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We hypothesized that human ocular surface squa-
mous neoplasia (OSSN) may result from the continu-
ous growth stimulation of corneal epithelial progen-
itor cells. In the present study, we analyzed the effects
of excess fibroblast growth factor-7 (FGF-7) on both
the proliferation and differentiation of corneal epi-
thelium in a novel Krt12-rtTA/tet-O-FGF-7 double
transgenic mouse model in which cornea-specific
FGF-7 overexpression is achieved by doxycycline
(Dox) treatment. When such adult mice were exposed
to Dox, they exhibited epithelial hyperplasia with
increases in phospho-extracellular signal-regulated
kinase 1/2-, nuclear PB-catenin-, and 5-bromo-2'-de-
oxyuridine-labeled cells and altered keratin (K) 14
(K14) expression pattern, a normal K12 expression
pattern, and the normal absence of K10. Hyperplasia
of the adult cornea was fully reversible 2 weeks after
the removal of Dox from chow. In contrast, double
transgenic embryos that were exposed to Dox from
embryonic day 0.5 to postnatal day 21 developed papil-
lomatous tumors in the cornea, resembling human
OSSN, and ectopic gland-like structures in the limbus,
accompanied by the down-regulation of K12 and the
up-regulation of K14, Pax6, and p63. These epithelial
anomalies observed in young experimental mice were
not fully resolved after the termination of Dox induc-
tion. Taken together, Krt12-rtTA/tet-O-FGF-7 mice may
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be a suitable animal model for the study of the molecu-
lar and cellular mechanisms of human OSSN. (Am J
Patbol 2008, 172:638—649; DOI: 10.2353/ajpath.2008.070897)

Ocular surface squamous neoplasia (OSSN) is rare, but it
is the most common ocular surface precancerous and
cancerous lesion previously known by various names,
such as conjunctival intraepithelial neoplasia, corneal in-
traepithelial neoplasia, or both together.” Clinically, OSSN
manifests in different grades ranging from simple dyspla-
sia to squamous cell carcinoma.’ Because of the high
incidence of OSSN in the limbal area, where the corneal
epithelial stem cells are located, the limbal transition
zone/stem cell theory has been proposed for the devel-
opment of corneal intraepithelial neoplasia by Lee and
Hirst.? Tseng et al® have suggested that the slow cycling
limbal stem cells may become hyperproliferative by stim-
ulations, such as alterations in this anatomical site influ-
enced by other factors, which can cause abnormal mat-
uration of the conjunctival and corneal epithelium and
lead to the formation of corneal intraepithelial neoplasia.
Nevertheless, the etiology and pathogenesis of corneal
intraepithelial neoplasia and ocular surface carcinoma
remain elusive, because there is no appropriate animal
model available to study the molecular and cellular
mechanisms of this disease.

Fibroblast growth factor-7 (FGF-7), a potent mitogen,
enhances epithelial cell proliferation in various organs.*=©
The precise spatio-temporal expression of FGF-7 and the
related polypeptide FGF-10 is important for governing
ocular surface morphogenesis. FGF-7 and FGF-10 are
secreted by mesenchymal cells, which bind with high
affinity to the same FGF receptor 2 (FGFR2-IlIb) isoform
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expressed mainly by the epithelium.” In the cornea, ex-
pression of FGF-7 and its cognate receptor FGFR2-IlIb is
higher in limbal stroma and epithelium, respectively, than
in the central cornea, implicating that FGF-7 may promote
limbal stem cell proliferation and participate in modula-
tion of corneal epithelium renewal and homeostasis.®° It
has been reported that overexpression of FGF-7 or
FGF-10 driven by aA-crystalline promoter, which is acti-
vated at mouse E11.5 before corneal epithelial differentia-
tion, resulted in the suppression of cornea-type epithelial
differentiation and the induction of ectopic lacrimal gland
formation in the corneas of the transgenic mice.'°~'2 These
results indicate that excess FGF-7 and FGF-10 are capa-
ble of altering epithelial fate decision during embryonic
development. However, it remains unclear whether they
are capable of exerting such an influence at a later stage
when epithelial cells have committed to corneal epithelial
differentiation. To answer this question, we developed a
Krt12-rtTA/tet-O-FGF-7 double transgenic mouse line in
which overexpression of FGF-7 in cornea is achieved by
administering experimental mice doxycycline (Dox).

In the present study, we show that excess FGF-7 in-
duced by Dox in the Krt12-rtTA/tet-O-FGF-7 double
transgenic mice beginning from embryonic day 0.5 to
postnatal day 21 and beyond results in squamous cell
carcinoma of the cornea, resembling OSSN in human.
However, excess FGF-7 induced by Dox for up to 2
months in adult Krt12-rtTA/tet-O-FGF-7 double trans-
genic mice exhibits only corneal epithelial hyperplasia
without tumor formation. The clinical manifestations of
excess FGF-7 showed age-dependent lesions in the ex-
perimental mice.

