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Keratoconus is the most common corneal dystrophy that leads to
severe visual impairment. Although the major etiological factors
are genetic, the pathogenetic mechanism(s) is unknown. No med-
ical treatments exist, and the only therapeutic approach is corneal
transplantation. Recent data demonstrate the involvement of
nerve growth factor (NGF) in trophism and corneal wound healing.
In this study, we investigated alterations in the NGF pathway in
keratoconus-affected corneas and found a total absence of the
NGF-receptor TrkA (TrkANGFR) expression and a decreased expres-
sion of NGF and p75NTR. The absence of TrkANGFR expression was
associated with a strong increase in the Sp3 repressor short
isoform(s) and a lack of the Sp3 activator long isoform. Sp3 is a
bifunctional transcription factor that has been reported to stimu-
late or repress the transcription of numerous genes. Indeed, we
found that Sp3 short isoform(s) overexpression in cell culture
results in a down-regulation of TrkAVGFR expression. We suggest
that an imbalance in Sp transcription-factor isoforms may play a
role in controlling the NGF signaling, thus contributing to the
pathogenesis of keratoconus. This mechanism for the transcrip-
tional repression of the TrkANGFR gene can provide the platform for
the development of a therapeutic strategy.

cornea | nerve growth factor | transcription factor | corneal dystrophy |
nerve growth factor’s receptors

K eratoconus is characterized by a bilateral, noninflammatory
progressive corneal ectasia, leading to impairment of visual
acuity. It is the most common corneal dystrophy, with a preva-
lence of 8.8-54.4 per 100,000 and is the major cause of cornea
transplantation in the Western world (1).

A genetic predisposition for keratoconus has been proposed,
and multifactorial and Mendelian inheritance have been docu-
mented (1). The only identified molecular cause for keratoconus
involves mutations in VSXI, a member of the Vsx1 group of
vertebrate paired-like homeodomain transcription factors (2).
Nevertheless, mutations in this gene are not specific to kerato-
conus, because they are also associated with posterior polymor-
phous dystrophy, another inherited but histopathologically and
clinically dissimilar corneal dystrophy.

Previous reports have also shown that keratoconus-affected
corneas have elevated levels of degradative enzymes and re-
duced levels of «l-proteinase inhibitor (al-PI) and o2-
macroglobulin (a2-M) (3). Moreover, Whitelock et al. (4) dem-
onstrated a specific up-regulation of the Sp1 transcription factor
in keratoconus-affected corneas. Some have proposed that an
increase in Spl transcriptional activity is responsible for the
reduced expression of a1-PI (5). Interestingly, Sacristan et al. (6)
reported that Spl regulates expression of the NGF-receptor
TrkA (TrkANGFR) through interactions with a cis-regulatory
element in its promoter.

NGEF and its signaling molecules have a crucial role in trophism
and wound healing of the cornea. In normal conditions, all corneal
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cell types, including epithelium, endothelium, and keratocytes,
produce and express NGF and its receptors TrkANCFR and p75NTR
(7, 8). NGF has been shown to induce in vitro corneal epithelial-cell
proliferation and differentiation and cornea wound healing in an
experimental model of epithelial injury (9, 10). NGF-induced
cornea recovery was also observed in patients affected by neuro-
trophic and autoimmune corneal ulcers, conditions unresponsive to
any standard treatments (11, 12). NGF promotes corneal nerve
function (13), and impairment of corneal innervation has been
suggested to play a role in the pathogenesis of keratoconus (14, 15).
In this study, a lack of TrkANCFR and a strong decrease in p75NTR
and NGF levels were found in corneas of patients affected by
keratoconus compared with healthy donors.

