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PURPOSE. Squamous metaplasia is a pathologic process that
frequently occurs in nonkeratinized stratified ocular surface
epithelia. The mechanism for this occurrence is largely un-
known except for vitamin A deficiency.

METHODS. Human limbal explants were cultured under airlift
with or without p38 mitogen-activated protein kinase (MAPK)
inhibitor SB203580 or in a submerged manner for different
durations up to 2 weeks. Epithelial cell proliferation, differen-
tiation, limbal stem cell maintenance, and expansion were
studied using certain markers such as Ki67, p63, K10 and K12
keratins, filaggrin, Pax6, ABCG-2, and Musashi-1. Expression of
phospho-p38 MAPK and its downstream transcription factors,
C/EBP� and C/EBP�, were studied by immunohistochemistry.
Epithelial cells harvested from explants after 2 weeks of cul-
turing under different conditions were seeded onto 3T3 feeder
layers and cultured for 12 days. The differentiation of clonal
epithelial cells was investigated by double staining to K12 and
K10 keratins.

RESULTS. The squamous metaplasia model was successfully cre-
ated by culturing human limbal explants at an air-liquid inter-
face (airlift) for 2 weeks. Increased stratification and hyperpro-
liferation only happened in the limbal, but not the corneal,
epithelium in airlift, but not submerged, cultures. Epithelial
proliferation was associated with a transient increase of limbal
epithelial stem cells. Abnormal epidermal differentiation—ev-
idenced by positive expression of K10 keratin in suprabasal
cells and filaggrin in superficial cells—ensued. Clones gener-
ated from epithelial cells harvested from airlift culture only
expressed K12 keratin without K10. As early as 2 days in airlift
cultures, p38 expression emerged in limbal basal epithelial
cells and gradually extended to the cytoplasm and nuclei.
Furthermore, addition of the p38 inhibitor SB203580 abolished
abnormal epidermal differentiation without affecting limbal
epithelial proliferation. Expression of C/EBP� and C/EBP�,

downstream of the p38 MAPK signaling pathway, was strongly
induced by airlift culture and partially was inhibited by
SB203580.

CONCLUSIONS. Dryness resulting from exposure activates p38
MAPK signaling coupled with abnormal epidermal differentia-
tion without intrinsic alteration of stem cells in the limbus. On
the ocular surface, p38 inhibitors may have the potential to
revert the pathologic process of squamous metaplasia induced
by dryness. (Invest Ophthalmol Vis Sci. 2008;49:154–162)
DOI:10.1167/iovs.07-0883

Squamous metaplasia occurs when nonsquamous (keratin-
ized) epithelium is replaced by squamous (keratinized) ep-

ithelium. It is a common pathologic process that happens in
almost all epithelial tissues, including the urothelium1 and the
pulmonary epithelium.2 It is also a hallmark of a variety of
severe ocular surface disorders manifesting dry eye caused by
the lack of lacrimal gland secretion such as Sjögren syndrome,
and it can be frequently seen in Stevens-Johnson Syndrome,
mucous membrane pemphigoid, chemical/thermal burns, and
vitamin A deficiency.3,4 The grading of squamous metaplasia
correlates well with the severity of this type of dry eye5 and
may lead to severe visual loss or blindness.

Squamous metaplasia of the corneal epithelium is well cor-
related with the loss of cornea-specific keratin K3 and keratin
K12 expression,6–8 the emergence of epidermis-specific kera-
tin K1 and keratin K10,6,7 and such cornified envelope-specific
proteins as transglutaminase I,9 involucrin, filaggrin, and lori-
crin.7 Aside from xerophthalmia caused by systemic vitamin A
deficiency, which causes squamous metaplasia of ocular sur-
face epithelia in experimental animals6,10 and human pa-
tients,11,12 little is known about the pathogenesis of squamous
metaplasia and the signaling pathway involved in this patho-
logic process.

In this study, we created an ex vivo squamous metaplasia
model of the corneolimbal epithelium by culturing a human
limbal explant at the air-fluid interface. To our surprise, we
found that abnormal epidermal differentiation emerged only
from the stem cell-containing limbal, but not corneal, epithe-
lium and that such a process could be abolished by the p38
inhibitor SB203580. The significance of this finding is further
discussed.