Materials and Methods

Animals

Experimental animals were housed under pathogen-free
conditions in accordance with institutional guidelines. An-
imal care and use conformed to the Association for Re-
search in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research. All
animal protocols were approved by the Institutional Ani-
mal Care and Use Committee of the University of
Cincinnati.

Generation and Genotyping for Krt12-rtTA/
tet-O-FGF-7 Double Transgenic Mice

Krt12-rtTA knock-in mice'® were crossed to tet-O-FGF-7
mice'* for the preparation of Krt12-rtTA/tetO-FGF7 dou-
ble transgenic mice, which overexpress FGF-7 by cor-
neal epithelium on induction of Dox.

Transgenic mice were identified by genotyping of PCR
using oligonucleotide primers specific for each trans-
gene as follows. Krt12-rtTA knock-in allele was identified
by PCR with the following oligonucleotide primers: for-
ward Krt12-1 (primer 1), 5'-GTGTGTGCCTGCCATC-
CCATC-3"; Neo 781-803 (primer 2), 5'-CGCCTTCTT-
GACGAGTTCTTCTG-3' for knock-in allele; and Krt12-1
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primer and reverse Krt12-2 (primer 3), 5'-GAT CTG GGG
TTG CAA TGA AGA C-3' for wild-type allele. The primers
for detecting tet-O-FGF-7 transgene in the transgenic
mice were as follows: forward primer in CMV minimum
promoter, 5'-GTCAGATCGCCTGGAGACGCC-3'; reverse
primer in hFGF-7, 5'-AATTAGTTCTTTGAAGTTACAA-
TCT-3'. PCR for Krt12-rtTA was performed by denatur-
ation at 94°C for 5 minutes, 35 cycles of amplification (30
seconds at 94°C, 30 seconds at 64°C, and 45 seconds at
72°C), followed by a 5-minute final extension step at
72°C. PCR products were analyzed by agarose gel elec-
trophoresis. Detection of tet-O-FGF-7 was identical ex-
cept the annealing temperature was 54°C.

Administration of Dox

To induce FGF-7 expression, mice were injected once
intraperitoneally with Dox (80 ng/g body weight; Clontech
Laboratories, Mountain View, CA) dissolved in PBS (pH
7.4) at a concentration of 10 mg/mi*® and fed Dox-chow
(1 g/kg chow; Bioserv, Frenchtown, NJ). Control animals
were fed regular chow.

Immunohistological and Western Blotting
Analysis

The following antibodies were used: rabbit anti-K12 anti-
body'®; rabbit anti-keratocan antibody'”: rabbit anti-
VP-16 antibodies to detect rtTA (Clontech Laboratories);
rabbit anti-hFGF7 (GeneTex, Inc., San Antonio, TX); rab-
bit anti-K14 and rabbit anti-Pax6 (Covance, Princeton,
NJ); rabbit anti-phosphoERK1/2 (Neuromics, Inc., Edina,
MN), monoclonal antibody 4A4 anti-p63 and monoclonal
antibody anti-g-catenin (BD Biosciences); anti-E-cad-
herin (Chemicon, Inc., Temecula, CA) and 5-bromo-2’-
deoxyuridine (BrdU) monoclonal antibody (Lab Vision,
Corp., Fremont, CA). Secondary Alexa488, Alexa555, la-
beled antibodies were obtained from Molecular Probes,
Inc. (Eugene, OR). Secondary horseradish peroxidase-
conjugated antibodies were obtained from Jackson Im-
munoResearch Laboratories, Inc. (West Grove, PA).

For Western blotting analysis, adult Krt12-rtTA/tet-O-
FGF-7 mice (2 months old) were administrated with or
without Dox for 2 weeks, and the neonatal Krt12-rtTA/tet-
O-FGF-7 mice were administrated with or without Dox
from embryonic day (E) 0.5 to postnatal day (P) 3. Eyes
were then enucleated and incubated with Dispase |l
(0.5%) in PBS at 37°C for 2 hours to isolate corneal
epithelial sheets. The corneal epithelial sheets were
pooled and incubated with 1X cell lysis buffer containing
50 mmol/L Tris-HCI, pH 7.4, 1% Nonidet P-40, 0.25%
sodium deoxycholate, 1 mmol/L EDTA, 1 mmol/L phenyl-
methylsulfonyl fluoride, and protease inhibitor cocktail
(Sigma, St. Louis, MO). Twenty micrograms of the total
protein extract were separated on a SDS-PAGE and
Western blotting analysis with rabbit anti-VP-16 antibod-
ies and rabbit anti-hFGF7 followed by a goat anti-rabbit
IgG (H+L)-alkaline phosphatase. Immune reactivity was
visualized with Western blue (Promega, Madison, WI).
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Immunohistological analysis was performed to deter-
mine the consequences of excess FGF-7 in corneas of
Krt12-rtTA/tet-O-FGF-7 mice and control single trans-
genic littermates. Excised eyes were fixed in 4% parafor-
maldehyde in 0.1 mol/L phosphate buffer (pH 7.4) at 4°C
overnight and paraffin embedded. Five-micrometer sec-
tions were then mounted on Super Frost slides (Fisher
Scientific, Pittsburgh, PA). The sections were de-paraf-
finized and hydrated in a graded ethanol series (95% and
75% ethanol and PBS for 3 minutes each). All incubations
were performed at room temperature. Sections for immu-
nofluorescence analysis were mounted (SlowFade Light
Antifade kit; Molecular Probes) in the presence of 4-,6-
diamidino-2-phenylindole, observed with an epifluores-
cence microscope (Axioscop2; Carl Zeiss, Minchen-Hall-
bergmoos, Germany) and were photographed with a digital
camera system (Axiocam, Carl Zeiss). The same fields were
photographed under Nomarski optics, and the Nomarski
and immunofluorescence images were overlaid.