The Sp gene family of transcription factors has five members,
referred to as Spl-Sp5, which bind with similar affinity to
GC-rich motifs (16). Whereas Sp1, Sp2, and Sp4 are transacti-
vators, a number of laboratories have reported that Sp3 functions
as arepressor of Spl-mediated transcription (17). Sp3 was shown
to encode three distinct gene products: a full-length protein (110
KDa), which is a transcription activator, and two isoforms (78
and 80 KDa), derived through internal translational initiation,
which function as transcriptional repressors (18). Although the
mechanism by which internally initiated Sp3 isoforms inhibit
Sp1/Sp3-mediated transcription remains obscure, this means of
regulation is thought to play an important role in cell-cycle- and
signal-induced transcription (18). Because of the known up-
regulation of Sp1 in keratoconus-affected corneas and its known
ability to interact with the TrkANCTR promoter, we analyzed the
expression levels of Sp3 isoforms in keratoconus corneas and
found a strong increase in the Sp3 short protein(s) and an
absence of the Sp3 long isoform. We also found that, when the
Sp3 short isoform(s) was overexpressed in cell culture, it down-
regulated TrkANCTR expression. These results strongly indicate
that an imbalance in Sp transcription factors may be a key event
in the inhibition of NGF signaling in keratoconus.

Materials and Methods

This study adhered to the tenets of the Declaration of Helsinki
and was approved by the ethics committees of the University of
Rome “Campus Bio-Medico.”

Full-thickness corneal buttons (central, 8.0 mm) were ob-
tained at the time of penetrating keratoplasty: (i) ten corneas
were obtained with advanced keratoconus, (if) two corneas were
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Table 1. Primer sequences

Gene Sequence
TrkA Forward: 5'-TGGCTGATACTGGCATCTGCG-3’
Reverse: 5'-AGCCGAGGA GTGAAATGGAAGG-3’
p75 Forward: 5'-GGC ACC TCC AGA ACA AGA CCT C-3’
Reverse: 5'-ACA GGG ATG AGG TTG TCG GTG-3’
NGF Forward: 5'-CAGGACTCACAGGAGCAAGC-3’
Reverse: 5'-GCCTTC CTGCTGAGCACACA-3’
H3 Forward: 5'-AGA CTG CCC GCA AAT CGA CC-3’
Reverse: 5'-CG CAC CAG ACG CTG GAA GG-3’
Sp3 Forward: 5'-CCGGAATTCTGATGACTGCAGGCATTAATGCC-3’

Reverse: 5'-CCGCTCGAGTTACTCCATTGTCTCATTTCC-3'

obtained with keratoconus induced by refractive surgery, (iii)
five corneas were obtained with bullous keratopathy, and (iv)
three with Fuchs’ dystrophy. In addition, ten normal central
corneas were procured from the local eye bank (Banca degli
Occhi, Rome) as a control group.

After surgical dissection, the corneas were processed for
molecular and biochemical analysis, as described below. For in
vitro studies, corneal fibroblasts were obtained from healthy
corneas and HACAT cells from American Type Culture Col-
lection (CRL-1435).

Semiquantitative RT-PCR. Human corneas were incubated at 55°C
for 3 h in HIRT solution (10 mM TrissHCI, pH 8/100 mM
EDTA/0.5% SDS) containing proteinase K (20 mg/ml). After
centrifugation at 16,000 X g, the supernatant was diluted 1:5 with
Trizol, and total RNA was extracted according to the manufac-
turer’s instructions (GIBCO/Invitrogen). PCR was performed
by using the primers shown in Table 1. Step-cycle PCR was
carried out to identify the logarithmic phase of amplification for
all genes. Quantitation of PCR-amplified products was per-
formed by using the FluorS imager (Bio-Rad) and the program
IMAGEQUANT to quantify the ethidium bromide signal.

Protein Evaluation by Immunohistochemistry, Western Blot, and
ELISA. Immunohistochemistry was performed by using rabbit
anti-human TrkA antibody (2 ug/ml, Santa Cruz Biotechnol-
ogy) according to a procedure published in ref. 19. Nonspecific
binding was detected by substituting primary antibody with
control rabbit IgG (Vector Laboratories).

For Western blot analysis, proteins were extracted in a solu-
tion containing TrissHCI (pH 7.5) 150 mM NaCl, 1% Nonidet
P-40, 2.5 glycerol, 0.1% SDS, and a mixture of protease inhibitors
(Sigma). Samples were subjected to freeze and thaw several
times, followed by steps of fast sonication. Equal amounts of
proteins (50 ug) were separated by SDS/PAGE and transferred
onto nitrocellulose membranes (Amersham Pharmacia).

