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Abstract

Diabetic retinopathy (DR) is a common eye complication of diabetes, and the pathogenic
mechanism of DR is still under investigation. The canonical Wnt signaling pathway is an
evolutionarily conserved pathway that plays fundamental roles in embryogenesis and adult tissue
homeostasis. Wnt signaling regulates expression of multiple genes that control retinal development
and eye organogenesis, and dysregulated Wnt signaling plays pathophysiological roles in many
ocular diseases, including DR. This review highlights recent progress in studies of Wnt signaling
in DR. We discuss Wnt signaling regulation in the retina and dysregulation of Wnt signaling
associated with ocular diseases with an emphasis on DR. We also discuss the therapeutic potential
of modulating Wnt signaling in DR. Continued studies in this field will advance our current
understanding on DR and contribute to the development of new treatments.
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1. Introduction

Diabetic retinopathy (DR), a common microvascular complication of diabetes, is a leading
cause of blindness in the working-age population in developed countries. The incidence of
diabetes gradually increases every year, and approximately 415 million people in the world
have diabetes at the year of 2015 (IDF, 2015). By year of 2040, estimated population with
diabetes will reach 642 million (IDF, 2015). It is reported that 9.3% of the population in
United States have diabetes and nearly 37% of adults at age of 20 or above may have
prediabetes (CDC, 2014). Most patients with type 1 diabetes will eventually develop some
degree of DR, and 50-80% patients with type 2 diabetes will develop DR with 20-25 years
of diabetes (Curtis, Gardiner, & Stitt, 2009). As a large population of patients with diabetes
will eventually develop DR, it posts a major threat to the health of our global population and
an economic burden to our health care system. However, the incompletely understood
mechanism of DR and the lack of safe and effective therapeutic modalities are major
challenges for physicians and researchers in this field.
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The canonical Wnt pathway is evolutionarily conserved across species and plays
fundamental roles in embryonic development and adult tissue homeostasis (Clevers &
Nusse, 2012; MacDonald, Tamai, & He, 2009). The term “Wnt” originates from the
combination of “Drosophila wingless (wg)” and murine “/nt-1”. Int-1 is an oncogene that
induces mammary carcinoma upon inappropriate activation by mouse mammary tumor virus
(Nusse & Varmus, 1982). Later, a Drosophila homolog of mouse /nt-1, Wg was identified to
be a crucial component controlling body patterning of Drosophila during larval
development, which led to a significant breakthrough that linked this gene to a novel signal
transduction pathway that was conserved across species (Rijsewijk et al., 1987). Followed by
characterization of Wg and /nt-1, numerous Wnt-related genes and downstream components
in vertebrates have been subsequently identified. Thus, the cascade of canonical Wnt
signaling was established. In addition, components of the Wnt signaling pathway that are
mutated or aberrantly expressed are linked to numerous diseases such as cancer,
cardiovascular diseases and bone diseases (Clevers & Nusse, 2012; Malekar et al., 2010).
Recently, canonical Wnt signaling has been shown to play fundamental roles in retinal
development and eye organogenesis (de longh, Abud, & Hime, 2006; Fuhrmann, 2008).
Dysregulated canonical Wnt signaling plays a causative role in human ocular diseases,
including DR (Chen et al., 2009; de longh et al., 2006). The importance of canonical Wnt
signaling in DR is increasingly recognized, and interventions to correct dysregulated
canonical Wnt signaling are shown to have therapeutic effects in animal models of DR. In
this review, we examined the evidence of the involvement of canonical Wnt signaling in DR
and the therapeutic potential of suppressing canonical Wnt signaling in DR.

2. Wnt signaling

Whnt proteins are secreted cysteine-rich glycoproteins which serve as ligands and mediate
signaling pathways that are involved in cell proliferation, cell migration, cell fate
determination and embryogenesis. Binding of the secreted Wnts to specific receptor
complexes activates signaling pathways and executes specific instructions to recipient cells.
The Wnt-activated signaling pathways can be divided into the canonical Wnt signaling
pathway, the non-canonical planar cell polarity (PCP) pathway and the Wnt/Ca2* pathway
(Clevers, 2006). The canonical Wnt signaling pathway is the most studied and well-
characterized in various diseases including cancer, cardiovascular diseases and ocular
diseases. This review focuses on canonical Wnt signaling and its role in ocular diseases,
especially in DR.

3. Canonical Wnt signaling

The canonical Wnt signaling pathway is a conserved intracellular signaling pathway
comprised of Wnts, frizzled (Fzd) receptors, and co-receptors including low-density
lipoprotein receptor-related protein 5/6 (LRP5/6) and an intracellular signaling molecule
cascade (Logan & Nusse, 2004; MacDonald et al., 2009). In the absence of Wnt ligand,
soluble cytoplasmic pB-catenin, a transcription factor, is captured by a scaffold protein Axin
that associates with two protein kinases, casein kinase la. (CKla) and glycogen synthase
kinase 3 beta (GSK3p) as well as adernomatous polyposis coli (APC), which form the
destruction complex (Logan & Nusse, 2004). APC is essential for recruiting and anchoring
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B-catenin, while CKla and GSK3p mediate the subsequent phosphorylation in the N-
terminus of the trapped p-catenin (Zeng et al., 2005). Thus, soluble cytoplasmic B-catenin is
constitutively phosphorylated by protein kinases GSK3p and CKla (Liu et al., 2002).
Further, phosphorylated B-catenin is recognized by B-transducin repeats-containing proteins
(B-TrCP), which is a component of an ubiquitin-ligase complex that conjugates p-catenin
with ubiquitin (Polakis, 2002; Wu & Nusse, 2002). Poly-ubiquitinated p-catenin is then
targeted for proteasomal degradation (Aberle, Bauer, Stappert, Kispert, & Kemler, 1997)
(Fig. 1A).

Rapid activation of the canonical Wnt pathway occurs when Whnts bind to cell surface
receptor complexes comprising members of the Fzd family and Wnt co-receptors LRP5/6.
Studies have suggested the existence of a likely Wnt-Fzd-LRP6 complex /7 vivo (Bilic et al.,
2007; Liu, Bafico, & Aaronson, 2005). The binding of Wnt-Fzd-LPR5/6 leads to the
phosphorylation of the cytoplasmic tail of LRP5/6, which plays a crucial role in activation of
the canonical Wnt signaling pathway (Goretzki & Mueller, 1998; Li, van Kerkhof, Marzolo,
Strous, & Bu, 2001). The Wnt-Fzd-LPR5/6 complex also triggers the recruitment and
phosphorylation of Dishevelled (Dvl), which stimulates the formation of LRP5/6
aggregation in the membrane (Bilic et al., 2007). Axin is subsequently recruited to the
receptor complex (Fzd-LRP5/6), and the destruction complex is disassembled, which then
blocks the phosphorylation of bcatenin and results in p-catenin stabilization (lkeda et al.,
1998). Thus, cytoplasmic B-catenin accumulates and translocates into the nucleus. Nuclear
B-catenin then interacts with members of T cell factor (TCF)/lymphoid enhancer-binding
factor (LEF) family to activate transcription of Whnt signaling target genes (Behrens et al.,
1996; Cavallo et al., 1998; Korinek et al., 1997) (Fig. 1B).

