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Primary cilia maintain corneal epithelial homeostasis by regulation
of the Notch signaling pathway
Laura Grisanti1, Ekaterina Revenkova1, Ronald E. Gordon2 and Carlo Iomini1,3,*

ABSTRACT
Primary cilia have been linked to signaling pathways involved in cell
proliferation, cell motility and cell polarity. Defects in ciliary function
result in developmental abnormalities and multiple ciliopathies.
Patients affected by severe ciliopathies, such as Meckel syndrome,
present several ocular surface disease conditions of unclear
pathogenesis. Here, we show that primary cilia are predominantly
present on basal cells of the mouse corneal epithelium (CE)
throughout development and in the adult. Conditional ablation of
cilia in the CE leads to an increase in proliferation and vertical
migration of basal corneal epithelial cells (CECs). A consequent
increase in cell density of suprabasal layers results in a thicker than
normal CE. Surprisingly, in cilia-deficient CE, cilia-mediated signaling
pathways, including Hh and Wnt pathways, were not affected but the
intensity of Notch signaling was severely diminished. Although
Notch1 and Notch2 receptors were expressed normally, nuclear
Notch1 intracellular domain (N1ICD) expression was severely
reduced. Postnatal development analysis revealed that in cilia-
deficient CECs downregulation of the Notch pathway precedes cell
proliferation defects. Thus, we have uncovered a function of the
primary cilium in maintaining homeostasis of the CE by balancing
proliferation and vertical migration of basal CECs through modulation
of Notch signaling.
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INTRODUCTION
The outermost layer of the cornea consists of a stratified non-
keratinized pseudosquamous epithelium known as corneal
epithelium (CE). Its highly ordered architecture must be precisely
maintained during homeostasis and re-established upon mechanical
lesions in order to ensure clear vision. During corneal maturation,
the basal epithelium stratifies resulting in differentiated suprabasal
layers (wing cells) and more superficial cells that are ultimately
eliminated through exfoliation (Thoft and Friend, 1983). At
homeostasis the CE undergoes intensive cell renewal. Limbal
stem cells localized at the periphery of the cornea undergo slow cell
cycle and generate a population of fast-dividing cells called
transient amplifying cells (TACs) (Cotsarelis et al., 1989). TACs

migrate towards the center of the cornea and populate the basal
epithelium to replenish the loss of suprabasal cells that are
exfoliating from the corneal surface (Cotsarelis et al., 1989;
Davanger and Evensen, 1971). Despite this intense process of
self-renewal, the overall mass, cell density, and architecture of the
CE remain constant throughout adult life (Thoft and Friend, 1983).
Imbalances between proliferation and differentiation of stem cells or
TACs may cause corneal epithelial defects during development,
homeostasis or repair (Douvaras et al., 2013; Huang et al., 1991;
Nishida et al., 1995). However, how cell proliferation, migration
and differentiation are integrated and regulated during corneal
homeostasis and repair is not well understood.

Primary cilia are microtubule-based cellular organelles
protruding from the surface of most eukaryotic cells. Cilia play
crucial roles in signaling pathways that control morphogenesis,
proliferation, polarity and differentiation during development and
tissue homeostasis, such as the Hh, Wnt and Notch pathways
(Berbari et al., 2009; Wood et al., 2013). A bidirectional movement
of protein particles along the inner microtubular core, the axoneme,
called intraflagellar transport (IFT) ensures the appropriate
assembly and maintenance of cilia (Rosenbaum and Witman,
2002). Defects in ciliary proteins result in developmental
abnormalities and lead to a large spectrum of syndromic diseases
collectively referred to as ciliopathies (Goetz and Anderson, 2010;
Sharma et al., 2008). Intriguingly, a description of a patient affected
by Meckel syndrome, a severe ciliopathy, reported multiple
conditions of the anterior segment including an unusual
thickening of the cornea (MacRae et al., 1972). However, to date
it is not known whether cells of the CE are ciliated and whether the
cilium plays any role in the biology, formation, differentiation,
development or organization of the CE.

In the skin, a tissue that shares similar embryonic origins,
stratified organization and molecular signatures with the CE,
primary cilia control hair follicle development and epidermis
proliferation (Croyle et al., 2011). In addition, it was shown that
disruption of IFT components diminishes Notch activity leading to
compromised skin differentiation and barrier function (Ezratty et al.,
2011). Notch signaling plays a key role in proliferation and
differentiation of several tissues (Chen et al., 2014; Guentchev and
McKay, 2006). Activation of the pathway occurs through the
interaction of Notch ligands of the Delta-like and Jagged families
with the receptors of the Notch family (Notch1-4). Ligand binding
results in the cleavage of the Notch receptor at the membrane
(Kopan and Ilagan, 2009; Schroeter et al., 1998) and the release of
the Notch intracellular domain (NICD). The freed NICD
translocates to the nucleus where it activates target genes such as
those encoding the Hes and Hey transcription factors, which in turn
affect numerous pathways involving cell fate determination. The
involvement of primary cilium in the regulation of Notch pathway,
however, is debated mostly owing to contradictory findings in
ciliary mutants, ranging from inactivation to overactivation of theReceived 11 November 2015; Accepted 11 April 2016
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pathways (Cervantes et al., 2010; Ezratty et al., 2011; Leitch et al.,
2014; Liu et al., 2014).
Interestingly, in the ocular surface Notch activation contributes to

the maintenance of the stratified and non-keratinized corneal and
conjunctival cells differentiation and function (Djalilian et al., 2008;
Ma et al., 2011; Nakamura et al., 2008; Vauclair et al., 2007; Xiong
et al., 2011; Zhang et al., 2013). This led us to hypothesize that
primary cilia could play an important role in maintaining CE
homeostasis and/or morphogenesis.
In this study, we have investigated the role of primary cilia during

development, adult homeostasis and repair of the CE. We show
that ciliated cells are mostly present at the basal layer of the CE
and establish a strong correlation between full differentiation
commitment of basal CECs and cilia disassembly with basal bodies
disengagement from the apical membrane. We demonstrate that,
differently from other tissues of the ocular surface, cilia formation
is not required for early stages of CE repair involving cell migration.
Rather, corneal epithelial cilia appear to play an important role
in balancing cell proliferation and differentiation at homeostasis and,
thus, in maintaining constant thickness and architecture of the CE
in adult life. We also show that ablation of epithelial cilia
diminishes Notch pathway activity before leading to abnormal
hyperproliferation of basal CECs. Furthermore, we propose that in the
CE, primary cilia play a role in maintaining basal cells in an
undifferentiated state establishing a balance between proliferation and
differentiation through the regulation of the Notch pathway activity.

