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PURPOSE. Persistent epithelial alterations such as delayed wound healing are a key feature
of diabetic corneal disease. Previously, we reported that epigenetic changes in the
diabetic cornea led to the suppression of Wnt-5a, and that addition of Wnt-5a acceler-
ated wound healing. In this study, we set to determine which Wnt receptor(s) mediated
Wnt-5a induced stimulation of diabetic corneal epithelial wound healing.

METHODS. Human limbal epithelial cells (LECs) were isolated from postmortem diabetic
and non-diabetic donor eyes for single-cell RNA sequencing (scRNA-seq) and DNAmethy-
lation analysis. These analyses were validated by qRT-PCR, western blot, or immunos-
taining of corneal tissue sections. Cultured primary LECs were transfected with small
interfering RNA (siRNA) to specific Wnt receptors to evaluate their role in scratch wound
healing in the presence or absence of 200 ng/mL Wnt-5a.

RESULTS. Single-cell RNA sequencing analysis revealed differential gene expression of
Wnt receptors, ROR2, MCAM, FZD5, FZD6, and FZD7. DNA methylation arrays showed
hypomethylation of ROR2 gene promoter in diabetic versus non-diabetic LECs by 41.3%
(**P < 0.01) resulting in increased ROR2 protein expression. Non-diabetic cells trans-
fected with siRNA to knockdown ROR2 but not FZD5, FZD6, FZD7, MCAM, and RYK
showed significantly decreased wound healing by approximately 50% (*P < 0.05) versus
control siRNA. In diabetic LECs, knockdown of ROR2 significantly inhibited wound heal-
ing by 40% (*P < 0.05) and of FZD5 partially blocked wound healing that could not be
restored by the addition of Wnt-5a.

CONCLUSIONS. Wnt-5a seems to mediate wound healing in diabetic LECs mainly through
receptor tyrosine kinase like orphan receptor 2 with Frizzled-5 serving as a possible
co-receptor with a smaller effect.
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Diabetes-associated visual impairment is one of the
leading causes of preventable blindness in working-

age adults worldwide.1,2 The most severe ocular compli-
cation due to diabetes is retinopathy, affecting approxi-
mately 26% to 33% of patients.3 However, 45% to 70% of
patients with diabetes present with corneal abnormalities
such as epithelial defects (keratopathy), decreased sensi-
tivity, a decrease in subbasal corneal nerves (neuropa-
thy), abnormal stromal changes, endothelial dysfunction,
and biomechanical alterations.4 Delayed epithelial wound

healing due to the dysfunction of limbal epithelial stem
cell (LESC)4,5 is a hallmark of diabetic keratopathy, which
may underlie the increased risk of developing postopera-
tive complications from vitrectomy for nonclearing hemor-
rhage, corneal transplantation, cataract removal, and vision
correcting refractive surgeries.6,7 Although the number of
diabetic patients with corneal abnormalities is greater than
those with retinal changes, the diabetic corneal disease
remains underdiagnosed and current treatments are mostly
symptomatic.4
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Abnormalities in Wnt signaling constitute an important
mechanism of diabetic corneal alterations.8–9 The human
Wnt family of highly conserved, secreted signaling lipopro-
teins comprises 19 members that play a critical role in devel-
opment, homeostasis, and disease governing processes like
cell fate determination, cell proliferation and migration, cell
differentiation, stem cell maintenance and regeneration.10–12

Wnts belong to two classes defined by the ability to act
as oncogenes. Transforming/canonical Wnts, such as Wnt-
1 and Wnt-3, activate canonical Wnt/β-catenin pathway.12

Without canonical Wnts, cytoplasmic β-catenin is phospho-
rylated in the destruction complex with Axin 1, adenoma-
tous polyposis coli, casein kinase 1, and glycogen synthase
kinase-3 β, ubiquitinated by β-transducin repeats-containing
proteins, and degraded. Wnt binding to the receptors Friz-
zled and low-density lipoprotein-related receptors 5 and 6
leads to β-transducin repeats-containing proteins disassoci-
ation from destruction complex and inhibits β-catenin phos-
phorylation. Then, cytoplasmic β-catenin can travel to the
nucleus, associate with lymphoid enhancer-binding factor
1/T-cell factor transcription factors and activate the expres-
sion of genes such as MYC, JUN, cyclin D 1 (CCND1), and
AXIN1, thus regulating a number of cellular processes.11

Nontransforming/noncanonical Wnts, for example, Wnt-4,
Wnt-5a, andWnt-11, activate β-catenin–independent calcium
(Ca2+)-dependent and planar cell polarity (PCP) pathways.
PCP pathway regulates cell polarity in development and cell
migration through Rho guanosine triphosphate hydrolases
(GTPases) and c-Jun N-terminal kinase. Ca2+-dependent
pathway activates phospholipase C (PLC), leading to Ca2+

mobilization and activation of Ca2+ sensing enzymes (e.g.,
protein kinase C [PKC]) that mediate cell migration and axon
guidance, among other cellular processes.12–13 Wnts bind
to various receptors that often complex with each other.
Canonical pathway mainly uses low-density lipoprotein-
related receptors 5 and 6 complex with Frizzled family
receptors. Noncanonical Wnts may use various Frizzled co-
receptors with receptor tyrosine kinase like orphan receptor,
receptor-like tyrosine kinase (RYK), melanoma cell adhesion
molecule (MCAM), or cell surface glycoprotein Muc18, and
tyrosine-protein kinase-like 7, depending on the cell type.14

