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Abstract

Aims/hypothesis Diabetes is associated with epigenetic modifications including DNA methylation and miRNA changes.
Diabetic complications in the cornea can cause persistent epithelial defects and impaired wound healing due to limbal epi-
thelial stem cell (LESC) dysfunction. In this study, we aimed to uncover epigenetic alterations in diabetic vs non-diabetic
human limbal epithelial cells (LEC) enriched in LESC and identify new diabetic markers that can be targeted for therapy to
normalise corneal epithelial wound healing and stem cell expression.

Methods Human LEC were isolated, or organ-cultured corneas were obtained, from autopsy eyes from non-diabetic
(59.87+20.89 years) and diabetic (71.93+9.29 years) donors. The groups were not statistically different in age. DNA was
extracted from LEC for methylation analysis using [llumina Infinium 850K MethylationEPIC BeadChip and protein was
extracted for Wnt phospho array analysis. Wound healing was studied using a scratch assay in LEC or 1-heptanol wounds
in organ-cultured corneas. Organ-cultured corneas and LEC were transfected with WNT5A siRNA, miR-203a mimic or
miR-203a inhibitor or were treated with recombinant Wnt-5a (200 ng/ml), DNA methylation inhibitor zebularine (1-20
pumol/l) or biodegradable nanobioconjugates (NBCs) based on polymalic acid scaffold containing antisense oligonucleotide
(AON) to miR-203a or a control scrambled AON (15-20 umol/l).

Results There was significant differential DNA methylation between diabetic and non-diabetic LEC. WNT5A promoter was hypermethyl-
ated in diabetic LEC accompanied with markedly decreased Wnt-5a protein. Treatment of diabetic LEC and organ-cultured corneas with
exogenous Wnt-5a accelerated wound healing by 1.4-fold (p<0.05) and 37% (p<0.05), respectively, and increased LESC and diabetic
marker expression. Wnt-5a treatment in diabetic LEC increased the phosphorylation of members of the Ca**-dependent non-canonical
pathway (phospholipase Cy1 and protein kinase Cp; by 1.15-fold [p<0.05] and 1.36-fold [p<0.05], respectively). In diabetic LEC, zebu-
larine treatment increased the levels of Wnt-5a by 1.37-fold (p<0.01) and stimulated wound healing in a dose-dependent manner with
a 1.6-fold (p<0.01) increase by 24 h. Moreover, zebularine also improved wound healing by 30% (p<0.01) in diabetic organ-cultured
corneas and increased LESC and diabetic marker expression. Transfection of these cells with WNT5A siRNA abrogated wound healing
stimulation by zebularine, suggesting that its effect was primarily due to inhibition of WNT5A hypermethylation. Treatment of diabetic LEC
and organ-cultured corneas with NBC enhanced wound healing by 1.4-fold (p<0.01) and 23.3% (p<0.05), respectively, with increased
expression of LESC and diabetic markers.

Conclusions/interpretation We provide the first account of epigenetic changes in diabetic corneas including dual inhibition
of WNT5A by DNA methylation and miRNA action. Overall, Wnt-5a is a new corneal epithelial wound healing stimulator
that can be targeted to improve wound healing and stem cells in the diabetic cornea.
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What is already known about this subject?

e Diabetes is a leading cause of blindness in working-age adults and involves various epigenetic modifications such

as altered DNA methylation and miRNA changes

e Inthe cornea, diabetes causes abnormal epithelial wound healing due to impaired limbal epithelial stem cells

(LESQ)

e Current therapies remain symptomatic, prompting a need for novel approaches

What is the key question?

e  Are there differential DNA methylation and miRNA changes between non-diabetic and diabetic limbal epithelial
cells related to wound healing, and can they be targeted by new therapeutics to treat impaired diabetic corneal

epithelial wound healing via normalisation of LESC?

What are the new findings?

e  There are significant and reproducible differences in DNA methylation between diabetic and non-diabetic limbal

epithelial cells

e The WNT5A gene is hypermethylated at the promoter region in diabetic cells, resulting in its protein repression

e  Treatment with exogenous Wnt-5a, DNA methylation inhibitors or a nanobioconjugate inhibiting Wnt-5a-
suppressing miR-203a improved corneal epithelial wound healing, as well as LESC and diabetic marker expression

How might this impact on clinical practice in the foreseeable future?

e This discovery of Wnt-5a dual epigenetic repression by diabetes and the development of ways for its normalisation
may lead to new therapies for treating diabetic keratopathy, which affects over 50% of individuals with diabetes,
as well as other diabetes-related wound healing problems

Data availability The DNA methylation dataset is available from the public GEO repository under accession no. GSE229328
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229328).