MATERIALS AND METHODS

Materials

Dulbecco modified Eagle medium (DMEM), Ham/F12 medium, HEPES
buffer, amphotericin B, gentamicin, fetal bovine serum (FBS), and
mouse epidermal growth factor (EGF) were purchased from Invitrogen
(Carlsbad, CA). Hydrocortisone, dimethyl sulfoxide, cholera toxin,
insulin-transferrin-sodium selenite media supplement, 3% hydrogen
peroxide, propidium iodide (PI), Hoechst-33342 dye, acetone, Triton
X-100, bovine serum albumin (BSA), and FITC-conjugated anti–mouse,
anti–goat, and anti–rabbit IgGs were from Sigma (St. Louis, MO).
Mouse anti–cytokeratin 10 (K10) and mouse anti–BCRP (ABCG-2)
antibodies were from Chemicon (Temecula, CA). Mouse anti–Pax6 and
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C/EBP� antibodies, goat anti-cytokeratin 12 (K12), filaggrin, and
C/EBP� polyclonal antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). Mouse monoclonal anti–p63 (clone 4A4) and Ki67
antibodies and diaminobenzidine (DAB) were from DakoCytomation
(Carpinteria, CA). Rabbit anti–Musashi-1 antibody was from Abcam
(Cambridge, MA). Rabbit anti–phospho p38 antibody was from Cell
Signaling (Danvers, MA). ABC kit (Vectastain Elite) for mouse, goat, and
rabbit IgG was from Vector Laboratories (Burlingame, CA). p38 inhib-
itor SB203580 was from Upstate (Lake Placid, NY). Type I collagen-
coated inserts were from Corning Incorporated (Corning, NY).

Human Limbal Explant Cultures

Human tissue was handled in accordance with the Declaration of
Helsinki. Corneoscleral tissues from human donor eyes were obtained
from the Florida Lions Eye Bank (Miami, FL) immediately after the
central corneal button had been used for corneal transplantation. The
tissue was rinsed three times with DMEM containing 50 �g/mL genta-
micin and 1.25 �g/mL amphotericin B. After careful removal of exces-
sive sclera, conjunctiva, iris, and corneal endothelium, the corneoscle-
ral rim was trimmed to obtain limbal tissue cubes (explants) of 2 clock
hours—that is, approximately 3 � 5 mm size. After that, limbal tissue
explants were placed on the center of type I collagen-coated inserts in
six-well plates containing supplemented hormonal epithelial medium
(SHEM) made of an equal volume of HEPES-buffered DMEM containing
bicarbonate and Ham/F12, supplemented with 5% FBS, 0.5% dimethyl
sulfoxide, 2 ng/mL mouse EGF, 5 �g/mL insulin, 5 �g/mL transferrin,
5 ng/mL selenium, 0.5 �g/mL hydrocortisone, 1 nM cholera toxin, 50
�g/mL gentamicin, and 1.25 �g/mL amphotericin B.

Limbal explants were cultured in airlift or submerge conditions
(Fig. 1). In airlift cultures, 2 mL medium was added so that the explant
epithelium was exposed to the air, but the remaining explant stroma
was submerged in the medium. In some airlift cultures, p38 inhibitor
SB203580 was added to the culture medium at a concentration of 10
�M. In submerge cultures, 4 mL culture medium was added to the
culture system to cover the entire limbal explant. Cultures were incu-
bated at 37°C under 5% CO2 and 95% air, and the medium was changed
every 2 days for 2 weeks before the explant was terminated. In parallel
experiments, explants were terminated every 2 days for 2 weeks.

Epithelial Colony Formation Assay on 3T3
Fibroblast Feeder Layers

After culture under different conditions for 2 weeks, epithelial sheets
were harvested from the surface of limbal explants by digestion with
10 mg/mL dispase II at 4°C for 16 hours and then were rendered into
single cells by 0.05% trypsin/0.53 mM EDTA at 37°C for 10 minutes.
Epithelial cells were seeded at a density of 30 cells/cm2 in 60-mm
dishes containing mitomycin C-treated 3T3 fibroblasts feeder layers in
SHEM. Cultures were incubated at 37°C under 5% CO2 and 95%
humidity, and the medium was changed every 2 to 3 days. Colonies
were fixed by 4% formalin 12 days later for immunostaining or crystal
violet staining and were photographed.