Stable diabetic complications seem to be mainly due
to epigenetic alterations with DNA methylation, histone
modifications, and microRNA changes.15–17 We previously
reported DNA hypermethylation of WNT5A gene promoter
as well as upregulation of miR-203a that inhibits Wnt-5a
in diabetic corneal epithelium, both resulting in suppres-
sion of Wnt-5a protein expression.9 Addition of exogenous
recombinant Wnt-5a to diabetic limbal epithelial cell (LEC)
cultures enriched in LESC and to organ-cultured corneas
stimulated wound healing and normalized LESC phenotype.
Wnt-5a exerts its effects in diabetic LECs through the activa-
tion of Ca+2-dependent pathway by phosphorylating PLCγ1
and PKCβ.9 In this study, we identified Wnt-5a receptor(s)
mediating its effects on diabetic limbal epithelial wound
healing.

MATERIALS AND METHODS

Human Specimens

Seventeen age-matched diabetic (from 9 males and 8
females) and 21 non-diabetic (from 13 males and 8 females)
human donor whole globes or corneas (Supplementary
Table S1) were obtained from the National Disease Research

Interchange (Philadelphia, PA, USA) and from the Center
for Vision and Eye Banking Research, Eversight (Cleveland,
OH, USA) in Optisol (Chiron Vision, Claremont, CA) or
similar medium within 48 hours after death. Non-diabetic
donor corneoscleral rims discarded after corneal trans-
plantation were obtained from Dr. E. Maguen. All donor
tissues were used under the approved Cedars-Sinai Medi-
cal Center Institutional Review Board protocol Pro00019393.
The human tissue experiments complied with the guidelines
of the ARVO Best Practices for Using Human Eye Tissue
in Research (Nov2021). The donor age was not statistically
different between the two groups (non-diabetic median age,
72.00 ± 17.48 years; diabetic median age; 74.00 ± 10.36
years; P = 0.14). Of all tissues, 22 (57.9%) were from male
donors and 16 (42.1%) were from female donors.

Single-Cell RNA Sequencing (scRNA-seq)

Cells were isolated from three diabetic (all with non–insulin-
dependent diabetes) and three non-diabetic human donor
limbal tissues with residual peripheral cornea and conjunc-
tiva using dispase II digestion as previously described.18

Approximately 7000 single cells were captured for sequenc-
ing on a 10X Genomics Chromium Controller according to
manufacturer’s instructions (10X Genomics, Pleasanton, CA,
USA) at the Applied Genomics, Computation & Translational
Core at Cedars-Sinai Medical Center. Expression matrices
were obtained using CellRanger v7.2. After performing qual-
ity control and removal of batch effect using Seurat, the
data were integrated using FindIntegrationAnchors. The data
were scaled, and clustering was performed using FindNeigh-
bors and FindClusters to obtain 13 clusters with a resolu-
tion of 0.2. After conducting t-distributed stochastic neigh-
bor embedding, dot plots were generated to annotate the
cell populations and relative expression of individual genes
of interest in specific clusters. Differential expression analy-
sis between diabetic and non-diabetic genes for each cluster
was performed using the FindMarkers function.

DNA Methylation Analysis

DNA was extracted from LEC cultures enriched in LESCs.
Cells were obtained from five diabetic and six non-diabetic
donors. Bisulfite conversion was carried out according to
the manufacturer’s instructions (Qiagen, Valencia, CA, USA).
Genome-wide DNA methylation profiling using Illumina
Infinium 850K MethylationEPIC BeadChip (Illumina, San
Diego, CA, USA) was performed as described by us previ-
ously.9 This DNA methylation dataset is available from the
public GEO repository under accession no. GSE229328.

qRT-PCR

Total RNA was extracted from three diabetic and three
non-diabetic limbal donor tissue using PureLink RNA mini
kit (Thermo Fisher Scientific, Carlsbad, CA, USA). RNA
was quantified and quality (A260/280) was checked using
Nanodrop 2000 (Thermo Fisher Scientific). cDNA was
prepared using reverse transcription mastermix purchased
from Fluidigm (Standard BioTools, South San Francisco, CA,
USA) and high-throughput qRT-PCR was performed using
Fluidigm dynamic arrays on BioMark HD System according
to the manufacturer’s instructions (Standard BioTools, South
San Francisco, CA, USA) at the Applied Genomics, Compu-
tation & Translational Core at Cedars-Sinai Medical Center.
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β-actin was used as a housekeeping control. The primer
sequences are listed in Supplementary Table S2.

