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14-3-30 Controls Corneal Epithelium Homeostasis and

Wound Healing

Qingxian Lu,"*> Ying Xin,"? Fei Ye,> Gary Foulks,> and Qiutang Li

Purposk. To investigate the functional role of 14-3-30 in regu-
lation of the corneal epithelial proliferation, differentiation,
and wound-healing response.

MerHODS. Corneal phenotypes were investigated in heterozy-
gous repeated epilation (£7) mice carrying mutations in the sfn
(14-3-30) gene. Immunohistochemistry was used to study the
corneal morphogenesis of the Er/Er embryos at embryonic day
(E)18.5. Corneal homeostasis and the wound-healing response
were investigated macroscopically and microscopically in the
adult heterozygous Er mice. Corneal epithelial cell prolifera-
tion and differentiation were assessed by BrdU incorporation
and immunohistochemistry with specific antibodies for differ-
entiation markers. Furthermore, corneal stroma neovascular-
ization and meibomian gland degeneration were examined by
immunohistochemistry. The healing of corneal wounds after
debridement was monitored and visualized by fluorescent
staining.

Resurts. Homozygous mutation of 14-3-30 led to defects in
embryonic corneal epithelial development and differentiation,
whereas young heterozygotes showed normal corneal devel-
opment and homeostasis. However, older heterozygotes dis-
played a dramatic corneal wound-healing defect characterized
by hyperplastic basal progenitor cells (some of which undergo
a differentiation switch to express markers of keratinized epider-
mis); cornea stroma changes including neovascularization; and
corneal opacity, leading to plaque formation. Aged heterozygotes
also showed meibomian gland atrophy.

ConcLusions. 14-3-30 is essential for corneal epithelium differ-
entiation, and plays an important role in corneal epithelium
development and daily renewal of the adult corneal epithelium.
(Invest Opbthalmol Vis Sci. 2011;52:2389-2396) DOIL:10.1167/
i0vs.09-4981

he corneal epithelium protects the eye from environmen-
tal injury. Cornea-related diseases are the second major
cause of blindness after cataract. Loss of vision occurs primarily
from corneal scarring and vascularization.! Vitamin A defi-
ciency causes xerophthalmia, which is still a leading cause of
childhood blindness due to corneal opacity associated with
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neovascularization. Because the corneal epithelium completely
turns over every 7 to 10 days, there is ongoing corneal epithe-
lial differentiation from proliferative progenitor cells scattered
throughout the corneal epithelium and from the stem cells
concentrated in the limbal region.?”* Progenitor cells in the
basal layer divide and migrate gradually to the upper epithelial
layer. During this process, the cells switch expression of cyto-
keratins from the progenitor markers keratin-5 (K5) and -14
(K14) to the differentiation-specific isoforms keratin-3 (K3) and
-12 (K12).? The differentiated cells in the superficial layer then
form tight junctions, which function as a barrier to protect the
cornea.®” After injury, the corneal epithelium is rapidly repop-
ulated via a wound-healing process involving mobilization of
the corneal stem cells. This wound-healing process is com-
posed of three sequential and partially overlapping steps in-
cluding cell migration, proliferation, and differentiation.®®

14-3-30 is essential for skin epithelial differentiation,'®'" as
demonstrated by the studies on the repeated epilation (£7)
mouse that carries a null mutation in 14-3-30. 14-3-30 is unique
among seven 14-3-3 isoforms, which act exclusively as ho-
modimers and are able to suppress tumor formation, and its
expression is restricted to stratified squamous epithelial cells.
It is induced at the transition from basal progenitor cells to
suprabasal cells during the epidermal keratinocyte differentia-
tion.'®'? 14-3-30 expression has been confined to corneal and
conjunctival epithelial cells in humans and is secreted into the
culture medium from either primary cells or cell lines.'? In this
report, we show that mice mutant for both copies of 14-3-3¢
are defective in embryonic corneal development. Although the
heterozygous mice exhibit normal corneal development and
epithelial homeostasis during embryonic and early postnatal
development, they develop an age-dependent corneal plaque
formation associated with corneal epithelial wound-healing
dysfunction and meibomian gland atrophy.

