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Abstract

Wnt signaling comprises a group of complex signal transduction pathways that play critical roles 

in cell proliferation, differentiation, and apoptosis during development, as well as in stem cell 

maintenance and adult tissue homeostasis. Wnt pathways are classified into two major groups, 

canonical (β-catenin-dependent) or non-canonical (β-catenin-independent). Most previous studies 

in the eye have focused on canonical Wnt signaling, and the role of non-canonical signaling 

remains poorly understood. Additionally, the crosstalk between canonical and non-canonical Wnt 

signaling in the eye has hardly been explored. In this review, we present an overview of available 

data on ocular non-canonical Wnt signaling, including developmental and functional aspects 

in different eye compartments. We also discuss important changes of this signaling in various 

ocular conditions, such as keratoconus, aniridia-related keratopathy, diabetes, age-related macular 
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degeneration, optic nerve damage, pathological angiogenesis, and abnormalities in the trabecular 

meshwork and conjunctival cells, and limbal stem cell deficiency.
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1. Introduction

Since the discovery of wingless (Wg) in Drosophila (Sharma 1973; Baker 1987) and 

Integration-1 (Int-1) in mouse (Rijsewijk et al. 1987) over four decades ago, the Wnt family 

of proteins (Nusse et al. 1991) have been extensively studied in disease and development 

(Yang 2012; Duchartre et al. 2016; Nusse and Clevers 2017; Taciak et al. 2018; Foulquier 

et al. 2018; Steinhart and Angers 2018; Wang et al. 2019). Acting as intracellular signaling 

molecules, these highly conserved family of proteins are encoded by 19 WNT genes in 

humans (Miller 2002) and play a critical role in early development and stem cell control, 

as well as in later cell growth and maintenance (Nusse and Clevers 2017). Wnt signal 

transduction comprises pathways including the canonical Wnt/β-catenin dependent pathway 

and the non-canonical planar cell polarity (PCP) and calcium (Ca+2) signaling pathways 

(Komiya and Habas 2008). Whereas the canonical pathway is well-characterized and widely 

studied, the molecular mechanisms involved in non-canonical Wnt signaling remain unclear. 

In this review, we will focus on and present a broad overview of non-canonical Wnt 

signaling in the eye.

2. Wnt Family, Signaling Pathways and Wnt Receptors

Wingless-related integration site genes encode evolutionarily conserved, secreted proteins 

that are essential for multiple biological processes. The Wnt signaling pathways play 

various roles during embryonic development and adult homeostasis, and their disruption 

may be linked to several diseases such as cancer, cardiometabolic diseases, and degenerative 

disorders (Logan and Nusse 2004; Sedgwick and D’Souza-Schorey 2016; Gay and 

Towler 2016) as well as genetic diseases due to mutations in various Wnt components 

(Human genetic diseases and Wnt signaling components 2022 https://web.stanford.edu/

group/nusselab/cgi-bin/wnt/human_genetic_diseases, last accessed October 28, 2022).

The human Wnt family contains 19 WNT genes that encode proteins about 40 kDa in 

size and contain highly conserved cysteine and serine residues (Miller 2002; Clevers and 

Nusse 2012). Conserved serines of Wnt proteins are palmitoylated by a special palmitoyl 

transferase, porcupine (PORCN), in the endoplasmic reticulum (Galli et al 2007; Rios-

Esteves et al 2014), which is essential for the secretion of Wnt ligands. Eventually, mature 

hydrophobic Wnt proteins are escorted by the transmembrane protein Wntless (Wls) to be 

secreted at the plasma membrane or released in exosomes, leading to both autocrine and 

paracrine effects (Bänziger et al. 2006; Routledge and Scholpp 2019). Vertebrate animals 

such as mouse and frog have the same number of 19 Wnt genes, whereas others such as 

chicken have 11 and zebrafish have 12 known Wnt genes (Vertebrate Wnt genes, the Wnt 
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homepage 2022. https://web.stanford.edu/group/nusselab/cgi-bin/wnt/vertebrate; accessed 

October 27, 2022). Ocular cell expression of various Wnt ligands is summarized in Figure 1.

The Wnt signaling pathways are divided into two main branches: the canonical (β-catenin-

dependent) signaling pathway and the non-canonical (β-catenin-independent) signaling 

pathways (Figure 2, Table 1). Wnt ligands bind to various receptors and co-receptors. 

Eleven members of the Frizzled protein family serve as receptors for both the canonical 

and non-canonical Wnts. The coupling between certain Frizzled proteins and another 

receptor, such as the low-density lipoprotein receptor-related protein 5 or 6 (LRP5/6), 

protein tyrosine kinase 7 (PTK7), the receptor like tyrosine kinase (RYK) or the 

receptor Tyr kinase-like orphan receptor 1 or 2 (ROR1/2), launches the downstream 

signaling (Endo et al. 2015; Azbazdar et al. 2021). In contrast, Wnt antagonists regulate 

the fine-tuning of Wnt signaling by inhibiting its activation and thus control various 

cellular processes. To date, six families of secreted Wnt antagonists and four families 

of transmembrane Wnt antagonists have been described. The secreted antagonists include 

the Dickkopf proteins (Dkks), secreted Frizzled-related proteins (sFRPs), Wnt-inhibitory 

factor 1 (WIF-1), Wise/SOST, Cerberus, and insulin-like growth-factor binding protein 

4 (IGFBP-4), whereas the transmembrane antagonists are Shisa, Wnt-activated inhibitory 

factor 1 (Waif1/5T4), adenomatosis polyposis coli down-regulated 1 (APCDD1), and Tiki1. 

These Wnt antagonists have been described in detail by Cruciat and Niehrs (2013).

Canonical Wnt signaling includes binding of Wnt ligands (e.g., Wnt-1 and Wnt-3) to a 

receptor complex formed by a Frizzled and LRP5/6. The output of the canonical Wnt 

pathway signaling is determined by the level of cytosolic β-catenin, as receptor recruitment 

leads to the accumulation of cytoplasmic β-catenin. Upon translocation into the nucleus, 

β-catenin binds to the T cell factor/lymphoid enhancer factor (TCF/LEF) transcription factor 

to initiate transcription of Wnt/β-catenin target genes such as c-Myc, c-Jun, cyclin D1, Axin 

regulating a number of cellular processes (Dijksterhuis et al. 2014; Lecarpentier et al. 2019) 

(Figure 2, Table1).