Anti-TrkA (0.2 pg/ml), anti-Sp3 (1:1,000, Santa Cruz Bio-
technology), and anti-B actin (1:10,000, Sigma) antibodies were
used in TBS containing 5% milk (Sigma). Secondary antibodies,
including the horseradish-peroxidase-conjugated affinity-
purified donkey anti-rabbit IgG and conjugated affinity-purified
donkey anti-mouse IgG, were used 1:10,000 in TBS with 5% milk
(Jackson ImmunoResearch). Antibody binding was revealed by
using the Super Signal West Pico Chemiluminescent substrate
(Pierce). Quantitative analysis was performed by densitometry
using the FluorS imager (Bio-Rad).

A two-site NGF-specific ELISA (sensitivity of 0.5 pg/ml) was
performed according to the Weskamp and Otten standard
procedure, with minor modifications as described in ref. 19.

Cell Culture and Transient Transfection. Human corneal keratocyte
primary cultures were obtained from healthy corneas, following
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the standard procedure, in DMEM containing 10% heat-
inactivated FBS, 2 mM glutamine, 100 units/ml penicillin, and
100 pg/ml streptomycin (Celbio, Euroclone, Milan) (19). Cells
that grew from biopsies were trypsinized (Invitrogen) and cell
purity assessed by the K3 epithelial-marker-exclusion test (AES,
1:150, ICN). Subcultured corneal fibroblasts (third to fifth
passages) were used for experiments. HACAT keratinocytes
were cultured in RPMI medium 1640 supplemented with 10%
FCS, 2 mM L-glutamine, 100 units/ml penicillin, and 100
units/ml streptomycin.

Human primary keratocytes at 70% density were transfected
by electroporation according to the manufacturer’s instructions
(Amaxia, Amaxa Biosystems, Hannover, Germany) by using 3 ug
of DNA. The cells were plated in a six-well plate on poly-D-
lysine-coated glass coverslips and left to recover for 24 h. After
24 or 48 h, the cells were analyzed by immunofluorescence.
HACAT keratinocytes were transfected by using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.

Vector Design. The short Sp3 isoform was cloned from human
corneal keratocytes by using the primers indicated in Table 1.
The PCR-amplified fragment was gel purified (Qiagen, Milan)
and used for ligation into the EcoRI-Xhol sites of the plasmid
HA-pcDNA3 (a gift of Fabienne Hans, Institute Albert Bonniot,
Grenoble, France). Expression of HA-Sp3 was confirmed by
Western blot using anti-HA monoclonal antibody (1:1,000;
Babco, Richmond, CA). Empty HA-vector, EGFP-N1 control
vector (Clontec, Palo Alto, CA), and HA-Sp3 vector were
amplified and DNA purified according to the manufacturer’s
instructions (Qiagen).

Immunofluorescence Microscopy. The cells were fixed in 2%
paraformaldeyde, permeabilized, and incubated with anti-TrkA
(0.4 pg/ml) (Santa Cruz Biotechnology) and anti-HA antibodies
(1:500) overnight at 4°C. Thereafter, the cells were incubated
with Cy3-conjugated affinity-purified donkey anti-rabbit IgG
secondary antibody and Cy2-conjugated affinity-purified donkey
anti-mouse IgG secondary antibody (1:250; Jackson Immuno-
Research). The cells were then treated with RNase I and stained
with TOTO3 (Molecular Probes/Invitrogen). Images were col-
lected with a Nikon C1 laser scanning confocal microscope, and
the fluorescence intensity was analyzed with Nikon software.

Gene Reporter Assay. Human TrkA 5’-proximal promoter region
(20) was obtained from genomic DNA by PCR amplification
with the primers indicated in Table 1. The fragment produced
was digested with Mlul and BglII restriction enzymes and cloned
into the corresponding sites of pGL3-basic reporter vector
(Promega) to produce a TrkA promoter-reporter vector (pTrkA-
Luc). All constructs were verified by sequencing.