MATERIALS AND METHODS
Animals

Er/+ mutant mice (mixed strain of C57BL/6J and CBA/CaGnlLe)) were
originally purchased from the Jackson Laboratory (cat no. 000515; Bar
Harbor ME). Experimental animals were housed under pathogen-free
conditions and handled in accordance with the guidelines approved by
the Institutional Animal Care and Use Committee (JACUC) of the
University of Louisville. Animal management and the experimental
protocols conformed to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Tissue Collection

The embryos at E18.5 were harvested and fixed in 4% paraformalde-
hyde (PFA) at 4°C for 24 hours and further processed for paraffin
sectioning. The Er/Er mouse were recognized by distinct morphology
and/or by Western blot to detect the mutant 14-3-3¢ protein.'® At least
four E18.5 embryos in each group were examined. For examination of the
adult corneal phenotypes, both wild-type (WT) and Er/+ mice at the ages
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of 1, 4.5, 6, and 7 months were intracardially perfused with 4% PFA. At
least three animals from each group were analyzed, and the aged Er/+
mice were separated to two groups, with or without visible plaques. The
eyes were collected and further fixed in 4% PFA for 24 hours at 4°C, then
dehydrated, paraffin-embedded, and serially sectioned at 7 um. The three
selected sections from each sample were stained with hematoxylin and
eosin (H&E) for routine histologic examination.

Sudan Black Staining

For Sudan black staining, mice at ages of 1 and 4.5 months were
intracardially perfused with 4% PFA, and the whole eyes, including the
eyelids, were collected and fixed in 4% PFA at 4°C overnight and
further treated with 20% sucrose/1X PBS for 24 hours at 4°C before
being embedded in OCT and serially sectioned at 10 wm. Sudan black
staining was performed as described. After a quick rinse in 50% ethanol
(EtOH; 30 seconds), the eyelid sections were stained for 15 minutes in
the saturated Sudan black B (cat. no. $2380; Sigma-Aldrich)/50% EtOH.
After the sections were rinsed in 50% EtOH and in water, they were
counterstained with Mayer’s hematoxylin. The slides were mounted
with PBS/glycerol and photographed by microscope.

Corneal Epithelial Wound-Healing and Corneal
Fluorescein Staining

Three mice from each group of the Er/+ or WT mice at the ages of 1, 3,
4.5, and 7 months were selected and anesthetized with an intraperitoneal
injection of ketamine (50 mg/kg) and xylazine (5 mg/kg). After a few
drops of topical 0.5% proparacaine were applied, the central epithelium
within a cycle of 1.5-mm in diameter and exclusion of the limbal area was
demarcated and removed by gentle scraping. The epithelial wounding
was monitored right after injury by the fluorescein staining. Corneal
surface integrity was examined and photographed with a slit lamp biomi-
croscope equipped with a cobalt blue light, after a 2-minute surface
staining with 2 uL of 0.5% fluorescein sodium salt and intense washout of
the extra fluorescein with 1X PBS.!* The wound-healing process after 24
and 48 hours of wounding were further monitored and recorded using the
fluorescein staining method described earlier.

Immunohistological Analysis

Whole eyes were fixed in 4% PFA at 4°C overnight and processed for
paraffin embedding, with sagittal sections subsequently cut at 7 pum.
For most of the fluorescence labeling, the slides were deparaffinized
and retrieved for antigen detection in Tris-EDTA buffer (for 1 L: 1.2 g
Tris and 0.37 g EDTA [pH 9.0]D) for 20 minutes at 95°C, followed by
slow cooling to room temperature in a warm container.

The nonspecific background was blocked in 1X blocking buffer
(1X PBS, 0.2% Triton X-100, 5% normal serum) for 1 hour at room
temperature (RT). The sections were then labeled with the primary
antibodies for 90 minutes at RT. For negative controls, the sections
were incubated with an irrelevant (no epithelial expression of the
antigen) antibody or without the primary antibody. The fluorescein-
conjugated secondary antibodies were incubated for 1 hour at RT.