Keywords Corneal stem cells - Diabetic keratopathy - DNA methylation - Epigenetics - Gene therapy - miRNA - Wnt-5a -
Whnt signalling
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Introduction

Ocular complications of diabetes mellitus, such as retinopathy,
keratopathy, neuropathy, cataract and glaucoma, are leading
causes of blindness [1, 2]. Vision loss due to diabetes mainly
stems from retinal changes but up to 70% of diabetic indi-
viduals suffer from corneal problems, including keratopathy
and neuropathy [3-6]. Diabetic keratopathy is characterised
by impaired epithelial wound healing, barrier function and
tear production, epithelial erosions and keratitis [3]. Aberrant
wound healing may result from lack or dysfunction of limbal
epithelial stem cells (LESC), manifested by downregulation
of putative LESC markers such as keratins 15 and 17 (K15,
K17), and from decreased expression of basement membrane
and adhesive proteins laminins, nidogen-1 and integrin o331
[2, 3, 6]. Despite substantial progress in developing new treat-
ments, current therapy with lubricants, steroids and antibiotics
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remains symptomatic [5]. There is an urgent need to under-
stand the molecular mechanisms underlying diabetic keratopa-
thy development and to design new therapeutic approaches.

Wnt-5a is a member of Wnt family of secreted signalling
lipoproteins important in development, homeostasis, stem
cell maintenance and regeneration [7-9]. This non-trans-
forming Wnt activates f-catenin-independent non-canoni-
cal planar cell polarity (PCP) or Ca2*-dependent pathways.
The PCP pathway regulates cell migration and polarity in
development through Rho GTPases, specific cytoskeleton
and cell polarity modulators, and c-Jun N-terminal kinase
(JNK), which allows activation of INK-dependent transcrip-
tion factors influencing morphogenetic processes [7, 8]. The
Ca’*-dependent pathway activates phospholipase C (PLC),
leading to Ca** mobilisation and activation of Ca**-sensing
enzymes (e.g., protein kinase C [PKC]), which mediate cell
migration and axon guidance [8]. Wnt-5a is expressed in
corneal epithelial cells and endothelial cells [9-11]. It is
increased in aniridia-related keratopathy and after TGF-«
overexpression, leading to iridocorneal syndrome [12, 13].
In Aspergillus keratitis, increased Wnt-5a is associated with
immune response [14]. In corneal endothelium, it can be
induced by interleukin (IL)-1f and enhances cell migration
via Cdc42 and RhoA [10]. However, there are no studies of
Whnt-5a in systemic corneal diseases such as diabetes.

The existence of diabetes-related epigenetic changes
[15] prompted us to compare DNA methylation patterns of
diabetic and non-diabetic primary cultured human limbal
epithelial cells (LEC). The goal was to identify new dia-
betes-altered wound healing-related protein markers that
can be targeted for therapy. This study revealed Wnt-5a as a
promising candidate. In this work, we used validated human
organ-cultured corneas and LEC, as animal models do not
reproduce all stages of human ocular diabetes [16, 17].

Methods

Human specimens Human donor autopsy globes and corneas
(n=53, electronic supplementary material [ESM] Table 1)
were obtained from the National Disease Research Interchange
(NDRI, Philadelphia, PA, USA) or from the Center for Vision
and Eye Banking Research, Eversight (Cleveland, OH, USA)
in Optisol medium (Chiron Vision, Claremont, CA, USA)
within 48 h after death. The donor tissues were not statisti-
cally different in age between the two groups (23 non-diabetic:
59.87+20.89 years; 30 diabetic: 71.93+9.29 years, p=0.0687
by Mann—Whitney test). Of all tissues, 32 (60.4%) were from
male donors and 21 (39.6%) were from female donors. Of the
non-diabetic and diabetic tissues, 14 (60.9%) and 18 (60%),
respectively, were from male donors and 9 (39.1%) and 12
(40%), respectively, were from female donors (ESM Table 1).
All tissues, including globes, corneas and discarded donor

corneoscleral rims (supplied by E. Maguen and Y. S. Rabi-
nowitz), were used under the approved Cedars-Sinai Medical
Center Institutional Review Board protocol Pro00019393.

LECisolation and maintenance Primary LEC were dissoci-
ated from non-diabetic and diabetic corneas or limbal rims
by dispase II digestion and cells were grown and character-
ised as previously described [17].

Maintenance of human organ-cultured corneas Corneas
were organ-cultured on agar-collagen gel in serum-free
medium with insulin-transferrin-selenite supplement as
previously described [17].

Genome-wide DNA methylation profiling DNA was extracted
from LESC-enriched LEC isolated from six non-diabetic
donors and five diabetic donors. Bisulphite conversion was
carried out according to manufacturer’s instructions (Qiagen,
Valencia, CA, USA). DNA methylation was examined using
[lumina Infinium 850K MethylationEPIC BeadChip covering
485,000 methylation sites and over 350,000 additional enhancer
sites (Illumina, San Diego, CA, USA) as described [18].

Bioinformatics analysis From the array raw data, 385,642
probes were selected. Probes corresponding to X and Y
chromosomes and those containing a SNP or a repetitive
element within 5 bp of targeted CpG sites were excluded.
Analysis was focused on the promoter region 1500 bp
upstream of the transcription start site. A cut-off of 0.2 was
considered optimal to define differential DNA methylation
[18]. A two-way hierarchical clustering using Euclidean dis-
tance and average linkage was used for visualisation. {3 val-
ues were between 0 and 1, with O being unmethylated and 1
fully methylated. All computations and statistical analyses
were performed using R 2.15.0 (R Project for Statistical
Computing, Vienna, Austria) and Bioconductor 2.12 (Fred
Hutchinson Cancer Research Center, Seattle, WA, USA).