Results

Induction of Adult Krt12-rtTA/tet-O-FGF-7
Double Transgenic Mice by Dox

Transgenic mice bearing a single transgene, either
Krt12-rtTA or tet-O-FGF-7, and noninduced Krt12-rtTA/
tet-O-FGF-7 double transgenic mice had no anomaly in
cornea or other tissues and survived normally in the
vivarium.'® ' Adult Krt12-rtTA/tet-O-FGF-7 double trans-
genic and tet-O-FGF-7 single transgenic mice were
treated with or without Dox for 2 weeks. Experimental
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animals were then sacrificed, and enucleated eyes were
subjected to biochemical and histological analyses.
Western blotting analysis of corneal epithelial extract
showed compatible rtTA expression levels regardless of
Dox treatment, but a large increase in FGF-7 only in
Dox-treated Krt12-rtTA/tet-O-FGF-7 double transgenic
mice (Figure 1A). None of Krt12-itTA and tet-O-FGF-7
single transgenic mice fed Dox, showed elevated FGF-7
in the cornea (data not shown). The expression of FGFR2
receptor, which binds FGF-7 and FGF-10, was detected
in corneal epithelium but did not seem to increase in
response to FGF-7 overexpression (Figure 1B). The cor-
neas remain transparent in all of the adult Krt72-rtTA/tet-
O-FGF-7 mice treated with Dox (data not shown), how-
ever, histological examination of the enucleated eyes
exhibited marked epithelial hyperplasia in the cornea
(Figure 1, B and C). Corneal epithelium contained five to
seven cell layers in untreated mouse but this increased to
15 to 18 cell layers in those treated with Dox (Figures 1B
and 2). No corneal abnormality was observed in Krt12-
rtTA or tet-O-FGF-7 single transgenic mice treated with
Dox (data not shown). Incorporation of BrdU into DNA
was used to estimate cell proliferation in the transgenic
mice. As shown in Figure 1, C and D, Dox treatment
caused an approximately 6.5-fold increase in BrdU incor-
poration by basal epithelial cells in the cornea and by
some suprabasal cells in the peripheral cornea of Krt12-
rtTA/tet-O-FGF-7 double transgenic mice. Because FGF/
FGFR signaling transduction can phosphorylate and ac-
tivate cytoplasmic ERK, we therefore examined the
phospo-ERK by immunohistochmistry. As expected, nu-
clear localization of phospho-pERK1/2 was more promi-

Figure 1. Dox-induced FGF-7 overexpression
results in hyperplasia and increased BrdU up-
take in corneal epithelium of Krt12-rtTA/tet-O-
FGF-7 mice. A: Western blotting analyses of 20
g of total protein extract isolated from corneal
epithelial sheets showed that rtTA expression
was comparable regardless of Dox treatment,
but hFGF-7 was dramatically up-regulated in the
corneal epithelium of Dox-treated (lane 2) com-
pared with nontreated mice (lane 1). Immuno-
histochemical staining of corneal sections of the
Krt12-rtTA/tet-O-FGF-7 mice treated with or
without Dox with anti-FGFR2 (B) and anti-BrdU
(O), respectively. FGFR2 was expressed mainly
in the corneal epithelium but not in stroma.
Hyperplastic epithelium retained a high level of
FGFR2 expression (B), suggesting excess FGF-7
continuously triggered an autocrine/paracrine

79.3:4.1 action via FGFR2 signaling within Dox-treated
80 Krt12-rtTA/tet-O-FGF-7 mice. As a result, BrdU
uptake in central cornea, and more prominently,
60 at the limbus was significantly increased in the
Dox-treated compared with the nontreated
Krt12-rtTA/tet-O-FGF-7 mice (C). A histogram
40 shows that there is a 6.5-fold increase of BrdU
uptake per corneal sections in the Dox-treated
compared with the nontreated Krt12-rtTA/tet-O-
20 120:14  FGF-7 mice (D).
0
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Figure 2. Dox-induced FGF-7 overexpression changes K14 but not K12 expression pattern. Immunohistofluorescent staining of corneas of the Krt12-r1TA/tel-
O-FGF-7 mice administered with Dox chow (A—C and G-I or Dox-free chow (D-F and J-L) with anti-K12 (A-F) or anti-K14 (G-L). K12 expression was detected
in the full thickness of hyperplastic corneal epithelium in Dox-treated and of normal corneal epithelium in nontreated Krt12-rtTA/tet-O-FGF-7 mice. In contrast,
K14 expression, which was only detected in the basal epithelium of the nontreated mice, was detected not only in the basal epithelium but also in suprabasal

and superficial layers of the Dox-treated Krt12-rtTA/tet-O-FGF-7 mice.