RESULTS
Ciliated cells are restricted to the basal corneal epithelium
In the mouse, CE forms at embryonic day (E) 11-12 from the
external surface ectoderm after the lens vesicle separates from it. At
this stage, the CE consists of a two-cell-layered tissue with basal
cuboid cells and superficial squamous cells. Bona fide stratification
occurs during late gestation and continues throughout postnatal
development until adulthood (Pei and Rhodin, 1971).
To investigate the spatiotemporal dynamics of assembly/

disassembly of primary cilia in the corneal epithelium, we analyzed
the ocular surface in mice of different developmental ages by
immunofluorescence and transmission electron microscopy (TEM).
Primary cilia were identified using antibodies specific for acetylated
α-tubulin and γ-tubulin, which are major components of the ciliary
axoneme and the basal body (bb), respectively. Between E12.5 and
E17.5we found primary cilia protruding from the apical surface of the
majority of basal cells (Fig. 1A) and, infrequently, from a subset of
suprabasal cells (Fig. 1Ai-iii and Fig. 1B upper panel). By E17.5
though, when the epithelium begins to stratify, primary cilia were
observed almost exclusively on the apical surface of basal cells
(Fig. 1Aiv,v) and were absent in the most superficial cells (Fig. 1Avi
and Fig. 1B lower panel). During postnatal corneal development and
in adult cornea, cilia were detected exclusively at the apical side of
basal cells (Fig. 1C). Quantification analysis of central and peripheral
CE (Fig. 1D) indicated that overall the number of ciliated cells in the
corneal epithelium progressively decreased during development
changing from ∼90% during gestation to only ∼30% in the adult
(Fig. 1E). The decreasewas particularly strong in the postnatal day (P)
10-20 interval (Fig. 1E), when the eyelids open and the CE undergoes
important morphogenetic changes (Zieske, 2004). Although we did
not detect differences in density of ciliated cells at the center or
periphery of the CE, peripheral cells had longer cilia (Fig. 1F).
Apico-basal TEM sections of the CE confirmed the localization

of cilia projecting from the apical membrane of basal CEC toward
the suprabasal layers (Fig. 1G-M). Furthermore, in both embryos

and adult animals the ciliary tip interacted with the plasma
membrane of suprabasal cells, whereas the proximal region of
CEC cilia was partially invaginated in the ciliary pocket (Fig. 1I,K).
However, in some basal cells of the adult, cilia appeared almost
entirely invaginated in the ciliary pocket with limited contact with
the cell membrane of suprabasal cells (Fig. 1L). Interestingly, in the
adult, bbs of non-ciliated basal cells maintained contact with the
apical cell membrane (Fig. 1M, lower panel). By contrast, in both
adult and embryos, the bbs of suprabasal cells were always found to be
disengaged from the apical membrane and lacking cilia (Fig. 1J-M
upper panel). Overall, our ultrastructural analysis suggests that during
homeostasis loss of cilia occurs before vertical movement of the basal
CECs towards the corneal surface.

Primary cilia ablation results in abnormal CE cell
proliferation and stratal thickness
To elucidate the function of primary cilia in the CE, we
conditionally targeted Ift88 in CECs by crossing mice with floxed
Ift88 allele (Ift88fl) (Haycraft et al., 2007) with K14Cre transgenic
line. In these mice (K14Ift88 cKOs), the Cre expression is driven by
the K14 (Krt14 – Mouse Genome Informatics) promoter, which is
active by E14-15 in basal undifferentiated cells of the CE (Kurpakus
et al., 1994; Tanifuji-Terai et al., 2006). To monitor Cre activity, we
utilized the Rosa26mT/mG reporter line (Fig. 2A) (Muzumdar et al.,
2007), in which the Cre-dependent excision of a cassette expressing
the red fluorescent membrane-targeted tdTomato (mT) allows the
expression of a membrane-targeted green fluorescent protein (mG).
Cre expression was confirmed in nearly all basal CECs of adult mice
(Fig. S1A) and the depletion of Ift88mRNA and Ift88 protein in the
CE of K14Ift88 cKOs was corroborated by RT-PCR and western
blot, respectively (Fig. S1B,C). Although we occasionally detected
cilia in basal CECs of newborn mutant mice, cilia were never
observed in CECs of P13 or older mice (Fig. S1D,E). Although
corneas from both mutant and control adult (3 months) mice were
transparent by slit lamp evaluation (Fig. 2B), the central CE of
mutant mice displayed an increase in thickness of ∼20% compared
with control, as assessed by plastic and paraffin sections (Fig. 2C-E;
Fig. S1F), with the largest difference in thickness detected at the
center of the CE and the lowest in the limbal region located at the
cornea periphery (Fig. 2D; Fig. S1F). The corneas of older mutant
mice (11 months) remained transparent (Fig. S1G) and displayed a
similar increase in central epithelial thickness (Fig. 2E; Fig. S1H).
Other corneal tissues of the K14Ift88 cKOs, including stroma and
endothelium, were indistinguishable from those of the control
(Fig. 2C; Fig. S1F). Ultrastructural analysis confirmed the abnormal
thickening of the CE and revealed disorganization of suprabasal cell
layers. Wing cells appeared more numerous in the mutant than in
control corneas (Fig. 2F). To quantify differences in CEC density in
living tissue, we compared corneas from adult mutant and control
animals carrying the mT/mG cassette using ex vivo confocal
imaging. Membrane-targeted GFP and tdTomato allowed clear
identification of cell outlines in different layers of the CE (Fig. 2G).
The cell density of basal CE (expressed as number of cells in a given
area) was similar in both mutant and control mice (Fig. 2H′). By
contrast, the cell density of suprabasal cells (expressed as ratio of
suprabasal cells/basal cells in a given area) was 20% higher in the
mutant than in the control (Fig. 2H).