The following antibodies were used for immunostaining: rabbit
anti-K10 (1:500, PRB-145P), rabbit anti-K14 (1:500, PRB-145P) antibod-
ies were purchased from Covance Research Products (Denver, PA), and
mouse anti-p63 (1:200, sc-8431), goat anti-C terminus of 14-3-3¢ (1:200,
$C-7683), and goat anti-K12 (1:200, sc-17101) antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). Additional antibodies included rat
anti-BrdU (1:800, MAS 250c; Harlan-Sera Laboratory, North Loughbor-
ough, UK) and rat anti-CD31 (1:200, cat no. 550274; BD Biosciences,
Franklin Lakes, NJ). Secondary Cy3 and FITC-conjugated antibodies were
obtained from Jackson ImmunoResearch Laboratories, Inc. (West Grove,
PA). Nuclei were stained by diamidinophenylindole (DAPD).

For BrdU labeling of the proliferating cells, the mice were injected
with 5-bromo-2'-deoxyuridine [BrdU]; 150 mg/kg body weight) for 90
minutes before death. Cornea sections, as prepared for fluorescent
staining, were denatured for 30 minutes with 2 N HCI. After neutral-
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ization, the sections were incubated with a specific rat anti-BrdU
antibody, followed by a regular immunostaining procedure.

BrdU- and K14-Positive Cell Counts and
Statistical Analysis

In each section, the BrdU- and K14-positive cells, as well as the total
number of cells as shown by DAPI nuclear staining, were counted on
a digital micrograph taken at 32X magnification. The percentage of the
BrdU- or K14-labeled cells in the total cornea epithelial cells (~1000
cells) as labeled by DAPI was calculated based on results of counts in
six sections from three mice in each experimental group. We also
counted the average number of BrdU- or K14-positive cells in a defined
length of corneal epithelium from at least six sections of each group.
All data are shown as the average = SD. The differences were consid-
ered statistically significant at P < 0.05.

Western Blot Analysis

Corneas were isolated from WT and plaqued Er/+ eyes prepared from
7-month-old mice under a dissecting microscope and were homoge-
nized in cold RIPA buffer plus protease inhibitor cocktail tablet
(Roche, Indianapolis, IN). Equal amounts of cell lysates were separated
on 10% SDS-polyacrylamide gel and transferred to a nitrocellulose
membrane. After incubation in blocking buffer (10 mM Tris [pH 8.0],
150 mM NaCl, and 0.1% Tween-20 [TBST], in 5% nonfat milk) for 30
minutes at RT, the blots were incubated with primary antibodies in
blocking buffer at RT for 2 hours. The primary antibodies used in-
cluded mouse anti-p63 (1:100, cat no. sc-8431), goat anti-14-3-30- (1:
100, cat no. sc-7681), goat anti-K12 (1:100, cat no. sc-17,101), and goat
anti-Notch 1 (1:100, cat no. sc-23304) antibodies from Santa Cruz
Biotechnology (Santa Cruz, CA); rabbit anti-K14 (1:500, cat no. PRB-
145P; Covance Research Products); mouse anti-PCNA (1:100, cat no.
180110; Invitrogen, Carlsbad, CA), and mouse anti-B-actin (1:1000, cat
no. A2228; Sigma-Aldrich) antibodies. By the end of incubation, the
membranes were washed three times with TBST before incubation for
30 minutes at RT with the appropriate secondary antibodies conju-
gated to horseradish peroxidase (GE Healthcare. Piscataway, NJ) in
blocking buffer. After three washes with TBST, the blots were visual-
ized with an enhanced chemiluminescence (ECL) system (GE Health-
care).

