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Primary cilia in corneal development and disease
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ABSTRACT

As a transparent avascular tissue located at the front
of the eyeball, the cornea is an important barrier to
external damage. Both epithelial and endothelial
cells of the cornea harbor primary cilia, which sense
changes in the external environment and regulate
intracellular  signaling pathways. Accumulating
evidence suggests that the primary cilium regulates
corneal development in several ways, including
participation in corneal epithelial stratification and
maintenance of corneal endothelial cell morphology.
In addition, the primary cilium has been implicated in
the pathogenesis of several corneal diseases. In this
review, we discuss recent findings that demonstrate
the critical role of the primary cilium in corneal
development. We also discuss the link between
ciliary dysfunction and corneal diseases, which
suggests that the primary cilium could be targeted to
treat these diseases.
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INTRODUCTION

The transparent cornea, which is located in front of the
eyeball, has both barrier and refractive functions and is very
important for maintaining ocular health and visual acuity. The
cornea is a multi-layered structure consisting of an epithelial
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layer, stroma, endothelial layer, Bowman’s membrane, and
Descemet’'s membrane (DelMonte & Kim, 2011). The corneal
epithelium has six to eight layers, with correct layering
maintaining the stability and transparency of the entire corneal
structure. The corneal endothelium on the innermost side of
the cornea is composed of a single layer of flat cells, which
prevents the flow of aqueous humor to the stroma, thereby
ensuring the fidelity of the object being viewed. The corneal
stroma, which relies on keratocytes to maintain integrity, is
located between the epithelium and endothelium and contains
a trigeminal nerve plexus (DelMonte & Kim, 2011; Oliveira-
Soto & Efron, 2001). Bowman’s membrane is located between
the corneal epithelium and the stroma and is thought to play a
role in protecting the stromal plexus. Descemet’'s membrane
lies between the endothelial layer and stroma and helps the
endothelial layer maintain corneal hydration (Figure 1).

The precise molecular mechanisms underlying corneal
development and pathology are incompletely understood,
although the primary cilium has been implicated in both
processes (Blitzer et al., 2011). The primary cilium is a
specialized microtubule-based protrusion that emanates from
the mother centriole and protrudes from the cell surface. It is
composed of a basal body, transition zone, axoneme, and
ciliary membrane. During organ development and tissue
repair, cells precisely integrate extracellular signals to
reconstruct or repair the complex tissue structure and function
(Blitzer et al., 2011; Lyu & Zhou, 2017; Yang et al., 2014).
Primary cilia allow cells to sense changes in their external
environment, receive extracellular cues, participate in various
signaling pathways, and mediate tissue development and
homeostasis (Berbari et al., 2009; Yang et al., 2019; Yu et al.,
2019). In mammals, primary cilia are present on the surfaces
of most types of cells, including corneal epithelial and
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Figure 1 Structures of normal and diseased corneal tissues

The cornea is composed of an epithelial layer, stroma, endothelial layer, Bowman’s membrane, and Descemet's membrane. The epithelial layer is
formed from multiple layers of cells, but only basal layer cells can divide. The endothelial layer is a monolayer and the cells are blocked in the
GO0/G1 phase of the cell cycle. In the normal cornea, the epithelial layer relies on a stable multilayered structure to prevent external damage, and
endothelial cells are closely arranged together with Descemet’'s membrane to prevent the flow of aqueous humor to the stroma and consequent
corneal edema. Keratoconus is the most common corneal epithelial disease and is characterized by protrusion of the central cornea and thinning of
the epithelial layer. Some abnormally expressed cilium-related molecules have been identified in keratoconus, such as up-regulation of TGF-$1 and
TIMP3 (negatively correlated with cilia) and down-regulation of VEGF, COL1A1, and COL1A2 (positively correlated with cilia). Endothelial dystrophy
is the most common retinal endothelial disease, in which endothelial cells are lost in large quantities, cells expand, and Descemet’'s membrane is
destroyed, causing aqueous humor to flow to the stroma, leading to corneal edema. Some abnormal cilium-related molecules have also been found
in endothelial dystrophy, such as down-regulated ZEB1 expression, which is positively correlated with cilia, and TCF4 mutations that affect the

Wnt/B-catenin pathway.

endothelial cells (Collin & Collin, 2004). A variety of signaling
pathways, such as the Notch, Wnt, nuclear factor kB, and
Hedgehog pathways, have been demonstrated to regulate
ciliogenesis and thereby play important roles in tissue
development (Pala et al., 2017; Reiter & Leroux, 2017). In this
review, we discuss the specific role of primary cilia in corneal
development and pathology and explore the possibility of
using cilium-related molecular targets to treat corneal
diseases.