Other Wnt ligands (e.g., Wnt-4, Wnt-5a, Wnt-5b and Wnt-11) can activate non-canonical 

Wnt pathways independent of β-catenin accumulation (Xiao et al. 2017). Non-canonical 

Wnt signaling can be subdivided into two main pathways: the planar cell polarity (PCP) 

signaling pathway and the Ca2+ signaling pathway (Figure 2, Table 1). In different 

cell types, non-canonical Wnt may use various Frizzled co-receptors with ROR, RYK, 

MuSK, or PTK7, but act on different downstream effectors (Chen et al. 2021). In PCP 

signaling pathway, disheveled (DVL) forms a complex with DVL-associated activator of 

morphogenesis 1 (DAAM1) to induce the small GTPase Ras homology family member 

(Rho) activation (Habas et al. 2001), which activates downstream kinases such as Rho-

associated protein kinase (ROCK) (Winter et al. 2001) or JUN-N-terminal kinase (JNK) 

(Strutt et al. 1997). Additionally, DVL activates RAC to trigger JNK activity, which controls 

gene expression via JNK-dependent transcription factors (Fanto et al. 2000). The activation 

of PCP signaling results in cell polarity establishment, cell migration and convergent 

extension during embryogenesis (Niehrs 2012).
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The Ca2+ signaling pathway involves the activation of phospholipase C (PLC) by 

heterotrimeric G proteins. This in turn, upregulates diacylglycerol (DAG) and type 3 

inositol-1,4,5-triphosphate (IP3) production leading to Ca2+ mobilization (Slusarski et 

al. 1997; Anastas and Moon 2013) and activation of Ca2+ sensing enzymes calmodulin-

dependent kinase II (CaMKII) and protein kinase C (PKC) (Kuhl et al. 2000; Wang et 

al. 2010) regulating cell fate and migration. Through multiple effectors, non-canonical 

pathways are involved in regulating cell polarity, promoting cell movement and invasion, 

maintenance of stem cells and inhibiting the canonical Wnt/β-catenin signaling pathway 

(Katoh 2017; Kukichi et al. 2012). In addition, the transcriptional regulator nuclear factor 

associated with T cells (NFAT) is stimulated through calcineurin and is translocated to 

the nucleus to control transcription of genes involved in morphogenesis and mesenchymal 

to epithelial transition (Dejmek et al. 2006; Burn et al. 2011). Noteworthy, the loss of 

normal adhesion and cell polarity, as well as the acquisition of motility and invasiveness, 

are important steps during tumor progression and metastasis, which therefore, can be 

all mediated by non-canonical Wnt signaling. Unlike canonical signaling activity, which 

can be measured by various luciferase or GFP based transcriptional reporters, reporter 

assays to measure non-canonical signaling activity are limited. Loss-of-function and gain-of-

function approaches are required to establish the involvement of specific effector pathways. 

Ohkawara and Niehrs (2011) have described an ATF2 response element-based luciferase 

assay to monitor non-canonical PCP signaling activity in Xenopus embryos. Similarly, 

Karuna, Susman, and Ho (2018) have designed a non-transcriptional Wnt-5a-Ror-Kif26b 

(WRK) reporter assay that measures Wnt-5a-Ror2 signaling activity in real time.

3. Non-canonical Wnt Signaling in Eye Development

Formation of the eye begins with the neural tube ectoderm, which is the progenitor of the 

retina, iris and its smooth muscle, ciliary body, optic nerve and vitreous humor, and the 

surface ectoderm that gives rise to the lens, conjunctiva, corneal epithelium, eyelid and 

lacrimal system (Graw 2010). Whereas canonical β-catenin dependent pathway is crucial 

for other aspects of eye development, several studies indicate that non-canonical signaling is 

essential for the formation of eye field in the anterior neural plate, lens, and retinal ganglion 

cell (RGC) axon outgrowth (Fuhrmann 2008).

3.1 Eye Field Development

In frog, ephrinB1 via its extracellular domain interacts with DVL through PCP pathway and 

regulates retinal progenitor movement in the eye field (Lee et al. 2006). In zebrafish, Wnt-11 

and Frizzled-5 activate non-canonical signaling to direct the morphogenesis of the eye field 

and antagonizes β-catenin signaling to suppress retinal identity and promote the coherence 

of eye field cells (Cavodeassi et al. 2005). Similarly, Wnt-5 also negatively regulates 

canonical pathway through Ca2+ signaling in vertebrate axis formation in zebrafish. Loss-of-

function experiments with Wnt-5 revealed defects in cell movement and hyperdorsalization 

and axis-duplication phenotypes due to accumulation of β-catenin and activation of its 

downstream genes (Westfall et al. 2003). Moreover, in medaka fish, Esteve et al. (2004) 

postulated that sFRP1 is essential for proper eye field formation within the forebrain by 

enhancing Wnt-11 signaling, possibly via the activation of PCP pathway. Another non-
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canonical Wnt-4 is also involved in eye development in frogs through EAF2, a component of 

the ELL-mediated RNA polymerase II elongation factor complex. Loss-of-function studies 

showed that Wnt-4 was critical for eye field formation, as indicated by the loss of eye field 

markers, Rx and Pax6 (Maurus et al. 2005).

3.2 Lens Development

In the lens, non-canonical Wnt signaling is involved in the regulation of such processes as 

embryonic differentiation, cytoskeleton organization, and the formation of three-dimensional 

architecture that occurs during embryogenesis (Chen et al. 2008; Han et al. 2018; Dawes 

et al. 2013; Chen et al. 2006). Human lens development begins with the differentiation 

of embryonic stem cells (hESCs) into lens progenitor cells and lentoid bodies (LBs), 

with regulation mediated by non-canonical Wnt-5a (Figure 3) (Han et al. 2018; Kohn and 

Moon 2005). In an in vitro model paralleling early lens development in vivo, the addition 

of exogenous Wnt-5a to hESCs produced activation of the non-canonical Wnt/JNK PCP 

pathway (Chen et al. 2008; Han et al. 2018). The upregulation of this pathway activated 

downstream JNK signaling cascade (Chen et al. 2008; Han et al. 2018). This in turn 

promoted the differentiation of ESCs into LBs, evidenced by increased quantity and size of 

LBs as well as increased expression of the lens-specific genes (Han et al. 2018).

Subsequently, the lens is being formed from the lens placode - an ectodermally derived 

precursor associated with the optic vesicle that expresses Wnt-5a, with regulation by PAX6 
(Sugiyama et al. 2011; McAvoy et al. 1999; Xie et al. 2013). The lens placode and 

optic vesicle invaginate together developing, respectively, into the lens pit and optic cup, 

with roughly equivalent levels of expression for several non-canonical Wnt genes (Wnt5a, 
Wnt5b, Wnt7a, and Wnt7b) throughout the lens placode, pit, and vesicle (Ang et al. 2004). 

Similar expression patterns were also induced by the Wnt signaling regulators Dickkopfs 

(DKK1, 2, and 3) (Ang et al. 2004). Anterior lens vesicle cells differentiate into the lens 

epithelium, and the posterior cells withdraw from the cell cycle, elongate and differentiate 

into primary lens fiber cells (Sugiyama et al. 2011; McAvoy et al. 1999). At this point that 

mammalian lens displays increased expression of Wnt-5a, Wnt-5b, Wnt-7a, and Wnt-7b 

in presumptive epithelial cells and elongating primary fibers (Ang et al. 2004). Human 

SIPA1L3 gene is necessary for proper development of lens fibers and maturation, and its 

missense mutations will result in congenital cataracts and in some cases in microphthalmia 

(Greenlees et al. 2015, Rothe et al. 2017). The data obtained in Xenopus suggested that in 

the normal ocular development, the interaction between Epha4 and its downstream Sipa1l3 

inhibits Wnt/β-catenin signaling and activates non-canonical signaling, whereas Sipa1l3 

knockdown results in the activation of β-catenin signaling and its nuclear translocation 

leading to disturbed ocular development including microphthalmia and cataract formation 

(Rothe et al. 2017). Thus, inhibiting canonical Wnt signaling with the activation of non-

canonical signaling may be an important therapeutic approach to treat congenital cataracts 

with SIPA1L3 mutations. Expression of the aforementioned non-canonical Wnts and their 