nent in Dox-induced compared with noninduced Krt12-
rtTA/tet-O-FGF-7 double transgenic mice (Supplemental
Figure 1A, see http.//ajp.amjpathol.org). Likewise, B-cate-
nin expression level was increased and was found in both
membrane and nucleus (Supplemental Figure 1B, see
http.//ajp.amjpathol.org). In comparison, B-catenin was
mostly found in the cytoplasm of control un-induced dou-
ble transgenic Krt12-rtTA/tet-O-FGF-7 mice. The K12 ex-
pression pattern remained unchanged in all cell layers
(basal through superficial layer) whether treated (Figure
2, A-C) or not treated by Dox (Figure 2, D-F). In contrast,
K14 expression, normally restricted to the basal cell layer of
stratified epithelium, was altered and detectable in nearly all
cell layers in Dox-treated Krt12-rtTA/tet-O-FGF-7 double
transgenic mice (Figure 2, compare G-l with J-L). More-
over, use of anti-K10 antibodies failed to detect the pres-
ence of this epidermal epithelium marker in the hyperplastic
corneal epithelium, suggesting that no epithelial metaplasia
was found in excess of FGF-7 (data not shown).

Kinetics of Hyperplasia and Phenotype Reversion

The effects of excess FGF-7 on corneal morphology in
adult (older than 2 months) Krt12-rtTA/tet-O-FGF-7 dou-
ble transgenic mice fed with Dox for various periods of
time was assessed by histology and immunofluores-
cence staining (Figure 3). Without Dox induction (Figure
3, B, H, and N), corneal epithelial morphology and E-
cadherin expression pattern of double transgenic mice
were normal and indistinguishable from that of control
tet-O-FGF-7 single transgenic mouse fed Dox for 14 days
(Figure 3, A, G, and M). In contrast, corneal epithelium
became hyperplasic after 24 hours Dox administration
(Figure 3, C, I, and O) and increased to 15 to 18 cell
layers at 7 days (Figure 3, D, J, and P) and 14 days
(Figure 3, E, K, and Q), with altered E-cadherin expres-
sion pattern. Interestingly, 14 days after the termination of
a 14-day Dox induction, the corneas of Krt12-rtTA/tet-O-
FGF-7 double transgenic mice regained nearly normal
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Figure 3. Reversibility of epithelial hyperplasia induced by Dox in adult Krt12-rtTA/tet-O-FGF-7 mice. Histological H&E staining of central cornea (A—F) and
limbal area (G-L) of tet-O-FGF-7 (A and G) mice and Krt12-rtTA/tet-O-FGF-7 (B-F and H-L) mice. Corneal epithelium of Krt12-1rtTA/tet-O-FGF-7 without Dox
consists of five to seven cell layers (B and H). However, Dox caused hyperplasia with 10 cell layers at day 1 (C and D and 15 cell layers at days 7 to 14 (D, J,
E, and K) exposure. Mice treated with Dox for 14 days followed by Dox-free diet for 14 days exhibited complete reversal of corneal hyperplasia (F and L). Note
that Dox-treated tet-O-FGF-7 mice exhibited normal cornea morphology (A and G), suggesting that Dox had no adverse effect by itself. Immunofluorescent
staining of E-cadherin expression pattern (red) in corneal epithelium (M-R). Sections were counterstained with 4-,6-diamidino-2-phenylindole.

corneal epithelial morphology and E-cadherin expression to respond to the excess FGF-7. When BrdU labeling was
pattern (Figure 3, F, L, and R). compared between corneal sections in the Dox-treated

(Figure 5F) and nontreated Krt12-rtTA/tet-O-FGF-7 mice
Detrimental Consequences of Excess FGF-7
after Dox Induction in Utero

Events in ocular surface during development

systematic administration of Dox to pregnant Krt12-rtTA/ : = - - =

tet-O-FGF-7 double transgenic females should lead to l l l
b weaning
r2 |

FGF-7 overexpression in the fetal corneal epithelium. To
determine the effects of excess FGF-7 on corneas in
utero, female Krt12-rtTA/tet-O-FGF-7 double transgenic
mice were fed Dox from the time of conception (E0.5), E0 E13.5 P1 P21
and at least five embryos or pups were examined at
various developmental stages: E16.5, P1, P3, and P21 as
shown in Figure 4. Histological examination of the devel-
oping eyes from nontreated Krt12-rtTA/tet-O-FGF-7 dou- lEO.S E16.5

irth
E145 EI165 ]