HACAT cells were cotransfected with 2 ug of pTrkA-Luc
and increasing amounts (100 ng-2 ug) of Sp3-pcDNA3 (or a
corresponding amount of empty pcDNA3 vector) and 50 ng of
empty pRL-TK vector. Twenty-four or 48 h after transfection,
cells were harvested and lysed, and gene reporter assays were
performed by using the Dual-Luciferase Reporter Assay sys-
tem (Promega). Results were normalized for transfection
efficiency with the values obtained for pRL-TK and reported
as percent of luciferase activity (=SD) compared with trans-
fections carried out in the absence of Sp3. Data are represen-
tative of at least three independent experiments performed in
duplicate or triplicate.

Statistical Analysis. Throughout this article, measurements are
expressed as mean = SD. Each experiment was repeated at least
three times. Statistical analysis was carried out by one-way ANOVA
and results considered statistically significant at P < 0.05.

Lambiase et al.
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Fig. 1.

Lack of TrkANGFR mRNA in corneas of keratoconus patients. RT-PCR analysis shows that lack of TrkANGFR mRNA is specific for keratoconus corneas

(Keratoconus, lane 2). TrkANGFR mRNA is detectable in all evaluated corneas: normal (Control, lane 2), bullous keratopathy (Bullous, lane 2), Fuchs’ distrophy
(Fuchs, lane 2), and in peripheral lymphocytes obtained from the same keratoconus patients (Lymphocytes, lane 2). The band present in Keratoconus, lane 2
corresponds to primers. Lane 1, NGF RT-PCR; lane 2, TrkANGFR RT-PCR; lane 3, p75N™R RT-PCR; lane 4, H3 RT-PCR.

Results

Alterations in the NGF Pathway in Keratoconus-Affected Corneas. In
corneas affected by keratoconus, mRNA expression of NGF and
its receptors, TTkANGFR and p75NTR was analyzed by RT-PCR.
TrkANSFR was not detected in keratoconus cornea after 50
cycles of PCR (Fig. 1, Keratoconus, lane 2) compared with
control cornea (Fig. 1, control, lane 2). On the contrary, the
positive control gene, histon H3, was amplified under the same
number of cycles in both control and keratoconus corneas (Fig.
1, lanes 4). TrkANGFR mRNA was detected in other corneal
diseases, such as Fuchs’ dystrophy and bullous keratopathy (Fig.
1, Fuchs’, lane 2 and bullous, lane 2), indicating a correlation
between lack of TrkANSFR expression and keratoconus. Inter-
estingly, TrkANGFR mRNA was detectable in circulating lym-
phocytes purified from the same keratoconus patients (Fig. 1,
lymphocytes, lane2), thus indicating that the lack of TrkANGFR
was specific to corneal tissue in these patients.

Analytical RT-PCR showed that both NGF (Fig. 1, lanes 1)
and p75NTR (Fig. 1, lanes 3) mRNA was expressed in control,

A Cycle Numbers

keratoconus, and other corneal diseases. However, semiquanti-
tative RT-PCR demonstrated a 95% decrease of NGF mRNA
and a 65% decrease of p75NT™R mRNA in keratoconus samples
compared with control corneas (Fig. 24 Right. Fig. 24 Left
illustrates that, in conditions where the housekeeping H3 gene
amplification was comparable in control and keratoconus sam-
ples, higher number of cycles were necessary to amplify both
p75NTR and NGF genes in keratoconus. Densitometric analysis
for NGF, p75N™R and H3 is shown in Fig. 2B. ELISA confirmed
this significant decrease of NGF protein in keratoconus cornea
(332.8 = 85.4 pg/g; control = 763.8 * 135.5 pg/g).

The absence of TrkANCFR protein in keratoconus was con-
firmed by immunohistochemistry and Western blot (Fig. 3.4 and
B). TrkANGFR protein was not detected by immunohistochem-
istry in keratoconus corneas or in corneal cells (epithelium,
keratocytes, and endothelium) (Fig. 34). Western blot analysis
confirmed the absence of TrkANGFR protein in keratoconus and
that the lack of this receptor was not observed in the other
corneal diseases studied (Fuchs’ and bullous) (Fig. 3B).
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Fig. 2.

Decrease of NGF and p75NTR mRNA expression in keratoconus. (A) (Left) Semiquantitative RT-PCRs were run on ethidium-bromide-stained agarose gels.