Dkk regulators gradually declines in the primary lens fiber cells and primarily begins to 

localize near the lens equator region, though Wnt-7b remains strongly expressed in central 

primary fibers (Ang et al. 2004).
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Several fibroblast growth factors (FGFs) and their receptors (FGFRs) play an essential 

role in initiating and promoting both the initial differentiation of lens vesicle cells into 

primary lens fibers and the subsequent proliferation and differentiation of lens epithelial 

cells into secondary lens fibers (Robinson 2006; Zhao et al. 2008). β-catenin independent 

Wnt signaling is involved in enhancing the morphological aspects of this FGF2-induced lens 

fiber differentiation (Lyu and Joo 2004). In line with this finding, rat lens epithelial explants 

cultured with FGF-2 displayed upregulation of non-canonical Wnt-Frizzled/PCP signaling, 

confirming the involvement of non-canonical Wnts in the FGF-induced cascade crucial to 

initiating and regulating epithelial to lens fiber differentiation (Dawes et al. 2013; Chen et al. 

2006).

Upon the induction of lens cell differentiation by FGF-2, Wnt-5a was found to influence 

the behavior of lens cells by acting as a directional cue for lens cell migration (Dawes et 

al. 2014). This mechanism guided the formation of complex organization and architecture 

needed to develop and maintain lens polarity. Potential interactions of Notch signaling 

with Wnt-5a in this mechanism have been suggested based on other cases of Notch 

promoting Wnt-5a in epithelial progenitor cells, though they have not been confirmed in 

the lens specifically (Dawes et al. 2014; Koyanagi et al. 2007). In the epithelial to fiber 

differentiation and elongation, PCP signaling in the lens of transgenic mice was reported to 

be essential to multiple facets of lens structural development (Chen et al. 2008). Blocking 

of PCP signaling by overexpression of Wnt signaling antagonist, sFRP2, led to significant 

adverse effects in lens development that ultimately led to the formation of severe cataracts. 

These effects were the result of hindered secondary lens fiber elongation that interfered 

with proper fiber cell cytoskeletal organization and prevented the convex curvature required 

for proper three-dimensional lens architecture (Chen et al. 2008). A recent study provided 

further evidence for the role of PCP signaling in this cytoskeletal organization with in vitro 
treatment with Wnt-5a resulting in elevated levels of activated (phosphorylated) Dvl and 

Rac1 proteins implicated in providing scaffolding for components of the cytoskeleton and 

regulation of lens placodal cell elongation, respectively (Han et al. 2018; Malbon and Wang 

2006).

3.3 Retinal Development

In the developing retina, in situ hybridization analysis revealed that Wnt-5a and Wnt-7b 

were expressed in the neural retina at E12.5 and promoted RGC axon outgrowth (Liu 

et al. 2003). Moreover, in determining the functional and homeostasis processes of cone 

development and establishment in mouse retina, significant activation of the Wnt/Ca2+ 

pathway to modulate calcium concentrations and expression of Bmp/Smad genes was 

observed (Yu et al. 2004). Additionally, Wnt-5a becomes expressed and controlled by 

Zic2-switch at the optic chiasm midline, promoting crossing of retinal axons without 

relying on canonical pathway activation (Morenilla-Palao et al. 2020). These data support 

an alternative Zic2-switch-dependent Wnt signaling pathway in ipsilateral neurons, that 

includes the expression of a group of specific Wnt proteins and receptors.

More recently, a study utilizing RNA-seq analysis of chick periocular neural crest (pNC) 

showed differential expression of Wnt signaling intermediates with significant expression in 
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several ligands involved in the PCP pathway (i.e DAMM2, MAPK10, ROCK2, PRICKLE2, 
RHOA, RAC1, CDC42) and the Wnt Ca2+ pathway (i.e NFACTC1, PRKCA, CAMK2D, 
RYK, CAMK2B) in pNC and neural crest-derived corneal cell development into highly 

specialized corneal endothelial cells and keratocytes. The expression of the genes was 

validated by in situ hybridization, establishing their involvement in the corneal endothelium 

and keratocyte identity by inducing cell migration and polarity during development (Bi and 

Lwigale 2019).

Sarin et al. (2018) support non-canonical signaling activity during the development of 

the retinal neuropil, specifically the outer plexiform layer (OPL), which is the integrative 

system of neurons and glia where rods and cones photoreceptors synapse with bipolar cells. 

Through RNA-sequencing, specific genes that encode for cell surface and secreted proteins, 

Wnt-5a and Wnt-5b were identified. Furthermore, CRISPR-Cas9 electroporation was used 

to assess their part in OPL development, revealing that Wnt-5a and Wnt-5b affect the 

placement of synapse, but not the localization of synaptic markers. Wnt-5a and Wnt-5b were 

found to interact through a Ryk-dependent pathway requiring Dvl; expressed primarily in 

rods.

4. Non-Canonical Wnt Signaling in Eye Diseases

4.1. Cornea

The cornea is the most anterior transparent part of the eye and its most powerful lens. 

It functions not only to protect the inner eye, but also to focus light onto the retina and 

ensure visual acuity. The corneal epithelium is constantly renewed and sustained by corneal 

epithelial stem cells located at the limbus, the junction between the conjunctiva and cornea 

(Sridhar 2018). Limbal epithelial stem cells (LESC) are maintained and differentiated into 

corneal epithelium by key molecular events aided by Wnt proteins that allow communication 

between these cells to help regulate their growth, functions, differentiation, and death 

(Nakatsu et al. 2011). In this section, we discuss the involvement of non-canonical signaling 

in LESC maintenance and its implication in pathological corneal conditions including limbal 

stem cell deficiency (LSCD), diabetic keratopathy and corneal wound healing, as well as in 

aniridia related keratopathy and keratoconus.

4.1.1. Limbal Stem Cell Maintenance and Corneal Wound Healing in Normal 
and Disease Conditions—The role of non-canonical Wnt signaling in LESC 

maintenance has been explored only by a handful of studies, and hence remains poorly 

understood. Mei et al. (2014) reported the contribution of Frizzled-7 in the maintenance of 

LESC in their undifferentiated state through a β-catenin independent non-canonical pathway. 

Frizzled-7 is preferentially expressed in the basal layer of the limbal epithelium, housing 

LESC. shRNA knockdown of FZD7 gene in primary LESC resulted in a significant decrease 

in the expression of putative LESC markers, ABCG2, ΔNp63α, and K14. The authors 

further revealed that Frizzled-7 interacted and colocalized with syndecan-4 and fibronectin 

in the human basal limbal epithelium (Mei et al. 2014). This complex also promoted LESC 

proliferation and sternness via Wnt-11 stimulation and the activation of PCP signaling 

through ROCK upregulation in rabbit LESC (Zheng et al. 2019).
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The importance of Wnt-6 and Wnt-16b in regulating LESC proliferation and self-renewal 

via the activation of non-canonical signaling through the phosphorylation of c-Jun in 

cultured LESC was also reported (Bonnet et al. 2021; Robertson et al. 2022; Zhao et al. 