RESULTS

Corneal Morphogenesis and Differentiation Are
Impaired in Er/Er Mice

Er mice carrying a null mutation in 14-3-30 showed impaired
differentiation of the skin epithelium, as characterized by ac-
cumulation of proliferating progenitor cells.'®'" Because of its
role in skin epithelial differentiation, we wondered whether
14-3-30 was also important for corneal epithelial differentiation
in the eye. Although E»/Er embryos formed a normal lens and
retina, corneal and conjunctival epithelial differentiation was
abnormal. E18.5 embryos displayed a fused conjunctival sac,
which was never fully separated into conjunctival and corneal
epithelial layers (Figs. 1A, 1B). These progenitor cells ex-
pressed 14-3-30, suggesting a role for the protein in embryonic
corneal formation (Fig. 1C). K14 was expressed by undifferen-
tiated basal cells throughout the corneal, conjunctival, and
epidermal epithelia (Fig. 1D, a, b, c, respectively). In contrast
to the well-separated single cell layer of K14-positive cells in
the WT conjunctival and corneal epithelia, Er/Er eyes showed
a single multilayered K14-positive cell strip that failed to seg-
regate into conjunctival and corneal epithelia (Fig. 1E, b, ©).
Consistent with the previously documented role of 14-3-30 in
epidermal differentiation, accumulation of an expanded K14-
positive epidermal layer was evident on the surface of the
eyelid.
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FIGURE 1. Corneal defects in Er/Er mice at E18.5. (A, B) H&E staining of sagittal sections of WT and E»/Er corneas from E18.5 embryos. Arrow:
the conjunctival sac (S) in the WT eye (A); (¥) the unseparated conjunctival sac in the Er/Er eye (B). (C) Immunostaining for14-3-30 was evident
on both conjunctival (b) and corneal (¢) epithelial cells. (D, E) K14 immunostaining (red) was restricted to basal cells of epidermal (a), conjunctival
(b), and corneal (¢) epithelia in the WT control (D), but expanded in the skin epidermal layer (a), and the conjunctival sac failed to separate into
conjunctival and cornea epithelia (b, ¢) in the Er/Er mice (E). (F, G) p63 (green) was normally restricted to the conjunctival basal progenitor cells,
which line the single layer of conjunctival and corneal epithelial cells (F), but the conjunctival sac in the Er/Er mice was not completely formed,
and it filled with the expanded p63-positive cells (G). The corneal epithelial marker, K12 was labeled red in the WT (H), but not in the Er/Er (I)
corneas. Top: nuclei counterstained with DAPI; middle: antibody staining; bottom: merged images. L, lens. Small letters mark skin (a), conjunctival
(b), and corneal (¢) epithelia. (b, ¢) The unseparated conjunctival and corneal epithelial fusion. Scale bars: (A-E) 100 um; (F-D 50 um.

p63, an epithelial progenitor marker that is downregulated
during differentiation, immunostained positively on both con-
junctival and corneal epithelial cells, which lined the conjunc-
tival sac in the E18.5 WT eye (Fig. 1F, b, ¢). However, the
pO63-positive cells in the Er/Er mutant eye occupied an entire
region that normally differentiated into the conjunctival sac
(Fig. 1G). K12 keratin, a central cornea epithelial cell differen-

epithelial differentiation with accumulation of proliferating
progenitor cells.

Mice Heterozygous for 14-3-30- Show Normal
Corneal Epithelial Development and Postnatal
Homeostasis, but Develop Corneal Plaques as

tiation marker, expressed in the WT cornea epithelium but lost
in Er/Er corneal epithelium (Figs. 1H, 1I). Thus, as in the skin,
homozygous mutation of 14-3-30 led to a block in corneal

They Age

Er/Er homozygous mice die at birth, precluding further studies
of the role of the 14-3-30 in homozygous mutant mice. How-