Treatment and transfection Primary LEC were treated with
human recombinant Wnt-5a (50, 100, 200 ng/ml; R&D
Biosystems, Minneapolis, MN, USA) or DNA methylation
inhibitors (zebularine [1, 5, 10 or 20 pmol/l, dissolved in
DMSO and used at final DMSO concentrations of 0.01-0.2%
vol./vol.] and decitabine [5-aza-2'-deoxycytidine 1, 5 or 10
pmol/l, dissolved in DMSO and used at final DMSO concen-
trations of 0.01-0.1% vol./vol.]; MilliporeSigma, St Louis,
MO, USA), or canonical Wnt activator and glycogen synthase
kinase (GSK)-3p inhibitor CHIR99021 (5 pmol/l, dissolved in
DMSO and used at final DMSO concentration of 0.05% vol./
vol.) (STEMCELL Technologies, Vancouver, BC, Canada).
When LEC cultures were 60—-80% confluent, they were trans-
fected with 50 nmol/l of WNTS5A or negative control siRNAs
(Dharmacon, Lafayette, CO, USA), or hsa-miR-203a mimic
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«Fig. 1 WNT5A gene is hypermethylated and has reduced expression
in diabetic vs non-diabetic LEC enriched in LESC. (a, b) PCA plot of
gene clusters showed clear segregation between diabetic and non-dia-
betic DNA hypomethylation patterns (a) and hypermethylation pat-
terns (b). (¢, d) Hierarchical clustering of 364 hypomethylated probes
(c) and 82 hypermethylated probes (d) in primary diabetic (n=5) vs
non-diabetic (n=6) LEC. (e) Beta values of DNA methylation levels
in probes corresponding to 1000 bp across the transcription start site
of WNT5A gene at two promoter sites in non-diabetic and diabetic
LEC. Each circle represents a probe, and line in box indicates median
of methylation level of WNT5A. Non-diabetic and diabetic donors did
not differ statistically from each other by age (54.20+29.40 years for
non-diabetic vs 72.60+16.16 years for diabetic donors, p=0.3095 by
Mann—Whitney test). (f, g) Decreased Wnt-5a protein levels in dia-
betic vs non-diabetic ex vivo limbal tissue (n=4) (f) and LEC (n=8)
(g) were revealed by western blot analysis. (h—j) Wnt-5a immu-
nostaining showed marked decrease in diabetic samples, similar
to western blot analysis, in ex vivo corneal (h) and limbal sections
(n=3) (i), and cultured LEC (n=3) (j). All values are mean + SEM.
*p<0.05 and ***p<0.001 (unpaired ¢ test). FDRp<0.05; Ap + 0.2.
Scale bar, 20 pm. The blot cut-outs for Wnt-5a and p-actin in (f) and
(g) are from the same gel in each graph. DM, diabetic; e, epithelium;
N, non-diabetic; s, stroma

and inhibitor (Thermo Fisher Scientific, Carlsbad, CA, USA)
with their respective mimic or inhibitor controls, using Lipo-
fectamine RNAiIMAX (Thermo Fisher Scientific). The cells
were used after 72 h. For each pair of organ-cultured corneas
from the same donor, one was treated with a specific agent and
the other with a control solution. Treatments included 200 ng/
ml Wnt-5a with BSA as control, 20 pmol/l zebularine with
DMSO as control, and nanobioconjugate (NBC) blocking
miR-203a with Morpholino antisense oligonucleotide (AON)
with NBC containing scrambled AON as control.

Synthesis and characterisation of nanobioconjugates AON
against miR-203a (5'-CTAGTGGTCCTAAACATTTCAC-
3") and a negative control AON (5'-CCTCTTACCTCAGTT
ACAATTTATA-3') were designed by GeneTools (Philo-
math, OR, USA). NBCs were synthesised in a hierarchical
way as described, with quality controls at each step [19].
The characterisation and purification of NBCs is presented
in ESM Table 2 and ESM Fig. 1, respectively. The final
products were 85 kDa in molecular mass, with {-potential
of —11.8 to —12.7 mV. Homogeneity of NBCs was verified
by size-exclusion HPLC (ESM Fig. 1).

Diabetic cultured LEC and organ-cultured corneas were
treated with control and therapeutic NBCs twice for 48 h
with medium change (96 h total) at 15-20 pmol/l AON, then
used for further analyses. NBC penetration to corneal epithe-
lial cells was facilitated by Lipofectamine STEM transduc-
tion enhancer (Thermo Fisher).

Western blot Protein was extracted from LEC and homog-
enised limbal tissue and western blotting was performed [20].
Gel loading was normalised by p-actin. Primary antibodies
are listed in ESM Table 3. IRDye 800CW or 680RD goat

anti-rabbit or anti-mouse secondary antibodies (1:15,000
diluted in Tris-buffered saline with 0.1% Tween-20) were
from LI-COR Biotechnology (Lincoln, NE, USA). Protein
bands were visualised on Odyssey Clx System (LI-COR
Biotechnology).