DEVELOPMENT OF CORNEAL EPITHELIUM AND
ENDOTHELIUM

The corneal epithelium serves as the eyeball’s first barrier to
the outside environment. Its integrity, stability, and correct
stratification are essential for normal visual function and eye
health. The 6-8 layers of the corneal epithelium are formed
from an outer 3—4 layers of flat squamous cells and an inner
3—4 layers of wing cells. Cells are connected by tight junctions
to prevent invasion by pathogenic microorganisms. The
corneal epithelium regenerates rapidly, surviving for
approximately 7-10 days before being replenished after
apoptosis by limbal stem cell division and migration (DelMonte
& Kim, 2011). During corneal epithelial development, limbal
stem cells differentiate into transiently expanded cells (TACs)
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(Grisanti et al., 2016). These TACs migrate to the center of the
cornea to form the basal layer of the corneal epithelium, and
then the basal cells differentiate upwards and migrate into
multilayer cells (Douvaras et al., 2013). The timing of corneal
epithelial stratification differs between species. In humans, a
corneal epithelium layer begins to form at about five weeks of
gestation, after which the corneal epithelium develops in
layers such that, at birth, a fully developed, multi-layered
corneal epithelium is present. In mice, the corneal epithelium
beings to form at embryonic day 12.5 (E12.5), at which time
the corneal epithelial layer is composed of two layers of
superficial flat cells and basal cuboid cells. However, the
corneal epithelium is not fully developed at birth, only reaching
full maturity after 70 days (P70) when it is formed from six
layers of cells (Hoar, 1982; Lwigale, 2015).

Unlike the corneal epithelium, the corneal endothelium is a
single layer derived from nerve cells (Cvekl & Tamm, 2004). In
mice, the endothelial monolayer begins to form at E15.5 and is
then maintained throughout development, becoming fully
mature at about P70. Interestingly, during corneal endothelial
development, cells appear as irregular polygons, whereas
mature endothelial cells are regular hexagons (Blitzer et al.,
2011). When the endothelium matures, the endothelial cells
no longer divide and are arrested at the GO0/G1 phase,



meaning that the number of endothelial cells decreases with
age (Joyce, 2003). Indeed, endothelial cell density is highest
at birth (~6 000 cellssmm?) and then decreases by ~0.6%
annually (Edelhauser, 2006). Endothelial cells rely on Na*/K*-
ATPase pumps to regulate corneal hydration and maintain
corneal transparency. Damaged endothelial layers are
repaired by endothelial cell expansion. Under low cell density
(i.e., <500 cellssmm?), endothelial cells cannot prevent
aqueous humor leakage to the corneal stroma, resulting in
corneal edema (Morishige & Sonoda, 2013). Corneal
endothelial cells are prone to endothelial to mesenchymal
transition (EnMT) during proliferation, which can destabilize
cell connections and cause edema (Roy et al., 2015).
Therefore, endothelial health is critical for corneal function. In
this regard, pituitary adenylate cyclase-activating polypeptide
is a trophic factor that promotes tight junction protein
expression, increases endothelial resistance, and protects the
health of endothelial cells (Maugeri et al., 2018).

PRIMARY CILIA IN
DEVELOPMENT

CORNEAL EPITHELIAL

Multiple signaling pathways are involved in the development of
the corneal epithelium. Primary cilia are specialized organelles
that receive and transmit signals that play an important role in
corneal epithelial development. Primary cilia only exist in the
basal layer of the mature mammalian corneal epithelium. In
mice, primary cilia can be detected in the single corneal
epithelium layer that forms at E12.5, i.e., formation of primary
cilia is synchronized with corneal epithelial development. The
corneal epithelium then develops slowly from E17.5 to P12,
after which it rapidly proliferates and develops in layers until
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Figure 2 Patterns of primary cilia during corneal development

full maturity at P70 (Figure 2A). Primary cilia in the peripheral
area are longer than primary cilia in the central area, which
suggests that primary cilia participate in the initial stages of
corneal epithelial differentiation (Grisanti et al., 2016).