Histology and Immunostaining

Cryostat sections (4 �m) of the limbal explants or epithelial colonies
were fixed in acetone for 10 minutes at �20°C and prepared for
immunostaining by rehydration in PBS followed by incubation in 0.2%
Triton X-100 for 10 minutes. After three rinses with PBS for 5 minutes
each and preincubation with 2% BSA to block nonspecific staining,
sections or epithelial colonies were incubated with primary antibodies
for 1 hour with different dilutions (K12, K10, and filaggrin all at 1:200,
ABCG-2 at 1:50, Musashi-1 at 1:100). After three washes with PBS for
15 minutes, they were incubated with an FITC-conjugated secondary
antibody (goat anti–rabbit or anti–mouse IgG at 1:100) for 45 minutes.
After three additional PBS washes for 15 minutes, they were counter-
stained with PI (1:2000) or Hoechst 33342 (10 �g/mL) for 10 minutes
and then mounted and analyzed under a fluorescence microscope. For
immunohistochemical staining, the endogenous peroxidase activity

was blocked by 0.6% hydrogen peroxide for 10 minutes after fixation,
and nonspecific staining was blocked by 1% normal goat serum for 30
minutes. Sections were then incubated with antibodies for 1 hour with
different dilutions (p63, C/EBP�, and C/EBP� all at 1:50, Ki67 at 1:100,
Pax6 at 1:200, phospho-p38 at 1:250). After three washes with PBS for
15 minutes, sections were incubated with biotinylated anti–mouse,
anti-goat, and anti-rabbit IgG (1:100) for 1 hour, followed by incubation
with ABC reagent for 30 minutes. The reaction product was then
developed with DAB for 2 minutes.

RESULTS

Limbal Epithelial Proliferation in Airlift Cultures

Human limbal explants were cultured under submerged or
airlift mode for different durations. Before culturing, the limbal
epithelium remained intact (Fig. 2, d0), whereas the peripheral
corneal epithelium exhibited partial desquamation probably
because of postmortem storage (Fig. 2, d0C). Under the airlift
mode, superficial limbal epithelial cells desquamated after 2
days of culture (Fig. 2, d2). However, limbal epithelial cell
layers increased dramatically from day 4 to day 14; some areas
had more than 15 cell layers (Fig. 2). As a result, the basal
epithelial plane became undulated to yield an appearance re-
sembling digital invasion of the limbal basal epithelium starting
from day 4. This morphologic change became more dramatic
on day 6 and was maintained until day 14. In contrast, the cell
layers of the peripheral corneal epithelium decreased instantly

FIGURE 1. Schematic drawing of human limbal explant cultures. From
a human cadaveric eye, the corneoscleral tissue was retrieved and
preserved in the storage medium. After the central cornea was re-
moved for transplantation, the remaining corneoscleral rim was sub-
divided into six segments, of which each was cultured under airlift or
submerged mode. While in submerged mode, the culture medium was
added to cover the entire limbal explant. While in airlift mode, the
culture medium was added to the level at which the epithelium was at
the air-medium interface.
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after culturing (data not shown) and retained only 1 to 2 layers
on day 14 (Fig. 2, d14C). As expected, when limbal explants
were cultured under the submerged mode, the stratification of
limbal epithelial and peripheral corneal epithelial cells was not
increased, and there was no digital invasion of limbal epithe-
lium (data not shown). These findings were similar to what was
reported in rabbit limbal explants.13

To determine whether the aforementioned increased strat-
ification of the limbal epithelium resulted from an increase of
cellular proliferation by progenitor cells, immunostaining to
Ki67 and p63 was performed. Before culturing, few Ki67-
positive nuclei were present in the limbal epithelium (Fig. 3A,
d0), but they were absent on day 2 after culturing (Fig. 3A, d2).
However, numerous Ki67-positive nuclei were present in basal
and suprabasal epithelial cells on days 4 and 6; their numbers
were diminished thereafter to a level still much higher than in
normal control on days 10 and 14 after culturing under the
airlift mode (Fig. 3A, d10 and d14, respectively). Positive p63
nuclei were noted mostly in basal and some suprabasal layers
before culturing (Fig. 3B, d0). A similar pattern was noted on
day 2 after culturing under the airlift mode. However, p63-
positive nuclei spread to the full-thickness epithelial layers on
day 4 but turned negative in superficial cell layers from day 6
to day 14 in airlift cultures (Fig. 3B). Peripheral corneal epithe-
lial cells did not exhibit any increase of Ki67 or p63 nuclear
staining (not shown). Collectively, these results indicated that
increased stratification was indeed associated with hyperpro-
liferation of limbal epithelial progenitor cells in airlift cultures.