The activation of the canonical Wnt signaling pathway may result in a variety of biological
changes through activation of TCF/p-catenin-responsive target genes (Behrens et al., 1996;
Cavallo et al., 1998; Korinek et al., 1997). The target genes are involved in many
physiological processes, including cell proliferation, differentiation, apoptosis, and cell fate
determination (Logan & Nusse, 2004; MacDonald et al., 2009). For a full list of Wnt target
genes please refer to the following source (www.stanford/edu/group/nusselab/cgi-bin/wnt/
target_genes).

4. Endogenous modulators of canonical Wnt signaling

Canonical Wnt signaling is regulated by multiple mechanisms, such as posttranslational
modification of Wnts, antagonists that bind to Wnt proteins or their receptors, and regulation
of the Wnt receptors. A number of endogenous modulators of Wnt signaling have been
identified. The best-characterized inhibitor of Wnt signaling is dickkopf-related protein 1
(DKK1), which is a secreted protein that negatively regulates Wnt signaling (Niida et al.,
2004). DKK1 directly interacts with LRP5/6 and accelerates the internalization of LRP5/6,
thus competing with Wnt-Fzd for the binding of LRP5/6 and inhibiting Wnt signaling
activation (Mao et al., 2001, 2002). Extracellular ligands such as R-spondins and Norrin are
also thought to regulate Wnt signaling. R-spondins directly interacts with Frizzled 8 and
LRP5/6 and activates the Wnt signaling pathway (Kim et al., 2006). Norrin, an extracellular
protein, specifically interacts with the Frizzled 4 (Fzd-4) receptor and co-receptor LRP5, and
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activates Wnt signaling (Xu et al., 2004; Ye et al., 2009). Another group of Wnt signaling
regulators is secreted Wnt inhibitors, such as Wnt inhibitory factors (WIFs) and secreted
frizzled-related proteins (SFRPs). WIFs and SFRPs act as secreted antagonists that directly
bind Wnts and block the interaction of Wnt-Fzd, and thus, inhibit Wnt signaling (Bovolenta,
Esteve, Ruiz, Cisneros, & Lopez-Rios, 2008; Malinauskas, Aricescu, Lu, Siebold, & Jones,
2011). Studies have also shown that heparin sulfate proteoglycans (HSPG), glycoproteins on
the cell surface and in the extracellular matrix, may interact with Wnt proteins and affect
Whnt signaling activities (Logan & Nusse, 2004; Rao & Kuhl, 2010). In addition, endostatin,
a fragment of collagen XVIII, can block the development of Xenopus induced by B-catenin,
indicating that endostatin inhibits Wnt signaling (Hanai et al., 2002). Park et al. reported that
pigment epithelium derived factor (PEDF) binds LRP6 and blocks the Wnt-ligand induced
LRP6-Fzd receptor dimerization, resulting in Wnt signaling inhibition (Park, Lee et al.,
2011). Our recent studies have identified that very low-density lipoprotein receptor
(VLDLR) forms a heterodimer with LRP6 and promotes degradation of LRP6, and thus
inhibits Wnt signaling (Chen, Hu, Lu, Flannery, & Ma, 2007; Lee et al., 2014).

Recently, the discovery of microRNAs (miRNAS) has revolutionized biomedical research in
many areas, as miRNAs have the potential to modulate the expression of the majority of the
protein-coding genes. Here, we briefly introduce miRNAs and present evidence for the
possible involvement of miRNAs in canonical Wnt signaling regulation. MiRNAs are small
(~22nt), single-stranded, non-coding RNA molecules that regulate gene expression at a post-
transcriptional level. They bind to the complementary sequences in the 3" untranslated
region (UTR) of target mMRNAs and inhibit protein expression of target genes (Filipowicz,
Bhattacharyya, & Sonenberg, 2008; Inui, Martello, & Piccolo, 2010; Wahid, Shehzad, Khan,
& Kim, 2010). MiRNAs have been shown to play fundamental roles in cellular events such
as differentiation, proliferation and apoptosis (He & Hannon, 2004; Wahid et al., 2010). In
the past few years, miRNAs have been reported to be involved in development and function
of the eye (Loscher et al., 2007, 2008; Ryan, Oliveira-Fernandes, & Lavker, 2006; Xu, 2009;
Xu, Witmer, Lumayag, Kovacs, & Valle, 2007). More than 80 miRNAs have been identified
in the adult mouse retina using miRNA microarray profiling, and approximately 20 miRNAs
are retina-specific (Loscher et al., 2008; Ryan et al., 2006; Xu, 2009; Xu et al., 2007).
Moreover, more than 130 miRNAs are found to be associated with eye development
(embryonic day (E) 15 and E 18) and several miRNAS (e.g. miR-29b, miR-18b) show
significant changes in expressional levels between E 15 and adult age (Hackler, Wan,
Swaroop, Qian, & Zack, 2010).

MiRNAs have been shown to regulate components of the Wnt signaling pathway. For
example, miR-200a was reported to regulate Wnt signaling in two different ways. First,
miR-200a represses mRNASs levels of the E-cadherin repressor proteins ZEB1 and ZEB2,
and thus increases the total E-cadherin available for binding to B-catenin and decreases the
[B-catenin-mediated transcriptional activities (Korpal, Lee, Hu, & Kang, 2008). Second,
miR-200a is capable of targeting the p-catenin mRNA directly. In meningioma, down-
regulated miR-200a induces over-expression of p-catenin and enhances Wnt/p-catenin
activities (Saydam et al., 2009). In addition, a recent study has shown that miR-21 targets the
mRNAs of Wntl and represses its protein expression (Hashimi et al., 2009). Thatcher et al.
reported that Wnt signaling transcription factor LEF1 is directly regulated by miR-203 in
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zebrafish (Thatcher, Paydar, Anderson, & Patton, 2008). It was reported that miR-8 inhibits
Wnt/Wg signaling by targeting Wnt signaling regulators and Wnt signaling components in
Drosophila. In addition, mammalian miR-8 may promote adipogenesis through inhibiting
Wht signaling (Kennell, Gerin, MacDougald, & Cadigan, 2008). Moreover, miR-135a and
miR-135b directly target Wnt signaling component APC and repress its protein expression,
and thus promote Wnit signaling activities by increasing B-catenin levels (Nagel et al., 2008).
Our recent study demonstrated that miR-184 negatively modulates Wnt signaling by
targeting Wnt co-receptor Frizzled 7 in ischemia-induced retinal neovascularization
(Takahashi, Chen, Rajala, & Ma, 2015). Taken together, accumulating evidence suggests that
miRNAs are key modulators of Wnt signaling and mediate Wnt-related cellular events.