The abnormally elevated density of suprabasal cells detected in
the mutant could result from the atypical proliferation of suprabasal
cells and/or from the hyperproliferation of the basal layer cells
matched by an equivalent increase in the stratification rates. To
distinguish between these two possibilities, we performed
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bromodeoxyuridine (BrdU) pulse experiments in adult K14Ift88
cKO mice and analyzed flat-mounted corneas by confocal
microscopy. To assess cell proliferation in the CE of adult mice,
we quantified BrdU-positive cells 2 h after BrdU administration
(Fig. 3A,B). Although proliferative cells were present at the basal

epithelium, they were absent or scarce in the suprabasal epithelium
of both K14Ift88 cKO and control mice (Fig. 3A,B). However, the
percentage of BrdU-positive cells in the basal CE of the K14Ift88
cKO adult mice was nearly double that of control mice both at the
periphery and at the center of the cornea (Fig. 3A,B). Similar results

Fig. 1. Primary cilia of CECs disassemble during postnatal development. (A) Confocal images of whole-mounted corneas at E12.5 (i-iii) and E17.5 (iv-vi).
Cilia are stained for acetylated tubulin (green), basal bodies for γ-tubulin and apical cell membranes for ZO-1 (both in red). Hoechst 33342 stains nuclei in blue.
Arrowheads indicate basal bodies without cilia. (B) SEM images show the presence of cilia (yellowarrowheads) on the superficial cells of the CE at E12.5 and their
absence at E17.5. (C) By P20, ciliated CECs are only found at the basal layer. (D) Random microscope fields were taken in a peripheral annulus ∼250 µm wide
(not including limbus) and a central circle of∼250 µm diameter. (E,F) Percentage of ciliated cells in the basal CE (E) and cilia length (F) at different developmental
ages (>100 cilia/bb were counted for each animal; number of animals n=2 for each group). Results are mean±s.d. (G-M) TEM images of the CE cilium and bb
during development and in adult stages. Plastic sections were cut perpendicularly to the basement membrane. Dotted lines outline apical membrane in adult CE.
Boxed areas are shown at higher magnification. Asterisks indicate basement membrane. d, daughter centriole. Scale bars: 1 µm.
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were also obtained by immunostaining of phosphohistone H3
(PHH3), a marker for mitotic nuclei (Fig. 3C). Given that cell
density of the basal cell layer is similar in both mutant and control
animals, we expected that the number of basal cells migrating
towards the suprabasal compartment per unit of time (rate of vertical
cell migration) would be higher in the mutant than in the control. To
quantify this process, we sacrificed mice at 18, 24 and 72 h after a
single BrdU injection and quantified BrdU-positive cells at the basal
and suprabasal layers of central CE (Fig. 3D-F). As expected, the
percentage of BrdU-positive cells in the suprabasal layer was
significantly higher in K14Ift88 cKOs than in control mice.
However, the loss of BrdU-positive cells at the basal CE occurred
more rapidly in the mutant than in the control (Fig. 3F). Taken
together, these results indicate higher rates of vertical cell migration
in the CE of mutant mice. Thus, these data suggest that ablation of
primary cilia in the CE leads to basal CEC hyperproliferation in
conjunctionwith elevated rates of vertical cell migration, resulting in
the disorganization of the suprabasal CEC (wing cells) compartment
and abnormal corneal thickening in adult mutant mice.

Primary cilia are not required for CE wound closure
Corneal epithelial injury repair is a multistep process involving cell
motility and proliferation. First, CECs near the injury disassemble
anchoring structures, flatten and migrate as an intact sheet to cover
the wound. Then, cells distal to the wound proliferate to compensate
for cell loss at the wounded area, and cell stratification and
differentiation occurs (Zagon et al., 1999). Typically, in mice a
mechanical wound of ∼1.5 mm in diameter completely closes in
∼24 h (Stepp et al., 2014). To address cilia dynamics and function
during CE repair, we performed a central epithelial injury and
followed cilia assembly/disassembly in CECs located proximally
(central CEC) or distally (peripheral CEC) to the wound at different
time points following the lesion. Surprisingly, shortly after
wounding (6 to 18 h) cilia completely disassembled in the large
majority of central CECs neighboring the wound (Fig. 4A). By
contrast, at the periphery the percentage of ciliated CECs remained
unchanged and the ciliary length increased by∼20% compared with
that of corresponding cells in control intact CE (Fig. 4B-C′). Central
CECs progressively reassembled cilia only 24 h following injury,