To further investigate whether the hyperproliferation of
limbal epithelial cells in airlift cultures involved the expansion
of limbal stem cells, we performed immunostaining to ABCG-2,
a recently reported limbal stem cell marker,14–17 and
Musashi-1, a RNA-binding protein expressed in various epithe-
lial stem/progenitor cells that regulate asymmetric stem cell

division (for a review, see Okano18). Results showed that
ABCG-2 expression by limbal basal cells was clustered before
culturing. This was not significantly changed on day 2 but was
dramatically increased in basal and suprabasal layers on day 4
before a steady decline occurred from day 6 to day 14 in airlift
cultures (Fig. 3C, green). Similarly, Musashi-1 expression was
sporadic in limbal basal and a few suprabasal cells before
culturing (d0), became negligible on day 2, dramatically in-
creased in basal and suprabasal layers on day 4, and declined
steadily from days 6 to 14 in airlift cultures (Fig. 3D, red). These
results indicated a transient expansion of limbal epithelial stem
cells to some suprabasal layers on day 4 in an airlift manner,
coinciding with the aforementioned hyperproliferation and
increased stratification.

Airlift-Induced Epidermal Differentiation of
Limbal Epithelial Cells

To investigate whether differentiation was also promoted in
airlift cultures, immunostaining was conducted to cornea-
specific differentiation K12 keratin19,20 and to epidermis-
specific differentiation K10 keratin and filaggrin. As re-
ported,21 K12 keratin expression was limited to all suprabasal
cell layers of the limbal epithelium, leaving the basal cell
layer negative in the control before culturing (Fig. 4A, d0).
K12-negative cells dramatically increased to include up to
three suprabasal layers in some areas from day 4 to day 6 in
airlift cultures (Fig. 4A, d4-d6), suggesting that more nondif-
ferentiated progenitor cells were expanded during this pe-
riod. Thereafter, K12-negative cells were reverted to the
basal cell layer only (Fig. 4A). As also expected, expression
of K10 keratin, an epidermal keratinocyte-specific interme-
diate filament, was negative before culturing (Fig. 4B, d0).
To our surprise, K10-positive cells started to emerge on day

FIGURE 2. Limbal epithelial changes in airlift cul-
tures. Hematoxylin staining showed stratified lim-
bal (d0) and peripheral corneal (d0C) epithelium
before culturing. Superficial limbal epithelial cells
desquamated on day 2 (d2). Limbal epithelial cell
layers increased dramatically from day 4 to day 14,
resulting in an undulated basal epithelial plane and
digital invasion. In contrast, the cell layers of the
peripheral corneal epithelium decreased to one to
two layers after 14 days of airlift culturing (d14C).
Scale bar, 200 �m.
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4 in the suprabasal to superficial cell layers and gradually
increased from day 6 to day 14 (Fig. 4B). Merged photo-
graphs of K12 and K10 double staining showed that most of
the K10-positive cells maintained K12 expression (Fig. 4C).
Expression of filaggrin, a marker indicative of final epider-
mal differentiation, was first found on the superficial cell
layer on day 6 and increased dramatically until day 14 (Fig.
4D). These results indicated that abnormal epidermal differ-
entiation emerged when limbal epithelial proliferation was
promoted in airlift cultures.

As opposed to the epidermal epithelium, one distin-
guished characteristic of the ocular surface epithelium is the
expression of Pax6, a transcription factor playing a key role
in eye morphogenesis.22,23 To determine whether the afore-
mentioned abnormal epidermal differentiation was associ-
ated with the loss of differentiation into the ocular surface
lineage in airlift cultures, we performed immunohistochem-
ical staining to Pax6 with nuclear counterstaining by
Hoechst 33342, of which the latter helped highlight the
Pax6-negative nuclei. The results showed that Pax6-positive
nuclei were present throughout the full thickness of the
limbal epithelium except for some small patches in the
limbal basal layer before culturing (Figs. 4E, 4F, d0). Such
Pax6 positivity was noted in all epithelial cells throughout
the culture duration except for some desquamated cells on
the superficial limbus on days 2, 10, and 14 and for a notable
number of limbal basal cells on day 14. Altogether, these
data indicated that limbal epithelial cells still maintained the
ocular surface lineage even when there was abnormal epi-
dermal differentiation during 2 weeks of airlift culturing.

