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Primary cilia are required for several signaling pathways, but
their function in cellular morphogenesis is poorly understood.
Here we show that emergence of an hexagonal cellular pattern
during development of the corneal endothelium (CE), a monolayer
of neural crest-derived cells that maintains corneal transparency,
depends on a precise temporal control of assembly of primary cilia
that subsequently disassemble in adult corneal endothelial cells
(CECs). However, cilia reassembly occurs rapidly in response to an
in vivo mechanical injury and precedes basal body polarization
and cellular elongation in mature CECs neighboring the wound. In
contrast, CE from hypomorphic IFT88 mutants (Tg737orpk) or fol-
lowing in vivo lentiviral-mediated IFT88 knockdown display dys-
functional cilia and show disorganized patterning, mislocalization
of junctional markers, and accumulation of cytoplasmic acetylated
tubulin. Our results indicate an active role of cilia in orchestrating
coordinated morphogenesis of CECs during development and re-
pair and define themurine CE as a powerful in vivo system to study
ciliary-based cellular dynamics.
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During development and tissue repair, groups of cells achieve
or reconstitute highly organized patterns to form complex

tissues by precisely integrating extracellular cues. How each cell
converts such cues into events of cellular morphogenesis in
a timely and coordinated manner is not understood (1). Primary
cilia are microtubule-based antenna-like organelles protruding
from the surface of vertebrate cells that mediate a number of
signaling pathways during development and tissue homeostasis
(2–4). The assembly, maintenance, and disassembly of cilia de-
pend on intraflagellar transport (IFT) (5, 6). Null mutations af-
fecting components of the IFT lead to patterning defects and
midgestation lethality of the mouse embryo (7, 8). Cilia mal-
function due to abnormal composition or function results in
a spectrum of human syndromes referred to as ciliopathies (9–11).
As the cilium is reabsorbed before cell division, it is generally

assumed that cilia appear in cells that have exited the cell cycle
and entered quiescence or differentiation (12). Whereas this is
true for many adult tissues, in some epithelial cells, such as the
hair cells in the cochlea and the luminal cells of the mammary
gland, the primary cilium regresses in the adult stage (13, 14). This
led us to hypothesize that the resorption of the cilium may rep-
resent, in specific cell types, a signal of complete maturation and
achievement of the normal adult cell shape and configuration in
a tissue. Therefore, by controlling the assembly and disassembly
of their primary cilium, cells could modulate the response to ex-
tracellular morphogenetic signals and determine their cellular
architecture. Given the tridimensional nature of complex tissues,
often comprising multiple cellular layers of different embryolog-
ical origins, it has been difficult to follow the dynamics of ciliary
assembly and disassembly in specific groups of cells and de-
termine how these events correlate with cellular morphogenesis
during development or tissue repair.
The corneal endothelium (CE), which plays an essential role in

maintaining corneal transparency, offers the advantage of being
organized in a 2D monolayer of hexagonal cells facing the ante-
rior chamber of the vertebrate eye (15, 16). Because of its ac-
cessible location and simple well-defined organization, this tissue

constitutes a valuable model system to study cellular morpho-
genesis in the context of a complex tissue during development
and repair.
Although the patterning and cell density of this tissue are

critical in maintaining the normal physiology of CECs, the de-
velopmental steps that control these processes remain largely
unknown. Here we provide evidence that primary cilia of the
mouse corneal endothelium are required to allow proper mor-
phogenesis toward the characteristic hexagonal cell patterning of
the CE during postnatal development. Furthermore, we demon-
strate that primary cilia assemble only when corneal endothelial
cells undergo morphogenesis during development and tissue re-
pair but disassemble during tissue homeostasis in adult animals.