2022). LESC grown on 3T3 cells that overexpress Wnt-16b at low levels using a Wnt-16b-

IRES-GFP lentivirus vector showed increased expression of p63-positive cells, indicating 

putative LESC expression. They also increased the canonical pathway markers, Axin2 

and Lrp5, and non-canonical Wnt co-receptor, Ror2 (Robertson et al. 2020) and showed 

increased phosphorylation of cJun as compared to the control vector. This study suggests 

the role of Wnt-16b in maintaining a balance of canonical and non-canonical pathways to 

regulate LESC proliferation, differentiation, and self-renewal (Robertson et al. 2022; Zhao et 

al. 2022). Similarly, LESC grown on 3T3 cells overexpressing Wnt-6 at low, medium, and 

high levels showed highest increase in phosphorylation of CamKII at low levels of Wnt-6, 

indicating the activation of Ca2+ signaling, while RhoA was phosphorylated (activation of 

PCP signaling by Wnt-6) in a dose-dependent manner. In addition, Wnt-6 also induced the 

activation of β-catenin signaling immediately after exposure as compared to the slightly later 

activation of non-canonical pathways, when β-catenin was beginning to decline, suggesting 

time-dependent modulation of the activation of these divergent pathways (Bonnet et al. 

2021).

Similarly, Wnt-7a promoted human corneal epithelial cell proliferation during wound 

healing via upregulation of metalloproteinase-12 (MMP-12) in a synergistic β-catenin 

dependent and independent manner through the activation of Rac and PCP signaling (Lyu 

and Joo 2005).

Our recent work has shown that Wnt-5a stimulates diabetic corneal wound healing via Ca+2 

signaling pathway (Shah et al. 2021; Figure 4). Global DNA methylation study from our 

lab using 850,000-sites Illumina EPIC arrays found hypermethylation of WNT5A gene in 

human primary diabetic LESC-enriched cultured cells and subsequent suppression of its 

protein expression in the human limbal epithelium. Addition of exogenous recombinant 

Wnt-5a as well as its modulation via demethylating agents, zebularine and decitabine, and 

through nanobioconjugate-based gene therapy targeting miRNA-203a that regulates Wnt-5a, 

stimulated diabetic wound healing in both limbal epithelial cell cultures enriched in LESC 

and in human organ-cultured corneas via the phosphorylation of PLC and PKC and the 

activation of Ca+2 signaling (Shah et al. 2021). In human corneal endothelial cells, Wnt-5a 

significantly increased cell migration induced by brief stimulation of IL-1β through NF-κB 

(Lee and Heur 2014). Subsequently, Wnt-5a binding to Frizzled-5 and ROR2 resulted 

in activation of DVL and later binding between DAAM1 and Cdc42. Activated Cdc42 

inhibited RhoA to allow parallel dephosphorylation and activation of slingshot 1, a protein 

phosphatase. This ultimately led to dephosphorylation and activation of actin-binding 

protein cofilin, a regulator of actin filament dynamics, to result in enhanced cell migration.

Transforming growth factor-α (TGF-a) also plays a role in the corneal wound healing 

process (Schultz et al. 1992; McClintock and Ceresa 2010). However, when TGF-α 
is overexpressed in human corneal epithelial cells, it may lead to anterior segment 

abnormalities and disruption in ocular surface homeostasis (Yuan et al. 2013a). In a 

study using double-transgenic mice overexpressing TGF-α, peripheral anterior synechiae, 

Shah et al. Page 8

Prog Retin Eye Res. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a condition in which the iris adheres to the angle was associated with canonical Wnt 

signaling suppression (Lef1 and Axin2 downregulation) with activation of non-canonical 

Wnt signaling including Wnt-4 and Wnt-5a upregulation. An increase in the phosphorylation 

of myosin light chain through RhoA activation suggested the involvement of PCP signaling 

(Yuan et al. 2013a).

Thus, manipulation and application of non-canonical signaling Wnt ligands at the 

transcriptional and translational levels may provide an alternate therapeutic approach to 

the challenges faced in corneal wound healing in certain conditions including diabetes. 

However, it is important to note that changes in Wnt ligands alone may not contribute 

to these disease conditions. A single cell RNA sequencing analysis from our laboratory 

demonstrated an increase in FZD6 gene expression in human diabetic ex vivo corneolimbal 

cells that was confirmed by quantitative RT-PCR analysis (Figure 5), suggesting the role of 

Wnt receptors as targets for therapeutic interventions.

4.1.2. Aniridia-Associated Keratopathy—Aniridia-associated keratopathy (AAK) is 

thought to be related with LSCD. This deficiency hinders the ability to maintain the cornea 

clear and recover from irritation and injury, thus predisposing the cornea after childhood to 

become thickened, opaque, and excessively vascularized (Ihnatko et al. 2016; Bausili et al. 

2016; Auw-Haedrich et al. 2011). This rare disorder is reported to be caused by mutations in 

PAX6, an essential gene that plays a role in the eye development (Lim et al. 2017).

Davis and Piatigorsky (2011) reported that the overexpression of Pax6 (Pax6-Tg) in 

mouse cornea altered corneal epithelial cell morphology, neovascularization, and immune 

function via the transcriptional upregulation of Wnt inhibitory factor 1 (Wif1). This 

change in expression may have contributed to the observed abnormal phenotype in the 

Pax6-Tg corneas. At the same time, non-canonical Wnt ligands, Wnt-5a and Wnt-11, were 

increased, suggesting the role of Pax6 in maintaining normal corneal function through a 

fine balance between the suppression of canonical and activation of non-canonical Wnt 

pathways. Ouyang et al. (2014) created an in vitro limbal epithelial cell expansion and 

three-dimensional corneal differentiation system to investigate the molecular events in 

maintenance and differentiation of LESC into corneal epithelium. It was found that Wnt-7a 

facilitates corneal epithelial differentiation through Pax6. In the absence of Wnt-7a or Pax6, 

the LESC were differentiated into a squamous skin-like epithelium, the process linked to 

some human corneal diseases such as AAK or Stevens-Johnson syndrome. The attempt to 

convert skin epithelium stem cells into LESC by PAX6 transduction was unsuccessful in 
vitro. However, when the transduced skin epithelial stem cells were transplanted onto rabbit 

eyes with corneal injuries, the cells were able to differentiate into corneal epithelium and aid 

in healing the damaged corneal surface. These data suggested a critical interaction between 

Wnt-7a and Pax6 in the maintenance and differentiation of corneal epithelial cell fate that 

may aid future strategies in treating corneal diseases such as AAK.

4.1.3. Keratoconus—Keratoconus is a progressive non-inflammatory disease presenting 

with thinning cornea that progressively bulges outward acquiring a cone shape. This may 

result in irregular astigmatism, blurred vision, glare and sensitivity to light (Asimellis et al. 

2021). Keratoconus is the most common cause of corneal transplant in developing countries 
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with a prevalence of 1.38 per 1000 worldwide (Hashemi et al. 2020). This disease appears 

to be multifactorial due to its influence by environmental and genetic factors as well as 

biomechanics and sex hormones (Sharif et al. 2018; Asimellis et al. 2021; Karamichos et 

al. 2022). Although the frequency of eye rubbing (McMonnies 2007), atopy (Sharma et al. 