Fig. 2. Ablation of Ift88 induces accumulation of CECs
in the suprabasal layer and abnormal CE thickening.
(A) Schematic of cross strategy to generate K14Ift88 cKO
animals (K14cre;Ift88fl/fl) with reporter line R26mT/mG.
(B) Corneas of control and K14Ift88 cKO mice look normal
and transparent. (C) Toluidine Blue staining of control and
K14Ift88 cKO Epon-embedded corneas on sagittal thin
sections showing a thicker CE in the mutant. (D) The
thickness of the epithelium along the cornea in K14Ift88
cKOs is represented by the green line compared with
control (blue line) in a representative experiment (one
cornea embedded in plastic and partially displayed in
panel C). (E) Thickness ofK14Ift88 cKO corneal epithelium
normalized to control. Results are mean±s.d. (number of
animals in 3- and 11-month-old groups were n=4 and n=2,
respectively; two cornea for each animal were analyzed).
*P<0.05, ***P<0.001; Student’s t-test. (F) TEM image of
central CE of adult K14Ift88 cKO (right panel) clearly
reveals the accumulation of epithelial cells in the immediate
suprabasal layer compared with that of control corneas (left
panel). Yellow highlights indicate suprabasal cells confined
between basal and superficial cell layers. (G) Ex vivo
confocal images show the suprabasal and basal layers of
control cornea (IFT88fl/fl;R26mT/mG) in red and K14Ift88
cKO cornea (K14Cre;IFT88fl/fl;R26mT/mG) in green. The
bottom panels show the z-sections of the epithelium in both
control and Ift88 mutant mice. Yellow dotted lines indicate
suprabasal (s) and basal (b) sections analyzed in the upper
images. Distance from the basal lamina is indicated.
(Gi-Giv) Areas within the yellow boxes in G are shown at
higher magnification. (H,H′) The absolute number of basal
(Ba) cells is similar in both control and K14Ift88 cKO mice
as shown in the bottom graph. However, the top graph
shows the increased number of suprabasal (SPBa) cells in
the Ift88mutant. This difference is represented by the ratios
between suprabasal and basal epithelial cells in control
and K14Ift88 cKO corneas. Results represent mean±s.d.
(number of animals in each group n=2, one cornea per
animal was analyzed). *P<0.05; ns, non-significant;
Student’s t-test. Mo, months. Scale bars: 10 µm.
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which approximately coincided with complete wound closure
(Fig. 4C). Ciliated cell density at the center and ciliary length of
the peripheral cells reverted to values found in intact corneas ∼48 h
post-injury, thus coinciding with the re-establishment of normal
CEC stratification, differentiation and exfoliation (Fig. 4B,C). To
determine whether absence of Ift88 affects the process of CE wound
healing, we performed a 1.5-mm epithelial abrasion and followed
the wound closure by fluorescein staining. In a typical experiment,
epithelial wound recovery occurredwithin 24 h in corneas from both
K14Ift88 cKO and control mice (n=3) (Fig. 4D). Although complete
re-epithelialization and re-establishment of normal CE architecture
requires proliferation, the initial phase of wound closure is
independent of cell division (Friedenwald and Buschke, 1944;
Kuwabara et al., 1976; Zagon et al., 1999). During the initial phase
of cornea re-epithelialization upon a central mechanical wound, cell
proliferation rates drastically decrease in cells proximal to thewound
borders. By contrast, they increase at the cornea periphery distally to
thewound and reach a peak 24 h after wounding (Stepp et al., 2002).
Because Ift88 ablation leads to hyperproliferation in the basal CE,
we investigated whether proliferation rates were altered in the
healing K14Ift88 cKO CE. A 1.5-mm wound was produced in the
cornea of wild-type (WT) and K14Ift88 cKO animals and BrdU was
administered 2 h prior to the analysis of the center and periphery of
the CE at 18, 24, 48 and 72 h (Fig. 4E). Surprisingly, we found a

similar increase in BrdU-positive cells at the periphery of both
K14Ift88 cKO and control mice (from ∼5% to ∼30%), although in
the mutant the peak of proliferation during healing was reached 6 h
earlier than in the control (Fig. 4F). We did not detect any BrdU-
positive cells near thewoundmargin at the center of the cornea at any
time post-wounding (up to 18 h) in both cKO and control (Fig. 4F′).

Overall, these results indicate no changes in wound closure speed
and in cell proliferation rates of the mutant CECs during repair,
suggesting that the cilium is not required during an early response in
CE repair and that during repair cell proliferation is controlled
independently from the cilium.

Ablation of Ift88 reduces Notch pathway activity in the CE
Hh, and more unpredictably Wnt and Notch, pathways have been
linked to ciliary function. We therefore used quantitative real-time
PCR (RT-qPCR) and reporter mouse lines to examine the
expression of specific Hh, Wnt and Notch target genes in CE.
Surprisingly, expression profiles of genes controlled by Hh andWnt
pathways were indistinguishable betweenK14Ift88 cKO and control
mice (Fig. 5A). Moreover, reporter mice for Wnt and Shh pathways
revealed no detectable activation of these pathways in the CE during
cornea development (Fig. S2). By contrast, Notch target genes,
including Hey1, Hes1 and Maml1, were all downregulated in the
K14Ift88 cKO CE compared with control (Fig. 5A).