To identify the logarithmic phase of amplification for all genes, two sets of step-cycle PCRs were carried out. The first set was in a range of 22-37 cycles and
revealed that H3 and p75VNR genes were within the linear dynamic range of amplification after 31 cycles. The second set was in a range of 30-45 cycles and
revealed that NGF amplification was linear after 38 cycles. (Right) The histogram illustrates the percentage of mRNA relative expression for NGF and p75NTR,
Means = SD of three separate experiments are shown in the graph. (B) Cycle titration curves of RT-PCR amplification for the housekeeping gene H3, p75""R, and
NGF genes in keratoconus and control corneas.

Lambiase et al. PNAS | November 15,2005 | vol. 102 | no.46 | 16797

MEDICAL SCIENCES



Fig. 3. Lack of TrkANGFR protein expression in the cornea of keratoconus
patients. (A) Representative immunohistochemical staining of TrkANGFR jn
control (a) and keratoconus (b) corneas. Higher magnification shows the lack
of TrkANGFR in corneal cells, including epithelium (compare ¢ with d) and
keratocytes (compare e with f). Sections were counterstained with Harri's
hematoxylin. (B) Western blot analysis of corneal protein extracts. The immu-
noreactive levels of TrkANGR (arrow) are shown for control, Fuchs’ dystrophy,
bullous, and keratoconus corneas. In the first lane (Control), the lower band
is a nonspecific immunoreactive band.

Different Expression Pattern of Sp3 Isoforms in Keratoconus. Because
both mRNA and TrkANSFR protein are absent only in kerato-
conus disease, we hypothesized a transcriptional down-
regulation of this gene in corneal tissue.

We first analyzed the human TrkANG'R minimal promoter
(=1,000 bp) (6) sequence isolated from the genome of patients with
keratoconus, and no genetic mutations or polymorphisms that
could explain the lack of expression of TrkANCFR have been
identified. Because of the up-regulation of Sp/ in keratoconus-
affected corneas and its possible interaction with the TrkANCTR
gene, we investigated the expression profile of Sp3, the SpI tran-
scriptional partner by Western blot analysis. Fig. 4 Upper shows the
disappearance, only in keratoconus corneas, of the band corre-
sponding to the long isoform of Sp3 (18) (Fig. 4, arrow) and a
marked increase of the short isoform(s), identified as the repressor
member(s) of the Sp family in ref. 18 (Fig. 4, arrowhead). Inter-
estingly, keratoconus induced by refractive surgery (Fig. 4 Lower),
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Fig.4. Change in Sp3 pattern of expression in keratoconus cornea. Western
blot, performed on protein extracts of corneas from Fuchs’ dystrophy, bullous
keratopathy, and keratoconus patients, shows an absence of Sp3 long isoform
(arrow) and an overexpression of the Sp3 short isoform(s) (arrowhead) exclu-
sively in keratoconus. Jurkat-cell extracts were used as a control group (Up-
per). Secondary keratoconus shows an expression profile similar to control
cornea (Lower).

maintained the same Sp3 expression profile of control cornea. By
sequencing cDNAs isolated from keratoconus-affected corneas
(n = 4), we confirmed that the disappearance of the long Sp3
isoform was not due to genetic mutations. Indeed, between the first
ATG (long Sp3) and the internal ATG codons (short Sp3), we did
not find any mutation resulting in a STOP codon that would affect
translation only of the long Sp3 isoform.

Overexpression of Sp3 Short Isoform(s) Down-Regulates TrkA Expres-
sion in Cell Culture. If TrkANCFR transcription is repressed by the
internally initiated Sp3 short isoform(s), overexpression of these
isoform(s) in cell culture should down-regulate the 7rkA expres-
sion level.

Therefore, we transfected primary corneal keratocytes with the
short Sp3 isoform (HA-Sp3) (apparent molecular mass of 80 kDa),
tagged at the N terminus with hemagglutinin (HA). Transfection
efficiency was low, regardless of the vector used (empty HA, the
reporter EGFP-N1, or the HA-Sp3 constructs). However, as shown
in Fig. 54, TrkANSFR fluorescence staining was 40% reduced in
corneal keratocytes that overexpressed HA-Sp3 compared with
EGFP-transfected cells (Fig. 5B). To better quantify this Sp3-short-
isoform-mediated TrkANC® down-regulation, a human HACAT
cell line was made to overexpress the HA-Sp3 construct. Western
blot analysis (Fig. 64) showed a significant decrease of TrkANCFR
expression (~60%) in protein extracts of transfected HACAT cells
when compared with cells transfected with the empty HA vector or
the EGFP-NI1 reporter vector.