LEC Isolation and Maintenance

Primary diabetic and non-diabetic LECs were dissociated
from donor eyes using dispase II digestion and cultured in
serum-free EpiLife medium containing 10 ng/mL human EGF
as described previously.18

Western Blot

Protein was extracted from flash frozen and powdered
limbal tissue and quantified using detergent compatible
Bradford assay (Thermo Fisher Scientific). Gradient 4–20%
tris-glycine SDS polyacrylamide gels (Thermo Fisher Scien-
tific) were loaded with equal amounts of protein and subse-
quently transferred to 0.2 μm nitrocellulose membrane (Bio-
Rad, Hercules, CA, USA). Nonspecific binding was eliminated
by blocking the membranes with 5% milk in tris-buffered
saline with 0.1% Tween-20. Gel loading was normalized
by β-actin. Primary antibodies were incubated overnight
at 4°C (Supplementary Table S3). IRDye 800CW or 680RD
donkey anti-rabbit or anti-mouse secondary antibodies (LI-
COR Biotechnology, Lincoln, NE, USA) were used at 1:15,000
dilution. Protein bands were visualized, and results quanti-
fied on Odyssey Clx System (LI-COR Biotechnology).

Fluorescent Immunostaining

We fixed 5-μm-thick transverse ex vivo corneal tissue
sections with 1% formalin for 5 minutes, permeabilized in
0.5% Triton X-100 for 10 minutes and blocked in 5% normal
goat serum for 1 hour at room temperature. The sections
were incubated in antibodies against ROR2, RYK, Muc18,
Frizzled-5, Frizzled-6, and Frizzled-7 (antibodies are listed
in Supplementary Table S3) at 4°C overnight. The follow-
ing day, the slides were washed, incubated in AlexaFluor
488- or 594-conjugated secondary antibodies and mounted
using ProLong Gold Antifade mounting medium with DAPI
(Thermo Fisher Scientific) as described previously.9

Small Interfering RNA (siRNA) Transfection

We transfected 60% to 80% confluent diabetic and non-
diabetic LEC cultures seeded at the same density with 50
nM of siRNA to ROR2, FZD5, FZD6, FZD7, MCAM, and
RYK or negative control siRNA (Dharmacon, Lafayette, CO,
USA), using Lipofectamine RNAiMAX in OptiMEM serum-
free medium (Thermo Fisher Scientific) for 24 hours accord-
ing to the manufacturer’s instructions, after which the
medium was replaced with EpiLife medium for LEC cultures.
Cells were used for further processing 72 hours after trans-
fection.

Scratch Wound Healing

Scratch wounds were created by mechanically removing the
monolayer of cultured LECs transfected with siRNA using a
P200 micropipette tip as described previously.9 The cultures
were monitored, and the open area of the wounds were
photographed every 6 hours for 24 hours using the Incucyte
live cell analysis system (Essen Bioscience, Ann Arbor, MI,
USA). The cultures were healing in the presence or absence
of human recombinant Wnt-5a (200 ng/mL) (R&D Biosys-

tems, Minneapolis, MN, USA). The closure of wounds was
calculated using Image J software (NIH, Bethesda, MD,
USA).

Statistical Analysis

Statistical analysis was performed using Student’s t test
for two-group comparison or ANOVA for multiple group
comparison in Prism10 (GraphPad Software, San Diego, CA,
USA), with a P value of less than 0.05 considered significant.
Experiments were performed in triplicate using cells from
three to seven individual donors (detailed in Supplemen-
tary Table S1) and repeated twice. Values were expressed as
mean ± SEM, except for age analysis, which is expressed as
mean ± SD.

RESULTS

Differential Gene Expression and Methylation of
Wnt Receptors in Diabetic and Non-Diabetic
Limbus

To identify the differentially expressed Wnt receptor genes
between diabetic and non-diabetic cornea, we performed
droplet-based scRNA-seq with cells from limbal tissue and
residual cornea and conjunctiva. After quality assessment
filtering and removal of batch effects, 13 distinct clusters
of cells were identified based on the expression of known
marker genes (to be published elsewhere). These clus-
ters comprised conjunctival cells, terminally differentiated
corneal epithelial cells, LECs at various stages of differentia-
tion including putative LESCs, limbal progenitor cells (LPCs),
and transit amplifying cells, as well as other supporting cells
such as neural crest progenitor cells (NCPCs), melanocytes,
immune cells, and limbal stromal cells/mesenchymal stem
cells (Fig. 1A). Gene expression analysis revealed differen-
tially expressed Wnt receptor genes in diabetic versus non-
diabetic cell clusters. As illustrated in Figs. 1B and 1C, ROR2
was noticeably upregulated in several diabetic versus non-
diabetic cell clusters including transit amplifying cells, super-
ficial LEC, LPCs, and basal corneal epithelial cells. Similarly,
FZD6 was also slightly upregulated in diabetic LESC, super-
ficial LEC, and LPC clusters. In contrast, FZD5 and MCAM
were only upregulated in the diabetic LESC cluster but not
in other LEC clusters. Moreover, several FZD genes (FZD1,
FZD2, FZD4, FZD5, FZD6, FZD7, and FZD8) were downreg-
ulated in the diabetic NCPC cluster, especially FZD1, FZD5,
FZD7, and FZD8.