Fig. 3. Proliferation and basal-to-apical migration of CECs in K14Ift88 cKO and control mice. (A) BrdU staining of whole-mounted corneas 2 h after
BrdU administration in control and K14Ift88 cKO mice. Corresponding single optical sections of suprabasal and basal cell layers in the periphery and center of
control and K14Ift88 cKO mice are shown. Yellow dotted lines indicate the position of the orthogonal projections showed at the bottom of each panel. Occasional
BrdU-positive cells in the suprabasal layers are indicated by a white asterisk. (B) BrdU-labeling index in control and K14Ift88 cKO corneas (number of
animals in each group n=4). (C) Mitotic marker PHH3 staining and quantification of proliferating cells in control and K14Ift88 cKO mice (n=3). (D) BrdU was
administered to animals 2, 18, 24 and 72 h prior to each analysis to follow the fate of labeled cells. (E) Staining for BrdU on whole-mounted corneas at different
time points shows increased number of labeled cells (white asterisks) in the suprabasal compartment of K14Ift88 cKO epithelium. (F) Increase of BrdU-positive
suprabasal cells (upper panel) and loss of BrdU-positive basal cells (lower panel) in K14Ift88 cKO and control central corneas (number of animals in each
group n=2). In B,C,F, data represent the mean percentage of BrdU-positive or PHH3-positive cells in relation to total basal epithelial cells. *P<0.05, **P<0.01; ns,
non-significant P≥0.05; Student’s t-test. Cen, central; Per, peripheral.
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To understand the role of Ift88 in the Notch pathway, we first
analyzed Ift88-deficient cells for the presence of Notch1
intracellular domain (N1ICD), which is responsible for the
transcriptional activation of Notch-regulated genes. We detected
N1ICD staining in 80%of the nuclei of control CE. By contrast, only
20% of the nuclei were N1ICD positive in the CE of K14Ift88 cKO
(Fig. 5B,C). Of note, in bothmutant and control CEwe only detected
N1ICD in the nuclei of basal and suprabasal CECs but not in
superficial CECs (Fig. 5B,B′). Western blot analysis of isolated CE
showed a lower level of N1ICD in the K14Ift88 cKO compared with
control CECs (Fig. 5D). As N1ICD is a proteolytic product of
Notch1, the reduction of N1ICD-positive nuclei in the CE of the
K14Ift88 cKO could be due to low levels of the Notch1 receptor in
the mutant tissue. To test this possibility, we analyzed the
localization and expression of the Notch1 receptor. Notch1
immunofluorescence at the basal and suprabasal cell layers
generated similar signals in both K14Ift88 cKO and control CE

(Fig. 5E) paralleling the indistinguishable Notch1 and Notch2
transcriptional profile and protein expression levels in the mutant
and control CE (Fig. 5F,G). Taken together, these results suggest that
Ift88, and possibly the CE primary cilium, function downstream of
the activation of theNotch1 receptor and act as a positive regulator of
the Notch pathway by maintaining normal levels of N1ICD.

Next, we investigated whether there was a direct association
between Notch activity and cell proliferation in basal CECs at
homeostasis. We performed double staining with antibodies directed
to BrdU and N1ICD on frozen sections of corneas from WT
andK14Ift88 cKO adult mice sacrificed 2 h after BrdU administration
(Fig. 6A,B). We found that the percentage of BrdU-positive cells in
the N1ICD-negative population was 23.0% in the WT and 14.1% in
the mutant. By contrast, in the N1ICD-positive population, the
percentage of BrdU-positive cells was only 5.3% in theWT and 6.9%
in the mutant (Fig. 6C). Thus, nuclear translocation of the N1ICD in
basal CECs is associated with a decrease in proliferation rates.

Fig. 4. Ciliary loss does not affect
corneal epithelial wound healing
process. (A) Immunofluorescence
staining for α-tubulin (green), γ-
tubulin (white) and phalloidin (red) on
wild-type corneal buttons 6 h after
central cornea debridement. Note that
epithelial cells neighboring the
leading edge of the wound lack cilia
during the healing process.
Arrowheads indicate occasional
ciliated CECs. (B) Ciliogenesis
occurring during and post wound
closure in peripheral and central
cornea. Insets show higher
magnification of primary cilia.
(C,C′) Quantification of cilia
(expressed as percentage of ciliated
cells relative to the total bb number)
and their length during wound healing
in peripheral and central corneas. In
C, values were compared between
center and periphery at each time
point. In C′, all values for center were
compared with center intact; all
values for periphery were compared
with periphery intact (number of
animals in each group n=2).
(D) Mechanical removal of 1.5 mm of
central corneal epithelium in control
and K14Ift88 cKO mice. By 24 h after
debridement (T24), the epithelium is
completely healed in both animals as
shown by the absence of fluorescein
staining (number of animals in each
group n=3). (E) Schematic of BrdU
experiments during the wound-
healing process. BrdU was
administered 2 h before sacrificing
each group of animals 18, 24, 48 or
72 h after wounding. (F,F′) The
proliferation rate of epithelial basal
cells at the periphery (F) and at the
center (F′) during cornea
regeneration. In C,C′,F,F′, results
represent mean±s.d. *P<0.05,
**P<0.01, ***P<0.001; two-way
ANOVA with Bonferroni post-tests for
pairwise comparisons. Cen, central;
Per, peripheral.
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Decreased activity of Notch signaling precedes proliferation
defects in Ift88 conditional mutants
During postnatal mouse development, CE proliferation rates
steadily increase during the first week of life peaking around P7-
10 and beginning to decline prior to the eyelid opening at P12-15
(Tseng et al., 1999). Interestingly, it was reported that Notch
activity, assessed by N1ICD staining, becomes detectable in basal
and suprabasal CECs around P10 and appears more intense at P90
(Djalilian et al., 2008). Therefore, the time frame between P10 and
P15 represents a crucial developmental stage at which Notch
activity increases and proliferation rates decline towards the
homeostatic levels observed in adult mice. We reasoned that this
transitional stage of CE development could allow us to determine
whether the ablation of Ift88 impacts Notch activation or
proliferation first. Although we detected occasional CE cilia at
birth, complete cilia ablation was achieved by P13 in the CE of
K14Ift88 cKO (Fig. S1). Importantly, in both control and mutant

mice the opening of the eyelid occurred at P13; however, in the
mutant it was completed at P14 (Fig. 7A). Consistent with previous
data (Tseng et al., 1999), we found that proliferation rates of basal
CECs (assessed as percentage of BrdU-positive CECs at the cornea
center and periphery) were high (16-18%) at P9 but decreased to
7-9% at P13 in both control and mutant mice (Fig. 7B). By contrast,
at P15 whereas proliferation rates of basal CECs continued to
decrease (∼5%) in the control, they were increasing in the mutant
(14%) (Fig. 7B). When we assessed Notch activation by N1ICD
staining, we observed that at P13 the number of N1CID-positive
cells in the Ift88 cKOmutant was 50% lower than in control animals
(Fig. 7C,D).