Immunostaining Transverse sections (5 um thick) of ex vivo
or organ-cultured corneas were fixed in 1% vol./vol. formalin
or methanol for 5-10 min. LEC cultures were fixed in 10%
formalin, permeabilised in 0.2-0.5% Triton X-100 (Milli-
poreSigma) and blocked in 5% vol./vol. normal goat serum
[20]. Primary antibodies are described in ESM Table 3.
AlexaFluor 488- or 594-conjugated secondary antibodies
were from Thermo Fisher. All antibodies were diluted in
PBS. Slides were mounted using ProLong Gold Antifade
mounting medium with DAPI (Thermo Fisher). For each
marker, the same exposure time was used when photograph-
ing stained sections or cells. Negative controls without a pri-
mary antibody were routinely included. Changes in marker
expression in individual cases of organ-cultured corneas are
indicated in ESM Table 4.

LEC wound healing Scratch wound healing assay was per-
formed as described [20] in confluent LEC cultures, and
wound closure was monitored over 24 h (48 h for NBC)
using Incucyte live cell analysis system (Essen Bioscience,
Ann Arbor, MI, USA). The images were quantified using
Imagel] software (NIH, Bethesda, MD, USA).

Corneal epithelial wound healing Diabetic corneal epi-
thelium was debrided using 5 mm paper disks soaked in
1-heptanol (MilliporeSigma) [17]. Wound closure in treated
corneas was observed independently by at least two indi-
viduals every 24 h until complete healing. Healing time was
recorded [20] and corneas were frozen in liquid nitrogen or
embedded in Tissue-Tek OCT compound (Sakura Finetek
USA, Torrance, CA, USA) for further analysis.

Wnt signalling phospho array analysis Protein was
extracted from cultured LEC, loaded on ELISA-based
antibody arrays after biotinylation of protein samples
according to manufacturer’s instructions (Full Moon
Biosystems, Sunnyvale, CA, USA) and detected by Cy3-
conjugated streptavidin (GE Healthcare Life Sciences,
Marlborough, MA, USA).

Statistical analysis Statistical analysis was performed using
Student’s ¢ test for two-group comparison using Prism9
(GraphPad Software, San Diego, CA, USA), with p<0.05
considered significant. Donor ages in non-diabetic and dia-
betic groups were compared using two-tailed Mann—Whitney
test. Normality was confirmed by Shapiro—Wilk test. Each cell
culture experiment was performed in triplicate from three to
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six different donors, and a minimum of four individual corneal
pairs were used for each treatment. Values were expressed as
mean + SEM, except for age analysis (mean + SD).

Results

Diabetic and non-diabetic cultured LEC have differential
DNA methylation profiles Global DNA methylation analysis
revealed differential methylation between non-diabetic and
diabetic LEC. Using a cut-off of >0.2 and a false discovery
rate (FDR)-adjusted p value of <0.05, we identified a cluster
of 446 probes with significant differences in DNA methyla-
tion between the groups and clear segregation by principal
component analysis (PCA) plot [19] (Fig. la,b). Among
these probes, 364 were hypomethylated (Fig. 1¢) and 82 were
hypermethylated (Fig. 1d) in diabetic vs non-diabetic LEC.

DNA hypermethylation of WNT5A suppresses its protein lev-
els in diabetic corneal epithelium WNT5A gene promoter
was significantly hypermethylated in diabetic vs non-dia-
betic LEC (Fig. 1e). This was accompanied by decreased
Wnt-5a protein levels in diabetic cultured LEC and ex vivo
corneas. Western blotting revealed that the Wnt-5a level
was decreased by 56% (p<0.05; Fig. 1f) and 65% (p<0.05;
Fig. 1g) in diabetic limbus and LEC, respectively, vs non-
diabetic controls. Immunostaining also showed that Wnt-5a
was decreased in diabetic central cornea (Fig. 1h), limbus
(Fig. 1i) and cultured LEC (Fig. 1j). Similarly, Wnt-5a level
was decreased by 60% (p<0.05) in diabetic vs non-diabetic
LEC by ELISA (Full Moon Biosystems), definitively con-
firming suppression of Wnt-5a in diabetes. These changes
appeared specific to Wnt-5a, as levels of a typical canonical
Wnt-3a (ESM Fig. 2a, b) and a non-canonical Wnt-11 (ESM
Fig. 2c¢, d) remained unchanged between the groups.