Results and Discussion
Primary Cilia Transiently Assemble on CECs from the Periphery to the
Center of the CE. Several studies describe a primary cilium of un-
known function on CECs of different vertebrates; however, there
are discrepancies about whether all or only a subpopulation of
adult CECs are ciliated (17–19). Because CECs undergo pro-
found age-dependent morphological changes, we asked whether
the presence or absence of primary cilia is associated with a spe-
cific developmental stage (or age) (20). We analyzed the CE of
mice from E17.5 to adulthood. Primary cilia and basal bodies
were identified by immunofluorescence using a monoclonal an-
tibody to acetylated-α-tubulin (21), a major component of the
primary cilium, and a polyclonal antibody to γ-tubulin, respec-
tively. Cell–cell contacts were visualized with a polyclonal anti-
body against the tight junction protein ZO-1. Only structures
stemming from basal bodies were counted as primary cilia. Pri-
mary cilia were undetectable in CE of E18.5 embryos (Fig. S1).
They started to assemble as early as postnatal day 1 (1 d) but were
absent in adult animals (>45–75 d; Fig. 1) In 1- to 2-d-old mice,
primary cilia of about 2–3.5 μm were predominantly present on
CECs located at the periphery of the cornea (Fig. 1B), whereas
CECs present at the center of the CE only displayed a very short
cilium (Fig. 1A). By 4 d, cilia of CECs at the center also reached
a length of about 2–3 μm that persisted through 12 d, when most
of the peripheral cilia began to shorten (Fig. 1C andD). By 33–35
d, the majority of peripheral and central CECs had lost their cilia.
The remaining ciliated cells presented a cilium no longer than 2
μm and were more frequent at the center than at the periphery of
CE (Fig. 1 E and F). The CE of a 70-d mouse had virtually no cilia
(Fig. 1G). Fig. 1H summarizes the dynamic changes of cilia length
at the center and periphery of the CE at various postnatal stages.
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Fig. 1. Primary cilia assembly and disassembly are dynamically regulated during cellular morphogenesis and development of CE. (A–G) Confocal immuno-
microscopy of cornea flat mount from mice at different postnatal developmental stages showing the peripheral or central areas of CE. ZO-1Ab stains cell–cell
junctions and γ-tubulin the basal body at the cell center; both are shown in red, acetylated tubulin in green, and nuclei in blue. (H) Distribution of cilia length
at the center and periphery of the cornea. On average ∼100 cells at the center or at the periphery of the same cornea were counted for each age group. A
similar distribution of cilia length was obtained when at least two additional corneas for each age group were analyzed. (Y = % and X = age. (I) SEM of CE
from mice of 9 d and 7 mo reveals the presence and the absence of cilia, respectively.
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Fig. 2. Ciliary dysfunction leads to defects in CE patterning. (A) Confocal immunomicroscopy of 6-d-old Tg737orpk and wild-type CE flat mount stained with
indicated antibodies. (Middle) Only areas lacking cilia (Right of the dotted line) are defective in nuclei and ZO-1 distribution. (Bottom) Defect seems more
severe and in addition to the “packaging” phenotype there is also a remarkable accumulation of cytoplasmic acetylated tubulin. (B) NND analysis for each
nucleus was obtained by comparing the thresholded image of the nuclei in A, Upper and Lower). (C) SEM of 5-d-old wild-type and Tg737orpk CE, Upper and
Lower, respectively, Note the defect in cell–cell contact formation indicated by the arrow and blunted cilia. (D) Immunofluorescence of CE from 15-d-old mice
injected with a lentivirus expressing the siRNA against IFT88 and a control lentivirus expressing the siRNA against luciferase. Mice were injected 6 d after birth
and killed at age 15 d; the experiment was repeated twice with similar outcome. IFT88 knockdown phenocopies Tg737orpk.
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Our data suggest that assembly of primary cilia in the CE is
temporally regulated, starting perinatally first on peripheral
CECs and then proceeding gradually to centrally located CECs
in a wave-like manner. Likewise, cilia progressively disassemble
in CECs of mice older than 15 d starting from the periphery
toward the center of the CE until almost complete absence
in 45-d-old mice. Cilia disassembly was confirmed by analyzing
CE at different postnatal time points by scanning electron
microscopy (SEM) (Fig. 1I and Fig. S2). Interestingly, re-
sorption of cilia coincided precisely with the progressive for-
mation of a hexagonal CEC pattern. Early after birth, CECs
appear as irregular polygons with a variable number of sides
and no detectable acetylated microtubules in the cytoplasm. By
day 30–35, CECs achieved a hexagonal shape with character-
istic bundles of acetylated microtubules around the nucleus
(Fig. 1 A–F).