Primary cilia have also been found to affect corneal
epithelial development in knockout mouse models. Primary
cilia play a key role in controlling proliferation and
differentiation signaling pathways, e.g., Notch signaling
pathway (Berbari et al., 2009; Wood et al., 2013). Activation of
Notch signaling helps to maintain corneal epithelial
stratification (Djalilian et al., 2008). Knockout of intraflagellar
transport (IFT) components of primary cilia decreases Notch
signaling (Ezratty et al., 2011); in IFT88 knockout mice,
primary cilia in the basal layer disappear and the lack of IFT
components reduces Notch signaling but not cilium-related
Hedgehog and Wnt signaling (Grisanti et al., 2016). In this
model, the lack of primary cilia also increases the proliferation
and vertical migration of corneal epithelial basal-layer cells,
resulting in abnormal thickening of the corneal epithelium and
structural abnormalities. Taken together, primary cilia regulate
the proliferation of corneal epithelial cells by controlling Notch
signaling and stabilizing the corneal epithelial layer. It should
be noted that in addition to the regulation of corneal epithelial
development, primary cilia also regulate epithelial
development in many other tissues, such as retinal and renal
tissues (May-Simera et al., 2018; Pazour et al., 2020).

PRIMARY CILIA IN
DEVELOPMENT

CORNEAL ENDOTHELIAL

In contrast to the epithelial layer, primary cilia are not always
present in the corneal endothelium (Pitaval et al., 2010). As
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A: In mice, at E11, the epithelial layer begins to develop from the ectoderm; at E12.5, the epithelial layer continues to form, at which time primary
cilia can be detected; at E17.5, the epithelial layer slowly develops into two layers until the mouse opens its eyelids (around P12), after which it
begins to develop rapidly. By P70, the epithelial layer matures, forming a stable structure of 6-8 layers of cells. Throughout development, primary
cilia only exist on basal cells. B: At E11-12.5, neural crest cells begin to migrate to form endothelial cells; at E17.5, tight junctions form between the
cells. Primary cilia are not detectable throughout the embryonic period, and cell morphology is irregular. From P2 to P12, the primary cilia begin to
grow, regulating hexagonal cell morphology changes; at P35, most of the primary cilia depolymerize. By P70, the primary cilia completely
disappear, cells are regular hexagons, and a mature endothelial layer has developed.
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noted above, in mice at E12.5, the endothelial layer forms with
irregular cellular morphology and an absence of tight
junctions. At E17.5, the cells become tightly connected,
although the morphology remains irregular. Throughout
embryonic development in mice, corneal endothelial cells
exhibit irregular morphology and primary cilia are absent.
From P2 to P12, primary cilia begin to grow, during which time
they increase to their maximal length and endothelial cell
morphology gradually becomes regular. At P35, endothelial
cells become hexagonal, the primary cilia begin to shorten,
and some primary cilia depolymerize. From P45 to P75, i.e.,
full maturation of the endothelial layer, the primary cilia
depolymerize, and cells become regular hexagons
(Figure 2B). When adult endothelial cells are mechanically
damaged, the primary cilia reassemble and then regulate
endothelial cell expansion and repair (Blitzer et al., 2011).
Therefore, the presence, absence, and reemergence
(regeneration) of primary cilia may play important roles in the
development of endothelial cells into regular hexagons as well
as the maintenance of endothelial integrity.