Whnt-5a improves wound healing and limbal stem cell pheno-
type in diabetic LEC and organ-cultured corneas As Wnt-5a
plays a critical role in stem cell maintenance and regeneration
[7, 9], we assessed the effects of reduced Wnt-5a levels on
wound healing and LESC markers. In a scratch wound heal-
ing assay, non-diabetic LEC treated with exogenous Wnt-5a
(200 ng/ml; dose established in preliminary experiments,
ESM Fig. 3) revealed no significant difference in wound
closure over 24 h when compared with untreated controls
(Fig. 2a). To test whether this lack of effect was due to high
Wnt-5a content, cells were treated with a WNT5A siRNA
cocktail that reduced the Wnt-5a level by 50% vs control
siRNA (p<0.05; Fig. 2b). Indeed, transfection of non-diabetic
LEC with WNT5A siRNA significantly delayed wound heal-
ing by 53.3% at 24 h (p<0.01; Fig. 2¢). Concomitantly, Wnt-
Sa treatment of diabetic LEC resulted in a 1.4-fold increase
in wound healing vs untreated controls by 24 h (p<0.05;
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Fig. 2d) and showed increased levels of putative LESC
markers K15 (Fig. 2e,f; about 1.9-fold more K15% cells vs
control, p<0.05) and K17 (Fig. 2g,h; about 1.6-fold more
K17* cells vs control, p<0.05). Similarly, Wnt-5a treatment
of wounded diabetic organ-cultured corneas reduced healing
time by 37% (p<0.05; Fig. 3a) vs BSA treatment (control),
with acquisition of normal-like patterns of LESC markers
K15 (Fig. 3b,c) and K17 (Fig. 3d), and diabetes-suppressed
integrin a3p1 (Fig. 3e) and nidogen-1 (Fig. 3f). Furthermore,
the immunostaining for phosphorylated/activated wound heal-
ing mediators, p-Akt (ESM Fig. 4a) and p-p38 (ESM Fig. 4b),
was increased in Wnt-5a-treated corneas vs BSA-treated
control corneas. Ki-67 immunostaining showed that Wnt-5a
treatment appeared to have no effect on cell proliferation
(ESM Fig. 5a) and did not cause apoptosis, as inferred from
activated caspase-3 immunostaining (ESM Fig. 5b) vs BSA
controls.

Whnt-5a activates non-canonical Ca?* signalling pathway in
diabetic LEC We next determined signalling pathways acti-
vated by Wnt-5a in human LEC. ELISA-based phospho anti-
body arrays revealed that Wnt-5a treatment of diabetic but
not non-diabetic LEC significantly increased phosphorylation
of members of the Ca’*-dependent non-canonical pathway,
PLCyl at Tyr771 (Fig. 4a) and PKCp at Ser661 (Fig. 4b)
by 1.15-fold (p<0.05) and 1.36-fold (p<0.05), respectively.
However, RhoA (Fig. 4c) or JNK (Fig. 4d) of the PCP path-
way were not activated. Wnt-5a also activated wound heal-
ing signalling mediators, including Akt, proto-oncogene
tyrosine-protein kinase Src, extracellular signal-regulated
kinase (ERK)3 and 8 and TGF-f-activated kinase 1 (TAK1)
(ESM Table 5). Importantly, specific canonical Wnt signalling
activation by GSK-3p inhibitor CHIR99021 did not appear
to accelerate wound healing of diabetic LEC, in contrast to
Whnt-5a. CHIR99021 combination with Wnt-5a only slightly
increased healing over Wnt-5a alone (ESM Fig. 6).

DNA methylation inhibitors increase Wnt-5a levels and wound
healing in diabetic LEC and organ-cultured corneas After
establishing the critical role of Wnt-5a in diabetic corneal
wound healing, we explored ways to stimulate this process
by modulating Wnt-5a expression. As WNT5A promoter was
hypermethylated in diabetic LEC, we examined the effect of
zebularine, a demethylating agent that inhibits DNA meth-
yltransferases (mostly DNA methyltransferase 1 [DNMT1])
[21], on diabetic corneal epithelial wound healing. Diabetic
LEC treated with 5 umol/l zebularine showed substantially
decreased 5-methylcytosine (Fig. 5a) and significantly (40.9%)
reduced DNMTT levels (p<0.05; Fig. 5b), like the DNMT 1
depletion reported previously for human bladder cancer cells
[21], indicating effective DNA demethylation. Zebularine treat-
ment increased Wnt-5a levels by 1.37-fold (p<0.01; Fig. 5c¢),
leading to a dose-dependent improvement in wound healing
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over 24 h with a 1.6-fold (p<0.01) increase vs untreated con-
trol (Fig. 5d). This was confirmed with an FDA-approved dem-
ethylating agent (decitabine [5-aza-2'-deoxycytidine]), which
resulted in a similar dose-dependent increase in wound healing
(ESM Fig. 7). Decitabine was slightly less active than zebular-
ine in wound healing stimulation and is reportedly more toxic
and unstable in aqueous solutions [21]. Hence, subsequent
experiments were performed with zebularine. Diabetic LEC
transfection with WNT5A siRNA abrogated zebularine stimu-
lation of wound healing (p<0.05; Fig. 5e) by 24 h, suggesting
that the effect of zebularine was primarily due to the inhibition
of WNT5A promoter DNA methylation.
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In diabetic organ-cultured corneas, treatment with
20 pumol/l zebularine significantly decreased corneal
epithelial wound healing time vs DMSO control (30%
stimulation, p<0.01; Fig. 6a), decreased DNMT1 levels
(Fig. 6b) and increased Wnt-5a levels (Fig. 6¢). Zebularine
markedly increased the expression of K15 (Fig. 6d), K17
(Fig. 6e), integrin a3p1 (Fig. 6f) and nidogen-1 (Fig. 6g),
and wound healing mediators, p-Akt (ESM Fig. 4c), p-p38
(ESM Fig. 4d), and p-ERK1/2 (ESM Fig. 4e). Zebularine
did not induce apoptosis or affect cell proliferation vs
DMSO control (ESM Fig. 5).
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Blocking of Wnt-5a-inhibiting miR-203a increases Wnt-5a
levels and wound healing in diabetic LEC and organ-cul-
tured corneas Since miRNAs regulate post-transcriptional
gene expression [22], we also considered miRNAs affect-
ing Wnt-5a and their changes in the diabetic cornea. Our
previous miRNA-seq study revealed WNT5A-interacting
miR-203a among several other WNT5A-interacting miR-
NAs, with close to two fold upregulation in diabetic vs
non-diabetic ex vivo limbal cells (complete data were
uploaded to public GEO repository under accession
GSE97069). Diabetic LEC transfected with miR-203a
inhibitor showed increased Wnt-5a levels, suggesting that
miR-203a regulated Wnt-5a expression (ESM Fig. 8a).
Moreover, miR-203a did not affect levels of LESC marker
ANp63 in diabetic LEC (ESM Fig. 8b), contrary to its
effect in skin keratinocytes [23].