To further ascertain whether Sp3 short isoform(s) could
down-regulate the expression of TrkANYFR we produced a
luciferase-reporter construct harboring the proximal promoter
region of the TrkANOFR gene (pTrkA-Luc). We then used this
construct to transiently transfect HACAT cells in the presence
or absence of HA-Sp3. As shown in Fig. 6B, TrkANYFR promoter

Lambiase et al.
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Fig. 5. Overexpression of Sp3 short isoform(s) down-regulates Trk ANGFR
expression in corneal keratocytes. (A) A panel of confocal images of
cultured primary corneal keratocytes transfected with HA-Sp3 construct.
Cells were double stained for TrkANGFR (red) and the HA-tag (green).
Keratocytes that overexpress Sp3 short isoform(s) have nuclear staining
(green) and reduced cytoplasmic TrkANGFR immunofluorescence. (B) Ker-
atocytes that overexpress control plasmid (EGFP-N1 vector) do not have
altered TrkANGFR immunostaining.

activity was progressively reduced when increasing amounts of
HA-Sp3 were cotransfected with the pTrkA-Luc construct,
further indicating an Sp3-mediated suppression of TrkANCFR
gene transcription.

Discussion

The aim of this study was to identify the molecular basis of
keratoconus, a disease lacking any medical treatment.

Molecular analyses of human corneas affected by keratoconus
have led to the following conclusions: (i) keratoconus-affected
corneas are characterized by a lack of TrkANSFR expression and
a significant reduction in NGF and p75NTR expression, (if) the
absence of TrkANGFR js specific to keratoconus dystrophy, (i)
lack of TrkANSFR jg associated with a strong increase in Sp3 short
isoform(s) and a lack of Sp3 long isoform, and (iv) Sp3 short
isoform(s), when overexpressed in cell culture, can down-
regulate TrkANSFR expression.

NGF is known to play a crucial role in the maintenance of corneal
trophism and in the equilibrium between cellular proliferation and
differentiation (9, 10, 21). NGF affects in vitro and in vivo corneal
epithelium and keratocytes function, promoting corneal wound
healing in an experimental model and in patients affected by
corneal ulcers (10-12). Several studies showed that knockout
animals for the NGF receptor TrkANCGFR develop corneal opacity
and an impairment of corneal sensitive nerves (22, 23). Therefore,
understanding the mechanisms responsible for TrkANCGFR expres-
sion in corneal cells would provide important insight into the
development of therapeutical strategies for the treatment of corneal
diseases. In light of our results, keratoconus is a previously unde-
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Fig.6. Sp3 down-regulates transcription from TrkANGFR proximal promoter.
(A) Western blot of protein extracts of HACAT cells transfected with the
HA-Sp3 construct. Protein levels of TrkANGFR are reduced only in extracts of
cells that overexpress the HA-Sp3 short isoform(s) compared with cells that
overexpress the empty HA vector or the control GFP vector (EGFP-N1). Protein
loading was monitored by reprobing the nitrocellulose with g-actin antibody.
(B) HACAT cells were cotransfected with pTrkA-Luc reporter construct and
increasing amounts of HA-Sp3 vector. Luciferase activity was measured after
48 h. Results, which are representative of three independent experiments
performed in triplicate, are reported as percent of luciferase activity (+SD)
compared with the transfections carried out in the absence of HA-Sp3.

scribed human disease characterized by a tissue-specific lack of
TrkANGFR expression. Indeed, we have shown that the absence of
TrkANGFR expression is specific to keratoconus dystrophy and
limited to the cornea, because patients with keratoconus have
circulating lymphocytes expressing Trk ANGFR,

Congenital insensitivity to pain with anhidrosis (CIPA) is a
disease characterized by a deficiency in TrkANCFR (24). Patients
affected by CIPA have a highly complex syndrome that involves a
wide number of tissues and organs, characterized by recurrent
episodic fevers, anhidrosis, absence of reaction to noxious or painful
stimuli, self-mutilating behavior, Ig deficiency, mental retardation,
and severe visual impairment (25). The cornea-specific effects of
keratoconus are in stark contrast to the devastating effects of CIPA,
highlighting further the unique tissue-specific localization of
TrkANGFR deficiency in keratoconus.

