keratoconus 21. Briggs, M. R., Kadonaga, J. T., Bell, S. P., and Tijan, R. (1986)

Science 234, 47 –52.is unclear. However, it is of interest that binding sites
22. Imagawa, M., Chiu, R., and Karin, M. (1987) Cell 51, 251 –260.for this transcription factor have been shown to be pres-
23. Zhou, L., Yue, B. Y. J. T., Twining. S. S., Sugar, J., and Feder,ent in the regulatory sequences of many of the enzyme

R. S. (1996) Curr. Eye Res. 15, 1124–1131.and inhibitor genes (38,39) affected in keratoconus. An
24. Andrews, N. C., and Faller, D. V. (1991) Nucleic Acids Res. 19,elevated expression of Sp1 or other members of the Sp1

2499.family (40) in keratoconus corneas could conceivably
25. Kingsley, C., and Winoto, A. (1992) Mol. Cell. Biol. 12, 4251–alter the normal homeostasis, triggering or contribut- 4261.

ing to disease progression. 26. Kudo, S., and Fukuda, M. (1994) Eur. J. Biochem. 223, 319–
In this vein, expression studies using the regulatory 327.

regions of the enzyme and inhibitor genes known to be 27. Schafer, D., Hamm-Kunzelmnn, B., Hermfisse, U., and Brand,
altered in keratoconus and an Sp1 expression vector K. (1996) FEBS Letters 391, 35–38.
may allow examination of cell type-specific regulation 28. Dynan, W. S., and Tijan, R. (1983) Cell 32, 79–87.
of these genes by Sp1 and provide insights into the 29. Courey, A. J., and Tijan, R. (1993) in Transcriptional Regulation

(McKnight, S. L., and Yamamoto, K. R., Eds.). Vol. 2, pp. 743–possible roles of increased Sp1 in keratoconus.
771, Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY.
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