Doxycycline (Dox) administration
Diet: 1g Doxycycline/ Kg

ble transgenic embryos at E16.5 showed that corneal = P3

epithelium consisted of two cell layers (Figure 5A), =
whereas Dox-treated embryos revealed marked hyper-

plasia (five to six layers) (Figure 5B). Immunohistochem- Wewrit St

ical staining with anti-FGFR2 showed that nearly the en-

tire corneal epithe“um was FGFR2 pos]tive (Figure 5C)’ Figure 4. Diagram showing Dox induction in utero. Top panel shows the

. . . . . . ocular surface developmental events, including K12 expression (at E14.5),
and Dox-induced hyperpIaStlc eplthellum retains hlgh eyelid fusion (E16.5), and eyelid reopening (P12). Bottom panel shows the

expression of FGFR2 (Figure 5D), suggesting it continues Dox administration protocol.
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Figure 5. Dox-induced epithelial hyperplasia in the embryonic cornea. Histological examination of Krt12-rtTA/tet-O-FGF-7 embryos (E16.5) with (B, D, F, I, and
K) or without (A, C, E, H, and J) exposure to Dox through pregnant mothers from E0.5. Dox treatment induced corneal epithelial hyperplasia (B).
Immunohistochemical staining with anti-FGFR2 (C and D) showed that nearly the entire epithelium is FGFR-positive (C); likewise, hyperplastic epithelium retains
high expression of FGFR2 (D). Hyperplastic epithelium responds to FGF-7 with increased BrdU uptake (F) compared with noninduced embryos (E). A histogram
shows that there is a 9.1-fold increase of BrdU uptake per corneal sections in the Dox-treated (filled bar) compared with the nontreated (open bar)
Krt12-rTA/tet-O-FGF-7 mice (G). Immunohistochemical stainings with anti-K12 (H and D and anti-K14 (J and K) were used to characterize the epithelial
differentiation status. Nearly the entire hyperplastic epithelium is K14-positive (K), but only the superficial layer exhibits K12-positive staining (I). Scale bars =

100 pm.

(Figure 5E), quantitation of cell proliferation revealed that
there was an approximately 9-fold increase of BrdU up-
take (Figure 5@G) in the Dox-treated mice. K14 keratin,
which is normally expressed only in the basal epithe-
lium, was detected in the entire hyperproliferative ep-
ithelium (Figure 5, J and K), but the corneal differenti-
ation marker K12 was found only in the superficial layer
(Figure 5, H and ).

At P1, corneal epithelium of Krt12-rtTA/tet-O-FGF-7
double transgenic pups that had been exposed to Dox
from EO0.5 had around 20 cell layers, 10 times more than
that of single tet-O-FGF-7 transgenic littermates and of
age-matched noninduced Krt12-rtTA/tet-O-FGF-7 double
transgenic pups (Figure 6). K12 was detected in the
superficial layer but absent in the basal and suprabasal
layers (Figure 6, F and G). However, K14 was expressed
throughout the entire epithelial layer (Figure 6, H and I). It

is of interest to note that K12- and K14-negative hyper-
proliferative nodules existed in the limbal basal region of
the Dox-treated Krt12-riTA/tet-O-FGF-7 double trans-
genic eyes as shown in Figure 6, G and |. This observa-
tion was extended in the postnatal day 3, Krt12-rtTA/tet-
O-FGF-7 double transgenic pups exposed to Dox from
E0.5 (Figure 7), in that K12-negative (Figure 7E) and
K14-negative (Figure 7F) hyperproliferative nodules la-
beled by BrdU were present across the entire corneal
epithelium (Figure 7D). Although hyperplasia is prominent
in the epithelium, corneal and limbal stroma remained rela-
tively unaffected by excess FGF-7 present in the epithelium,
because the expression pattern of keratocan, a keratocyte-
specific marker, was not altered (Figure 6, J-M).
Krt12-rtTA/tet-O-FGF-7 double transgenic mice under
continued Dox induction from EQ.5 to P21 manifested thick-
ened mulberry-like gelatinous lesions with gray intraepithe-



644  Chikama et al
AJP March 2008, Vol. 172, No. 3

{0-FG F-7(-Dox)