Changes in the structure and function of primary cilia can
lead to defects in the morphology of corneal endothelial cells.
In IFT88 mutant mice and lentivirus-mediated [FT88-
knockdown corneal endothelial cells (Lehman et al., 2008),
ciliary defects can be detected, and corneal endothelial cells
can become irregular (Blitzer et al., 2011). Primary cilia can
control the morphology of endothelial cells and ensure their
density, thus playing a vital role in corneal endothelial
development. Primary cilia are also essential for the
development and repair of the corneal endothelium. For
example, in the early stages of embryonic development in
zebrafish, the primary cilia located in the vascular endothelium
are responsible for the recruitment of dorsal aortic cells
(Grimes et al., 2016). In mice, however, the cilia are not
essential for the development of the vascular endothelium
(Dinsmore & Reiter, 2016). Taken together, these findings
suggest a complex nature for the role of primary cilia in
endothelial development in different tissues.

ALTERATION OF  CILIUM-RELATED
PATHWAYS IN CORNEAL DISEASES

SIGNALLING

An increasing number of cilium-related signaling molecules
have been implicated in corneal diseases. Corneal diseases
can arise from dysregulation in corneal development or
healing by primary cilia (Portal et al., 2019). Corneal diseases
include conditions such as keratoconus and dry eye, which
are characterized by alterations in the thickness of the corneal
epithelial layer (Cui et al., 2014; Serrao et al., 2019).
Keratoconus is the most common corneal epithelial disease
and is characterized by forward bulging of the corneal tip and
thinning of the central cornea (Figure 1) (Kanellopoulos, 2009;
McMonnies, 2015). Endothelial dystrophy is the most common
endothelial disease, and includes Fuchs endothelial corneal
dystrophy (FECD), congenital vascular endothelial dystrophy
(CHED), and posterior polymorphous corneal dystrophy
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(PPCD) (Ahn et al., 2017; Keller et al., 2015; Vedana et al.,
2016). These diseases can result in massive loss of
endothelial cells and damage to the tight junctions, leading to
corneal edema (Figure 1). Changes in the thickness of the
corneal epithelium and loss of corneal endothelial cells
suggest that primary cilia play an important role in these
diseases. The mechanisms of corneal disease pathogenesis
are poorly understood, but changes in cilium-related
molecules may be involved in their pathogenesis.

Genomic and proteomic studies have reported differentially
expressed proteins in diseased corneal tissue compared to
normal tissue, including cilium-related proteins. For example,
transforming growth factor-B1 (TGF-B1) is significantly up-
regulated in patients with keratoconus and can induce histone
deacetylase 6 (HDACB) expression, thereby stimulating cilium
disassembly (Bykhovskaya et al., 2016; Ran et al., 2020; Yu
et al., 2016). The TGF-B signaling pathway, which is an
essential pathway in primary cilia, induces phosphorylation of
a variety of proteins that regulate cilium-related vesicle
transport (Monnich et al., 2018). Furthermore, tissue inhibitor
of metalloproteinases-3 (TIMP3) is significantly up-regulated in
patients with keratoconus. When fibro/adipogenic progenitors
(FAPs) are damaged, they are transformed into adipocytes via
the Hedgehog signaling pathway through cilia (Kopinke et al.,
2017; Loukovitis et al., 2019). In contrast, collagen 1A1 and
1A2 (COL1A1 and COL1A2) can inhibit HDAC expression and
promote cilium growth and are down-regulated in keratoconus
(Chaerkady et al., 2013; Marini et al., 2007; Xu et al., 2018).
Furthermore, vascular endothelial growth factor (VEGF) is
down-regulated in keratoconus (Saghizadeh et al., 2001), and
its receptor can be found on primary cilia (Wang et al., 2017).
Primary cilia also play a role in VEGF-regulated trophoblast
cell invasion by activating mitogen activated protein kinase
(MAPK) signaling and subsequently matrix metalloproteinase-
2 (MMP2) to promote trophoblast invasion (Wang et al., 2017).