p38 MAPK Signaling Pathway Activation in
Airlift Cultures

The p38 signaling transduction pathway, a mitogen-activated
protein kinase (MAPK) pathway, plays an essential role in
regulating many cellular processes, including inflammation,
cell proliferation, cell differentiation, migration, and cell sur-
vival (for a review, see Ono and Han24). To determine whether
the p38 signaling pathway was activated in airlift culture,
phospho-p38 (P-p38) expression was investigated by immuno-
histochemical staining at different stages of the airlift culture
(Fig. 5). The results showed that P-p38 was negative in limbal
epithelial and stromal cells on day 0 and in the normal control
without culturing. On day 2, positive staining was noted in few
epithelial cells in limbal basal and suprabasal layers. Positive
staining was increased in the basal layer on day 4, whereas
stromal cells maintained negative staining. On day 6, when
epithelial stratification increased significantly, cytoplasmic ex-
pression of P-p38 increased accordingly without a concomitant
increase in nuclear staining. However, at this time, stromal
cells started to show weak positive nuclear staining. On days
10 and 14, cytoplasmic expression of P-p38 increased dramat-
ically, and nuclear staining spread from the basal layer to the
superficial layer; stromal expression also increased. These re-
sults indicated that the p38 signaling pathway is indeed acti-
vated from the early stage of airlift cultures.

To determine whether the p38 MAPK signaling pathway
was involved in the aforementioned epidermal differentiation,
we added SB203580, a p38 inhibitor, to airlift cultures and
compared to that without adding SB203580 or under the sub-
merge mode. Immunostaining performed at the end of 2 weeks

FIGURE 3. Limbal epithelial proliferation in airlift cultures. Ki67 staining (A) showed that positive nuclei were very sparse in the limbal
epithelium before culturing (d0), became absent on day 2 (d2), and dramatically increased on day 4 (d4) and day 6 (d6) in mostly basal and
some suprabasal epithelial cells before a gradual decline on day 10 (d10) and day 14 (d14). p63 staining (B) showed that positive nuclei were
found in all basal and some suprabasal cell layers on day 0 and day 2 in airlift cultures but increased to the full-thickness cell layers on day
4 before the superficial cell layers reverted to negative from day 6 to day 14 (B). ABCG-2 staining (C, green) showed that positive staining
was limited to clusters in limbal basal cells on day 0 but dramatically increased in basal and suprabasal layers on day 4 before a gradual
decrease from day 6 to day 14. Musashi-1 staining (D, red) showed that positive expression was sporadic in limbal basal and very few
suprabasal cells on day 0, became negligible on day 2, and dramatically increased in basal and suprabasal layers on day 4 before gradual
decrease from day 6 to day 14. Scale bars, 100 �m.
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showed that K12 keratin was expressed in suprabasal and
superficial epithelial cells in submerged cultures, similar to the
normal control, whereas many suprabasal and superficial epi-
thelial cells lost K12 expression in the airlift culture (Fig. 6A).
In contrast, adding SB203580 caused K12-negative cells to
revert to the basal cell layer (Fig. 6A). Similar to what is
depicted in Figure 4B, K10 keratin was absent in the normal
control and the submerged cultures but was expressed in
superficial and suprabasal cell layers in airlift cultures. Adding
SB203580 to the airlift culture completely abolished such K10-
positive expression (Fig. 6B). Filaggrin was not expressed in
the normal control or the submerged culture but was found in
superficial cell layers in airlift cultures, similar to what was
previously noted. In contrast, filaggrin-positive cells were ab-
sent after SB203580 was added (Fig. 6C). Composites of mi-
crographs of these cultures taken at lower magnification
clearly showed that the loss of K12 expression (Fig. 6D) and
the gain of K10 expression (Fig. 6E) were confined to the
limbal epithelium in airlift cultures. There was no difference in
the number of cell layers in the limbal epithelium in airlift
cultures, with or without SB203580. Furthermore, immuno-
staining to Ki67 did not reveal any difference in the frequency

of Ki67-positive nuclei in airlift cultures with or without the
addition of SB203580 (not shown). These data collectively
indicated that epidermal differentiation induced in airlift cul-
tures occurred through activation of the p38 signaling path-
way. This abnormal differentiation could be abolished by
SB203580 without affecting cellular proliferation.