7 Mo

FIGURE 2. Er/+ mice spontaneously developed aging-related plaques on the central corneal surface. Corneal light macrographs were taken of the
7-month-old WT mice (A) and the Er/+ mice at the ages of 1 (B1), 4.5 (B2, B3), 6 (B4, B5), and 7 (B6, B7) month. Light microscopy of H&E-stained
corneal sections of WT (C, E, G, D and Er/+ (D, F, H, J) mice at the ages of 1 (C, D), 6 (E, F), and 7 (G=J) months are presented. (G, H) Low-magnification
views (40X); I, J) high-magnification views (X400). Scale bars: (C-F, I-)) 50 um; (G, H) 500 wm.
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ever, because the Er/+ mice heterozygous for 14-3-30 showed
epidermal defects, we wondered whether mutation of a single
copy of 14-3-30- would also lead to defects in corneal epithe-
lium. We did not detect any obvious defects in corneal devel-
opment in the E18.5 embryos and in the corneal epithelium of
the 14-3-30 heterozygotes at 1 and 3 months of age, suggesting
that a single copy of 14-3-30 is sufficient for corneal develop-
ment and corneal epithelial homeostasis in the young mice
(Figs. 2A, 2B1, 2C, 2D). However, between 6 and 12 months of
age, more than 50% of the Er/+ mice developed central cor-
neal opacity. The corneal haze was detectable in some
heterozygous mice as early as 4.5 months of age (Figs. 2B2,
2B3), and these plaques increased in size with age (Figs. 2A,
2B1-B7). Histologic examination of the corneal plaques from
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FIGURE 3. Cells in corneal epithelial
plaques were hyperproliferative and
abnormally differentiated. (A) Cor-
neal sections from 7-month-old WT
(lefty and plaque-containing Er/+
(right) mice were stained for BrdU
(red) incorporation. (B) K14 (red)
was present in the basal corneal epi-
thelium of the control mice, but ex-
panded to the suprabasal layer in the
Er/+ animals. (C) The corneal epi-
thelial differentiation marker, K12
was labeled red in the WT but not in
the Er/+ corneas. (D) 14-3-30 ex-
pression (green) was detected in the
corneal epithelium of the WT and
the Er/+ mice. Nuclei were stained
blue with DAPI. Scale bars: 100 um.
(E) Western analyses WT and plaque-
containing Er/+ corneas. Lanes 1-06:
the protein extracts of three WT and
three plaque-containing Er/+ cor-
neas from 7-month-old mice.

the Er/+ mice at the ages of 6 (Figs. 2E, 2E, 2F) and 7 (Figs.
2G-2)) months showed corneal epithelial hyperplasia and in-
vasion to the underlying stroma.

Plaque Formation on the Cornea of Er/+ Mice Is
Associated with Increased Corneal Epithelial
Proliferation and Block in Differentiation

We used BrdU incorporation as a measure of corneal epithelial
proliferation. In WT mice, there were approximately 2% of the
corneal epithelial cells labeled with BrdU within 90 minutes after
intraperitoneal (IP) injection (Fig. 3A, left). BrdU incorporation
was indistinguishable between the WT and the young Er/+ mice
at 3 months of age before plaque formation; however, a dramatic
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— epithelium of the WT and plaque-
8 containing E7/+ mice at 7 months of
. age. (A) Percentage of BrdU™ cells in
<t 50 +——-—-—-—-—- - the total corneal epithelial cells
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corneal surface. Two-tailed #test:
P < 0.005; n = 5.
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WT Er/+

FIGURE 5. Corneal epithelium in the plaque-forming sites was kera-
tinized and associated with stromal neovascularization. (A) Immuno-
staining for K10 (green) was evident in the corneas of 7-month-old
plaque-containing Er/+ mice but not in the corneas of the WT litter-
mates, suggesting Keratinization of the corneal epithelium in the
plaque-forming region of the Er/+ cornea. (B) Neovascularization in
the Er/+ stroma was visualized by immunostaining for CD31 (red), a
marker for blood vessel endothelial cells. Nuclei were stained blue
with DAPI. Scale bar, 100 wm.