These results showed that during the postnatal development of
CE up to P13 the ablation of primary cilia decreases Notch
signaling, but does not alter proliferation rates of CECs, supporting
the notion that primary cilia of the CE regulate the Notch pathway
independently of cell division.

Fig. 5. Notch1 signaling activity decreases in K14Ift88 cKO corneal epithelium. (A) qRT-PCR analysis of Shh, Wnt and Notch target genes in isolated CE
shows significant downregulation of the Notch1 target genes Hey1, Hes1 and Maml1 expression in mutant tissue (number of animals in each group n=2).
(B) Immunofluorescence for Notch1 intracellular domain (N1ICD) on control and K14Ift88 cKO corneal sections. (B′) Confocal images show the nuclear
localization of N1ICD in basal and suprabasal cells of the corneal epithelium. Note the reduced nuclear staining in K14Ift88 cKO compared with the control
corneas (arrowheads). (C) Quantification of N1ICD-positive cells in K14Ift88 cKO corneas (number of animals in each group n=3). (D) Western blot for N1ICD
(red box) and Ift88 on isolated epithelial cells from WT and K14Ift88 cKO mice. (E-G) Notch1 and Notch2 staining in K14Ift88 cKO corneas reveals no
difference in protein expression, confirmed by qRT-PCR (F) and western blot (G). Corneas were from 3-month-old mice. Data are mean±s.d. ns, non-significant.
Student’s t-test. Dotted lines in B,B′,E indicate the basement membrane.
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DISCUSSION
In this study, we uncovered a novel role of primary cilia in
maintaining homeostasis of the CE. We showed that corneal
epithelial cilia protrude from the apical membrane of most basal
CECs and that cilia ablation is associated with the thickening of the
CE. Our findings demonstrate that conditional depletion of Ift88 in
the CE leads to ablation of cilia, reduction of the Notch pathway
activation, increased cell proliferation and upwards cell migration,
which in turn results in an abnormally thick CE.

Primary cilia disassembly and bb undocking from the apical
membrane correlates with basal cell commitment to
terminal differentiation
We showed for the first time the spatiotemporal dynamics of cilia
assembly/disassembly in mouse CE. Ciliated cells appear to be
confined to the basal cell layer and decrease in number during
development. In adult mice, only ∼30% of basal CECs display a
cilium and these cells appeared to be distributed with no obvious
segregation throughout the entire CE. Nevertheless, cilia of
peripheral CECs were significantly longer than cilia of central
CECs. However, owing to the lack of accepted cell-specific
markers, we cannot conclude whether or not limbal stem cells are
ciliated. In addition, as we detected cilia by immunocytochemistry
on fixed corneas, we cannot establish whether ciliated cells in adult
CE represent a steady subpopulation or whether all basal CECs
maintain the ability to assemble and disassemble cilia following a
precise program or cycle before becoming terminally committed.
Our TEM analysis showed that bbs of non-ciliated basal CECs
maintain contact with the apical membrane, an important
requirement for the initiation of ciliogenesis (Park et al., 2008;
Schmidt et al., 2012). By contrast, in terminally differentiated
suprabasal cells that lack cilia, bbs were always found in the

cytoplasm completely disengaged from the apical membrane,
suggesting that in these cells the ciliogenesis program is
abolished. These findings uncover an intriguing correlation
between cilia disassembly, bb position and cell differentiation in
stratified epithelia pointing to the possibility that non-ciliated basal
cells are primed to move upwards and repopulate the suprabasal
layer. Consistent with this idea, in the epidermis ciliated cells were
found mostly at the basal layer, whereas progressively fewer ciliated
cells were observed in the spinous layer. Further investigation using
live-cell microscopy will be required to determine possible
relationships between cilia and CEC stratification.

Corneal thickening and proliferation
We showed that inactivation of the Ift88 gene in K14-positive basal
CECs leads to an abnormal and progressive thickening of the CE in
mice. Although the inactivation of Ift88 induced hyperproliferation
of the basal CECs, it did not perturb their density or alter the post-
mitotic status of suprabasal cells (Figs 2 and 3). CE thickening is
caused by higher numbers of cell layers and density in the
suprabasal compartment that result from the abnormal increase of
proliferation and upwards migration of CECs from the basal layer.
Similarly, in the skin epidermis depletion of Ift88 led to hyperplasia
of the basal layer but not of the granular, spinous and stratum
corneum (Croyle et al., 2011; Ezratty et al., 2011). However, the
basal layer of the epidermis, unlike the CE, displayed an abnormal
expansion in the number of cell layers expressing keratin 5, a marker
of basal cells (Croyle et al., 2011). This difference could reflect
tissue-specific mechanisms in place during the stratification/
differentiation processes of CE and skin epidermis.

The role of primary cilia and IFT proteins in the cell cycle is not
well understood. In vitro results showing that depletion of Ift88
promotes cell cycle progression and increases rates of cell division

Fig. 6. Proliferation rate is low in basal CECs with an active
Notch pathway. (A,B) N1ICD and BrdU staining on control and
K14Ift88 cKO corneas 2 h after BrdU administration.
Arrowheads indicate N1ICD-negative cells that are BrdU
positive. Arrows indicate double-positive cells.
(C) Quantification of N1ICD-positive and N1ICD-negative basal
cells exhibiting or lacking BrdU staining in adult corneal epithelia
of control and K14Ift88 cKO. Difference in the proportions of
BrdU-positive cells between N1ICD-positive and N1ICD-
negative cell populations is statistically significant both for wild-
type andK14Ift88 cKOmice. Fisher’s exact test,P<0.0001 (total
number of cells 261) and P=0.037 (total number of cells 443),
respectively. Number of animals for each genotype n=4. Cen,
central; Per, peripheral.
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support the notion that Ift88 is directly involved in regulating the cell
cycle (Ezratty et al., 2011; Robert et al., 2007). In this study, we have
also found that ablation of Ift88 has an overall impact on cell
proliferation of basal CECs. However, in highly proliferating CE of
13-day-old Ift88 cKO mice or during post-wounding conditions,
absence of cilia had no effect on proliferation rates. These results
suggest that at stages that require a high proliferation rate other
pathways could override the effect of Ift88 on the cell cycle.