To confirm the scRNA-seq findings, we first validated the
differential gene expression of various Wnt receptors by
qRT-PCR. FZD2 and FZD9 were omitted from this analysis
due to very low expression of these receptors in the LEC
clusters. As shown in Fig. 2A, ROR2 and FZD6 were upregu-
lated in diabetic limbal tissue by approximately 1.2-fold and
1.3-fold, respectively, compatible with the scRNA-seq results.
It should be noted that by qRT-PCR MCAM, FZD1, FZD5,
FZD7, and FZD8 genes were downregulated in the diabetic
group by 36%, 31%, 35%, 28%, and 43%, respectively, some-
what diverging from the scRNA-seq data.

Because stable diabetic complications may be largely
due to epigenetic changes, we also examined our previ-
ously published dataset9 comparing global DNA methy-
lation profiles between diabetic and non-diabetic LEC
enriched in LESC. Whereas WNT5A gene promoter was
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FIGURE 1. scRNA-seq analysis of human diabetic and non-diabetic corneas showing differential expression of Wnt receptor genes. (A)
t-distributed stochastic neighbor embedding (t-SNE) plot showing 13 distinct cell clusters from diabetic (n = 3) and non-diabetic (n = 3)
corneoscleral rims consisting of the limbus and residual cornea and conjunctiva. (B) Dotplot and (C) t-SNEs show the differential expression
of various Wnt receptor genes in specific cell clusters. Note changes in individual Wnt receptor expression in specific cell clusters, especially
in NCPC. B-CEC, basal corneal epithelial cell; B-CjEC, basal conjunctival epithelial cell; CjEC, conjunctival epithelial cell; IC, immune cell;
IC/LC, immune cell/Langerhans cell; LSC/MSC, limbal stromal cell/mesenchymal stem cell; MEL, melanocyte; S-CjEC, superficial conjunctival
epithelial cell; S-LEC, superficial LEC; TAC, transit amplifying cell.

hypermethylated in diabetic LEC, ROR2 promoter was
significantly hypomethylated in diabetic LEC compared
with non-diabetic LEC (Fig. 2B). None of the other
Wnt receptors were differentially methylated between
diabetic and non-diabetic LECs. Because DNA hypomethy-
lation usually results in increased gene expression, a
higher expression of the ROR2 gene was anticipated in
diabetic LEC, which was in fact revealed by qRT-PCR and
scRNA-seq.

Validation of Differentially Expressed Wnt
Receptor Proteins

To further validate the differential gene expression of Wnt
receptors (Figs. 1 and 2) at the protein level, we performed
Western blot analysis and immunostaining in diabetic and
non-diabetic ex vivo limbal tissue. As seen in Figures 3A
and 3B, there was no significant difference in the expres-
sion of Frizzled-1 and Frizzled-8 between the two groups by
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0.01; ***P < 0.001. Note DNA hypomethylation of ROR2 promoter in diabetic cells, as opposed to Wnt-5a DNA hypermethylation. Part of
the figure related to Wnt-5a was reproduced for comparison from our previous publication.9

Frizzled-1
β-actin

55 kDa

43 kDa

Non-diabetic Diabetic
0.0

0.5

1.0

1.5

Fr
iz

zl
ed

-1
fo

ld
ch

an
ge

ns

Frizzled-8
β-actin

55 kDa

43 kDa

Non-diabetic Diabetic
0.0

0.5

1.0

1.5

2.0

Fr
iz

zl
ed

-8
fo

ld
ch

an
ge

ns
BA

N, Frizzled-6

DM, Frizzled-6

N, ROR2

e

s

DM, ROR2

e

s

N, Muc18

DM, Muc18

N, Frizzled-5

DM, Frizzled-5

N, Frizzled-7

DM, Frizzled-7

e

s

e

s

e

s

e

s

e

s

e

s

e

s

e

s

N, RYK

DM, RYK

e

s

e

s

D E F G H I

20 μm

C

ROR2

β-actin

105 kDa

43 kDa

Non-diabetic Diabetic
0.0

2.0

4.0

6.0

8.0

R
O

R
2

fo
ld

ch
an

ge

✱

FIGURE 3. Validation of differentially expressed Wnt receptor proteins in diabetic and non-diabetic ex vivo limbal tissue. Western blot
analysis of (A) Frizzled-1, (B) Frizzled-8, and (C) ROR2 in diabetic versus non-diabetic ex vivo limbal tissue (n = 4–7). Immunostaining of
ex vivo corneal sections showing differential expression of (D) ROR2, (E) Muc18, (F) Frizzled-5, (G) Frizzled-6, (H) Frizzled-7, and (I) RYK
in diabetic and non-diabetic limbal epithelium (n = 3). Values are mean ± SEM. Note protein expression changes in diabetic limbus for
ROR2, Muc18, Frizzled-5, and Frizzled 6, with no significant changes for Frizzled-1, Frizzled-8, and RYK. *P < 0.05; ns, nonsignificant. DM,
diabetic; e, epithelium; N, non-diabetic; s, stroma.