CE Cellular Pattern Is Altered in Tg737orpk Mice, a Hypomorphic Allele
of IFT88. The tight correlation between shape changes, cytoskel-
etal remodeling, and cilia assembly and disassembly in CECs
during postnatal development led us to hypothesize that the
cilium of CECs controls CE patterning. Null mutations that
completely abolish cilia lead to midgestation lethality, before the
CE layer is established (22). The IFT88 protein is a component
of the IFT, the bidirectional movement of particles between the
tip and the base of the cilium required for cilia assembly and
maintenance first described in Chlamydomonas (23). The hypo-
morphic Ift88 allele in the Tg737orpk mouse leads to cilia that are
stunted and malformed, but not completely abolished, thus
allowing these homozygous mutants to survive within the wean-
ing period (24). In contrast, mice that are heterozygous for this
mutation appear indistinguishable from wild-type littermates
(25). To determine CE patterning in tissues with aberrant cilia,
we isolated corneas from Tg737orpk mice (n= 5) and wild-type or
heterozygous littermates at different postnatal developmental
ages between 4 d and 19 d. To visualize the cell contacts, primary
cilia, and nuclei of CECs, flat mounted corneas were stained with
antibodies against ZO-1, acetylated tubulin, and DAPI. Cilia
length and distribution differed significantly between Tg737orpk

homozygotes compared with control littermates. Whereas some
areas of CE in the corneas of Tg737orpk homozygotes exhibited
cilia of fairly normal length, other areas presented short or ab-
sent cilia (Fig. 2A, Middle and Bottom, respectively). Within CE
areas with defective cilia, CECs displayed a disorganized cellular
pattern, ZO-1 mislocalization, and cytoplasmic accumulation of
acetylated tubulin. SEM micrographs occasionally showed in-
complete cellular junction formation between CECs with short
cilia in Tg737orpk mice (Fig. 2C). In contrast, all CECs in wild-
type or heterozygous littermates showed normal cilia and cellular
distribution (Fig. 2A, Top). The patterning of the CECs in mu-
tant mice was compared with that in wild-type using an image
analysis approach and quantified (Fig. 2B). Notice that the
nearest neighbor distance (NND) distribution of the CEC nuclei
in Tg737orpk was much wider than that of wild-type controls. To
determine whether the aberrant spacing of the nuclei in the CE
of Tg737orpk was a consequence of cell death we performed
TUNEL analysis on developing CE. No TUNEL-positive cells
were detected on CE of 4-d Tg737orpk and wild-type littermate
mice (Fig. S3). In addition, the CEC density is similar in both
wild-type and mutant strains as assessed in 6-d old mice [wild
type, 154 cells/0.02 mm2 (n = 3) and Tg737orpk, 151.3 cells/0.02
mm2 (n = 3)]. These results suggest that apoptosis does not
account for CE patterning defects detected in the Tg737orpk

mouse. Next, we tested whether the abnormal tissue patterning
in Tg737orpk CE is due to defective morphology of individual
CECs. We measured the area and the “shape factor” of the
polygons identified by the cell–cell contacts in the CE labeled by
the ZO-1 antibody in both strains. The distribution of the po-
lygonal areas in the CE of 6-d Tg737orpk mice was wider than that
of wild-type littermates and the means of the CEC shape factor

was 0.64 and 0.71 in the Tg737orpk and wild-type mice, re-
spectively, implying an intrinsic defect of the overall architecture
of the CECs in the Tg737orpk mice (Fig. S4). Taken together,
these results suggest a critical role of IFT88 in the cytoskeletal
remodeling and cellular morphogenesis of CECs required for
tissue patterning in the developing CE.
Given the nonconditional nature of the Tg737orpk mutation, we