Figure 6. Dox-induced epithelial hyperplasia and ectopic gland in the neonatal cornea. Krt12-rtTA/tet-O-FGF-7 mouse exposed to Dox through pregnant mothers
from E0.5 showed hyperproliferative epithelium (B) compared with age-matched noninduced Krt12-1r1TA/tet-O-FGF-7 (A) or Dox-induced tet-O-FGF-7 mice (C).
Interestingly, Dox-treated cKrt12-rtTA/tel-O-FGF-7 mouse exhibit ectopic gland induction in the limbal basal area (B, D, and E). Immunofluorescent staining
(green color) was performed to detect K12 (F and G) and K14 expression (H and D and counterstained with propidium iodide (P, red). All layers of epithelium
are K14 positive (H and I), which is a marker of basal cells. Although almost all basal cells express K14, many basal cells are K12 negative (F and G) in this cornea.
Immunofluorescent staining was performed to detect keratocan (green) and counterstained with 4-,60-diamidino-2-phenylindole (blue) (J-M). The keratocan
expression pattern did not change regardless of Dox treatment. epi, corneal epithelium; St, stroma; en, corneal endothelium; le, lens.

lial plaques and tufts of vessels in the corneas, resembling
human corneal intragpithelial neoplasia (Figure 8B). Histo-
logical examination revealed that excess FGF-7 induced a
papilloma-like tumor with neovascularization and stromal
invasions into the corneal epithelium (Figure 8, C and D). A
differentiated glandular cell mass was apparent in the lim-
bal basal region (Figure 8E, inset). Immunohistochemical
analyses showed that the hyperplastic epithelial cells
stained heavily for Pax-6 (Figure 9, A-D) in comparison with

a single basal layer staining in noninduced corneas (Figure
9, E-H). Similarly, overexpression of ANp63 was observed
in almost all epithelial cells (Figure 9, K and L), whereas in
control un-induced double transgenic mice, ANpP63 was
observed only in the basal corneal epithelial cells (Figure 9,
| and J). Unlike Dox-treated adult Krt12-rtTA/tet-O-FGF-7
mice in which the epithelial hyperplasia is reversible when
Dox is removed, corneal tumors in Krt12-rtTA/tet-O-FGF-7
mice induced from EQ.5 to P21 did not completely regress,
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Figure 7. Dox-induced epithelial hyperplasia and ectopic gland invasion in
the neonatal cornea. Krt12-1tTA/tet-O-FGF-7 mouse exposed to Dox through
pregnant mothers from E0.5 showed hyperproliferative epithelium at post-
natal day 3 (B) compared with age-matched noninduced Krt12-rtTA/tet-O-
FGF-7 mouse (A). C: Western blotting analyses of 20 ug of total protein
extract isolated from corneal epithelial sheets showed that hFGF-7 was
dramatically up-regulated in the corneal epithelium of Dox-treated (lane 2)
compared with nontreated age-matched mice (lane 1). gapdh served as a
reference of protein loading. At this stage, it was clear that the stromal-
epithelial boundary was not preserved due to the corneal invasion by the
ectopic glandular cell mass (see Figure 6), which was extremely hyperpro-
liferative as revealed by strong BrdU immunoreactivity (D) and K12 (E) and
K14 (F) negativity.

and normal corneal morphology did not return even 60 days
after Dox withdrawal (Figure 10).

Discussion

To examine the hypothesis that continuous growth stim-
ulation may result in the alteration of corneal epithelial
homeostasis that can lead to corneal pathology, such as
OSSN, we have established cornea-specific and Dox-
inducible overexpression of FGF-7 in transgenic mouse
lines, namely, Kerapr-rtTA/tet-O-FGF-7°° and Krt12-rtTA/
tet-O-FGF-7 (this study). Unlike Dox-treated Krt12-rtTA/
tet-O-FGF-7 mice, which exhibited severe corneal phe-
notypes, Kerapr-rtTA/tet-O-FGF-7 double transgenic mice
exposure to Dox exhibited a subtle phenotypic change of
epithelial hyperproliferation without significant corneal

Cornea-Specific Overexpression of FGF-7 645
AJP March 2008, Vol. 172, No. 3

pathology.?° The distinct phenotype is most likely due to
the different anatomical sites of FGF-7 overexpression in
these two double transgenic mouse lines. Given that
keratocan promoter/enhancer activates rtTA in kerato-
cytes but not in epithelium, the subsequent Dox-induced
FGF-7 overexpression is primarily present in the corneal
stroma. However, the presence of extracellular matrix in
stroma, and the basement membrane may preclude suf-
ficient amounts of FGF-7 from reaching the epithelium.
Alternatively, due to the avascular characteristic of the
cornea, the concentration of doxycycline in corneal
stroma may be insufficient to induce tet-O-FGF-7 trans-
gene, and doxycycline derived from tears may be readily
accessible to epithelial cells but not to stromal kerato-
cytes. In contrast, Dox-induced overexpression of FGF-7
can quickly execute an autocrine/paracirne loop within
corneal epithelium and trigger corneal epithelial hyper-
plasia and tumor formation in double transgenic Krt12-
rtTA/tet-O-FGF-7 mice.