western blot. However, the expression of ROR2 increased in
the diabetic limbal sections by 3.2-fold (*P < 0.05) by West-
ern blot (Fig. 3C) as well as by immunostaining (Fig. 3D),
confirming the scRNA-seq and qRT-PCR data, as well as the
DNA promoter hypomethylation. Furthermore, the expres-
sion of Muc18 (protein encoded by MCAM) and Frizzled-

5 was decreased and of Frizzled-6 and Frizzled-7 was
increased in diabetic versus non-diabetic limbal epithelium
(Figs. 3E–H). As a control, tissue sections were immunos-
tained for RYK (Fig. 3I) that did not change between diabetic
and non-diabetic groups, in line with the scRNA-seq and
qRT-PCR data.
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FIGURE 5. Wound healing of diabetic primary LEC transfected with Wnt receptor siRNAs. Scratch wound healing analysis of diabetic LEC
(n = 3) transfected with (A) RYK, (B) MCAM, (C) FZD6, (D) FZD7, (E) ROR2, and (F) FZD5 siRNA and treated with or without Wnt-5a (200
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Wound Healing of Non-Diabetic LEC Transfected
With Wnt Receptor siRNAs

To examine the functional role of the receptor(s) respon-
sible for the Wnt-5a induced stimulation of wound heal-
ing, we transfected non-diabetic LEC with specific siRNAs to
knockdown ROR2, MCAM, FZD5, FZD6, FZD7, and RYK. As
shown in Figure 4A, all siRNAs successfully decreased the
expression of their respective protein targets as compared
with the control siRNA. Furthermore, non-diabetic LEC
transfected with ROR2 siRNA showed significantly slower
scratch wound healing (by approximately 50%; *P < 0.05)
as compared with the control siRNA at 24 hours, whereas
other receptors had no effect on wound healing (Fig. 4B).
These data suggest that ROR2 mediates Wnt5a-dependent
wound healing in non-diabetic LEC.

Wound Healing of Diabetic LEC Transfected With
Wnt Receptor siRNAs

We then transfected diabetic LECs with specific receptor
siRNAs with and without the addition of 200 ng/mL human
recombinant Wnt-5a. As expected, when Wnt-5a was added
to diabetic LEC transfected with control siRNA, there was
a significant, 1.37-fold (*P < 0.05) increase in wound heal-
ing versus control siRNA alone (Fig. 5). Diabetic LEC trans-
fected with siRNA to RYK, MCAM, FZD6, and FZD7 alone or
in the presence of Wnt-5a showed no significant difference
in wound healing as compared with control siRNA alone
or with Wnt-5a, respectively (Figs. 5A–D). However, when
these cultures were transfected with ROR2 siRNA, there was
a significant 40% decrease in wound healing as compared
with control siRNA by 24 hours. Moreover, the addition of
Wnt-5a to these cells did not abrogate this effect, indicating
that ROR2 was required for Wnt-5a to increase wound heal-
ing in diabetic LEC (Fig. 5E). Interestingly, these cells trans-
fected with FZD5 siRNA (but not others), showed a partial
nonsignificant decrease in wound healing as compared with
control siRNA, and the addition of Wnt-5a could not increase
the healing (Fig. 5F), suggesting that Frizzled-5 may act
as a co-receptor to ROR2 in diabetic LEC. This effect of
FZD5 siRNA was not observed in non-diabetic LEC (Fig.
4B). Importantly, when organ-cultured diabetic corneas were
transfected with ROR2 siRNA and then wounded with n-
heptanol, no healing was observed, further confirming that
ROR2 was the main Wnt-5a receptor mediating its wound
healing effects (not shown here).

DISCUSSION

Traditionally, Wnt signaling has been associated with the
regulation of embryonic development and cancer. However,
since its discovery more than three decades ago, it has
become one of the most widely studied signaling systems
for a range of other human conditions including, but not
limited to, aging,19–20 Alzheimer’s disease,21 cardiovascular
disease,22 and metabolic diseases.23 In patients with type
2 diabetes, it is a key contributor of microvascular compli-
cations, such as retinopathy, nephropathy, and neuropathy,
and macrovascular complications such as coronary artery
disease, cerebrovascular disease, and peripheral arterial
disease.24 Recent work from our laboratory9 showed that
diabetes caused epigenetic alterations, namely, DNA methy-
lation and microRNA changes that resulted in the suppres-

sion of noncanonical Wnt-5a in LEC. Furthermore, we also
showed that in the diabetic LEC, Wnt-5a activated the Ca+2

signaling pathway via PLCγ1 and PKCβ phosphorylation.9

In this study, we applied scRNA-seq technology to
compare gene expression of Wnt receptors in diabetic versus
non-diabetic human corneas and found differential expres-
sion of several Wnt receptors. This method revealed that
the diabetic changes in the expression of specific recep-
tor genes were not uniform in the epithelial cells but in
several instances were pronounced in specific cell clus-
ters. A general trend was a decrease in Wnt receptor gene
expression, especially in the NCPC cluster with notice-
able downregulation of FZD1, FZD5, FZD7, and FZD8. A
notable exception was ROR2 gene upregulated in several
clusters, which correlated with DNA hypomethylation at the
promoter region.