5. Dysregulated canonical Wnt signaling in ocular diseases

5.1. Diabetic retinopathy

DR, a common microvascular complication of diabetes, is a leading cause of blindness in the
working-age population in developed countries. A cascade of microvascular pathology
occurs in DR, including leukostasis, pericyte loss, increased number of acellular capillaries,
microaneurysms, progressive vascular occlusions, increased vascular permeability, macular
edema and the formation of new vessels that ultimately proliferate into the vitreous (Durham
& Herman, 2011). According to the vascular progression, DR can be classified into two
different stages: non-proliferative DR and proliferative DR (Antonetti, Klein, & Gardner,
2012; Cheung, Mitchell, & Wong, 2010). The presence of microaneurysms, hemorrhages,
hard exudates, cotton wool spots, venous dilation and beading, and intra-retinal
neovascularization are classical clinical features of non-proliferative DR (Antonetti et al.,
2012). Proliferative DR is characterized by neovascularization, pre-retinal hemorrhage, or
vitreous hemorrhage (Antonetti et al., 2012). Recent studies have indicated that aberrant
activation of Wnt signaling plays a pathogenic role in DR (Chen et al., 2009). Levels of total
[B-catenin, an essential effector of the canonical Wnt signaling pathway, are elevated in
retinal sections of patients with nonproliferative DR compared to those from non-diabetic
controls (Chen et al., 2009). In addition, p-catenin levels are up-regulated in two DR animal
models, Akita mice and streptozotocin (STZ)-induced diabetic rats, and a rat model of
proliferative retinopathy model, oxygen-induced retinopathy (OIR) (Chen et al., 2009).
Moreover, the expressional levels of Wnt co-receptor LRP5/6 are also up-regulated in these
animal models. To further confirm the causative role of Wnt signaling in DR, a Wnt
signaling inhibitor, DKK-1 was intravitreally injected to STZ-induced diabetic rats and OIR
rats. DKK-1 reduces retinal inflammation, ameliorates vascular leakage and
neovascularization in these animal models (Chen et al., 2009). DKK1 was recently reported
to inhibit proliferation and migration of human retinal pigment epithelial (RPE) cells, and
the expression of B-catenin and cyclin D1 is decreased in DKK1 over-expressed RPE cells
(Zhou, Jiang, Wang, & Xia, 2016). In humans, serum levels of DKK-1 are lower in patients
with DR, compared with those from non-diabetic patients or diabetic patients without DR
(Qiu et al., 2014). All of the evidence suggests that the DKK-1-related aberrant activation of
Whnt signaling plays an important role in DR. Studies have also shown that vitreous samples
from patients with proliferative DR have higher levels of LRP6 compared to the nondiabetic
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controls, and elevated LRP6 levels are correlated with the levels of vascular endothelial
growth factor (VEGF) in the vitreous (Gao et al., 2015).

The pathogenic role of Wnt signaling in DR has been further confirmed by other studies
(Lee et al., 2012; Zhou et al., 2010). Activation of Wnt signaling by Wnt3A conditioned
medium or adenovirus expressing a constitutively active mutant of B-catenin (Ad-S37A) up-
regulates the expression of proinflammatory factors, such as VEGF, NF-xB and tumor
necrosis factor-alpha (TNF-a), and increases the generation of reactive oxygen species
(ROS) in a retinal cell culture model (Zhou et al., 2010). Moreover, intravitreal delivery of
Ad-S37A is capable of inducing the expression of VEGF, NF-xB and TNF-a and increasing
protein nitrotyrosine levels in the retina of normal rats, suggesting a pathogenic role for
aberrant Wnt signaling in the retina (Zhou et al., 2010). In addition, several Wnt signaling
inhibitors have shown robust effects on inhibiting Wnt signaling and its downstream target
genes and reducing the pathological changes of DR in animal models (Lee et al., 2012; Liu,
Zhang et al., 2013; Park, Lee et al., 2011; Wang et al., 2015). The detailed Wnt signaling
inhibitors are described later in this review. The over-activated Wnt signaling and potential
therapeutic Wnt signaling inhibitors in DR are briefly summarized in Fig. 2.

5.2. Age related macular degeneration (AMD)

AMD is one of the leading causes of blindness among people aged 60 and over (Lim,
Mitchell, Seddon, Holz, & Wong, 2012). Patients with AMD develop central vision loss,
which is caused by degeneration and/or atrophy of both photoreceptors and the retinal
pigment epithelium in the macula. AMD occurs in two phases, in which non-exudative (dry)
AMD precedes exudative (wet) AMD (Lim et al., 2012). The pathological features of “dry”
AMD include the presence of drusen and pigment disruption, but without blood vessel
leakage and neovascularization. “Wet” AMD is characterized by the formation of choroidal
neovascularization (CNV), in which pathological blood vessels grow from the
choriocapillaris through Bruch’s membrane into the sub-pigment epithelial or sub-retinal
space. Aberrant Wnt signaling is found to be involved in AMD in patients and animal
models (Hu et al., 2013; Tuo et al., 2015; Zhou et al., 2010). Haines et al. investigated
genetic linkage and allelic association for developing AMD in patients using a family-based
associated dataset, and found that LRP6, VEGF and VLDLR show clear evidence for
linkage and association with AMD, suggesting a role for Wnt signaling in the pathogenesis
of AMD (Haines et al., 2006). A recent study has also shown that Wnt signaling component
LRP6 and Wnt signaling target genes Cyclinl, c-Myc, Axin2 and VEGF are elevated in the
retina from both “dry” and “Wet” AMD patients (Tuo et al., 2015). Levels of kallistatin, a
negative Wnt signaling regulator, are decreased in the plasma of AMD patients (including
“dry” and “Wet” AMD) (Tuo et al., 2015), further supporting the role of Wnt signaling in
AMD. Moreover, the inhibition of Wnt signaling using a monoclonal antibody (Mab2F1)
blocking LRP6 confers beneficial effects in a mouse dry AMD model (Tuo et al., 2015).
Furthermore, levels of Wnt signaling components and Wnt signaling target genes were over-
expressed in laser-induced CNV, an animal model for “wet” AMD (Hu et al., 2013).
Inhibition of Wnt signaling using a the Mab2F1 antibody attenuates laser-induced CNV and
vascular leakage (Hu et al., 2013), suggesting that Wnt signaling plays a pathogenic role in
“wet” AMD.
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5.3. Familial exudative vitreoretinopathy (FEVR)