Our data indicate that FGF-7 overexpression by the cor-
neal epithelium in Krt12-rtTA/tet-O-FGF-7 double transgenic
mice does not produce adverse effects to other ocular
tissues, such as conjunctiva, eyelid, lens, and retina, but
only affects corneal epithelium. Using this model, we
demonstrated that excess FGF-7 in corneal epithelium
perturbed tissue homeostasis. This was manifested as
corneal epithelium hyperplasia leading to increased ep-
ithelial thickness from 6 to 7 to more than 20 cell layers
and increased number of cells labeled by BrdU incorpo-
ration. Furthermore, K14 expression was no longer lim-
ited to basal cell layer and extended to suprabasal and
superficial cells (Figure 2), consistent with the altered
K14 expression pattern in the pathogenesis of hyperpro-
liferative stratified epithelium.?" In contrast, no perturba-
tion of normal corneal type epithelial differentiation of K12
expression was noted in that full-thickness expression
pattern of K12 was detected (Figure 2). There was no
evidence of keratinization, eg, expression of epidermal
epithelium K10 keratin, fillagrin, and formation of enve-
lope (data not shown). Therefore, FGF-7 overexpression
in the adult mature corneal epithelium only caused en-
hanced cell proliferation without perturbing cornea-type
epithelium differentiation of keratin K12 expression. This
result is in agreement with the data reported by Wilson et
al®® that KGF (FGF-7) stimulates proliferation of cultured
corneal epithelial cells at low density and in confluent
islands of cells and does not affect expression of keratin
K3 and migration of epithelial cells. Collectively, these
results were consistent with the notion that FGF-7 is a
mesenchyme-derived mitogen for epithelial cells,® " in-
cluding the corneal epithelial cells. It has previously been
reported by Rosner et al®® that the canonical Wnt path-
way was involved in mammary tumorigenesis in trans-
genic mouse overexpressing FGF-7 driven by MMTV pro-
moter. We observed that corneal epithelial hyperplasia
was associated with up-regulation and nuclear translo-
cation of B-catenin (Supplemental Figure 1, see http://
ajp.amjpathol.org), suggesting that FGF-7 may trigger a
mitogenic pathway mediated though B-catenin besides
the well known MAP kinase/ERK pathway (Figure 1D).%*
Because such corneal epithelial hyperplasia was not as-
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Figure 8. Dox-induced corneal intraepithelial and papillomatous neoplasia in young animals. Krt12-r1TA/tet-O-FGF-7 mice exposed to Dox through pregnant
mothers from E0.5 exhibited corneal intraepithelial neoplasia at postnatal day 21 (B) compared with age-matched noninduced K#t12-rtTA/tet-O-FGF-7 mice (A).
Papilloma-like epithelial lesion with mesenchymal invasion was found in the central cornea (C; magnified in D). In the limbal region, ectopic glandular cell mass
(see Figure 6) becomes more differentiated with acinar-like morphology (E; arrows in inset).

sociated with any notable alteration of the underlying
corneal stroma and could be thoroughly reversed in 14
days after the removal of Dox from the diet in adult
Krt12-rtTA/tet-O-FGF-7 mice (Figure 3), we concluded
that FGF-7 did not alter the plasticity of differentiated
corneal transient amplifying cells nor indirectly affect the
underlying corneal stroma.

In contrast, administration of Dox beginning at E0.5
and continued up to P21 produced a much more severe
epithelial phenotype manifesting epithelial hyperplasia
(Figures 4 and 5), epithelial intrastromal invasion (Figure
6), and formation of papillomatous tumor-like tissues in
the cornea at P21 and beyond (Figure 7). Such altered
epithelial and stromal phenotypes resembled the precan-
cerous lesion known as corneal squamous papilloma that
is thought to be derived from untreated OSSN. Human
OSSN usually initiates from the limbus, where the corneal
epithelium stem cells reside and then expands to the
corneal and/or conjunctival surface.?® Interestingly, we
also observed that Krt12-rtTA/tet-O-FGF-7 mice exposed
to Dox from P2, P3, and P7 to P60 all developed corneal
tumor at the peripheral corneal/limbal region (J.T.A. Meij
et al, unpublished data), implicating that the Dox-induc-
ible corneal epithelial tumor in Krt12-rtTA/tet-O-FGF-7
mice may be initiated from the limbus.

Up-regulation of FGF-7 has been reported to be asso-
ciated with many human neoplastic tumors of epithelial

cell origin®®=3" and during multistage epidermal carcino-

genesis in K14-human papilloma virus 16 transgenic
mice.®? HPV is also one of the risk factors for corneal
intragpithelial neoplasia.®® We, thus, suggest that up-
regulation of FGF-7 signaling pathway(s) may be com-
mon in tumorigenesis derived from limbal stem cells that
undergo oncogenic transformation by insults, such as
long-term UVB exposure, infection of human papilloma
virus and human immunodeficiency virus, and cigarette
smoking, etc, which often exhibit the characteristic phe-
notypes of OSSN.34-%6

