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Abstract

Retinal pigment epithelium (RPE) is a highly polarized epithelial monolayer lying be-
tween the photoreceptor layer and the Bruch membrane. It is essential for vision
through participating in many critical activities, including phagocytosis of photorecep-
tor outer segments, recycling the visual cycle-related compounds, forming a barrier to
control the transport of nutrients, ions, and water, and the removal of waste. Primary
cilia are conservatively present in almost all the vertebrate cells and acts as a sensory
organelle to control tissue development and homeostasis maintenance. Numerous
studies reveal that abnormalities in RPE lead to various retinal diseases, such as age-
related macular degeneration and diabetic macular oedema, but the mechanism of
primary cilia in these physiological and pathological activities remains to be eluci-
dated. Herein, we summarize the functions of primary cilia in the RPE development
and the mutations of ciliary genes identified in RPE-related diseases. By highlight-
ing the significance of primary cilia in regulating the physiological and pathological

processes of RPE, we aim to provide novel insights for the treatment of RPE-related

retinal diseases.
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1 | INTRODUCTION

Retinal pigment epithelium (RPE), derived from the embryonic neu-
roepithelium, is a highly polarized epithelial monolayer which lies be-
tween the photoreceptor layer and the Bruch membrane (Figure 1).
In the early embryonic stage, the neuroepithelium produces an inner
layer and an outer layer. The inner layer develops into the retinal
nerve layer, and the outer layer develops into retinal pigment epi-
thelium.! RPE layer is essential for the homeostasis and visual func-
tion of the retina.? As an important part of the blood-retina barrier,
RPE layer controls the transport of nutrients, ions, metabolic waste

products, and water into and out of the retina.®* In addition, RPE

barrier, development, primary cilium, retinal disease, retinal pigment epithelium

layer regulates retinal metabolism, gobbles up the outer segments of
photoreceptor, and absorbs the stray light which is not captured by
the photoreceptor.”

Primary cilia are microtubule-based hair-like structures pres-
ent in almost all the vertebrate cells. They consist of basal body,
transition zone, axoneme and ciliary membrane. Many receptors
and signal molecules are enriched in ciliary membrane, enabling
primary cilia as an antenna to sense and transduce extracellular
clues, thus regulating many cellular activities, including cell pro-
liferation and differentiation.® Defects in primary cilia are associ-
ated with a range of diseases that have emerged as ‘ciliopathies’.

Primary cilia are detected in cornea, trabecular network and
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FIGURE 1 Close-up of the eyeball. The cornea resides in front of the eyeball, and the choroid and retina lie in the inner part of the
eyeball. The mature retinal pigment epithelial cells forma single layer (RPE) which lies between the Bruch membrane and the retina
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FIGURE 2 The primary cilia expression pattern during RPE development. During the RPE development in mice, primary cilia begin to
assemble at E14.5, and the number of ciliated cells reach the highest at E16.5, at which the ciliary length is the longest. At PO the RPE are
fully mature, forming a single layer with cubic cells aligning in a neat row, and only a few cells have short primary cilia. The short red lines

indicate primary cilia and the small blue dots represent the centrosomes

retina. Interestingly, primary cilia are dynamically changed during
the developmental and maturation process of RPE, and defective
primary cilia of RPE layer are associated with retina-related dis-
eases, inferring the indispensable role for primary cilia in RPE.”
Herein, we review the alterations of primary cilia during the RPE
development and the physiological and pathological roles of pri-
mary cilia in regulating RPE development and homeostasis, aiming
to highlight the significance of primary cilia in RPE and provide

therapeutic strategies for RPE-related diseases.

2 | PRIMARY CILIA AND RPE
DEVELOPMENT

Primary ciliogenesis is a dynamic process oscillating during the cell
cycle. Primary cilia are formed in G, phase and resorbed as cells re-
enter the cell cycle. Similarly, primary cilia are changed dynamically
during RPE development. During mice embryonic development, pri-
mary cilia are detectable in RPE layer at E14.5, and reach the highest
to 70% at E16.5, and resorb at E18.5 with a decreased ciliary length.
In the RPE layer of postnatal mouse, primary cilia can be observed
only in a little of cells® (Figure 2). The narrow expression window
of primary cilia during the development of the RPE suggests that
primary cilia may play a crucial role in RPE and their activity must be
tightly controlled.

A recent study revealed that RPE is crucial for photoreceptor
development and function, and primary cilia is required for com-
plete maturation of RPE probably through WNT pathway.9 Defects
in primary ciliogenesis lead to RPE immaturation and consequently

photoreceptor degeneration.” Several ciliary genes in ciliopathies
are found to be responsible for RPE development and retinal func-
tions. For example, Bardet-Biedl syndrome 8(BBS8), an important
member of BBSome complex, is critical for the biogenesis of the cil-
iary membrane and ciliary protein trafficking. BBS8 gene mutations
are associated with retinitis pigmentosa and early vision loss through
affecting the development of outer segments in photoreceptor neu-
rons.'° Centrosomal protein 290 (CEP290) is essential for the assem-
bly of ciliary transition zone, and its mutations are frequently found
in Leber congenital amaurosis (LCA), an autosomal recessive child-
hood blindness disorder.**

Retinal pigment epithelium 65(RPE65), an isomerase in the vi-
sual cycle, is highly expressed in the RPE. Light that reaches the RPE
activates the visual pigment and converts the all-trans retinol to all-
trans retinol, which in turn is oxidized by RPE65 to 11-cis retinol.*?
Retinitis pigmentosa 1(RP1), a homolog of RPE65, is located at the
ciliary axeneme and its mutation is associated with retinitis pigmen-
tosa (RP).2% It is worth exploring whether RPE65 is involved in pri-
mary ciliogenes is and RPE development.** In addition, primary cilia
play an important role in the development of RPE; however, the cil-
iated cells remarkably decrease in mature RPE, it is thus interesting

to investigate the physiological role of primary cilia in mature RPE.