cannot however exclude that the CE phenotype of newborn
Tg737orpk mice resulted from defective interactions between
neural crest progenitors of CECs and other ciliated cells early in
development or from a role of IFT88 in neural crest cell mi-
gration similar to that described for other basal body and ciliary
proteins (26). To exclude these possibilities, we knocked down
IFT88 expression in CECs in vivo using a lentiviral-mediated
RNAi approach.

Lentiviral-Mediated IFT88RNAi Phenocopies Tg737orpk Defects in CE.
As previously shown, primary cilia persist on mouse CECs for
about 4 wk after birth. During this time, CECs undergo mor-
phogenesis to acquire a hexagonal shape (Fig. 1). To specifi-
cally inactivate IFT88 in the CE, we injected the anterior
chamber of 5- to 6-d old mice with 2 μL of VIRHD/E/siLuc or
VIRHD/E/siIFT88 lentivectors expressing an siRNA hairpin
against luciferase (control) or the murine IFT88 gene, respec-
tively (27). Transduction rates in vivo and cell-type specificity
were monitored by injecting the VVPW/H2B-cherry lentivirus
expressing cherry-tagged histone H2B under the constitutive
CMV promoter. Virtually all CECs, but no other corneal cell
types, expressed H2B-cherry in the nucleus (Fig. S5).
Corneas were isolated 5–7 d after injection and analyzed by

immunofluorescence. Several areas of the CE from eyes injec-
ted with VIRHD/E/siIFT88 showed defects similar to those
affecting the CE of Tg737orpk mice: absent or shortened cilia and
corresponding abnormal patterning of CECs (Fig. 2D). In
contrast, none of these defects were observed in CEs of mice
injected with the control lentivector VIRHD/E/siLuc. These
results indicate that primary cilia play an instructive role in
determining the normal patterning of the CE during postnatal
development.

Primary Cilia Assemble During in Vivo CE Repair in Adult Mice. We
next asked whether components of the IFT machinery that are
required for ciliary assembly were still present in CECs of adult
mice. Staining with antibodies specific for IFT72/74 (also known
as CMG-1Ab) (28) and IFT88 was detected along the cilium and
at the basal body of CECs in 4-d-old mice and at the basal body
of CECs in 7-mo-old mice (Fig. 3 and Fig. S6). Therefore, IFT
components persist at the basal body of CECs in adult mice,

Fig. 3. IFT proteins in CE of young and adult mice. Immunofluorescence of
flat mount of CE from 4-d- and 7-mo-old mouse stained with acetylated
tubulin Ab (green) and IFT88Ab (red).
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suggesting that CECs maintain the ability to reassemble a pri-
mary cilium.
To further address the notion that cilia orchestrate cellular

morphogenesis of CECs, we tested the hypothesis that the cilium
reassembles when cellular morphogenesis is reinduced in the
CE of adult mice by wounding. As CECs show little or no pro-
liferation during wound repair, they stretch and migrate in a di-
rection perpendicular to the wound to cover the exposed
Descemet’s membrane, losing their normal hexagonal shape
(29). Typically, after 48 h, a wound of about 3 mm is repaired by
a complete layer of enlarged CECs, characterized by an irregular
shape, which persists for several months (30). To investigate
a possible role of primary cilia in endothelial repair in vivo, we
produced a linear endothelial wound in the CE of adult mice.
The wound was generated by gently scraping cells with a 10.0

suture surgical needle inserted into the anterior chamber of the
eye of 5- to 6-mo-old mice and passed across the CE. After 18 h
and 30 h of healing time, mice were killed and corneas were
removed and analyzed. Cilia of about 2–3 μm were detected on
CECs near the wound (4–5 cell rows) as early as 18 h after
wounding (Fig. 4A). Although newly ciliated CECs within 4–5
cell rows next to the wound maintained a shape close to
a hexagon, the perinuclear bundles of acetylated microtubules
were disorganized or absent and the basal bodies localized at the
median of the cell (Fig. 4 A and D). In corneas isolated 30-h
postwounding, CECs neighboring the wound still showed a pri-
mary cilium and lacked cytoplasmic acetylated microtubules. In
addition, their shape was elongated in the axis perpendicular to
the wound and the basal bodies polarized to the cell side closer
to the wound (Fig. 4 B and D). In contrast, CECs away from the