The complete absence of TrkANCFR expression in keratoconus
cornea can be due to either mRNA degradation or repression of its
transcription. Although we cannot exclude the possibility of a
mechanism controlling TrkANS"R mRNA stability, dramatic alter-
ations in the Sp3 protein expression profile indicate an Sp3-
mediated down-regulation of TrkANCTR transcription. In fact, ker-
atoconus corneas demonstrated an overexpression of short
isoform(s) and a deficiency in long activator isoform. This imbal-
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ance may underlie the lack of TrkANGTR observed in keratoconus
cornea. Indeed, cotransfection experiments using the luciferase
assay have shown that the Sp3 short isoform(s) overexpression
results in a significant down-regulation of TrkANCFR expression.

Furthermore, corneas from keratoconus induced by refractive
surgery and other corneal diseases express normal TrkANGFR
levels, and show a pattern of Sp3 protein expression similar to
control corneas.

The basis for the altered profile of Sp3 expression in kerato-
conus remains unclear. From sequencing analyses, we can ex-
clude the presence of a mutation resulting in a STOP codon in
the cDNA of Sp3, particularly in the region between the initial
ATG for the long isoform and the two internal translational sites.
Recently, it has been suggested that, under many cellular con-
ditions, including apoptosis, cellular stress, and viral infection,
many proteins need to be synthesized via the internal ribosome
entry site (IRES)-mediated mechanism (26). The switch from
normal cap-dependent to the direct-internal-initiation mecha-
nism (cap-independent initiation) would be an appealing expla-
nation for the disappearance of Sp3 long isoform in keratoconus
cornea.

The presence of an Sp3-mediated suppression of the TrkANCFR
gene transcription in keratoconus cornea does not exclude the
intervention or cooperation of other transcription factors in this
disease. Whitelock et al. (4) analyzed a panel of transcription
factors and found an enhanced level of Sp1 expression in corneal
epithelium of patients affected by keratoconus compared with
normal individuals. Interestingly, Spl is known to bind cis-
elements in the promoter region of TrkANCFR which contains
several putative binding sites for Sp1/Sp3 factors (6, 27). More-
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the human TrkANCFR gene in corneal cells. We have also
analyzed the human TrkANSFR minimal promoter (~1,000 bp)
(6) sequence isolated from the genome of patients with kerato-
conus, and no genetic mutations or polymorphisms that could
explain the lack of expression of TrkANFR have been identified.

The magnitude of NGF signaling depends on the ratio of
p75NTR and TrkANCTR activity (29, 30). It is intriguing that, in all
patients with keratoconus, mRNA expression levels for NGF
and p75NTR are altered, with a strong reduction (95%) in NGF
mRNA. p75NTR a member of the tumor necrosis factor receptor
superfamily, is known to mediate apoptotic signals (31). Because
TrkANGFR mediates survival of some neurons by silencing an
ongoing p75NTR-mediated apoptotic signal (32), the absence of
TrkANGFR and the presence of p75NTR might be responsible for
increased apoptosis of corneal cells. Indeed, TUNEL analysis of
corneas with keratoconus has shown the presence of diffuse
stromal and epithelial apoptotic cell death (33).

In keratoconus, decreased corneal sensitivity, anatomic cor-
neal nerve changes, and a progression of the disease after
trigeminal-nerve injury have also been demonstrated (14, 15,
34). Several studies show that NGF regulates corneal nerves and,
in particular, that TrkANGFR expression is essential for corneal
sensitivity in mice (13, 23).

In conclusion, our study has shed light on molecular aspects of
keratoconus, having identified that the imbalance in the Sp3
transcription factor isoforms induces an impairment of NGF
signaling that merges multiple features of this disease. Absence
of TrkANGFR and its regulation by the Sp family may well provide
critical biochemical targets for future therapeutical strategies
and drug design in keratoconus and other diseases characterized
by a disregulation of NGF pathway.
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