FEVR is a hereditary disease characterized by hypovascularization of the peripheral retina
leading to fibrovascular mass lesions (Criswick & Schepens, 1969). Clinically, it manifests
symptoms with variable severities. Mild forms are asymptomatic, while in severe cases,
compensatory growth of retinal blood vessels may cause retinal detachment and blindness.
FEVR displays several forms of inheritance, such as autosomal dominant, autosomal
recessive, and X-linked (Li et al., 1992; van Nouhuys, 1982). The autosomal dominant form
of FEVR is the most common (Li et al., 1992; van Nouhuys, 1982). There are three
identified autosomal dominant loci: EVR1 (11913-g23), EVR3 (11p12-13) and EVR4
(11g13-g23) (de longh et al., 2006). Mapping of EVR1 mutation in the chromosome 11q13-
g23 has defined deletion within the Wnt receptor Fzd-4 gene, which is estimated to occur in
20% of FEVR cases (Robitaille et al., 2002; Toomes et al., 2004). In addition, analysis of
gene mutations in 3 families with autosomal recessive FEVR leads to the identification of 3
mutations in the LRP5 gene (R570Q, R752G and E136K) (Jiao, Ventruto, Trese, Shastry, &
Hejtmancik, 2004). One study has also reported that a mutation in Norrin may associate with
FEVR though mapping of X-linked FEVR kindreds (EVR2) in one family, although other
studies in X-linked FEVR families failed to confirm the mutations in Norrin (Fullwood et
al., 1993). In addition, the mutations of Fzd-4 or LRP5 in mouse models generally
recapitulate the eye phenotypes in human FEVR (Gong et al., 2001; Xu et al., 2004).

5.4. Norrie disease

Norrie disease is an X-linked genetic disorder characterized by retinal dysplasia, hearing
loss, intellectual disability and blindness (Berger, 1998). Mutations in Norrin, a secreted
protein, have been found to attribute to Norrie disease (Chen et al., 1993). Research studies
have shown that Norrin, a non-Wnt ligand, can bind to Fzd-4 with high affinity and activate
the canonical Wnt signaling pathway through Norrin-Fzd-4-LRP5 interaction (Xu et al.,
2004).

5.5. Retinitis pigmentosa

Retinitis pigmentosa is a group of inherited eye diseases with progressive degeneration of
photoreceptors, which causes severe vision impairment (Ferrari et al., 2011). Studies have
demonstrated that multiple secreted frizzle related proteins (SFRP-1, 2, 5) are associated
with photoreceptor degeneration and apoptosis in retinitis pigmentosa (Jones, Jomary, Grist,
Stewart, & Neal, 2000a). In the degenerating retinas, SFRPs are found to be present in the
inner limiting membrane, Bruch’s membrane and surviving photoreceptors (Garcia-Hoyos et
al., 2004; Jones, Jomary, Grist, Stewart, & Neal, 2000b). However, the role of Wnt signaling
in retinitis pigmentosa needs to be further confirmed as no direct evidence has been obtained
to show that SFRPs modulate the Wnt signaling in these degenerating retinas, and thus,
contribute to retinitis pigmentosa.
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6. Mechanisms of canonical Wnt signaling involvement in diabetic
retinopathy

Among Whnt signaling-related ocular diseases, DR is the most common, and its pathogenic
mechanism remains unclear. We and others have demonstrated that dysregulated Wnt
signaling may be associated with unbalanced oxidative stress, pathological angiogenesis and
inflammation, and thus contributes to the pathogenesis of DR (Fig. 2).

6.1. Canonical Wnt signaling and oxidative stress

Oxidative stress is defined as an imbalance between the formation and removal of highly
reactive molecules, which includes reactive oxygen species (ROS) and reactive nitrogen
species (RNS) (Maritim, Sanders, & Watkins, 2003). Oxidative stress increases retinal
inflammation, causes mitochondrial and endothelial cell dysfunction, and activates glial
cells, thus contributing to vascular defects and neurodegeneration in DR (Kowluru & Chan,
2007). Recent studies have demonstrated that Wnt signaling may be implicated in the
balance or regulation of oxidative stress. A recent study identified that Dvl, a Wnt signaling
component, binds to the thioredoxin-like protein nucleoredoxin (NRX), a regulator of the
cellular redox balance, and the interaction between Dvl and NRX is regulated by oxidative
stress (Funato, Michiue, Asashima, & Miki, 2006). Over-expression of NPX inhibits Wnt
signaling in cultured cells, whereas knockdown of NRX constitutively activates Wnt
signaling and enhances the expression of endogenous Whnt target genes (Funato et al., 2006).
In addition, Essers et al. reported that p-catenin directly binds to Forkhead box O (FOXO), a
transcription factor negatively regulated by the insulin signaling pathway, and enhances
FOXO transcriptional activity in cultured cells (Essers et al., 2005). Loss of p-catenin
reduces the activity of FOXO, shortens the life span of C. elegans and decreases their
resistance to oxidative stress, suggesting that an important role of p-catenin in oxidative
stress through regulating FOXO function. Recently, canonical Wnt signaling has been shown
to have protective effects on oxidative stress-induced liver cell apoptosis through modulating
the level of FoxO3 (Tao et al., 2013). Moreover, Lento et al. reported that Wnt signaling was
activated in hematopoietic stem and progenitor cells exposed to radiation, which helped to
suppress the formation of ROS. In an B-catenin knockout mouse model, hematopoietic stem
and progenitor cells lost the ability to suppress oxidative stress and could not counteract the
toxic effects induced by radiation, and thus they were unable to regenerate or recover after
radiation (Lento et al., 2014). Taken together, the evidence indicates the delicate regulation
of Wnt signaling is important for cells or tissues to maintain their physiological levels of
ROS.