The notion that limbal stem cells might be involved in
the aforementioned Krt12-rtTA/tet-O-FGF-7 double trans-
genic mice was further supported by the findings in that
the lesion of corneal epithelial neoplasia in the double
transgenic mice fed Dox beginning at E0.5 was first
noted in the limbus at P1~P3 (Figures 4 and 5). The
lesion then expanded into the corneal surface and be-
yond (Figures 5 and 6), and after removal of Dox from the
diet, the diseased tissue failed to revert to a normal
corneal morphology (Figure 9). Furthermore, the notion of
limbal stem cell involvement in the pathogenic effects of
excess FGF-7 on corneal epithelium was strengthened
by the observations that such epithelial hyperplasia was
characterized by an increased number of K12-negative
cells in basal and suprabasal corneal epithelium (Figures
5and 6). Thus it is very likely that excess FGF-7 led to the
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Figure 9. Corneal intraepithelial neoplasia induced by Dox expressed both Pax-6 and p63 progenitor markers. Krt12-rtTA/tet-O-FGF-7 mice exposed to Dox
through pregnant mothers from E0.5 exhibited corneal intraepithelial neoplasia at postnatal day 21 (A, B, C, D, K, and L) compared with age-matched noninduced
Krt12-rtTA/tet-O-FGF-7 (E-J). Immunofluorescent staining was performed to detect Pax-6 (green) and counterstained with 4-,6-diamidino-2-phenylindole (blue)
(A-H). Immunohistochemical staining was performed to detect p63 (I-L). Both Pax-6 and p63 were detected throughout the entire hyperplastic epithelium in the
Dox-induced Krt12-rtTA/tet-O-FGF-7 mice (A, B, C, D, K, and L), whereas they were only detected in the basal epithelial layer in the noninduced Krt12-rtTA/

tet-O-FGF-7 (E-J).

Days after
removal of Dox

15

30
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Figure 10. Reversibility of corneal intraepithelial neoplasia. Photographs of
both left (OS) and right (OD) eyes were taken from Krt12-11TA/tet-O-FGF-7
mice exposed to Dox from E0.5-P21 followed by Dox-free diet for 0 (A and
F), 15 (B and G), 30 (C and H), 45 (D and D), and 60 (E and J) days.

expansion of the K12-negative corneal epithelial progen-
itor cells residing in limbus, eg, limbal stem cells, and
alteration of such progenitor cells may account for the
papilloma-like tissue.3”-38

It remains unknown whether such expansion of K12-
negative cells resulted from de-differentiation of K12-
positive cells (via an autocrine mechanism), activation of
limbal stem cells (via a paracrine mechanism), or both.
Because such an expansion of progenitor cells was not
observed in corneas of adult mice even under a pro-
longed induction of Dox for more than 4 months (data not
shown), it is very likely that K12-negative epithelial pro-
genitor cells in embryonic corneas are more susceptible
or responsive to stimulation than their adult counterparts
and undergo oncogenic transformation by excess FGF-7.
Further studies are needed to determine the intrinsic
difference between embryonic progenitors and adult pro-
genitors. For ectoderm-derived ocular surface progeni-
tors, overexpression of FGF-7 and FGF-10 driven by lens-
specific aA crystalline promoter began at E11.5 and led
to ectopic lacrimal gland formation in the cornea after
birth.'°~'2 In contrast, we noted that at P21 ectopic
gland-like tissues formed in limbal region where stem
cells reside (Figure 7) when overexpression of FGF-7
began at E14.5 in our Krt12-rtTA/tet-O-FGF-7 double
transgenic mice fed Dox. These gland-like tissues main-
tained high expression levels of Pax6 and p63 (Figure 8),
suggesting preservation of ocular surface lineage com-
mitment under the influence of excess FGF-7. These
findings also supported multipotent plasticity of ectoder-
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mal progenitor cells to different lineages at various
stages of embryonic development. The presence of ex-
cess FGF-7 in the corneas of Krt12-rtTA/tet-O-FGF-7
mice by Dox induction begins at E14.5 at a time that the
fates of cells derived from ocular surface ectoderm may
have been determined. It is possible that FGF-7 triggers
different signaling pathways in corneal epithelial cells of
different ages (E16.5 or P60). Alternately, the differences
in tissue environment between embryonic and adult cor-
neas may account for the variations in FGF-7 effects on
corneal morphogenesis. For example, Alvarado et al®®
have previously demonstrated that the composition of
the corneal epithelial basement membrane changed as
the mouse matured and that this may contribute to
altered functions of corneal epithelium basement mem-
brane in an age-dependent manner. Nevertheless, it
remains to be shown whether such an age-related
change in the basement membrane of the corneal
epithelium contributes to sieving of factors, such as
growth factors and cytokines, and modulates epitheli-
um/mesenchyme interactions.

Taken together, Krt12-rtTA/tet-O-FGF-7 mice may be
an animal model for human OSSN. In addition, they can
potentially be used for treatment trials. Moreover, the
Krt12-rtTA knock-in mice will likely be useful in gener-
ating mouse models in which diverse biologically ac-
tive and/or dominant-negative molecules can be ex-
pressed through administration of Dox in developing or
mature cornea.
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