Cilia, corneal epithelium and Notch signaling
Surprisingly, ablation of Ift88 and lack of cilia in K14-expressing
cells of the CE did not affect the expression of target genes of cilia-
mediated pathways, including the Hh and Wnt/β-catenin pathways.
Moreover, reporter mouse lines indicated absence or low activity of
these pathways during CE development and homeostasis (Fig. S2)
in overall agreement with previous findings (Mukhopadhyay et al.,
2006; Saika et al., 2004a; Zhang et al., 2015). By contrast, we found
that ablation of Ift88 in the CE downregulated the expression of the
Notch pathway target genes. Furthermore, our results suggest that
the cilium plays a role in the Notch pathway downstream of the
ligand-receptor interaction in promoting the processing of Notch to
generate NICD. Low levels of Notch due to cilia ablation could lead
to a high rate of proliferation. This idea is consistent with previous
studies showing that Notch activity negatively correlates with the
proliferative status of the CE during repair and limits proliferation by

inhibiting DeltaNp63 (Trp63) in the skin epidermis (Djalilian et al.,
2008; Nguyen et al., 2006). However, it remains to be determined
how the cilium compartment, or, more broadly, ciliary proteins,
promote the processing of Notch.

Disruption of the Notch pathway in K14- and K15- (Krt15)
expressing cells by ablation of the Notch1 receptor induces
hyperplasia of basal CECs, cell fate change into skin-like tissue,
and formation of an opaque plate at the center of the cornea (Vauclair
et al., 2007). Although hyperplasia is consistent with the phenotype
observed in the CE of the cilia-deficient mutants, we did not detect
changes in cell fate or formation of corneal plaque (Fig. S3). These
additional phenotypes could result from a more complete
suppression of the Notch pathway activity in the Notch1 knockout
model. Alternatively, it was proposed that some of the Notch-related
corneal phenotypes represent secondary effects caused by disruption
of the Notch pathway in other tissues of the ocular surface.
Supporting this possibility is the evidence that ectopic expression of
the dominant-negative form of the transcriptional co-activator
Maml1 in K14-expressing cells prevents the differentiation of
conjunctival goblet cells (Zhang et al., 2013). As normal levels of
Muc5ac are expressed at the conjunctiva of K14Ift88 cKO mice, we
conclude that goblet cell differentiation and function are not affected
by the absence of cilia (Fig. S4).

In vitro data indicate that ablation of IFT components can
accelerate cell cycle progression, which in turn could result in

Fig. 7. N1ICD activity, but not cell cycle, is affected
by ciliary loss during postnatal development of
corneal epithelium in Ift88 mutants. (A) Although
eyelid opening occurs at P13 in both control and
K14Ift88 cKO mice, it is partial (arrow indicates
beginning of the fissure) in the mutant.
(B) Quantification of proliferating cells labeledwith BrdU
at different ages in both control and mutant mice in the
peripheral and central corneas. For counts at P9,
central and peripheral areas were not separated. Mice
were sacrificed 2 h after BrdU injection (number of
animals in each genotype n≥2). (C) Immunostaining for
N1ICD on frozen corneal sections of P13 mice shows
reduction of N1ICD expression in the CE of the mutant.
Arrowheads indicate N1ICD-positive nuclei; dotted line
indicates the basement membrane. (D) Quantification
of N1ICD-positive nuclei at P13 in WT and K14Ift88
(number of animals for each genotype n=2). Data are
represented as mean±s.d. **P<0.01, ***P<0.001;
Student’s t-test.
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reduced Notch activity (Ezratty et al., 2011; Robert et al., 2007).
However, we showed that during postnatal development of the CE,
ablation of Ift88 reduces Notch activity but does not affect
proliferation, suggesting a role of cilia in the Notch pathway that
is independent of cell proliferation. Although in the cornea we
cannot exclude an indirect role of the cilium on the Notch pathway,
studies on epidermis have shown the presence of the Notch3
receptor and presenilin 2, the γ-secretase component catalyzing
NICD cleavage, along the cilium and at the bb area, respectively,
suggesting a direct implication of the ciliary apparatus in the
pathway (Ezratty et al., 2011). Components of the Notch pathways
were also found at the cilium/bb apparatus in cultured retinal
pigment epithelial cells. However, in this context depletion of
ciliary proteins resulted in the upregulation of the Notch pathway
(Leitch et al., 2014). In line with these results, disruption of IFT in
the pancreas and in zebrafish tissues also abnormally increased
Notch activity, suggesting a context-specific role of the cilium on
Notch signaling (Cervantes et al., 2010; Leitch et al., 2014; Liu
et al., 2014).

Cilia and tissue repair in the cornea
We previously showed that corneal endothelial cells assemble a
cilium during cellular morphogenesis occurring during
development and tissue repair (Blitzer et al., 2011). Surprisingly,
CECs involved in the healing of CE do not assemble a cilium and
their bbs do not appear to polarize (Fig. 4). Consistent with this
evidence, wound closure of a circular abrasion of the CE in mice
lacking Ift88 in the CE occurs at rates similar to those observed in
WT mice. We observed, however, that cilia reassemble after the
wound closes and epithelial stratification begins. Taken together,
these results support the idea that the CE cilium is not directly
involved in early stages of CE wound healing, but rather that it plays
a role in the CE stratification process.