However, abnormal Wnt signaling may lead to excessive oxidative stress in tissues, thereby
resulting in detrimental effects. A recent study found that aberrant Wnt signaling is
causatively related with intestinal tumorigenesis induced by oxidative stress in an oncogenic
mouse model (Isoda et al., 2014). Dysregulated Whnt signaling has also been shown to
increase oxidative stress in DR. Liu et al. reported that nitrosative stress induced by
peroxynitrite (PN), 4-hydroxynonenal and high glucose activates Wnt signaling and
increases the expression of VEGF and intercellular adhesion molecule-1 (ICAM-1) in RPE
cells, whereas inhibition of nitrosative stress suppresses Wnt signaling and reduces
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expression of VEGF and inflammatory mediator ICAM-1(Liu, Li et al., 2013). Further, the
treatment of uric acid, a PN scavenger, ameliorates diabetes-induced Whnt signaling
activation and reduces the inflammation and vascular leakage in the retina of a STZ-induced
diabetic rat model (Liu, Li et al., 2013). In bovine retinal capillary endothelial cells
(RCEC:S), high glucose induces the activation of Wnt signaling, while aminoguanidine,
which is known to have antioxidant activity, blocks high glucose-induced Wnt signaling
activation (Chen et al., 2009). Additionally, the Wnt signaling inhibitor DKK1 can reduce
ROS generation induced by TNF-a and high glucose, suggesting that Wnt signaling may
regulate oxidative stress in DR (Chen et al., 2009). Furthermore, SERPINA3K, a negative
Whnt signaling regulator, significantly decreases ROS generation and up-regulates the
expression and activity of manganese super-oxide in hypoxic retinal cells (Zhang, Hu, &
Ma, 2009). Cumulatively, these findings suggest that Wnt signaling may both contribute to
and be induced by oxidative stress.

6.2. Canonical Wnt signaling and angiogenesis

Canonical Wnt signaling plays important roles in the development and differentiation of the
retinal vasculature (Chen et al., 2011; Ye et al., 2009). In physiological angiogenesis,
canonical Wnt signaling is critical in regulating endothelial cell proliferation and
maintaining vessel stability during vascular formation via regulating DIl4/Notch signaling
(Corada et al., 2010). Canonical Wnt signaling controls blood-brain barrier (BBB) formation
in the central nervous system, including blood-retina barrier in the retina (Liebner et al.,
2008). The null mutations of the Wnt signaling components, Fzd-4, LRP5, LEF-1 and
Norrin, induce similar vascular alterations in the murine retina, which suggests a role of Wnt
signaling in development of the retinal vascular network. For example, Fzd-4 deletion in
mice leads to defective intra-retinal vasculature, abnormal vascular patterning and
intraocular hemorrhages (Xu et al., 2004). LRP5 knockout mice show delayed retinal
vascular development. In addition, retinal vessels are diluted and tortuous, with abnormal
aggregations of endothelial cells in the retina of adult LRP5 knockout mice (Chen et al.,
2011).

VEGF, a major pro-angiogenic factor in physiological and pathological angiogenesis, has
been identified as a downstream target gene of canonical Wnt signaling (Zhang, Gaspard, &
Chung, 2001). VEGF plays an important role in growth of new retinal blood vessels and
contributes to the pathogenesis of proliferative DR. It was reported that VEGF levels in
aqueous humor and vitreous fluid of diabetic patients were correlated with the severity of
DR (Noma et al., 2002). Studies have shown that VEGF increases the phosphorylation of
tight-junction proteins such as occludin and Zonula Occluden-1 (ZO-1) (Antonetti, Barber,
Hollinger, Wolpert, & Gardner, 1999). In addition, VEGF promotes endothelial cell
proliferation by activating mitogen-activated protein (MAP), upregulating the
phosphatidylinositol 3-kinase (P13)/Akt pathway after the induction of vascular endothelial
growth factor receptor 2 (Ferrara, 2004). Our group has found that activation of Wnt
signaling increases VEGF levels in the retina of diabetic animal models, while suppression
of Wnt signaling down-regulates the expression of VEGF, suggesting that Wnt signaling
mediates VEGF expression in the diabetic retina (Chen et al., 2009). A recent study has
reported that retinal levels of Wnt receptor Fzd-4 and Wnt co-receptor LRP5 are up-
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regulated in a mouse model of OIR, and loss of LRP5 inhibits the pathological
neovascularization in OIR, suggesting that Wnt signaling may regulate pathological
neovascularization in animal models of proliferative retinopathy (Chen et al., 2011).

6.3. Canonical Wnt signaling and inflammation

Inflammation is a biological response of tissues to injury which is involved in multiple cell
types and molecular mediators. Acute inflammation is a protective response which helps to
alleviate the cause of cellular injury and initiate tissue repair. However, chronic
inflammation is detrimental to tissues, which induces tissue damage and structural
destruction with fibrosis and angiogenesis. Chronic inflammation induces a variety of
physiological and molecular abnormalities that have been found in retinas and/or vitreous
humor from diabetic patients and diabetic animal models (Adamis & Berman, 2008; Joussen
et al., 2004). For example, levels of proinflammatory factors such as TNF-a,, IL-8, I1L-6,
monocyte chemoattractant protein-1(MCP-1), endothelin-1, VEGF and ICAM-1 are
increased in the vitreous of patients with proliferative DR (Adamiec-Mroczek, Oficjalska-
Mlynczak, & Misiuk-Hojlo, 2010; Huang et al., 2011). Increased levels of IL-1B, TNF-a
and IL-6 in diabetic retinas are associated with the BRB breakdown, retinal leukostasis and
retinal cell apoptosis (Adamis & Berman, 2008). In addition, leukocyte-endothelial cell
adhesion and leukostasis are increased in patients with DR (Chibber, Ben-Mahmud, Chibber,
& Kohner, 2007), which is accompanied by elevated levels of inflammatory cytokines (van
Hecke et al., 2005).

Wht signaling activation has been shown to contribute to inflammation in many tissues,
including the retina. Halleskog et al. reported that levels of p-catenin are increased in
microglia associated with neuroinflammation under pathogenic conditions such as
Alzheimer’s disease (Halleskog et al., 2011). Wnt3A activates the canonical Wnt signaling
pathway in cultured mouse microglial cells, increases levels of proinflammatory cytokines
and induces the release of inflammatory mediators IL-6, IL-12 and TNF-a (Halleskog et al.,
2011). A recent study has also shown that the inflammatory cytokines IL-6 and TNF-a
activate Wnt signaling and impair preadipocyte differentiation and lipid accumulation /n
vitro (Gustafson & Smith, 2006). In addition, Over-activated Wnt signaling is also
associated with increased ICAM-1, TNF-a and VEGF in the retina and suppression of Wnt
signaling reduces the expression of ICAM-1, TNF-a and VEGF, suggesting a proinflamma-
tory role of Wnt signaling in the retina (Chen et al., 2009; Park, Jin, Hu, Zhou, & Ma, 2011).