Stem Cell Status in Abnormal Epidermal
Differentiation

To determine whether abnormal epidermal differentiation of
the limbal epithelium induced in airlift cultures resulted from
intrinsic alteration of limbal epithelial progenitor cells, we
harvested the surface epithelium from human limbal explants
cultured under submerged or airlift mode, of which the latter
was treated with or without SB203580 for 2 weeks, and seeded
them on mitomycin C-treated 3T3 fibroblast feeder layers for
12 days. Epithelial colonies were double stained with antibod-
ies against K12 and K10 keratins and were compared with
those derived from human oral mucosal epithelium serving as
the control (Fig. 7). The results showed that all epithelial
colonies generated from different culturing conditions still

FIGURE 4. Abnormal epidermal differentiation of limbal epithelial cells in airlift cultures. Double immunostaining to K12 keratin (A) and K10
keratin (B) and merged images (C) show that the expression of K12 keratin was limited to suprabasal cell layers of the limbal epithelium before
culturing (d0). K12-negative basal cells expanded to suprabasal cell layers from day 2 to day 6 and then reverted to the basal cell layer again on
day 10 and day 14. Expression of K10 keratin was negative before culturing and on day 2 in airlift cultures but became positive mostly in superficial
cell layers on day 4 and gradually increased from day 6 to day 14. Merged images showed nearly all K10-positive cells maintained K12 expression.
Filaggrin-positive cells were first found in superficial cells on day 6 and gradually increased in superficial cells until day 14 (D). Pax6 (E, F) was
expressed by almost all epithelial cells throughout the culture duration, except some desquamated cells on the superficial limbus on day 2, day
10, and day 14 and some cells in the basal epithelium on day 0 and day 14 (arrows). Scale bars, 100 �m.
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FIGURE 5. p38 activation of limbal epithelial cells and stromal cells in airlift cultures. Immunohistochem-
ical staining of P-p38 at different stages of airlift cultures were performed. P-p38 staining was negative in
limbal epithelial and stromal cells on day 0. On day 2, positive epithelial cells were present in limbal basal
and suprabasal layers. Positive staining was increased in the basal layer on day 4, whereas stromal cells
continued to stain negatively. On day 6, cytoplasmic expression of P-p38 increased without a concomitant
increase in nuclear staining, whereas stromal cells started to show weak positive nuclear staining. On day
10 and day 14, cytoplasmic expression of P-p38 increased dramatically, and nuclear staining spread from
the basal layer to the superficial layer. Stromal expression also increased. Scale bar, 200 �m.

FIGURE 6. Suppression of abnormal
epidermal differentiation by p38 in-
hibitor SB203580. Immunostaining
to K12 keratin (A), K10 keratin (B),
and filaggrin (C) was performed in
the normal control (before cultur-
ing), submerged cultures, and airlift
cultures, of which the latter was also
added with SB203580 for 2 weeks.
K12 keratin was expressed by supra-
basal and superficial cells in the nor-
mal control and the submerged cul-
ture, decreased to single cells and
patches of cells in the airlift culture,
and reverted to the normal pattern
after the addition of SB203580. K10
keratin-positive cells were absent in
the normal control and the sub-
merged cultures but was found in
superficial and suprabasal cell layers
in airlift cultures. They disappeared
after SB203580 was added. Filaggrin-
positive cells were found only in su-
perficial cell layers in airlift cultures
but disappeared after SB203580 was
added. Composites of micrographs at
lower magnification confirmed the
loss of K12 keratin expression (D).
The gain of K10 keratin expression
(E) was confined to the limbal epi-
thelium in airlift cultures and was
reverted by SB203580. Scale bars:
(A–C) 100 �m; (D, E) 200 �m.
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expressed K12 keratin but not K10 keratin. As a comparison,
those from the oral mucosal epithelium, as expected, did not
express K10 or K12 keratin. Taken together, these results
indicated that abnormal epidermal differentiation induced in
airlift cultures did not result from intrinsic alteration of limbal
progenitor cells.