Non-diabetic LEC transfection with a miR-203a mimic
to reduce Wnt-5a caused a significant 78% decrease in area
healed by 24 h (p<0.01) vs mimic control (Fig. 7a). Con-
versely, diabetic LEC transfected with specific miR-203a
inhibitor (to increase Wnt-5a) showed a 1.85-fold increase
(»<0.01) in healed area by 24 h vs inhibitor control (Fig. 7b).

To suppress miR-203a in diabetic organ-cultured cor-
neas, we designed a novel NBC carrying AON against
miR-203a. This NBC was engineered on natural, biode-
gradable and non-toxic polymalic acid (PMLA) scaffold
with covalently attached functional moieties including
AON [19], a monoclonal antibody to transferrin receptor

(TfR) for receptor-mediated endocytosis, a trileucine moi-
ety for endosomal escape at low pH, and a tracking fluo-
rescent dye (Fig. 7c) [19]. Diabetic and non-diabetic LEC
abundantly express TfR mediating NBC uptake [19]. Dia-
betic LEC cultured for 4 days with this NBC at 15 umol/l
AON showed accelerated scratch wound healing by 1.4-
fold (p<0.01; Fig. 7d) vs control NBC at 48 h and showed
modest yet significant increases in Wnt-5a levels (by 1.17-
fold, p<0.05; Fig. 7e) and K15 levels (by 1.3-fold, p<0.05;
Fig. 7f,g). Similarly, when compared with control NBC
treatment, treatment of diabetic organ-cultured corneas
with 20 umol/l of the therapeutic NBC enhanced corneal
wound healing (by 23.3%, p<0.05; Fig. 8a) and increased
levels of Wnt-5a (Fig. 8b), LESC markers K15 (Fig. 8c)
and K17 (Fig. 8d), diabetic markers integrin a3p1 (Fig. 8e)
and nidogen-1 (Fig. 8f), and wound healing mediators
p-Akt (ESM Fig. 4f), p-p38 (ESM Fig. 4g) and p-ERK1/2
(ESM Fig. 4h). Similar to zebularine, the therapeutic NBC
did not cause apoptosis or affect cell proliferation (ESM
Fig. 5).

Discussion
Genetic and environmental factors play important roles in
the development of diabetes [15]. Epigenetic changes alter-

ing gene and protein expression through DNA methylation,
histone modifications and non-coding miRNA are widely
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Fig.5 Zebularine accelerates wound healing in diabetic LEC via
Whnt-5a stimulation. (a, b) Zebularine (5 pmol/l) reduced the levels of
5-methylcytosine (n=3) (a) and DNMT1 (n=4) (b) in diabetic LEC.
(c) Wnt-5a level was significantly increased by zebularine (5 pmol/l)
in diabetic LEC (n=4). (d) Zebularine dose-dependently stimulated
scratch wound healing of diabetic LEC (n=3). (e) WNT5A siRNA

associated with ocular diseases [20, 24]. Age-related macu-
lar degeneration, retinoblastoma, cataract, pterygium, dia-
betic retinopathy and glaucoma have been linked to altered
DNA methylation and histone acetylation [25-29]. Several
miRNAs have been implicated in ocular disorders such as
retinitis pigmentosa, age-related cataract, age-related macu-
lar degeneration, corneal dystrophy, autoimmune uveoreti-
nitis, pathological angiogenesis, diabetic retinopathy and
ocular neoplasms [28, 30].