CD31/DAPI

increase in BrdU-positive cells occurred in the plaque-forming
corneal epithelium as the Er/+ mice aged (~17% of the cells
incorporated BrdU; Fig. 3A, right). When counted within a fixed
distance of 800 um parallel to the corneal surface, the number of
BrdU-positive cells increased to approximately 270 cells in the
plaqued Er/+ corneas from an average of 6 BrdU™ cells in the WT
corneas (Figs. 4A, 4B). To determine the differentiation status, we
immunostained these proliferating cells with the basal cell marker
K14 and the corneal epithelial differentiation marker K12. Most of
the proliferating cells were K14-positive, but K12 was missing in
the plaque-forming regions, suggesting that the cells were undif-
ferentiated (Figs. 3B, 3C, 4C). We further validated these immu-
nohistochemical results with Western blot analysis and demon-
strated that the expressions of both proliferating cell nuclear
antigen (PCNA), a cell-proliferation marker, and K14 were in-
creased and the K12 level was reduced in the plaque-containing
Er/+ corneas (Fig. 3E).

Consistent with the defective phenotypes in the affected
corneas, 14-3-30 expression was evident in the WT corneal
epithelium and persisted into adulthood (Fig. 3D). The Er/+
mice carry one mutant 14-3-3¢0 allele, which expresses a trun-
cated protein that has dominant negative functions,'® and they
also carry one normal allele expressing the WT 14-3-30 protein
that can be recognized with the antibody specifically against
the C terminus of the full-length protein. Notably, the 14-3-3¢
was indeed detected in the plaques on the Er/+ corneas (Fig.
3D, right), consistent with the notion that a block in cell cycle
arrest and differentiation occurs at the point in the differenti-
ation process when 14-3-30 is expressed.

The Corneal Plaque in Er/+ Mice Is Keratinized

In contrast to epidermal epithelium, the WT corneal epithelial
cells were not keratinized and did not express the epidermal
cell-specific marker K10, but instead, expressed the cornea-
specific K12. However, to our surprise, patches of cells in the
Er/+ corneal plaques expressed the epidermal cell-specific
K10 (Fig. 5A), which was normally not expressed by the
corneal epithelial cells in the WT mice or in the Er/+ mice
before plaque formation. Taken together, our results demon-
strate that there is an increase in the proliferating and undif-
ferentiated progenitor cells in the plaques, which express both
14-3-30 and K14. Some of the cells in the plaques are under-
going differentiation, but the differentiation is aberrant and
appears to represent a keratinized phenotype.

14-3-30 in Corneal Epithelium Homeostasis 2393

Plaque Formation Is Associated with Stromal
Remodeling and Neovascularization

The stroma underlying the corneal epithelium is normally avas-
cular, which is essential for maintaining visual acuity and is
organized in arrays of flattened cells parallel to the epithelial
surface (Fig. 5, left). After corneal injury, the stroma can un-
dergo transition to myofibroblastic cells resembling the stel-
late-shaped cells resulting from the epithelial-mesenchymal
transition during fibrotic disease.'® Proliferating epithelial pro-
genitors in the plaques invaded the corneal stroma layer, lead-
ing to disorganization of the stromal arrays. Immunostaining
for the endothelial marker CD31 demonstrated that this inva-
sion into the stroma was accompanied by neovascularization
(Fig. 5B). We did not detect 14-3-30° expression in the stroma
or in the newly formed vessels in the plaques; therefore, the
corneal neovascularization is probably a secondary event initi-
ated by the invading epithelial progenitors.

Corneal Wounding Initiates an Age-Dependent
Abnormal Wound-Healing Response in Er/+ Mice

Recent studies showed that the Notch signaling pathway
plays a key role in epithelial differentiation, mutation in
Notch 1 led to age-dependent plaque formation that resulted
from abnormal wound-healing response in the affected
mouse cornea.'® The phenotypes in the Notchl-mutated
cornea closely resemble what we found in the 14-3-3¢
heterozygous mice, and we recently showed that 14-3-3¢
regulates corneal epithelial cell differentiation through
Notch signaling in cell culture. We therefore wondered
whether plaque formation in the 14-3-30 heterozygous mice
is also linked to the reduced Notchl activity and abnormal
healing. We examined the level of Notch intracellular do-
main (NICD), an activate form of Notchl, in the plaqued
Er/+ corneas by Western blot. As expected, a significant
reduction in NICD level was detected in the plaque-contain-
ing Er/+ corneas (Fig. 6). In contrast, p63, a proliferation
promoter and a Notchl-suppressing target,'” was increased