Fig. 4. Cilia assembly, cellular remodeling, and basal body polarization of CECs during CE repair. (A and B) Wounded area of CE 18 h and 30 h after in vivo
recovery. Corneas were dissected from 3-mo-old mice. (C) Intact area of the same CE shown in B, located ∼150–200 cell rows away from the wounded area. (D)
Basal body distance from the cell median, measured as shown by the dotted line in B, Bottom. (E) Model of the cilia dynamics during cellular morphogenesis
in development and repair (see text). Acetylated tubulin is shown in green, ZO-1 and γ-tubulin in red, DAPI in blue. Data corroborating the reorientation of
the basal body were obtained in additional independent experiments and are shown in Fig. S7.
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wounded area (∼150–200 cell rows) remained aciliated and
maintained their hexagonal shape, the perinuclear bundle of
acetylated microtubules, and the basal bodies localized near the
cell center (Fig. 4C).
Taken together, our data indicate that cilia are present on

CECs during events of cellular remodeling, occurring in de-
velopment or tissue repair of the CE, but disassemble during
steady state in normal adult CE (Fig. 4E). In support of this
idea, we have shown that ciliary dysfunction leads to defective
patterning of CE during postnatal development. Intriguingly,
findings in other tissues support similar conclusions. The kino-
cilium, the primary cilium found in inner ear hair cells, is re-
quired for proper development of the organ of Corti but it is
reabsorbed about 10 d after birth. However, following trauma,
hair cells from differentiated cochlea reassemble their kinocilia
regardless of age, as shown in in vivo and ex vivo experiments in
mice and rabbits (31, 32). During development and repair, inner
ear hair cells undergo morphogenesis and show intense
remodeling of the microtubular and actin cytoskeleton, and the
kinocilium controls the localization of the basal bodies within
hair cells (31, 33). In addition, primary cilia in adult kidney
cells not only act as flow sensors, but may also be involved in
epithelial differentiation during renal injury and repair. For ex-
ample in mice, tubular damage causes an increase and a sub-
sequent regression of cilium length during renal repair (34).
Moreover foxj1a, the transcriptional regulator of cilia genes, is
rapidly induced in response to epithelial stretch or injury (35).
Thus, in general, the reassembly of primary cilia in adult tissues
seems to represent a very early response to an injury. In-
terestingly, Tg737orpk mice show defects in wound closure (36).
Recent studies have shown that spatial constraint and actin cy-
toskeleton remodeling can control cilia elongation and re-
sorption (37). It is tempting to speculate that mechanical forces

generated during tissue patterning and disrupted by an injury can
modulate the cellular response to cilia-mediated signaling by
controlling primary cilia dynamics. Identifying the cues and the
mechanism promoting ciliary assembly upon tissue damage, and
the signaling pathways mediated by this organelle during the
healing process, could improve our understanding of how to
treat injuries. Due to its simple organization as a monolayer
facing the ocular anterior chamber and its accessibility to lenti-
vector-mediated gene transfer that can be monitored in vivo by
confocal microscopy, the CE provides a unique valuable model
system to study the dynamic properties and function(s) of pri-
mary cilia in cellular morphogenesis during tissue development
and repair.

Materials and Methods
The mouse strains and oligonucleotide sequences used in this study as well as
a detailed description of lentiviral production, microscopy andmorphometric
analysis, and in vivo wound healing experiments are provided in SI Materials
and Methods.
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