To our knowledge, this is the first study that compared
global DNA methylation profiles of diabetic and non-dia-
betic LEC enriched in LESC and found marked differences
between these cells. Hypermethylation of the WNT5A gene
promoter in diabetic LEC was of significant interest due to the
role of Wnt signalling in controlling cell fate, proliferation,
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abrogated the stimulating effect of zebularine on scratch wound heal-
ing in diabetic LEC (n=3). Values are mean + SEM. *p<0.05 and
**p<0.01 vs control at the same time point (paired ¢ test). The blot
cut-outs for DNMT1 and p-actin and Wnt-5a and B-actin are from
the same gel in (b) and (c), respectively. Scale bar, 40 um. 5-mc,
5-methylcytosine

migration, stem cell maintenance and tissue homeostasis [31].
This diabetes-associated epigenetic change translated into a
dramatic reduction of Wnt-5a levels in diabetic ex vivo cor-
neas and cultured LEC. It played a functional role in epithelial
wound healing, as replenishment with recombinant Wnt-5a
stimulated diabetic corneal wound healing and expression of
putative LESC (K15, K17) and diabetes-suppressed (integrin
a3p1 and nidogen-1) markers, alleviating important diabetic
changes [3, 17] in these corneas. Additional evidence for its
role was obtained in non-diabetic LEC, where wound healing
was significantly slowed by siRNA-mediated Wnt-5a inhibi-
tion. Mechanistically, Wnt-5a addition to diabetic LEC acti-
vated the non-canonical Ca®* signalling pathway, important
for cell migration through the phosphorylation of PLCy1 and
PKCp [8]. However, non-canonical PCP signalling (p-RhoA
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Fig.6 Zebularine improves wound healing and limbal stem cell phe-
notype in diabetic organ-cultured corneas via Wnt-5a. (a) Wound
healing time was significantly decreased in heptanol-wounded dia-
betic corneas treated with zebularine (20 pmol/l) vs DMSO (con-
trol) (n=4). (b—g) Immunostaining (n=3) showed that zebularine

and p-JNK) did not appear to be activated by Wnt-5a. Wnt-5a
was non-toxic and did not affect cell proliferation. Overall,
Whnt-5a improved several aspects of diabetic keratopathy and
may be considered for future therapy.

Activation of canonical Wnt signalling together with Wnt-
Sa addition only slightly increased human diabetic LEC wound
healing vs Wnt-5a alone, indicating the minor role of canoni-
cal signalling in this process. However, some studies suggest
that canonical Wnt/B—catenin signalling is also suppressed in
diabetic mouse corneas and that its activation would accel-
erate wound healing [32, 33]. The differences between our
study and these previous studies may be due to the following
factors: (1) different type of diabetes (type 1 in mouse studies
vs predominantly type 2 in ours); (2) experimental conditions
(wound healing assays were performed in non-diabetic ani-
mals, whereas we used human diabetic cells); and (3) pos-
sibility of activation of other pathways by their inhibitors and
activators (glucose transporters or non-canonical pathway).

DMSO control

Zebularine

Nidogen-1

decreased DNMT1 (b) but increased Wnt-5a (c) levels in healed
corneas. Zebularine also increased limbal levels of putative stem cell
markers, K15 (d) and K17 (e), as well as diabetic markers integrin
a3pl (f) and nidogen-1 (g). Values are mean + SEM. **p<0.01 vs
control (paired 7 test). Scale bar, 20 pm. e, epithelium; s, stroma

Nonetheless, this issue should be further examined with direct
modulation of signalling pathways in diabetic models in vivo.

New treatment approaches for diabetic corneal disease
have been investigated [3] but mainstream treatment remains
symptomatic [5]. We have documented molecular alterations
in the human diabetic corneal epithelium that were targeted
by viral and nanogene therapy to improve wound healing and
LESC marker expression [3, 6, 17, 19]. To take advantage
of the beneficial effects of Wnt-5a for possible therapy, we
attempted to increase its expression in diabetic corneas using
DNA demethylating agents, in particular zebularine, a stable
anticancer demethylating agent with low toxicity [21, 34].
Zebularine induces minimal side effects in mice, even with
prolonged treatment [34], and can activate wound healing
during mouse ear pinna regeneration [35]. Zebularine is a
DNMT inhibitor [36], as are two other chemically labile and
more toxic demethylating agents, 5-azacytidine (Vidaza) and
decitabine (Dacogen), which are FDA-approved anticancer
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«Fig. 7 Inhibition of Wnt-5a-regulating miR-203a accelerates wound
healing in diabetic LEC. (a) Transfection with miR-203a mimic sig-
nificantly inhibited wound healing in non-diabetic LEC (n=3). (b)
Wound healing in diabetic LEC transfected with miR-203a inhibi-
tor was significantly stimulated (n=4). (¢) Schematic structure of
PMLA-based biodegradable NBC containing AON targeting miR-
203a (detailed in the Methods). (d—g) Treatment of diabetic LEC
(n=8) with this NBC stimulated wound healing (d) and increased the
protein levels of Wnt-5a (e) and K15 (f), as shown by western blot,
and of K15, as shown by immunostaining (g), compared with NBC
with control scrambled AON. Values are mean + SEM. *p<0.05
and **p<0.01 vs control at the same time point (paired 7 test). The
blot cut-outs for Wnt-5a and f-actin and K15 and f-actin are from
the same gel in (e) and (f), respectively. Scale bar, 20 pm. Anti-TfR
mADb, cell-targeting monoclonal antibody to transferrin receptor;
AON, morpholino antisense oligonucleotide; LLL, trileucine endo-
some escape unit; P/AON, polymalic acid with covalently attached
antisense oligonucleotide

drugs [37-39]. Zebularine was non-toxic up to 20 pmol/l
in diabetic organ-cultured corneas, as indicated by lack of
increased active caspase-3 immunostaining. As anticipated,
zebularine increased Wnt-5a expression and efficiently
promoted LEC wound healing as compared with the less-
stable 5-azacytidine, which was toxic above 1 pmol/l (data
not shown). The FDA-approved decitabine demonstrated a