Several studies have reported that Wnt-5a recruits
ROR2 to activate noncanonical Wnt signaling pathways.25–27

Indeed, in both diabetic and non-diabetic LECs, we found
that the silencing of ROR2 by siRNA impaired wound heal-
ing significantly. Furthermore, in diabetic LECs, suppression
of ROR2 blocked Wnt-5a–induced wound healing, suggest-
ing that it is the main receptor by which Wnt-5a exerts its
effects. This finding is in line with the above-mentioned stud-
ies in other tissues showing that Wnt-5a signals through
ROR2.25–27 The importance of ROR2 as the main corneal
Wnt-5a receptor was also corroborated in diabetic organ-
cultured corneas, which became unable to heal epithelial
wounds after ROR2 siRNA transfection (data not shown
here).

Surprisingly, the ROR2 gene promoter DNA was found to
be hypomethylated in diabetic LECs, resulting in an increase
in its protein expression. This may be a feedback attempt of
the cells to compensate for significant decrease of Wnt-5a
ligand, and further determines its critical role as the primary
receptor of Wnt-5a in diabetic LEC. However, this partial
compensation by the receptor was not enough to counter-
act low levels of Wnt-5a and normalize pertinent signaling,
evidenced by decreased wound healing and low expression
of various putative LESC markers in cultured diabetic epithe-
lial cells and organ-cultured corneas. As we have recently
published, these common features of the diabetic corneas
seem to depend on Wnt-5a, because its addition brought
back these parameters to nearly normal levels.9

Wnt-5a is also known to use the Frizzled receptors
for signaling in several tissues.28–34 These receptors often
act together with other Wnt receptors in binding to the
Wnt ligands and engaging different pathways.10 Indeed, in
diabetic LECs, siRNA silencing of FZD5 partially blocked
wound healing. This finding suggests that diabetic cells,
in the absence of enough Wnt-5a9 may additionally recruit
Frizzled-5 as a co-receptor with ROR2 to amplify the ligand
binding, internalization, and signaling. In contrast, non-
diabetic cells have enough Wnt-5a and possibly do not need
to recruit another receptor for ligand binding.

Although some other Wnt receptors also showed differ-
ential expression between diabetic and non-diabetic corneas
by scRNA-seq and qRT-PCR, they did not have any func-
tional effect on Wnt-5a mediated wound healing in diabetic
or non-diabetic LECs. This result may be because these
changes were observed only in certain subpopulations of
cells, whereas the wound healing analysis was performed in
LEC cultures presumably consisting of several subtypes of
LECs. Similarly, we observed a discrepancy between some
scRNA-seq and qRT-PCR results in terms of the upregula-
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tion or downregulation of gene expression in diabetic versus
non-diabetic cells. For instance, FZD5 and MCAM seemed
to be upregulated in diabetic LESC by scRNA-seq, but their
expression by qRT-PCR did not reflect this change. This may
be due to the use for qRT-PCR analysis of whole limbal tissue
containing several cell types in addition to LESC that make
up only a very small subset of limbal cells.

A limitation of this study is that the downstream signal-
ing of Wnt-5a through ROR2 in non-diabetic corneas and
through ROR2 + Frizzled-5 in diabetic corneas remains
unexplored. It is known that ROR2 can homodimerize
to activate Ca2+ signaling pathway by itself.35 It may be
suggested that, in non-diabetic corneas where there is
enough Wnt-5a, ROR2 through homodimer formation may
activate signaling fully, without the need of co-receptor
Frizzled-5. If Wnt-5a is repressed like in diabetic corneas,9

Frizzled-5 may need to be complexed with ROR2 to attempt
signaling activation. There is also evidence that ROR2 via
its cysteine-rich domain augments the function of a receptor
super-complex with Frizzled to transduce Wnt-5a signals.36

It may be suggested that complexation of Frizzled-5 with
ROR2 drives the Wnt-5a signaling to the Ca2+ rather than to
the PCP pathway that entails the formation of ROR2 complex
with Vangl2.37 In fact, activation of Wnt-5a Ca2+ signaling by
ROR2–Frizzled-5 has been observed in other systems includ-
ing renal tubular epithelial cells injury,38 and interleukin-1β
stimulated corneal endothelial cells where this complex can
also inhibit the RhoA-mediated PCP pathway.39 Unraveling
these receptor interactions and diabetes influence on regu-
lation of downstream pathways merits further investigation.