2013), excessive sunlight exposure, industrial toxins (Gordon-Shaag et al. 2015), and contact 

lens use (Macsai et al. 1990) are important environmental risk factors, there is evidence of 

the role of Wnt proteins and their signaling pathways in the pathogenesis of keratoconus, 

highlighting the effect of genetic factors (Gao et al. 2016; Cuellar-Partida et al. 2015; Foster 

et al. 2021; Khaled et al. 2018; Kabza et al. 2019).

Genome-wide association studies (GWAS) identified single nucleotide polymorphisms 

(SNPs) in the RNAs of non-canonical Wnts, WNT7B and WNT10A in keratoconus affected 

humans (Gao et al. 2016; Cuellar-Partida et al. 2015). Variants in WNT7B and WNT10A 
appear to be associated with an increased risk of developing keratoconus and play an 

important role in regulating the central corneal thickness (Gao et al. 2016; Cuellar-Partida 

et al. 2015). It may be hypothesized that the missense mutations in these proteins may 

lower their receptor affinity and interfere with their downstream signaling. Additionally, 

transcriptomic and immunohistochemical analysis of keratoconus-affected human corneas 

found WNT10A to be underexpressed at the mRNA and protein levels compared to 

healthy human corneas, particularly in the Bowman’s layer (Foster et al. 2021). Wang 

et al. (2018a) reported that in WNT10A deficient mice, the expression and synthesis 

of type I collagen (COL1A1) is impaired. Since COL1A1 is a major component of the 

corneal stromal extracellular matrix, providing the tensile strength, it has been hypothesized 

that underexpression of WNT10A in keratoconus may result in decreased production of 

COL1A1 and reduced biomechanical strength of the cornea (Foster et al. 2021). RNA-seq 

study by Khaled et al. (2018) identified differentially expressed coding and long non-coding 

RNAs in keratoconus-affected corneas and showed increased expression of Lnc-WNT4-2:1, 

a sense transcript overlapping with exon 5 of WNT4 gene. Flowever, there was no 

significant difference in WNT4 mRNA in these corneas. Another study reported DNA 

hypermethylation in genes encoding Wnt-3 and Wnt-5a proteins in keratoconus corneas 

(Kabza et al. 2019). Although WNT5A was transcriptionally downregulated, WNT3 was 

remarkably upregulated. This irregularity was explained by the fact that DNA methylation 

can affect alternative splicing and gene expression indirectly by different mechanisms 

(Kabza et al. 2019).

4.2. Conjunctiva

The conjunctiva functions as a protective barrier between the external environment and 

the ocular surface and contributes to the maintenance of proper lubrication of the eye by 

secreting mucus and tear film. It harbors conjunctival stem cells located predominantly at 

the medial canthal and inferior fornix, which give rise to mucin-producing goblet cells and 

epithelial cells (Shumway et al. 2021; Stewart et al. 2015). Currently, there is very little 

evidence on the role of Wnt signaling in the conjunctiva. Schrader et al. (2014) suggested 

that the downregulation of WNT4 and WNT7B gene expression may be necessary for proper 

maintenance and differentiation in human conjunctival progenitor cells, as determined by 

qRT-PCR. In patients with dry eye, Wnt-4 and Wnt-5a, along with their cell surface 
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receptors Frizzled-6 and Frizzled-7, were found to be downregulated, which could have 

an effect on abnormal differentiation of conjunctival epithelium in relation to Wnt/Notch 

signaling (Mantelli et al. 2009).

4.3. Trabecular Meshwork

The trabecular meshwork of the eye is found at the iridocorneal angle and functions to 

maintain intraocular pressure, which is imperative to resisting evacuation of aqueous humor 

from the eye (Llobet et al. 2003). Active canonical and non-canonical Wnt signaling systems 

were described in human trabecular meshwork cells, where 25 WNT-related genes were 

detected by qRT-PCR, including genes encoding non-canonical Wnt ligands, WNT5A and 

WNT5B, genes encoding transduction proteins, DVL1, DVL2, and DVL3, and receptors 

FZD2 and FZD4 of the β-catenin independent signaling systems (Shyam et al. 2010). 

Dexamethasone (DEX) may induce ocular hypertension reminiscent of primary angle 

glaucoma. Treatment of trabecular meshwork cells with DEX was found to upregulate non-

canonical Wnt-5a through ROR2/RhoA/ROCK PCP signaling axis, which led to the stress-

induced formation of cross-linked actin networks, ultimately compromising the function 

of the trabecular meshwork (Yuan et al. 2013b). ROR2 receptor knock-down eliminated 

the effects of dexamethasone on the cells. These results provide a mechanism of DEX 

action and suggest that applying ROCK inhibitor may successfully treat primary open-angle 

glaucoma. In agreement with these data, treatment of primary human trabecular meshwork 

cells with small molecule broad spectrum Wnt signaling inhibitor 3235-0367 suppressed 

DEX-induced accumulation of collagen and fibronectin extracellular matrix common to 

steroid-induced glaucoma (Ahadome et al. 2017). As cross-linked actin networks appear 

to be regulated by non-canonical Wnt signaling, the 3235-0367 inhibitor effects could be 

also primarily due to the inhibition of non-canonical Wnts. Counteracting Wnt effects may 

constitute a novel approach to primary open-angle glaucoma treatment.

4.4. Retina

Multiple stages of retinal development are dependent on the canonical Wnt/β-catenin 

signaling pathway, such as field establishment, retinal and hyaloid vasculogenesis, and stem 

cell maintenance (Fujimura et al. 2016). However, research supports that vertebrate retinal 

development and degeneration may require an interplay between or parallel expression of 

the canonical and non-canonical Wnt/PCP and Wnt/Ca2+ ligands and signaling pathways 

(Liu et al 2003; Van Raay and Vetter 2004; Hackam 2005).

4.4.1. Maintenance of Blood-Brain Barrier and Blood-Retina Barrier—Binding 

to and signaling of norrin through Wnt receptor Frizzled-4 activates canonical Wnt/p-catenin 

signaling to develop and maintain retinal vascularization, blood-brain barrier (BBB) and 

blood-retina barrier (BRB) plasticity (Drenser 2016, Wang et al. 2012). A loss-of-function 

experiments with regards to norrin and Wnt-7a/Wnt-7b of the alternative ligand-receptor 

systems suggest their importance in the development of BBB and BRB in mouse models 

(Wang et al 2018b). The combined knockout of Wnt7a and Tspan12 (a Norrin-signaling 

coactivator) or Wnt7a and Fz4 resulted in a defective BBB anatomical structure, as 

compared to the knockout of each one individually that resulted in little to no severity. 

The partial impairment of the norrin system suggests that Wnt-7a and Wnt-7b have a minor 
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role in BRB development, as there is a redundancy among the signaling systems (Wang et 

al. 2018b, Díaz-Coránguez et al. 2020). Another study found that norrin-induced signaling 

activating β-catenin restored BRB function compromised by exogenous VEGF in bovine 

retinal epithelial cells and by injected VEGF in rat retinas or upon diabetes induction 

(Díaz-Coránguez et al. 2020). However, despite norrin binding to a Wnt receptor Frizzled-4, 

neither a canonical (Wnt-3a) nor a non-canonical (Wnt-5a) Wnt could duplicate beneficial 

effect of norrin on BRB function in vitro. These data suggest that Wnt receptors may be 

utilized by other ligands for functional signaling that is independent from both canonical and 

non-canonical Wnt pathways.