7. Animal models for studying canonical Wnt signaling regulation in the

retina

Whnt reporter mice have been widely used to evaluate Wnt signaling activation and locate
Whnt-responsive cells. BATGAL mice are reporter mice expressing the p-galactosidase gene
under the control of Wnt signaling (Maretto et al., 2003). Similarly, TOPGAL mice are
known to express the B-galactosidase gene under the control of p-catenin/TCF-inducible
promoter (DasGupta & Fuchs, 1999). The Axin2-lacZ mouse is another commonly used
reporter mouse for evaluation of canonical Wnt signaling activity in which the /acZ
transgene is knocked into the exon 2 of AxinZ2, a direct target gene regulated by canonical
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Wht signaling (Jho et al., 2002). Al Alam et al. have compared the B-galactosidase
expression patterns upon Whnt signaling activation among these three reporter mice in
murine lung after naphthalene injury (Al Alam et al., 2011). They found that 8-
galactosidase, which is already highly expressed in normal lung, is induced in the bronchial
epithelium in BATGAL and TOPGAL mice, while the expression of p-galactosidase is
increased in the bronchial epithelium of injured lungs in Axin2-lacZ mice (Al Alam et al.,
2011). Thus, Axin2-lacZ mice are the most reliable Wnt reporter line compared with the
other two lines to assess Wnt signaling activities in naphthalene induced lung injury.

Several animal models of DR have increased Wnt signaling activities in the retina. For
example, the Akita mouse is a type 1 diabetic animal model, which carries a mutation in the
insulin 2 gene and has progressive loss of B-cell function and significant hyperglycemia
(Wang et al., 1999). Akita mice develop early features of DR at 3—4 months of age, such as
increased vascular permeability and increased acellular capillaries (Barber et al., 2005).
Chen et al. reported that levels of B-catenin were elevated in the retina of Akita mice at 4
months of age (Chen et al., 2009). STZ-induced diabetic rats have been the most commonly
used type 1 diabetic animal model for DR due to an easy induction process and the abundant
previous reports on the phenotypes (Robinson, Barathi, Chaurasia, Wong, & Kern, 2012).
Chen et al. also found that STZ-induced diabetic rats have over-activated Wnt signaling in
the retina 1 month after the onset of diabetes (Chen et al., 2009). Retinal Wnt signaling is
also over-activated in the mouse and rat models of OIR (Chen et al., 2009; Takahashi et al.,
2015). The OIR model is a model of ischemia-induced retinal neovascularization and
commonly used as a proliferative retinopathy model (Stahl et al., 2010). Wnt signaling
components, phosphorylated LDLR-related protein 6 (p-LRP6), non-phosphorylated {-
catenin (non-B-catenin) and total p-catenin levels are increased along with elevated VEGF
levels in the retina of these three models (Chen et al., 2009). Further, eyecups from rat and
mouse models of laser-induced CNV have elevated levels of the Wnt signaling pathway
components (p-LRP6, total LPR6 and non-p-B-catenin) and Wnt target genes (VEGF, c-myc
and cyclin D1) (Hu et al., 2013). Taken together, these models will allow us to investigate
the pathologic mechanisms of Whnt signaling upregulation in the retina and increase our
knowledge of Wnt signaling regulation in ocular diseases.

8. Targeting canonical Wnt signaling in diabetic retinopathy

Because Wnt signaling is over-activated in DR and contributes to retinal inflammation and
angiogenesis, suppression of over-activated Wnt signaling offers a new therapeutic strategy
for DR. Several studies carried out by our group and others have shown that inhibition of
Whnt signaling has beneficial effects on DR. Here we summarize several Wnt signaling
inhibitors that have been tested in the retina of diabetic animal models and have displayed
therapeutic potential in DR (Table 1).

8.1. Serine proteinase inhibitors (SERPIN) — SERPINA3K and kallistatin

SERPINAS3K is a specific inhibitor of tissue kallikrein with anti-inflammatory and anti-
angiogenic activities (Chao, Tillman, Wang, Margolius, & Chao, 1986). SERPINA3K binds
to the extracellular domain of Wnt co-receptor LRP6 and blocks LRP6 dimerization with the
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Fzd receptor, thus inhibiting Wnt signaling (Zhang, Abreu et al., 2010). Studies have shown
that retinal levels of SERPINA3K were decreased in STZ-induced diabetic rats (Hatcher,
Ma, Chao, Chao, & Ottlecz, 1997), indicating that decreased SERPINA3K may play a role
in DR. In addition, SERPINA3K reduces DR by suppressing Wnt signaling and inhibiting
the expression of connective tissue growth factor and fibronectin in STZ-induced diabetic
rats (Zhang, Zhou, & Ma, 2010). Intravitreal injection of SERPINA3K reduces retinal
inflammation and oxidative stress in a mouse OIR model (Zhang et al., 2009).

Kallistatin, a member of the serine proteinase inhibitor super-family, has been found to be an
endogenous inhibitor of Wnt signaling (Liu, Zhang et al., 2013). Kallistatin binds to the
extracellular domain of Wnt co-receptor LRP6 with high affinity and inhibits the Wnt
signaling pathway (Liu, Zhang et al., 2013). Levels of Kallistatin are significantly decreased
in the vitreous fluid of patients with DR (Jenkins et al., 2010), indicating that Kallistatin
plays a role in DR. Kallistatin-transgenic (TG) mice have high retinal levels of Kallistatin
and display normal retinal structure and functions under normal condition (Liu, Zhang et al.,
2013). In the OIR model, however, Kallistatin-TG mice have reduced areas of retinal
neovascularization and alleviated retinal inflammation compared with WT mice (Liu, Zhang
et al., 2013). Neuroinflammation and vascular leakage are decreased in the retina of
Kallistatin-TG X Akita mice relative to Akita mice, suggesting a protective role of
Kallistatin against DR. Further, the study using diabetic Kallistatin-TG mice crossed with
BATGAL reporter mice provides direct evidence that diabetes induces Wnt signaling
upregulation, which is attenuated by Kallistatin over-expression in Kallistatin-TG mice (Liu,
Zhang et al., 2013).