In conclusion, we found that Wnt-5a action occurs
through ROR2 that is its main signaling receptor mediat-
ing wound healing in diabetic LECs. Frizzled-5 may also
have an effect on Wnt-5a stimulation of wound healing,
although only partially as a co-receptor with ROR2 and only
in diabetic LECs.

Acknowledgments

The authors thank V. Punj (Keck School of Medicine, Univer-
sity of Southern California) for DNA methylation bioinformatics
analysis.

Supported by grants from the National Institutes of Health (R01
EY013431 and R01 EY031377 to AVL; R01 EY025377 and R01
EY029829 to MS; and funding from the Board of Governors
Regenerative Medicine Institute to AVL).

General research support was provided to Eversight by the
Connecticut Lions Eye Research Foundation, Albert G. and
Olive H. Schlink Foundation, Lowell F. Johnson Foundation, The
Eppley Foundation for Research, William G. and Helen C. Hoff-
man Foundation, and the Louise H. and David S. Ingalls Foun-
dation.

Disclosure: R. Shah, None; C. Amador, None; A.J. Poe, None;
T.M. Spektor, None; P. Bhandary, None; Y. Wang, None;
Z.P. Wang, None; D.J. Weisenberger, None; V.F. Borges, None;
O.B. Sawant, None; E. Maguen, None; P. Hamrah, None;
A.A. Kramerov, None; M. Saghizadeh, None; A.V. Ljubimov,
Tarsus (C)

References

1. Klein R, Klein BEK. Epidemiology of ocular functions and
diseases in persons with diabetes. In: Cowie CC, Casagrande
SS, Menke A, et al., editors. Diabetes in America. 3rd ed.

Bethesda, MD: National Institute of Diabetes and Digestive
and Kidney Diseases (US); 2018.

2. Lee SY, Gurnani B, Mesfin FB. Blindness. In: StatPearls
[Internet]. Treasure Island, FL: StatPearls Publishing; 2024.

3. Teo ZL, Tham YC, Yu M, et al. Global prevalence of
diabetic retinopathy and projection of burden through
2045: systematic review and meta-analysis. Ophthalmology.
2021;128(11):1580–1591.

4. Shah R, Amador C, Tormanen K, et al. Systemic diseases and
the cornea. Exp Eye Res. 2021;204:108455.

5. Ljubimov AV, Saghizadeh M. Progress in corneal wound
healing. Prog Retin Eye Res. 2015;49:17–45.

6. Sarici K, Petkovsek D, Martin A, et al. Corneal epithe-
lial defects following vitreoretinal surgery: incidence and
outcomes from the DISCOVER study. Int J Ophthalmol.
2022;15(1):83–88.

7. Zhou Q, Yang L, Wang Q, Li Y, Wei C, Xie L. Mechanis-
tic investigations of diabetic ocular surface diseases. Front
Endocrinol (Lausanne). 2022;13:1079541.

8. Liang W, Huang L, Ma X, et al. Pathogenic role of diabetes-
induced overexpression of Kallistatin in corneal wound
healing deficiency through inhibition of canonical Wnt
signaling. Diabetes. 2022;71(4):747–761.

9. Shah R, Spektor TM, Weisenberger DJ, et al. Reversal of dual
epigenetic repression of non-canonical Wnt-5a normalises
diabetic corneal epithelial wound healing and stem cells.
Diabetologia. 2023;66(10):1943–1958.

10. Niehrs C. The complex world of WNT receptor signalling.
Nat Rev Mol Cell Biol. 2012;13:767–779.

11. Sumithra B, Saxena U, Das AB. Alternative splicing within
the Wnt signaling pathway: role in cancer development. Cell
Oncol (Dordr). 2016;39:1–13.

12. Clark CE, Nourse CC, Cooper HM. The tangled web of non-
canonical Wnt signalling in neural migration. Neurosignals.
2012;20:202–220.

13. Shah R, Amador C, Chun ST, et al. Non-canonical Wnt signal-
ing in the eye. Prog Retin Eye Res. 2023;95:101149.

14. 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.

15. Winkler MA, Dib C, Ljubimov AV, Saghizadeh M. Target-
ing miR-146a to treat delayed wound healing in human
diabetic organ-cultured corneas. PLoS One. 2014;9(12):
e114692.

16. Alkozi HA, Franco R, Pintor JJ. Epigenetics in the eye: an
overview of the most relevant ocular diseases. Front Genet.
2017;8:144.

17. Zhang H, Pollin TI. Epigenetics variation and pathogenesis
in diabetes. Curr Diab Rep. 2018;18(11):121.

18. Kramerov AA, Saghizadeh M, Ljubimov AV. Adenoviral gene
therapy for diabetic keratopathy: effects on wound heal-
ing and stem cell marker expression in human organ-
cultured corneas and limbal epithelial cells. J Vis Exp.
2016;7(110):e54058.