4.4.2. Angiogenesis—Ocular angiogenesis in the retina and choroid is regulated by a 

fine balance between pro-angiogenic and anti-angiogenic factors, the failure of which may 

lead to significant visual impairment either by inadequate vascularization or by excessive 

pathological vascularization. Diabetic retinopathy and AMD are two of the main causes of 

vision loss related to abnormal angiogenesis (Cabral et al. 2017).

Carvalho et al. (2019) identified the role of non-canonical Wnt-5a signaling in the regulation 

of murine vascular morphogenesis, a process led by pro-angiogenic factors to cause the 

endothelial tip cells to trigger the formation of a vascular sprout that migrates into and 

invades avascular tissues (Figure 6). Wnt-5a activated PCP pathway (Figure 2) through the 

ROR2/Cdc42 signaling axis that strengthened the coupling between adherens junctions and 

the actin cytoskeleton, an essential event for stable binding of vinculin to α-catenin, and 

efficient mechanocoupling between endothelial cells. Additionally, in a conditional knockout 

of the Wnt secretion factor, Evi, in mouse endothelial cells, Wnt-5a rescued the reduced 

vascularization and regulated endothelial cell survival, proliferation and subsequent vascular 

pruning (Korn et al. 2014).

In mouse retinal myeloid cells, mutations in Wnt5a and Wnt11 increased angiogenesis 

through the activation of non-canonical Wnt signaling and can directly control angiogenic 

branching by producing Flt1, an inhibitory VEGF receptor (Stefater et al. 2011). During 

vascular remodeling, non-canonical Wnt-5a and Wnt-11 also modulated endothelial shear 

stress flow sensor. Loss of Wnt-5a or Wnt-11 in mice increased sensitivity of endothelial 

cells to shear stress and at lower levels polarized against the blood flow direction thus 

resulting in premature and excessive vessel regression (Franco et al. 2016). Moreover, Lee 

et al. reported a regulatory role of Wnt-5a and an ECM protein CCN1 in pathological 

angiogenesis (Lee et al. 2017). CCN1 is secreted mainly by angiogenic endothelial cells and 

controls the bidirectional flow of information between the cells and the matrix. However, 

in a mouse model of oxygen-induced retinopathy, pericytes become the major source of 

CCN1, which induced the expression of Wnt-5a in these cells, but not in endothelial cells. 

Treatment with Wnt-5a inhibited CCN1 gene expression and also stimulated endothelial cell 

proliferation and hypersprouting. In contrast, treatment with a Wnt-5a inhibitor (TNP470) 

restored the expression of CCN1 in endothelial cells and reduced neovascular growth. Thus, 

a tight balance between CCN1 and Wnt-5a in endothelial cells and pericytes appears to 

govern pathological angiogenesis during ischemic retinopathy (Lee et al. 2017).
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4.4.3. Age-related Macular Degeneration—Age-related macular degeneration 

(AMD) is a progressive disease affecting both retina and choroid and causing loss of central 

vision. Dry/early AMD presents with degeneration of retinal pigment epithelium (RPE) with 

formation of hard exudates (drusen). Wet/late AMD is characterized by leaky choroidal 

neovascularization traversing the Bruch’s membrane and growing into the retina (Mitchell 

et al. 2018). Whereas the activation of Wnt/β-catenin signaling is one of the key drivers of 

the degenerative process during wet AMD (Hu et al. 2013; Zhou et al. 2010), many studies 

have shown its protective role in dry AMD and inherited retinal degenerations by reducing 

apoptosis (Kassumeh et al. 2021).

Retinal progenitor cells (RPC) have been widely used in ocular cell therapy as a source 

for generating new RPE and photoreceptor cells (Lamba et al. 2006; Tucker et al. 

2011). Application of small molecule Wnt activator CHIR99021 in combination with 

basic fibroblast growth factor (FGF-2) stabilized adult mouse neural retinal progenitor cell 

(mNRPC) renewal in vitro by activating the non-canonical Wnt-5a/Ca2+ pathway (Jin et al. 

2018). Both FGF-2 and CHIR99021 were found to enhance cell proliferation individually, 

but together they significantly enhanced cell cycle growth in G1/S and G2/M transition 

phases. CHIR99021 contributed to Ca2+ homeostasis, which may be essential to mNRPCs 

self-renewal and differentiation into mature retinal cells. Moreover, the study showed that 

the in vitro induction of the self-renewing mNRPC could make them differentiate into 

rod photoreceptor-like cells and RPE-like cells. At the same time, non-canonical Wnt-5a 

was shown to attenuate the degeneration of human RPE cells caused by Wnt/β-catenin 

signaling (Kim et al. 2015). In this study, Wnt-5a inhibited the β-catenin dependent pathway 

by antagonizing the effects of Wnt-3a, and significantly decreasing VEGF, TNF-α, and 

NF-κB. Subsequently, Wnt-5a upregulated the expression of E-cadherin and attenuated cell 

migration by down regulating Snail expression, ultimately blocking epithelial-mesenchymal 

transition induced by Wnt-3a (Kim et al. 2015).

Overall, the mitigation of canonical Wnt signaling by the activation of antagonistic non-

canonical Wnts may be a potential therapeutic approach for the treatment of AMD and 

retinal degenerations, as well as for the maintenance of retinal progenitor cells suitable for 

transplantation in these conditions.

4.5. Optic Nerve

The optic nerve is an extension of the central nervous system that directly relays sensory 

information as electrical impulses from the eyes to the brain (Smith and Czyz 2021). 

Damage to the optic nerve in zebrafish caused an upregulation of non-canonical wnt5a 
mRNA (Matsukawa et al 2018). As a result, small G-proteins Cdc42 and Rac1, involved 

in cytoskeletal arrangement and cell proliferation and differentiation (Mott et al. 1999), 

were activated and Wnt/β-catenin signaling was downregulated. In an adult optic nerve 

crush injury mouse model, Wnt-5a promoted axonal growth and protected RGCs in the 

retina. Treatment with exogenous Wnt-5a induced pro-survival and regenerative pathways 

by stimulating both forms of non-canonical signaling, JNK/STAT3 (PCP pathway) and 

CamKII/CREB (Ca2+ pathway) in murine RGC, resulting in significantly increased RGC 

survival, RGC neurite growth, and optic nerve regeneration (Musada et al. 2022; Figure 7). 
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These studies highlight the importance of Wnt-5a in the regeneration of optic nerve after 

damage. As RGC cell death is a major cause of glaucoma, the activation of non-canonical 

Wnts to counteract this process might be a useful therapeutic approach.

5. Conclusions and Future Directions

The complex Wnt signaling system is a key regulator of processes involved in the 

development of the eye as well as in various ocular diseases. Major efforts have been 

made to describe and understand the canonical β-catenin dependent Wnt signaling. At the 

same time, non-canonical pathways in the eye are severely understudied. In recent years, 

the importance of non-canonical Wnts as usual antagonists of canonical pathways has been 

recognized for ocular stem cell maintenance and for potential use in diseases such as 

different keratopathies, primary open angle glaucoma and AMD. In non-ocular systems, 

canonical and non-canonical Wnt pathways can be co-activated, but the regulation of their 

interplay in the eye tissues is poorly understood. Therefore, future studies should be focused 

on addressing this limitation by pinpointing regulators of crosstalk between canonical and 

non-canonical signaling pathways, as well as the crosstalk between non-canonical signaling 

and other cellular signaling pathways, such as NF-κB, Akt, and Notch pathways among 

others. There is also a need for identifying the role of various non-canonical Wnt receptors 

in the development of disease. A single cell RNA sequencing approach may prove to be 

beneficial in elucidating cellular expression and function of various Wnt ligands and their 

receptors not only in maintaining homeostasis but also in the development of disease.