8.2. Pigment epithelium-derived factor (PEDF)

PEDF, a serine proteinase inhibitor, has displayed multiple functions, such as anti-
angiogenesis, anti-oxidation, anti-fibrosis and anti-inflammation in various diseases
(Dawson et al., 1999; Matsuoka, Ogata, Minamino, & Matsumura, 2006; Tsao, Ho, Chen, &
Cheng, 2006; Zhang et al., 2006). PEDF knockout mice have elevated Wnt signaling in the
retina compared with WT mice, and overexpression of PEDF in transgenic mice attenuates
Whnt signaling activation induced by retinal ischemia, suggesting that PEDF functions as an
inhibitor of the canonical Wnt pathway (Park, Lee et al., 2011). PEDF inhibits Wnt signaling
activity through high-affinity binding of LRP6. Binding of PEDF with LRP6 blocks Wnt
ligand-induced LRP6-Fzd receptor dimerization and inhibits Whnt signaling activation (Park,
Lee et al., 2011). PEDF plays an important role in DR and modulating PEDF levels has
shown therapeutic potential for DR. PEDF levels are decreased in aqueous and vitreous fluid
of patients with DR and DR animal models (Boehm, Lang, Feldmann et al., 2003; Boehm,
Lang, Volpert et al., 2003, Cohen, Hud, Shea, & Shearman, 2008). Intravitreal injection of
PEDF significantly reduces vascular permeability and ameliorates retinal inflammation in
STZ-induced diabetes and OIR, suggesting an anti-inflammatory role of PEDF in DR
(Zhang et al., 2006). In addition, intravitreal administration of purified recombinant human
PEDF inhibits retinal neovascularization in a mouse OIR model, indicating the anti-
angiogenic effect of PEDF on ischemia-induced neovascularization (Duh et al., 2002).
PEDF transgenic (TG) mice with OIR have developed smaller areas of retinal
neovascularization compared with those in WT OIR mice (Park, Jin et al., 2011). In
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addition, over-expression of PEDF using PEDF-TG mice attenuates retinal inflammation
and reduces vascular leakage in OIR (Park, Jin et al., 2011). Accordingly, PEDF knockout
mice demonstrate exacerbated hyperoxia-mediated vessel obliteration in OIR relative to WT
control mice (Huang, Wang, Sorenson, & Sheibani, 2008). Furthermore, a protective role of
PEDF is also observed in a laser-induced CNV model (Park, Jin et al., 2011). PEDF-TG
mice develop smaller CNV lesions and have lower levels of retinal inflammatory factors
compared with those in WT mice after laser photocoagulation.

8.3. Very low-density lipoprotein receptor (VLDLR)

VLDLR is a transmembrane receptor that belongs to the low-density lipoprotein receptor
(LDLR) family (Dieckmann, Dietrich, & Herz, 2010). VLDLR is bound by a variety of
ligands, such as lipoproteins, proteinases, proteinase-inhibitor complexes, vita-mins, reelin
and other macromolecules, to mediate lipid metabolism and other biological functions
(Dieckmann et al., 2010; Hussain, Strickland, & Bakillah, 1999). VLDLR knockout
(VLDLR™) mice are viable and fertile (Frykman, Brown, Yamamoto, Goldstein, & Herz,
1995), but display abnormal intra-retinal and sub-retinal neovascularization, indicating that
VLDLR plays a critical role in retinal angiogenesis (Hu et al., 2008; Jiang, Hu, Meng, Gao,
& Qiao, 2009; Li et al., 2007). In the retina of VLDLR™~ mice, Wnt signaling is over-
activated, subsequently promoting the production of VEGF and inflammatory factors and
ultimately resulting in pathological angiogenesis and inflammation in the retina (Chen et al.,
2007). VLDLR heterodimerizes with Wnt co-receptor LRP6 through its extracellular
domain, resulting in internalization and degradation of LRP6, and consequently, Wnt
signaling inhibition (Lee et al., 2014). Nanoparticles containing the N-terminus of VLDLR
(VLDLR-N nanoparticles) inhibit endothelial cell proliferation, migration and tube
formation in cultured endothelial cells (Wang et al., 2015). Meanwhile, VLDLR-N
nanoparticles suppress over-activation of Wnt signaling and reduce retinal
neovascularization in a mouse OIR model (Wang et al., 2015), indicating the therapeutic
potential of VLDLR in proliferative retinopathy. Interestingly, VLDLR is found to release its
soluble extracellular domain (sVLDLR-N) into extracellular space, and sVLDLR-N alone is
capable of inhibiting Wnt signaling both /n vitroand in vivo, and may mediate intercellular
regulation of Wnt signaling (Chen, Takahashi, Oka, & Ma, 2016; Lee et al., 2014; Magrane,
Casaroli-Marano, Reina, Gafvels, & Vilaro, 1999). Levels of sSVLDLR-N in the plasma were
decreased in both type 1 and type 2 diabetic mouse models (Chen et al., 2016), suggesting
that reduced levels of sVLDLR-N in the plasma may result in Wnt signaling activation and
thus contribute to diabetic complications.

8.4. MicroRNA-184

MiRNA-184 is an eye-specific miRNAs and abundantly expressed in the cornea, lens and
retina (Ryan et al., 2006). Our previous study reported that miRNA-184 is significantly
down-regulated in the retina of OIR mice (Takahashi et al., 2015). Based on bioinformatic
analysis, miRNA-184 targets several components of Wnt signaling such as Wnt receptor
(Frizzled-3, Frizzled-7) and Wnt ligands (Wnt-9, Wnt-16) (Shen et al., 2008; Takahashi et
al., 2015). In the retina of a mouse OIR model, miR-184 modulates Wnt signaling by
targeting Wnt receptor Fzd-7 (Takahashi et al., 2015). Intravitreal delivery of miRNA-184
mimic decreases retinal levels of Wnt signaling components (p-LRP6, non-p-p-catenin) and

Vision Res. Author manuscript; available in PMC 2019 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen and Ma

Page 14

VEGEF in ischemia-induced retinal neovascularization, suggesting the therapeutic potential
of targeting miR-184 in proliferative retinopathy (Takahashi et al., 2015). In addition,
decreased levels of miR-184 in the cornea may result in activation of Wnt signaling and lead
to corneal neovascularization (Zong et al., 2016).

8.5. Anti-LRP6 monoclonal antibody

Levels of LRP6, a co-receptor of Wnt signaling, are increased in the retina of DR animal
models (Chen et al., 2009). Inhibition of Wnt signaling by Mab2F1 has shown therapeutic
potential on DR (Lee et al., 2012). Mab2F1 is a mouse monoclonal antibody against the
E1E2 domain of LRP6. In retinal endothelial cells, Mab2F1 inhibits high-glucose induced
Whnt signaling upregulation and suppresses the expression of inflammatory factors (VEGF,
ICAM-1 and TNF-a) induced by high glucose (Lee et al., 2012). Moreover, Mab2F1
inhibits the migration and tube formation of endothelial cells (Lee et al., 2012). Intravitreal
delivery of Mab2F1 reduces vascular leakage, inhibits retinal inflammation and ameliorates
retinal neovascularization in the OIR model. In addition, intravitreal delivery of Mab2F1
reduces vascular leakage and inhibits retinal inflammation in a STZ-induced diabetic rat
model (Lee et al., 2012). Mab2F1 has also displayed therapeutic effects in laser-induced
CNV and in retinal degeneration in a mouse model of dry AMD (Hu et al., 2013; Tuo et al.,
2015).