19. Ye X, Zerlanko B, Kennedy A, Banumathy G, Zhang R,
Adams PD. Downregulation of Wnt signaling is a trig-
ger for formation of facultative heterochromatin and onset
of cell senescence in primary human cells. Mol Cell.
2007;27(2):183–196.

20. Zhang Y, Jeffrey J, Dong F, et al. Repressed Wnt signaling
accelerates the aging process in mouse eyes. J Ophthalmol.
2019;2019:7604396.

21. De Ferrari GV, Avila ME, Medina MA, Perez-Palma E, Bustos
BI, Alarcon MA. Wnt/β-catenin signaling in Alzheimer’s
disease. CNS Neurol Disord Drug Targets. 2014;13(5):745–
754.

22. Foulquier S, Daskalopoulos EP, Lluri G, Hermans KCM, Deb
A, Blankesteijn WM. WNT signaling in cardiac and vascular
disease. Pharmacol Rev. 2018;70(1):68–141.



Wnt Receptors in Diabetic Corneal Wound Healing IOVS | February 2025 | Vol. 66 | No. 2 | Article 64 | 9

23. Ng LF, Kaur P, Bunnag N, et al. WNT Signaling in disease.
Cells. 2019;8(8):826.

24. Sanabria-de la Torre R, García-Fontana C, González-
Salvatierra S, et al. The contribution of Wnt signaling to
vascular complications in type 2 diabetes mellitus. Int J Mol
Sci. 2022;23(13):6995.

25. Konopelski Snavely SE, Srinivasan S, Dreyer CA, Tan J,
Carraway KL, 3rd, Ho HH. Non-canonical WNT5A-ROR
signaling: new perspectives on an ancient developmental
pathway. Curr Top Dev Biol. 2023;153:195–227.

26. Kamizaki K, Katsukawa M, Yamamoto A, et al. Ror2 signal-
ing regulated by differential Wnt proteins determines patho-
logical fate of muscle mesenchymal progenitors. Cell Death
Dis. 2024;15(10):784.

27. Guo R, Xing QS. Roles of Wnt signaling pathway and ROR2
receptor in embryonic development: an update review arti-
cle. Epigenet Insights. 2022;15:25168657211064232.

28. Sen M, Chamorro M, Reifert J, Corr M, Carson DA. Block-
ade of Wnt-5A/Frizzled 5 signaling inhibits rheumatoid
synoviocyte activation. Arthritis Rheum. 2001;44(4):772–
781.

29. Blumenthal A, Ehlers S, Lauber J, et al. The Wingless
homolog WNT5A and its receptor Frizzled-5 regulate inflam-
matory responses of human mononuclear cells induced by
microbial stimulation. Blood. 2006;108(3):965–973.

30. Masckauchán TN, Agalliu D, Vorontchikhina M, et al. Wnt5a
signaling induces proliferation and survival of endothelial
cells in vitro and expression of MMP-1 and Tie-2. Mol Biol
Cell. 2006;17(12):5163–5172.

31. Sato A, Yamamoto H, Sakane H, Koyama H, Kikuchi A.
Wnt5a regulates distinct signalling pathways by binding to
Frizzled2. EMBO J. 2010;29(1):41–54.

32. Ramírez VT, Ramos-Fernández E, Henríquez JP, Lorenzo A,
Inestrosa NC. Wnt-5a/Frizzled9 receptor signaling through
the Gαo-Gβγ complex regulates dendritic spine formation.
J Biol Chem. 2016;291(36):19092–19107.

33. Asem MS, Buechler S, Wates RB, Miller DL, Stack MS. Wnt5a
signaling in cancer. Cancers (Basel). 2016;8(9):79.

34. DeBruine ZJ, Ke J, Harikumar KG, et al. Wnt5a promotes
Frizzled-4 signalosome assembly by stabilizing cysteine-rich
domain dimerization. Genes Dev. 2017;31(9):916–926.

35. Riquelme R, Li L, Gambrill A, Barria A. ROR2 homodimeriza-
tion is sufficient to activate a neuronal Wnt/calcium signal-
ing pathway. J Biol Chem. 2023;299(11):105350.

36. Griffiths SC, Tan J, Wagner A, et al. Structure and function of
the ROR2 cysteine-rich domain in vertebrate noncanonical
WNT5A signaling. Elife. 2024;13:e71980.

37. Gao B, Song H, Bishop K, et al. Wnt signaling gradients
establish planar cell polarity by inducing Vangl2 phospho-
rylation through Ror2. Dev Cell. 2011;20(2):163–176.

38. Zuo X, Liu Z, Ma J, et al. Wnt 5a mediated inflamma-
tory injury of renal tubular epithelial cells dependent on
calcium signaling pathway in Trichloroethylene sensitized
mice. Ecotoxicol Environ Saf. 2022;243:114019.

39. Lee JG, Heur M. Interleukin-1β-induced Wnt5a enhances
human corneal endothelial cell migration through regula-
tion of Cdc42 and RhoA. Mol Cell Biol. 2014;34(18):3535–
3545.