Future studies should also address translational aspects of non-canonical signaling in 

common diseases for therapeutic purposes. Currently, several potentially useful approaches 

have been developed to regulate non-canonical Wnt expression using different drugs. It is 

anticipated that specific combinations of such drugs could provide maximum beneficial 

effect to the patients affected by e.g., diabetes. The role of non-canonical Wnts in 

maintenance and differentiation of ocular stem cells should also be studied in more detail 

given an increasing use of such stem cells for transplantation in corneal and retinal diseases.
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Figure 1. 
A schematic illustration of the expression of Wnt ligands in the eye.

Shah et al. Page 25

Prog Retin Eye Res. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
A schematic illustration representing different Wnt signaling pathways. (A) Canonical Wnt 

signaling. Left panel shows inactive pathway. In the absence of Wnt ligands, β-catenin 

is phosphorylated by the destruction complex, constituted by the scaffolding proteins 

APC and AXIN and the kinases GSK3β and CK1α. Then, β-catenin is ubiquitinated 

and targeted for proteasomal degradation by the complex containing β-TrCP, FBXW7, 

NEDDL4, and WTX proteins. Thus, β-catenin degradation prevents its presence in the 

nucleus where a complex formed by TCF/LEF and TLE/Groucho binds HDACs to inhibit 

transcription of target genes. Right panel shows canonical Wnt signaling active. The binding 

of Wnt ligands to FZD receptors and LRP co-receptors activates Wnt signaling. LRP 

receptors are phosphorylated by CK1α and GSK3β. Then, DVL proteins polymerize and 

are activated at the plasma membrane inhibiting the destruction complex. This results in 

stabilization and accumulation of β-catenin in the cytosol and its subsequent translocation 

into the nucleus where it displaces TLE/Groucho repressors forming an active complex with 

TCF/LEF proteins that bind co-activators such as CBP/p300, BRG1, BCL9, and PYGO. 

An alternative way of β-catenin signaling includes the disruption of epithelial E-cadherin 

interactions, which breaks the binding of β-catenin to the cytoplasmic domain of cadherin 

and leads to the accumulation of β-catenin first in the cytosol, and later in the nucleus. 

(B) Schematic illustration representing the main non-canonical Wnt pathways. Left panel 

shows the Wnt/PCP pathway. Wnt ligands bind to the FZD receptor and the co-receptors 

ROR 1/2 (or RYK). Then, DVL is recruited and activated followed by VANGL activation. 

Then DVL binds to the small GTPase RHO A with the collaboration of the cytoplasmic 

protein DAAM1. The small GTPases RAC1 and RHO activate ROCK and JNK. This leads 

to rearrangements of the cytoskeleton and/or transcriptional responses via for example, 

ATF2 and/or NFAT. Right panel shows the Wnt/Ca2+ pathway. The signaling is initiated 

when Wnt ligands bind to the FZD receptor and the co-receptor ROR 1/2 (or RYK). 

Then, DVL is recruited and activated and binds to the small GTPase which activates 
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phospholipase C leading to intracellular calcium fluxes and downstream calcium dependent 

cytoskeletal and/or transcriptional responses. APC, adenomatous polyposis coli; BCL9, 

B-cell CLL/lymphoma 9 protein; β-TrCP, β-Transducin repeat-containing protein; BRG1, 

Brahma related gene 1; CAMKII, calmodulin-dependent protein kinase II; CBP, CREB-

binding protein; CDC42, cell division control protein 42; CELSR, cadherin EGF LAG 

seven-pass G-type receptor; CK1α,ε,δ, casein kinase 1α,ε,δ; DAAM1, DVL associated 

activator of morphogenesis; DAG, diacylglycerol; DVL, disheveled; FBXW7, F box/WD 

repeat-containing protein 7; FZD, Frizzled; GSK3b, glycogen synthase kinase 3β; IP3, 

inositol 1,4,5 triphosphate; JNK, JUN kinase; LGR5, Leucine-rich repeat-containing G-

protein-coupled receptor 5; LRP5/6, low-density lipoprotein receptor-related protein 5/6; 

NEDD4L, neural precursor cell expressed, developmentally downregulated 4-like; NFAT, 

nuclear factor of activated T cells; NF-κB, nuclear factor kappa B; PK, Prickle; PKC, 

protein kinase C; PLC, Phospholipase C; p300, E1A Binding Protein p300; RAC, Ras-

related C3 botulinum toxin substrate; RHOA, Ras homolog gene family member A; ROCK, 

Rho kinase; ROR 1/2, bind tyrosine kinase-like orphan receptor 1 or 2; RYK, receptor-like 

tyrosine kinase; TBP, TATA-binding protein; PRCN, Porcupine; PYGO, Pygopus; RNF43, 

Ring finger protein 43; RSPO, R-spondin; TCF/LEF, T-cell factor/lymphoid enhancer 

factor; TLE, Transducin-Like Enhancer of Split proteins; VANGL, Van Gogh-like; WTX, 

Wilms tumor suppressor protein complex; YAP/TAZ, Yes-associated protein/Transcriptional 

co-activator with a PDZ-binding domain; ZNRF3, Zinc and Ring Finger 3. Created with 

BioRender.com.

From: Martin-Orozco E, Sanchez-Fernandez A, Ortiz-Parra I, Ayala-San Nicolas M. WNT 

signaling in tumors: the way to evade drugs and immunity. Front Immunol. 2019; 10:2854. 

doi:10.3389/fimmu.2019.02854.
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Figure 3. 
Spatiotemporal expression pattern of Wnt-5a during lens development in vivo. 

Immunofluorescent staining of sagittal sections of mouse embryonic eyes at E10.5 (A) and 

E13.5 (B) for Wnt-5a (green) and DAPI (blue; nuclei) is shown. Scale bar. 100 μm.

From: Han C, Li J, Wang C, Ouyang H, Ding X, Liu Y, Chen S, Luo L. Wnt5a 

contributes to the differentiation of human embryonic stem cells into lentoid bodies 

through the noncanonical Wnt/JNK signaling pathway. Invest. Ophthalmol. Vis. Sci. 

2018;59:3449-3460. doi:10.1167/iovs.18-23902
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Figure 4. 
Wnt phospho array analysis of (A) p-PLCβ3 at Ser 1105 and (B) p-PKCβ at Ser 661 in 

normal and diabetic human limbal epithelial cells with or without Wnt-5a treatment (200 

μg/ml). Values are mean ± SEM. ***, p<0.001; ****, p<0.0001 vs. untreated.

From: Shah R, Spektor TM, Punj V, Turjman S, Ghiam S, Kim J, Tolstoff S, Amador; 

C, Chun ST, Weisenberger DJ, Saghizadeh M, Kramerov AA, Ljubimov AV. Wnt5a 

promotes diabetic corneal epithelial wound healing and limbal stem cell expression Invest. 