)
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-
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Time to heal (days)

P/AON
control

P/AON
miR-203a

Fig.8 NBC with AON suppressing miR-203a improves wound
healing and limbal stem cell phenotype in diabetic corneal
organ cultures via Wnt-5a. (a) Wound healing time in heptanol-
wounded diabetic corneas treated with PZAON miR-203a was sig-
nificantly reduced vs P/AON control (n=4). (b—f) Immunostain-
ing of Wnt-5a (b), putative limbal stem cell makers K15 (c)

similar but less pronounced effect on diabetic LEC wound
healing compared with zebularine.

Zebularine might affect methylation of multiple genes
including wound healing mediators [40]. We found that the
promotion of diabetic corneal wound healing by zebularine
was likely due to the inhibition of WNT5A methylation and
restoration of Wnt-5a levels, as transfection with WNT5A
siRNA abrogated this effect. Such selectivity may be due to
a relatively low dose (20 umol/l of zebularine vs 100—1000
umol/l used by others) [21, 41]. This specificity is important
for future therapeutic development using topical zebularine
for impaired diabetic corneal wound healing, which would not
require long-term treatment.

Genome-wide analysis has documented differential
miRNA signatures in diabetic vs non-diabetic human limbus
[42]. This analysis showed that Wnt-5a-inhibiting miR-203a
was overexpressed in diabetic vs non-diabetic LEC. Func-
tional experiments revealed that miR-203a decreased wound
healing in non-diabetic LEC whereas its inhibitor increased
wound healing in diabetic LEC. These changes appeared to
be specific for Wnt-5a, as miR-203a inhibitor in diabetic LEC
did not increase putative LESC marker ANp63, which is a
miR-203 target in skin keratinocytes [23].

P/AON control P/AON miR-203a

Integrin o331

Nidogen-1

e

Nidogen-1

and K17 (d), as well as diabetic markers integrin «3p1 (e) and
nidogen-1 (f), in healed corneas (n=4) showed marked increase
after NBC treatment. Values are mean + SEM. *p<0.05 vs con-
trol (paired ¢ test) Scale bar, 20 um. AON, morpholino antisense
oligonucleotide; P/AON, polymalic acid with covalently attached
antisense oligonucleotide
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Gene therapy is a promising approach for corneal wound
healing due to easy corneal accessibility for drug delivery
[43]. Morpholino AONSs constitute an ideal tool for such
therapy as they are very stable, are sequence-specific, do not
alter unrelated genes unlike siRNA, and have a long-lasting
action [44]. Some AONS are already in clinical use [45-47].
We previously used adenoviral gene therapy in diabetic
corneas but found that it elicited toxicity in LEC [17]. This
prompted us to develop non-toxic nano therapy [48] for dia-
betic corneas using novel NBCs on PMLA scaffold [19]. Our
NBCs (20-30 nm) are non-toxic, are biodegradable, and have
covalently attached multiple functional moieties including
cell-targeting antibody to TfR for active receptor-mediated
endocytosis, nuclease-resistant morpholino AON inhibiting
miR-203a, and a trileucine pH-dependent endosome escape
unit, making them superior to conventional non-covalent and
non-targeted nanoparticles [19, 43]. Treatment of diabetic
LEC with NBC significantly improved wound healing and
increased Wnt-5a and LESC marker expression. NBCs thus
represent a promising gene therapy alternative to normalise
diabetic corneal functions.

A limitation of this study is that both zebularine and NBC
provided significant but partial improvement of diabetic corneal
epithelial wound healing. This limitation may be circumvented
in the future using a combination of these agents. As they influ-
ence different Wnt-5a regulatory pathways, their combination
could provide more efficient corneal normalisation.

The presented data demonstrate a novel and unique
mechanism of Wnt-5a regulation in diabetic corneal cells
involving dual epigenetic repression by WNT5A promoter
methylation and miR-203a action. A similar regulation has
only been described for oestrogen receptor a36 in breast
cancer cells [49] but never for a systemic disease such as
diabetes. Reversal of this repression in diabetic cells and
corneas improved epithelial wound healing and stem cell
marker expression. Wnt-5a has emerged as a new diabetic
corneal marker regulating wound healing and stem cell func-
tion. This may also be significant for impaired wound heal-
ing in other diabetes complications, including diabetic foot
ulcers, which share some neurovascular, sensory and immu-
nological compromise with diabetic eye disease [50]. Novel
therapies to reverse both types of epigenetic silencing could
benefit corneal function and may also prove to be beneficial
in other wound healing-related diabetic complications.
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but unedited supplementary material available at https://doi.org/10.
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