Involvement of C/EBP� and C/EBP� in Abnormal
Epidermal Differentiation Induced by Airlift

Because the p38 signaling pathway plays an important role in
mediating keratinocyte differentiation,24 we sought to deter-
mine whether it operated by downstream differentiation-

associated transcription factors C/EBP� and C/EBP� in the
upregulation of K1/K10 keratin genes, as reported.25–28 Immu-
nohistochemical staining to P-p38, C/EBP�, and C/EBP� was
thus performed (Fig. 8). The results showed that P-p38 was not
expressed in the limbal epithelium or stroma of the control
before culturing, as shown in Figure 5, was weakly positive in
limbal basal epithelial cells and stromal cells in submerged
cultures, and was strongly expressed in the cytoplasm and
nuclei of limbal epithelial cells and in the nuclei of stromal cells
in airlift cultures for 2 weeks. P-p38 staining decreased in
epithelial and stromal cells in airlift cultures treated with
SB203580. C/EBP� was weakly expressed in normal limbal

FIGURE 7. Progenitor cell status after explant cultures. Human limbal explants cultured under submerge,
airlift, and airlift�SB203580 modes for 2 weeks. Single cells were harvested from the explant surface by
dispase and subsequent trypsin/EDTA and were seeded onto mitomycin C-treated 3T3 fibroblast feeder
layers for 12 days. The resultant epithelial clones were double stained with antibodies against K12 (top)
and K10 (bottom) keratins and were counterstained to DAPI. All clones remained K12 keratin positive but
K10 keratin negative, and those derived from oral mucosal epithelial cells were K12 keratin negative and
K10 keratin negative. Scale bar, 200 �m.

FIGURE 8. Immunohistochemistry to P-p38, C/EBP�, and C/EBP�. Immunohistochemical staining to
P-p38 was negative in the normal limbal epithelium and stroma, weakly positive in the limbal basal
epithelium and stromal cells in submerged cultures, and strongly positive in cytoplasms and nuclei of the
limbal epithelium and in the nuclei of stromal cells in airlift cultures. P-p38 staining was decreased in
epithelial and stromal cells in airlift cultures treated with SB203580. C/EBP� was weakly expressed in the
normal limbal epithelium but was strongly positive in the nuclei of limbal epithelial cells in submerged and
airlift cultures. Such positive nuclear staining was dramatically decreased when SB203580 was added to
airlift cultures. C/EBP� was also weakly expressed in the nuclei of limbal epithelial cells but was strongly
expressed in the nuclei of almost all epithelial and stromal cells in submerged and airlift cultures. However,
such nuclear staining was decreased by SB203580 in airlift cultures. Scale bar, 100 �m.
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epithelial nuclei before culturing but was markedly upregu-
lated in the nuclei of limbal epithelial cells in submerged and
airlift cultures. Such nuclear staining decreased dramatically
when SB203580 was added in airlift cultures. C/EBP� was also
weakly expressed in the nuclei of limbal epithelial cells before
culturing but was strongly expressed in almost all nuclei of
epithelial and stromal cells in submerged and airlift cultures.
However, such nuclear staining was suppressed when
SB203580 was added in airlift cultures. These results indicated
that the p38 signaling pathway was indeed involved in airlift-
induced abnormal epidermal differentiation of limbal epithelial
cells. C/EBP� and C/EBP� were upregulated in submerged and
airlift cultures, suggesting that these two transcription factors
were not directly linked to abnormal epidermal differentiation,
despite their presumed downstream scenario after SB203580
was added. These results suggest that the p38 inhibitor
blocked abnormal differentiation partially through the down-
regulation of C/EBP� and C/EBP�.

DISCUSSION

This study showed for the first time that an ex vivo model of
squamous metaplasia can be developed in the corneal/limbal
epithelium using limbal explants cultured under an airlift mode
without altering the level of vitamin A in the medium. Because
squamous metaplasia is commonly found in many ocular sur-
face diseases manifesting dry eye where ocular surface epithe-
lia are exposed to air because of the lack of preocular tear film,
our model might be used to dissect the pathogenesis of patho-
logic squamous metaplasia of the ocular surface and other
tissues.

Exposure to the air-fluid interface by airlift is a common
maneuver to induce epithelial stratification in organotypic cul-
tures of epidermal keratinocytes. In skin organotypic cultures,
such an increase of epithelial stratification is thought to be
caused by the upregulation of keratinocyte growth factor ex-
pression by cocultured fibroblasts under the upregulation of
IL-1 released by keratinocytes.29–31 Although we did not know
whether a similar mechanism also operated in our model sys-
tem, we noted that airlift induced the proliferation of limbal
epithelial progenitor cells, judged by an increase of nuclear
staining to Ki67 and p63 by basal and suprabasal cell layers as
early as day 4. Such hyperproliferation was restricted to the
limbal epithelium (Fig. 2), which is known to contain the stem
cell population for the corneal epithelium.21 There was con-
comitant increased expression of such putative stem cell
marker as ABCG-2 and Musashi-1 extending to suprabasal layers
on day 4 only (Figs. 3C, 3D, respectively). In addition, K12(�)
nondifferentiated cells expanded from the basal to the supra-
basal layers. These results collectively supported the notion
that transient expansion of the limbal stem cell pool was most
likely induced by airlift.