MATERIALS AND METHODS
Mouse strains
Mouse strains Ift88tm1Bky, here referred to as Ift88fl/fl (Haycraft et al.,
2007), Tg(KRT14-cre)1Amc/J (Dassule et al., 2000), Gt(ROSA)
26Sortm4(ACTB-tdTomato,-EGFP)Luo/J(R26mT/mG) (Muzumdar et al., 2007),
Tg(TCF/Lef1-lacZ)34Efu/J(TopGAL) (DasGupta and Fuchs, 1999) and
Gli1tm2Alj/J (Gli1-LacZ) (Bai et al., 2002) (Jackson Laboratories) were
maintained on mixed C57BL/6, FVB and 129 genetic backgrounds. Ift88
knockout mice were generated by crossing KRT14-cre;Ift88fl/+ males with
Ift88fl/flR26mT/mG female mice. Two- to three-month-old KRT14-cre;
Ift88fl/fl;R26mT/mG or KRT14-cre; Ift88fl/fl (here referred to as K14Ift88
cKO) animals were used for the experiments unless otherwise specified.
Littermates Krt14CreIft88fl/+ or Ift88fl/fl were used as controls. For
genotyping primers, see Table S1. All animal procedures were performed
in accordance with the guidelines and approval of the Institutional Animal
Care and Use Committee at Icahn School of Medicine at Mount Sinai.

Immunohistochemistry, histology and electron microscopy
Enucleated eyes were directly embedded and frozen in optimal cutting
temperature compound (OCT Tissue-Tek, Sakura). Sections (7 µm thick)
were obtained and fixed with 4% paraformaldehyde (PFA) for 10 min at
room temperature. For whole-mount preparations, eyes enucleated from
mice of adult or young/embryonic age were fixed in 4% PFA at 4°C for 40
and 25 min, respectively. Corneas were then isolated and permeabilized
with cold acetone for 5 min at −20°C.

Sections or whole-mounted corneas were blocked and permeabilized
with 1% bovine serum albumin, 3% normal donkey serum (Jackson
ImmunoResearch) and 0.1% TritonX-100 in PBS for 1 h at room
temperature and processed as described previously (Blitzer et al., 2011;
Saika et al., 2004b). Primary and secondary antibodies are listed in Table S2.

For N1ICD, staining signals were visualized with Vectastain ABC Kit
(Vector Laboratories) and TSA Plus Cyanine 3 System (PerkinElmer),
according to manufacturers’ instructions. Images were acquired with a Zeiss
LSM510 confocal microscope. β-Galactosidase activity was detected by
X-Gal staining performed on whole embryonic heads or enucleated eyes
according to Chikama et al. (2005). Paraffin embedding and histology were
performed following standard procedures.

For TEM and scanning electron microscopy (SEM), embryonic eyes or
adult isolated corneas were fixed with 1% PFA and 3% glutaraldehyde in
0.1 M sodium cacodylate buffer, post-fixed with 1% osmium tetroxide,
dehydrated through a graded series of ethanol and embedded in Epon
(Electron Microscopy Sciences). Thin and ultrathin sections were cut on an
ultramicrotome (Leica Ultracut UCT) and stained with uranyl acetate and
lead citrate. Samples were observed using Hitachi H7650 or S4300
microscopes.

Ex vivo quantification of cell density and proliferation analysis
Confocal imaging was performed on whole eyes from Ift88fl/flR26mT/mG

(red) and K14CreIft88fl/fl;R26mT/mG (green). Eyes were enucleated and
stabilized with the cornea facing the glass bottom of a dish containing
DMEM. The central epithelial layers were imaged using Zeiss LSM 510
confocal microscope. For each cornea, two 60-µm z-stacks of optical
sections at 0.44-µm intervals were captured and analyzed using Zeiss LSM
Image Browser software or Image J.

Mice (8 to 12 weeks old) received a single intraperitoneal injection of
50 mg/kg of 5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich) and were
sacrificed after 2, 18 or 24 h. After fixation, corneas were incubated in 2 N
HCl for 25 min at 37°C and processed for immunofluorescence. Cell
proliferation was also assessed by immunostaining of PHH3. Nuclei were
stained with Hoechst 33342. Six different z-stack images were obtained at
0.44-µm intervals for each area analyzed. Student’s two-tailed test was
performed using Excel, (Microsoft). Fisher’s exact two-tailed test and
ANOVA were performed using GraphPad Prism (GraphPad Software).

Wound-healing experiments
After anesthesia with Tribromoethanol-Avertin (Sigma), a 1.5 mm epithelial
wound was induced using an Algerbrush (Ambler Surgical). To monitor
wound size, fluorescein was applied to the wounded eye. After every
procedure, eyes were treated with bacitracin antibiotic ointment (Fera). Eyes
were photographed with a Leica L2 stereomicroscope at 0, 18, 24 h after
wounding.

Quantitative RT-PCR
Corneal epithelial sheets from adult mice were mechanically peeled off
enucleated eyes after overnight incubation in 4 mg/ml dispase II (Invitrogen)
at 4°C. Total RNA was purified using the Absolutely RNA Micro Kit
(Stratagene), quantified with a NanoDrop spectrophotometer (Thermo
Scientific) and reverse transcribed (Superscript III First-Strand Synthesis
System, Invitrogen) using oligo(dT) primers. Real-time PCRwas performed
using SYBR Green I Master (Roche) on LightCycler 480 (Roche).
Quantification was performed using the 2−ΔΔCT method and Gapdh
transcript as a reference. Measurements were performed in duplicate. Primer
sequences and PCR conditions are listed in Table S3.

Western blot
Freshly isolated corneal epithelium was lysed in RIPA buffer (Sigma)
supplemented with protease inhibitor cocktail (Roche). Standard western
blot procedures were performed (Harlow and Lane, 1999) using antibodies
listed in Table S2.
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