8.6. Other Wnt antagonists in DR

Intravitreal delivery of Wnt antagonist DKK1 attenuates inflammation and reduces vascular
leakage in STZ-induced diabetic rats (Chen et al., 2009). In addition, intravitreal injection of
DKK1 in OIR rats results in significant reductions of vascular leakage and
neovascularization in the retina (Chen et al., 2009). Endostatin, a fragment of collagen
XVIII with anti-proliferative and anti-angiogenic properties, is a potential anti-angiogenic
drug for tumors and is currently undergoing the phase Il clinical trials. The levels of
endostatin in aqueous humor and vitreous fluid of diabetic patients were significantly
correlated with the severity of DR (Noma et al., 2002), suggesting a possible pathogenic role
of endostatin in DR. Prior findings demonstrate that endostatin inhibits Wnt signaling by
promoting the degradation of -catenin via a novel GSK3-independent mechanism (Hanai et
al., 2002). Intravitreal delivery of endostatin into transgenic mice with inducible expression
of VEGF alleviates VEGF-induced retinal vascular leakage and retinal neovascularization
(Takahashi et al., 2003). Behl et al. reviewed the possible therapeutic applications of
endostatin in DR and suggested that endostatin may have anti-angiogenic effects on DR
through downregulation of inhibitor of differentiation/DNA synthesis (Id) 1 and 1d3,
inhibition of matrix metalloproteinases and suppression of VEGF expression (Behl &
Kotwani, 2015).

9. Crosstalk of canonical Wnt signaling with other signaling pathways

The interactions of canonical Wnt signaling with other signaling pathways such as NF-xB
signaling, Notch signaling, and hippo signaling have been reported, which play essential
roles in maintaining tissue homeostasis, and aberrant regulation of signaling pathways may
lead to many human diseases, such as cancer. For instance, Du and Geller (2010) have
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comprehensively summarized the cross-regulation of Wnt signaling and NF-xB signaling
from different aspects in the cancer field, including the interactions directly or indirectly
involved components or target genes of both signaling pathways. Meanwhile, crosstalks
between Whnt signaling and Notch signaling have also been reviewed in the fields of cancer
and cardiovascular biology (Caliceti, Nigro, Rizzo, & Ferrari, 2014; Morris & Huang, 2016).
In general, Wnt signaling and Notch signaling have opposing effects on cell-fate
determination during embryogenesis (Hayward, Kalmar, & Arias, 2008). The balance
between Whnt signaling and Notch is tightly controlled and critical for proper vascular
development (Hayward et al., 2008). Further, crosstalk of Whnt signaling and hippo signaling
has been reported by Heallen et al. (2011). In the mice with inactivated Hippo pathway
components, they found that a subset of Wnt target genes was up-regulated in the developing
mouse heart, indicating crosstalk of Wnt signaling with hippo signaling (Heallen et al.,
2011). Several review articles were published to report the cross-regulation of Wnt signaling
and hippo signaling (Kim & Jho, 2014; Morris & Huang, 2016; Varelas et al., 2010).
However, few documented evidence indicated the presence of cross-regulation of Wnt
signaling and other signaling pathways in retinal diseases. Since previous studies have
shown that NF-xB signaling, Notch signaling and hippo signaling play important roles in the
developing retina and retinal diseases, it is possible that such cross-regulation in cancer cells
is also present in retina, and the disturbance of network among these signaling pathways
may lead to retinal diseases.

10. Conclusions and future directions

Canonical Wnt signaling is involved in the pathogenesis of DR and other retinal diseases,
including AMD, FEVR, Norrie disease and retinitis pigmentosa. The mechanisms
underlying the involvement of canonical Wnt signaling in DR may be associated with
unbalanced oxidative stress, over-expressed angiogenic and inflammatory factors. Wnt
signaling reported mice, diabetic animal models (Akita mice and STZ-induced diabetic
mice) and mouse or rat models of OIR are recommended animal models for studying
canonical Wnt signaling in the retina under physiological or pathological conditions.
Suppression of canonical Wnt signaling by inhibiting Wnt signaling components, such as
LRPS, Frizzled receptor and p-catenin, has shown beneficial effects in animal models of
DR. Thus, blockade of Wnt signaling is expected to be effective on DR in patients who are
not responsive to currently available therapies. As more and more attention has been focused
on Whnt signaling, our understanding of its role in DR will be further advanced. More efforts
are needed to explore mechanism of aberrant Wnt signaling activation in DR and to develop
effective strategies to correct the aberrant Wnt signaling. Recently, the crosstalk of Wnt
signaling with other signaling pathways has raised great attention, and the investigation of
the integral role of these signaling pathways in ocular diseases will be a promising research
direction in the future.
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Without Wnt

With Wnt

Fig. 1.
The canonical Wnt signaling pathway. (A) In the absence of Wnt, p-catenin (B-cat) interacts

with the destruction complex formed by a scaffold protein Axin, casein kinase la (CKla)
and glycogen synthase kinase 3 beta (GSK-3Db) as well as adenomatous polyposis coli
(APC), and is constitutively phosphorylated and degraded. (B) In the presence of Wnt, Wnt
binds to frizzled receptor (Fzd) and co-receptor low-density lipoprotein receptor-related
protein 5 or 6 (LRP5/6). LPR5/6 is phosphorylated, which leads to the recruitment and
phosphorylation of Dishevelled (Dvl). Subsequently, Axin is recruited to the receptor
complex and the destruction complex is disassembled, blocking the phosphorylation of
soluble cytoplasmic p-cat. p-cat is then stabilized and translocates to the nucleus to activate
transcription of target genes.
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Fig. 2.
Over-activated canonical Wnt signaling in DR and potential therapeutic inhibitors of

canonical Wnt signaling for DR. In diabetic conditions, hyperglycemia induces the up-
regulation of Wnt signaling in the retina. Levels of Wnt signaling components, low-density
lipoprotein receptor-related protein 6 (LRP6), Frizzled 7 and B-catenin are up-regulated, and
the Wnt signaling downstream target genes are over-expressed, which results in
angiogenesis, inflammation and increased oxidative stress in diabetic retina and leads to DR.
Whnt signaling inhibitors with therapeutic potential - SERPINA3K: Serine proteinase
inhibitors 3K, PEDF: Pigment epithelium-derived factor, VLDLR: very low-density
lipoprotein receptor, DKK1: dickkopf-related protein 1. Mab2F1: an anti-LRP6 monoclonal
antibody which was generated in our laboratory.
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