WT | Er/+

1 2|3 4

FIGURE 6. NICD activity was downregulated and p63 was upregulated
in the plaque-containing Er/+ corneas, according to Western blot
analysis. Lanes 1-4: the protein extracts of two WT and two plaque-
containing E7/+ corneas from 7-month-old mice.
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FIGURE 7. Corneal wounding initiated abnormal wound-healing re-
sponse in Er/+ mice. (A) Wound-healing was assayed on the corneal
surface of the younger WT (left) and the Er/+ mice (right) at the ages
of 4.5 months. The fluorescein-stained eye images were taken under
cobaltfiltered ultraviolet light at 24 and 48 hours after mechanical
scraping of the center corneal epithelium. (B) Wounding healing was
monitored on the corneal surface of the WT (left) and Er/+ mice
(right) at the age of 7 months for 9 days, and the images were taken at
day 9 after corneal injury.

in the plaqued Er/+ corneas (Fig. 6). The Er/+ corneas
were then wounded before plaque formation at the ages of
1.0, 3.0, 4.5, and 7.0 months, as described.'® The epithelial
wound was observed and monitored with fluorescein dye.
While both WT (Fig. 7A, left) and the young Er/+ mice at
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the ages of 1- and 3- months completely recovered at 24
hours after wounding, as evidenced by dye exclusion, the
corneas in the Er/+ mice at the age of 4.5 months showed
a delay in healing (dye-stained lesions remained evident for
48 hours under the same conditions), but the wound even-
tually appeared to heal (Fig. 7A, right). Of interest, older
mice at 7 months of age all developed corneal plaques after
wounding (Fig. 7B), and the plaques were histologically
indistinguishable from those arising spontaneously in the
mice. Taken together, these results demonstrate that
wounding initiates plaque formation in Er/+ mice in an
age-dependent process.

Meibomian Gland Atrophy in 14-3-30
Heterozygous Mice

We then wondered whether spontaneous plaque formation
in the 14-3-30 heterozygous mouse is associated with mei-
bomian gland atrophy, as it is in No#chl mutant mice.
Therefore, we examined the meibomian glands of Er/+
mice at 1.0 and 4.5 months of age histologically. The glan-
dular atrophy with reduced lipid contents was pronounced
by 4.5 months of age (Fig. 8A). Note that 14-3-30 was
strongly expressed in the suprabasal cells in the ductal
epithelium of the meibomian gland, but not in the acinar
cells (Fig. 8B).

DISCUSSION

In the present study, 14-3-30 was crucial for corneal epithe-
lial differentiation. Homozygous mutation of 14-3-30 led to
defects in embryonic corneal epithelial development,
whereas young heterozygotes showed normal corneal devel-
opment and corneal epithelial homeostasis. However, as the
heterozygous mice aged, they developed corneal surface
opacity. Corneal wounding of the old 14-3-3¢ heterozygotes
triggered a similar corneal plaque formation phenotype. We
also found that the meibomian glands appeared atrophic in
the aged Er/+ mice and that 14-3-30 was expressed in the
stratified squamous ductal epithelium of the gland but not in
the acinar cells. The ductal epithelium consists of a basal cell
layer, an intermediate layer, and a superficial horny cell
layer. The suprabasal layer is keratinized. Hyperkeratiniza-
tion of the meibomian ductal gland is associated with the
development of meibomian gland dysfunction (MGD) in
humans and animals.'® The abnormal keratinization in the