Similarly, inflammatory molecules are highly expressed in
dry eye disease and are negatively related to ciliogenesis
(Baek et al., 2017). Compared to the normal eye, interleukin-
1B (IL-1B) expression is significantly up-regulated in dry eye,
which can induce toll-like receptor 4 (TLR4)/nuclear factor-kB
(NF-kB) signaling, with primary cilia affecting this process and
ultimately mediating the inflammatory response (Baek et al.,
2017; Na et al, 2012). In addition, intercellular adhesion
molecule-1 (ICAM-1) and IL-6 are also significantly increased
in patients with dry eye (Na et al., 2012; Zhong et al., 2012).
When bronchial epithelial cell cilia decrease or disappear, the
expression of some inflammatory factors, such as ICAM-1 and
IL-6, increases (Chen et al.,, 2019; Shen et al., 2020).
Therefore, cilia also play an important role in regulating the
expression of inflammatory mediators, and cilium-related
molecules may be used as diagnostic indicators in the
treatment of dry eye. In contrast, transcription factor paired
box 6 (PAX6) is down-regulated in dry eye, which can regulate
the activity of outer dense fiber 2 (ODF2), a centrosomal
protein, and participate in the assembly of mother centrioles
(Chen et al., 2013; Tylkowski et al., 2015).



Multiple gene mutations and protein abnormalities in the
Wnt signaling pathway have been implicated in corneal
endothelial malnutrition (Wieben et al., 2019). As ciliary
function is closely associated with Wnt signaling (Anvarian et
al., 2019), we speculate that primary cilia may be involved in
corneal endothelial dystrophy by affecting the Wnt signaling
pathway. Clusters of regularly interspaced short palindromic
repeats (CRISPR)-guided single-molecule real-time (SMRT)
sequencing reveals that FECD patients harbor CTG
trinucleotide repeats in the intron of transcription factor 4
(TCF4) (Hafford-Tear et al., 2019; Tang et al., 2016). As a
downstream transcription factor in Wnt signaling, TCF4,
together with B-catenin, promotes G1/S transition of the cell
cycle, thereby promoting cell proliferation. Abnormal TCF4
trinucleotide repeats are likely to affect endothelial cell ciliary
function (Stolz et al., 2015). Cilia can negatively regulate the
Wnt/B-catenin pathway. This negative regulation may lead to
alterations in TCF4. Sequencing of FECD patients also
reveals that zinc finger E-box binding homeobox 1 (ZEB1) has
missense mutations in p.Glu733Lys, p.Ala818Val, p.GIn840.
These mutation sites are located in conserved regions that are
probably related to the pathogenesis of this disease (Gupta et
al., 2015). Moreover, ZEB1 expression is down-regulated in
FECD (Tang et al., 2016). The absence of ZEB1 affects the
ZEB1-ovo-like zinc finger 2 (OVOL2)-grainyhead-like
transcription factor 2 (GRHL2) axis and impairs corneal
endothelial cell morphology by abnormally activating Wnt
signaling (Chung et al., 2019). In the highly malignant brain
tumor glioblastoma multiforme (GBM), primary cilia play a role
in GBM invasion by guiding tumor cell migration and cells with
cilia demonstrate high ZEB1 expression (Sarkisian et al.,
2014). Elucidation of whether primary cilia regulate the Wnt
signaling pathway through ZEB1 may provide novel ideas for
the treatment of FECD.

TARGETING CILIA FOR CORNEAL DISEASE TREATMENT

A commonly used treatment for keratoconus is corneal
collagen cross-linking (CXL), which can enhance corneal
hardness, thereby successfully inhibiting the progression of
this disorder (O'Brart, 2014). However, CXL does not improve
visual defects. To address this limitation, combining CXL with
photorefractive keratectomy (PRK) can not only restore
corneal stability but can also improve vision; however, the
long-term safety and stability of this combined technique has
yet to be established (Mohammadpour et al., 2017). In
addition, cyclosporine A can be used to treat epithelial
dysfunction in dry eye, but it can be expensive, and side-
effects include eye burns (de Paiva et al.,, 2019). For
endothelial cell dysfunction, the most common, currently
available treatment is corneal transplantation, which can
quickly restore vision but suffers from the possibility of
transplant rejection, and donor corneas are very limited (Shen
et al.,, 2017). Corneal endothelial cells can be expanded in
vitro and then transplanted, but this approach is limited by low
cell proliferation, cell senescence, and difficulty in

transplantation (Feizi, 2018). These conditions can also be
treated with topical drugs such as Y-27632, a selective
inhibitor of Rho-associated coiled-coil containing protein
kinase (ROCK), but only for symptom relief (Okumura et al.,
2011).