3 | PRIMARY CILIA AND RPE-RELATED
DISEASES

Abnormal structure and function of RPE leads to impaired blood-
retina barrier, which affects cell diffusion, active transport and
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FIGURE 3 Abnormal primary cilia lead
to RPE dysfunction and related diseases.
Primary cilia regulate RPE maturation and
homeostasis through WNT pathways.
Mutations of the ciliary genes, such as
RP1, RPE65, CEP290, BBS8, and IFT88
are often found in retinal diseases. Loss-
of-function of these ciliary proteins may
lead to defects in primary ciliogenesis,
which in turn results in immature RPE,
thereby contributing to retinal diseases,
including diabetic retinopathy, diabetic
macular edema, and age-related macular
degeneration. The short red lines indicate
primary cilia and the small blue dots
represent the centrosomes
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metabolism, thereby contributing to a large number of retinopa-
thies, such as diabetic retinopathy (DR) and diabetic macular oedema
(DME)* (Figure 3). For example, the abnormal transport function
of RPE leads to the accumulation of nutrients in the RPE, thereby
generating insoluble extracellular aggregates, which in turn results
in the degeneration of the RPE and photoreceptors, eventually caus-
ing visual impairment and retinal diseases.!® In addition, LCA and
retinitis pigmentosa (RP) may be resulted from the structural and
functional abnormalities of the RPE. Numerous studies have demon-
strated that primary cilia and ciliary proteins are widely involved in
these retinal diseases.

As shown in Figure 3, mutations of ciliary genes in RPE has
been found to be associated with retinal diseases, such as DR,
DME and LCA. LCA is an early-onset retinal disease that causes
blindness in children. The main clinical feature of LCA is retinal
malnutrition, which leads to different degrees of visual impair-
ment in patients. To date, at least 20 LCA mutated genes have
been identified, including RPE65, CEP290 and CRB1.Y” CEP290
intron mutation is the most common cause of LCA, which leads to
splicing errors and premature termination.*® This causes defects in

t.Y The frameshift mutation

primary ciliogenesis and RPE transpor
of pre-mRNA processing factor 31 (PRPF31) suppressed primary
ciliogenesis, resulted in an incorrect connection between the RPE
and photoreceptor and impaired barrier function?®?! (Figure 3).
Although the association of ciliary gene mutations with ciliary de-
fects and retinal diseases have been observed, the causal relation-
ship and the underlying mechanisms of how primary cilia lead to

RPE-related diseases remain to be characterized.

4 | TREATMENT OF RPE-RELATED
DISEASES

Gene therapy has been clinically used to correct the mutated genes
for retinal diseases,?? of which the most used delivery vector is re-

).2% AAV-based gene therapy

combinant adeno-associated virus (AAV
targeting RPE cells has shown promising therapeutic prospects for
RP patients with PRPF31 mutations. Inducing pluripotent stem cells
(iPSCs) harbouring PRPF31 mutations differentiation into RPE cells is

able torecapitulate PRPF31 mutation-caused pathological phenotypes.
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AAV-based PRPF31 gene therapy can restore the defects in phago-
cytosis and ciliary formation of RPE, showing promising therapeutic
prospect for RP patients.24'25 By sub-retinal injection of AAV2-RPE65
into LCA patients for dual-allele replacement, visual impairment in RPE
can be restored, and the clinical trials are currently ongoing.2 The ab-
normal splicing of CEP290 can be effectively blocked by antisense oli-
gonucleotides in LCA patients.!” In addition, CRISPR/Cas9 technology
has also been successfully used to correct CEP290 mutations in LCA
patients.26

In addition, stem-cell therapy has shown the potential for the
treatment of retinal diseases.?” RPE patch composed of RPE mono-
layers differentiated from human embryonic stem cells (hESCs) was
implanted into the sub-retinal space of patients with AMD. After
a period of time, the biological microscope and optical coherence
tomography showed that the RPE patch could improve the vision
of AMD patient.28 Notably, the conditioned medium used for hESC
induction contained PDGF-AA, TGF-a and IGFBP-2, which is condu-
cive to primary ciliogenesis and RPE functions.?’ Moreover, mature
retinal organoid generated by co-culture of human epidermal kerati-
nocytes and human pluripotent stem cells contains primary cilia and
is able to replace defective RPE and photoreceptors for the treat-
ment of AMD patients.30

5 | CONCLUSIONS AND PERSPECTIVES

Emerging studies reveal that functional RPE is essential for
photoreceptor development and function. Primary cilia as an
important signalling hub are critical for REP maturation and ho-
meostasis maintenance. Although numerous mutations of ciliary
genes in RPE-related diseases have been identified, the signifi-
cance of primary cilia in RPE has not attract enough attentions,
and few studies have delved into the mechanism by which these
mutations cause retinal diseases. In addition, the exact mecha-
nisms of primary cilia in regulating RPE development and activity
remain unclear. Particularly, a few of primary cilia are remained
in mature RPE, suggesting primary cilia may play a differentiated
role during RPE development. However, the role of the remnant
primary cilia in mature RPE remains elusive, are they indispensa-
ble or acting as ‘stem cells’? Considering the promising potential
of retinal organoid, it is thus attempting to investigate the roles
and regulatory mechanisms of primary cilia in the activities of
mature RPE, which may provide novel strategies for the treat-

ment of retinal diseases.
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