Ophthalmol. Vis. Sci. 2021;62:847.
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Figure 5. 
Single cell RNA sequencing analysis of (A) normal and (B) diabetic human limbal epithelial 

ex vivo cells showing the gene expression of Wnt receptor FZD6 in various cell clusters. 

(C) Quantitative RT-PCR analysis also shows increased mRNA levels of FZD6 in human 

diabetic ex vivo limbal tissue.
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Figure 6. 
Working model for the role of non-canonical Wnt ligand Wnt-5a in mechanotransduction. 

Wnt-5a, through ROR2, activates Cdc42 at adherens junctions, which is necessary for stable 

binding of vinculin to α-catenin, and efficient mechanocoupling between endothelial cells. 

Low non-canonical Wnt signaling weakens adherens junctions, impairs force propagation, 

and disrupts collective cell migration of endothelial cells.

From: Carvalho JR, Fortunato IC, Fonseca CG, Pezzarossa A, Barbacena P, Dominguez-

Cejudo MA, Vasconcelos FA, Santos NC, Carvalho FA, Franco CA. Non-canonical Wnt 
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signaling regulates junctional mechanocoupling during angiogenic collective cell migration. 

eLife. 2019;8:e45853. doi: 10.7554/eLife.45853.

Shah et al. Page 32

Prog Retin Eye Res. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Wnt-5a treatment induced neurite growth in RGC primary cultures. Representative images 

of RGC cultures treated with BSA (control), 25 ng, 50 ng and 100 ng recombinant Wnt-5a. 

Neurites are shown in white, DAPI-stained nuclei are blue. Scale bar: 50 μm.

From: Musada GR, Carmy-Bennun T, Hackam AS. Identification of a novel axon 

regeneration role for non-canonical Wnt signaling in the adult retina after injury. eNeuro. 

2022;9:ENEURO.0182-22.2022. doi: 10.1523/ENEURO.0182-22.2022.
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Table 1.

Wnt ligands, their possible receptors and ocular cell expression

Wnt 
ligand

Canonical 
signaling

Non-
canonical 
signaling

Possible 
Receptors

Ocular cell expression References

Wnt-1 + RYK, LRP5/6, 
FZD4, FZD5, 
FZD8

Corneal endothelial 
cells, limbal epithelial 
cells, trabecular 
meshwork cells

Lu et al. 2004; Mao et al. 2001; Voloshanenko 
et al. 2017; McGowan et al. 2007

Wnt-2 + + FZD1, FZD8, 
FZD9, LRP5/6

Müller cells, corneal 
epithelial cells

Gazit et al. 1999; Bravo et al. 2013; Karasawa 
et al. 2002; Ren et al. 2021; Musada et al. 
2020; Liu et al. 2003.

Wnt-2b/
Wnt-13

+ FZD4, LRP5/6 Lens epithelial cells, 
retinal pigment 
epithelial cells, retinal 
progenitor cells

Ohta et al. 2011; Katoh and Katoh 2009; Ren 
et al. 2021; Jasoni, Hendrickson and Roelink 
1999; Liu et al. 2003; Nakagawa et al. 2003; 
Kubo, Takeichi and Nakagawa 2003;

Wnt-3/3a + FZD1-10, 
LRP5/6

Corneal and limbal 
epithelial cells, lens 
epithelial cells, retinal 
pigment epithelial cells

Voloshanenko et al. 2017; Kozielewicz et al. 
2021; Sebastian et al. 2017; Liu et al. 2003; 
Kim et al. 2015

Wnt-4 + + FZD1, FZD2, 
FZD6, LRP5/6

Müller cells, corneal 
and limbal epithelial 
cells, conjunctival 
epithelial cells

Zhang et al. 2021; Musada et al. 2020; Liu et 
al. 2003; Yuan et al. 2013; Watson et al. 2013; 
Figueria et al. 2007; Mantelli et al. 2009

Wnt-5a + FZD2, FZD3, 
FZD4, FZD5, 
FZD6, FZD7, 
FZD8, RYK, 
ROR2, PTK7, 
CD146

Corneal and limbal 
epithelial cells, 
conjunctival epithelial 
cells, Müller cells, rods, 
bipolar cells, retinal 
myeloid cells, retinal 
pigment epithelial cells, 
stromal cells

Kumawat and Gosens 2016; Martinez et al. 
2015; Musada et al. 2020; Sarin et al. 2018; 
Stefater et al. 2011; Kim et al. 2015; Yuan et 
al. 2013; Che et al. 2018; Mantelli et al. 2009

Wnt-5b + + FZD1, FZD2, 
FZD4, FZD5, 
FZD6, FZD7, 
FZD8

Müller cells, rods 
bipolar cells, lens 
epithelial cells

Suthon et al. 2021; Musada et al. 2020; Sarin 
et al. 2018; Liu et al. 2003

Wnt-6 + + FZD4, LRP6 Corneal and limbal 
epithelial cells,

Wei et al. 2020; He et al. 2020; MacDonald 
and He 2012; Liu et al. 2003; Bonnet et al. 
2021.

Wnt-7a + + FZD5, LRP5/6 Corneal and limbal 
epithelial cells, lens 
fiber cells

Voloshanenko et al. 2017; Ren et al. 2021; 
Ouyang et al. 2014; Liu et al. 2003

Wnt-7b + + FZD1, FZD5, 
FZD7, FZD8, 
FZD10, LRP5

Voloshanenko et al. 2017; Wang et al. 2005; 
Ferrari et al. 2018

Wnt-8 + FZD54, FZD5, 
FZD8, FZD10, 
LRP6

Voloshanenko et al. 2017; Dawson et al. 2013

Wnt-9a/
Wnt-14

+ + FZD4, FZD10, 
LRP5/6

Müller cells Voloshanenko et al. 2017; Ren et al. 2021; 
Musada et al. 2020

Wnt-9b + + FZD4, FZD5, 
FZD8, FZD10, 
LRP5/6

Voloshanenko et al. 2017; Ren et al. 2021

Wnt-10a + + FZD5, FZD8, 
LRP5/6

Corneal epithelial cells Voloshanenko et al. 2017; Ren et al. 2021; 
Foster et al. 2021

Wnt-10b/
Wnt-12

+ + FZD6, LRP5/6 Müller cells Neuhaus et al. 2021; Ren et al. 2021; Musada 
et al. 2020
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Wnt 
ligand

Canonical 
signaling

Non-
canonical 
signaling

Possible 
Receptors

Ocular cell expression References

Wnt-11 + ROR2, FZD7, 
FZD8, RYK

Corneal and limbal 
epithelial cells, retinal 
myeloid cells

Bai et al. 2014; Kim et al. 2008; Murillo-
Garzón et al. 2018; Stefater et al. 2011

Wnt-16 + FZD1, FZD2, 
FZD7

Müller cells, limbal 
epithelial cells

Martínez-Bartolomé and Range 2019; Musada 
et al. 2020; Zhao et al. 2022.

Norrin + + FZD4 Müller cells, retinal 
endothelial cells

Wang et al. 2012; Madaan et al. 2019; Yang et 
al. 2021; Ye et al. 2009; Chidiac et al. 2021
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