Epithelial hyperproliferation can be coupled by aberrant
epithelial differentiation. In the epidermis, hyperproliferation
triggers the alternative pathway of K6/K16 keratin expres-
sion.32 Herein, we noted that limbal epithelial hyperprolifera-
tion preceded squamous metaplasia, as evidenced by positive
expression of K10 keratin and filaggrin, and started as soon as
day 4 and day 6, respectively (Fig. 4). Of note, cells expressing
K10 keratin were suprabasally located and still expressing K12
keratin, suggesting that abnormal epidermal differentiation
took place in lineage-committed cells. This result favored the
interpretation that this model of squamous metaplasia repre-
sented aberrant transdifferentiation of terminally differentiated
cells, mimicking one of the models raised by Liang et al.33 in
their urothelial squamous metaplasia study. Although there
was a progressive increase of filaggrin in superficial cells to-

ward the end of 2 weeks of culturing, these cells retained
positive nuclear expression of Pax6 (Fig. 4E), indicating that
they were still committed to the lineage of ocular surface
epithelial cells. Moreover, the clones generated from epithelial
cells harvested from 2-week airlift-cultured explants still ex-
pressed K12 but not K10 keratin when seeded onto 3T3 feeder
layers for 12 days (Fig. 7), further confirming that progenitor
cells expanded in this culture system still stayed in the corneal
lineage. Our findings differed from a previous study in which
epidermal transdifferentiation of the rabbit corneal epithelium
was induced by engrafting into the embryonic dermis, where
Pax6 expression was downregulated by a mouse embryonic
dermal signal.34

The p38 signaling pathway has recently emerged as a key
modulator of cell differentiation processes of various cell types,
including adipocytes,35 intestinal epithelial cells,36 and myo-
cytes.37 The p38 MAPK signaling pathway was also activated in
pathologic proliferation and squamous metaplasia of the rat
lung epithelium induced by tobacco smoke.2 For ocular sur-
face epithelia, activation of the p38 MAPK signaling pathway
was induced by desiccation in the pathologic state of the
mouse dry eye model.38 We noted that activation of the p38
signaling pathway was also involved in our squamous metapla-
sia model. P-p38 expression emerged in limbal basal epithelial
cells as early as 2 days in airlift cultures and gradually extended
to the cytoplasm and nuclei with time (Fig. 5), whereas it was
only weakly expressed in the cytoplasm of epithelial cells in
submerge cultures (Fig. 8). Moreover, adding SB203580, a
specific p38 inhibitor, to airlift cultures abolished the expres-
sion of K10 keratin and filaggrin by limbal epithelial cells
without affecting cell stratification and proliferation (Fig. 6),
suggesting a potential therapeutic effect of p38 inhibitors in
preventing or reverting pathologic squamous metaplasia.

In normal epidermal epithelial differentiation, K10 gene
expression requires transcription factors C/EBP� and
C/EBP�,27 which are downstream molecules of the p38 signal-
ing pathway. Our study showed that these two transcription
factors were strongly expressed in airlift cultures and were
suppressed by SB203580 (Fig. 8). However, expression of
C/EBP� and C/EBP� was also upregulated in submerge cul-
tures, indicating that these two transcription factors may not
be critical in the abnormal differentiation of limbal epithelial
cells. Further study is needed to elucidate other downstream
molecule(s) of p38 that may play a specific role in inducing
squamous metaplasia. Another unexpected finding is that P-
p38 and C/EBP� were also activated in limbal stromal cells in
submerge and airlift explant cultures, suggesting that mesen-
chymal cells in the limbal stroma might also be activated.
Previously, the maneuver of airlift promoted the proliferation
of fibroblasts cultured in collagen gel39 and in rabbit limbal
explants.13 Future studies are warranted to investigate the
interaction between limbal basal epithelial progenitor cells and
limbal stromal cells in modulating the pathologic state of squa-
mous metaplasia.
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