Therefore, existing treatments for corneal diseases have
problems with instability, adverse reactions, and durability of
effects. Gene therapy exhibits great potential for the treatment
of corneal diseases (Wiliams & Irani, 2016). Given that
primary cilia and their molecular abnormalities play an
important role in corneal diseases, gene therapy could be
used to restore the expression of dysfunctional molecules to
prevent and treat corneal diseases. For cilium-related
molecules up-regulated in corneal diseases, gene silencing
can be performed by RNA interference (RNAi), such as with
small interfering RNAs, microRNAs, or short hairpin RNAs
(Toyono et al., 2016; Yang et al., 2016). RNAi-mediated
inhibition of VEGFR1 can effectively reduce corneal
angiogenesis and improve the survival rate of corneal grafts in
mice (Cho et al.,, 2012). For cilium-related molecules with
down-regulated expression, gene therapy could be performed
by overexpressing these molecules (Das et al., 2014). These
cilium-related genes could be transported by suitable carriers,
such as nanoparticles or viral vectors, and delivered to eye
tissues by topical or systemic medication or injection (Solinis
et al.,, 2015). For example, the ability of adeno-associated
viruses (AAVs) to deliver repair genes to the corneal
epithelium or endothelium has been verified in animal
experiments, although the uncertainty of inflammatory
response limits the development of this technique (Lu et al.,
2016). CRISPR-based gene editing technology could also be
used to specifically modify target genes (Chen & Niu, 2019;
Ma et al., 2018; Sun et al., 2019); however, this method is still
in its infancy in regard to the treatment of ocular surface
diseases (Torrecilla et al., 2018). Encouragingly, the
CRISPR/Cas9 technique has been shown to target gRNAs to
specific viral genes, effectively eliminating HSV-1-induced
corneal inflammation (van Diemen et al., 2016). Thus, the
potential of CRISPR/Cas9-based gene therapy in the
treatment of cilium-related corneal diseases warrants further
investigation.

CONCLUDING REMARKS

There is increasing evidence that corneal development is
regulated by primary cilia. Primary cilia play a vital role in
corneal epithelial layer development (especially maintenance
of epithelial cell layer thickness) and corneal endothelial
morphogenesis (especially regulation of endothelial cell
density). However, outstanding questions remain about the
regulation of corneal development by primary cilia. For
example, do primary cilia play a regulatory role in the corneal
cell cycle? As corneal epithelial cells develop from limbal stem
cells, do primary cilia affect epithelial cell proliferation by
affecting the functions of limbal stem cells (such as cell
division and migration)? Corneal wound healing is a complex
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process, including the regulation of coagulation factors and
cell migration, so are primary cilia involved in regulating
corneal epithelial repair by participating in these processes?
Primary cilia are only present during corneal endothelial
development and repair, so how do cilium-based cellular
dynamics maintain the hexagonal shape of endothelial cells?
When endothelial cells are stretched or damaged, how are
primary cilia induced, and which cilium-related molecules and
signaling pathways play a role? Solving these problems will
help us to better understand corneal development and
homeostasis.

While many studies have explored the effects of primary
cilia in human diseases, relatively little research has been
conducted on how primary cilia regulate corneal diseases.
Some abnormal cilium-related molecules have been found in
corneal diseases, but the mechanisms of how these cilium-
related molecules participate in corneal diseases are not
particularly clear. For instance, are cilium-related molecules
cornea-specific? Are there defects in primary cilia in the
pathogenesis of corneal diseases, and how are these defects
caused? Are there any changes in cilium length and number in
corneal diseases? What is the relationship between primary
cilia and corneal inflammation markers? How do primary cilia
participate in signaling pathways (such as Notch and Wnt
signaling) in corneal diseases? Can we use gene therapy to
restore normal expression in primary cilia for the purpose of
disease treatment? The study of primary cilia is an ideal
starting point for investigations on corneal diseases, and gene
therapy holds promise for the development of new and
effective drugs for the prevention and treatment of corneal
diseases. Future research on these issues will help us to
understand the role of primary cilia in corneal development
and disease and provide new ideas for corneal disease
therapies.
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