FIGURE 8. Aged Er/+ mice showed
evidence of meibomian gland atro-
phy. (A) Lipids in meibomian glands
were stained with Sudan black
(blue), and the slides were counter-
stained with H&E. Eye sections of
WT and Er/+ mice at 1.0 and 4.5
months of age are shown. The im-
ages representative of serial sections
through the glands. Arrows: seba-
ceous glands. (B) Immunostaining
for 14-3-30 (green) in a WT eye sec-
tion containing sebaceous glands.
The nuclei were counterstained with
DAPI. Scale bar, 100 pwm.
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rhino mouse is believed to cause the plugging of the mei-
bomian gland orifice and then the atrophy of the entire
meibomian gland.?® It is possible that, as evident in the
corneal epithelial plaques, reduced 14-3-30 activity also
leads to hyperkeratinization in the meibomian ductal cells.
However, since the meibomian glands in the 14-3-30
heterozygotes appeared to form normally and developed
atrophy as the mice aged, it is also possible that such
atrophy is caused by a failure to replace the meibomian
gland ductal epithelium during normal epithelium renewal.

The corneal epithelial wound-healing abnormality and
meibomian gland atrophy seen in the 14-3-30 heterozygotes
appears similar to that in the Notch1 conditional knockout
mice.'® In response to wounding, basal progenitor cells in
the conditional Notch1 mutants became hyperplastic. Most
of these cells failed to differentiate, and those that did
showed evidence of a differentiation switch and expressed
markers of keratinized epidermis. The proliferating progen-
itor cells invaded the corneal stroma, leading to stromal remodel-
ing, neovascularization, and ultimately, corneal opacity. This cor-
neal phenotype resembles vitamin A deficiency in mice, and
Notchl has been shown to be necessary for expression of
RBP1, which is essential for vitamin A transportation and
metabolism in the corneal epithelium.'®*" Conditional
knockout of Notch1 also led to a defective meibomian gland.
This gland normally secretes the lipid component of tears,
and loss of a functional gland leads to dry eye.'® The dry-eye
phenotype associated with lack of meibomian gland func-
tion in the Notchl mutant mice spontaneously initiates an
abnormal wound-healing response as the mutant mice age.'®
We demonstrated that the corneal epithelial cells with re-
duced 14-3-30 activity due to the dominant negative effect
of the Er mutant protein showed reduced Notchl/2 tran-
scription and activity. Restoring Notch1 activity in the mu-
tant cells rescued the differentiation-associated tight junc-
tion formation defect.?? We speculate that 14-3-30 could
modulate Notchl transcription by regulating cytoplasmic-
nuclear translocation of transcription factors that control
Notchl transcription. It has been shown that cadherin-initi-
ated junction formation initiates a kinase cascade known as
Hippo, which phosphorylates a set of transcription factors,
Yap and Taz.?*"?° This phosphorylation provides a binding
site for 14-3-3, which causes Yap and Taz to be sequestered
in an inactive form in the cytoplasm.?®~2® Mutations in
components of the Hippo kinase cascade in Drosopbila
leads to loss of Notchl1 activity.***° It will be interesting in
future studies to examine whether 14-3-3c modulates
Notchl transcription through Yap/Taz.

Finally, 14-3-30 is a tumor suppressor, and its expression is
frequently epigenetically silenced in basal cell carcinoma,
which is characterized by a failure of basal cell differentiation,
leading to hyperplastic progenitors.>'>? In this regard, it is of
note that the invasive, hyperplastic progenitor phenotype that
we observed in the corneal epithelial plaques in 14-3-30
heterozygotes resembles early-stage cancer cells. Thus, it is
interesting to consider the possibility that the age-related pro-
gression toward dependency on full 14-3-3¢ activity in corneal
epithelial differentiation may provide insight into why 14-3-30
is a tumor suppressor in adult cancers. Loss of 14-3-3¢ activity,
as a result of epigenetic inhibition of expression, may facilitate
generation of undifferentiated hyperplastic progenitors resem-
bling early cancer cells in adult squamous epithelium as the
tissues undergo normal homeostasis or wound repair.
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