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Hypomethylation of thrombospondin-1
promoter region is associated with
reduced aqueous humor flow
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Prolonged use of dexamethasone (DEX) elevates intraocular pressure (IOP) and increases the risk of
developing glaucoma. In a previous study, we demonstrate that DEX stimulates the expression of
thrombospondin-1 (THBS1) in primary human trabecular meshwork (hTM) cells, and that inhibiting
THBS1 expression prevents DEX-induced elevation of IOP in mice. Therefore, we investigate the
mechanism by which DEX regulates THBS1 expression. Treatment with the DNA methylation
inhibitors, 5-azacytosine (5-AC) or 5-aza-2’-deoxycytidine (5-aza-dC), upregulates THBS1 protein
levels in vitro and in vivo, reduces outflow facility in perfused mouse eyes, and elevates IOP in mice. In
primary hTM cells, 7-day DEX treatment results in hypomethylation of the THBS1 promoter region and
reduces transcript levels of 2 DNA methyltransferases (DNMTs), DNMT1 and DNMT3A. Taken
together, we show that DEX reduces expression of DNMTs and DNA methylation of the THBS1
promoter region, supporting a critical role for THBS1 in DEX-induced outflow reduction.

Glaucoma is a leading cause of blindness worldwide and is commonly
referred to as the thief of sight. It is characterized by optic neuropathy
and the loss of retinal ganglion cells, resulting in permanent blindness.
Elevated IOP is a major risk factor for glaucoma'. Other risk factors for
glaucoma include high myopia*~, aging””, and use of corticosteroids'’.
Corticosteroids, including DEX and prednisolone (PRED), are known to
increase IOP'"", and prolonged treatment with corticosteroids has been
shown to trigger glaucomatous optic neuropathy'. Elevated IOP is the
result of decreased outflow capacity at the level of the trabecular mesh-
work (TM) and Schlemm’s canal, the primary route for the egress of
aqueous humor'’. Hence, the TM is thought to play an important role in
the regulation of IOP".

THBS1 is an matricellular extracellular matrix (ECM) protein
localized'"” and synthesized'® at the TM of human eyes. DEX and PRED have
been shown to alter the alpha-actin cytoskeletal architecture of primary
hTM cells'*"® and to increase protein expression of THBS1”. THBS1 is a
major activator of latent transforming growth factor beta 1 (TGFB1)"**’ and
regulates many cellular activities, including cell adhesion, ECM remodeling
and cell migration”'. In our previous study, we showed that Rho-associated

protein kinase (ROCK) inhibitor Y39983-mediated downregulated THBS1
at the mRNA and protein levels™, suggesting that THBS1 expression was
regulated by ROCK activity. In addition, we demonstrated that a THBS1
inhibitory peptide and siRN A-mediated knockdown of THBSI significantly
increased the outflow facility in mouse eyes. These findings strongly suggest
that reduced THBS1 expression may be a key cellular event for increasing
outflow facility, reducing IOP, and potentially for glaucoma pathogenesis™.

DEX alters DNA methylation at multiple promoter regions of genes
with corresponding changes in mRNA expression in hTM cells”, suggesting
that DNA methylation may also play a role in steroid-induced glaucoma.
DNA methylation is an epigenetic process in which DNMT1, DNMT3A,
and DNMT3B add methyl groups to cytosine groups in genomic DNA, to
create 5-methylcytosine™. Junemann et al. showed altered levels of genomic
DNA methylation in peripheral blood mononuclear cells of patients with
primary open-angle glaucoma (POAG) relative to controls patients™. The
THBS]I gene was shown to be hypomethylated in glaucomatous Schlemm’s
canal endothelial cells. Hence, epigenetic modification is a potential
mechanism through which DEX may regulate gene expression in TM cells
and IOP. Therefore, we tested the hypothesis that hypomethylation of the
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Fig. 1 | DNA methylation inhibitors reduced outflow facility of mouse eyes

ex vivo. a 5-AC (n = 12) reduced the outflow facility by 40%, when compared to
vehicle-control mouse eyes (1 =13). b 5-aza-dC (n = 8) reduced outflow facility by
53% when compared to vehicle-control mouse eyes (n = 8). Data are represented as
mean + SEM. *P < 0.05 (Student’s t test).

THBS1 gene is a key mechanism through which corticosteroids induce
ocular hypertension and POAG. Here, we have shown in hTM cells that
DEX indeed reduces methylation of the THBSI promoter region, and this
change is consistent with DEX-mediated increases in THBS1 protein levels,
leading to the reduced outflow facility ex vivo and increased IOP in vivo
adult male C57BL/6 ] mice, a popular animal model for ocular research due
to several ocular anatomical and physiological similarities to humans, such

as the conventional outflow pathway”**.

Results

DNA methylation inhibitors decreased outflow facility ex vivo

To study the effects of DNA methylation inhibitors on outflow facility of
mouse eyes, we enucleated both eyes from adult male C57BL/6 ] mice and
perfused them with or without 5-AC or 5-aza-dC, while outflow facility was
measured under constant pressure. Both 5-AC and 5-aza-dC are cytosine
analogues and DNMT inhibitors to promote global DNA hypomethylation
and gene expression. After 4 h of perfusion, 10 pM of 5-AC reduced the
outflow facility of the treated eyes by 40% (P = 0.0451), when compared to
the fellow control eyes (Fig. 1a). Similarly, 10 uM of 5-aza-dC also reduced
the outflow facility of the treated eyes by 53% (P = 0.0470; Fig. 1b).

DNA methylation inhibitors increased IOP in vivo

Since the outflow facility determines IOP, we next studied the effects of
DNA methylation inhibitors on IOP of mice. For each of the adult C57BL/
6] mouse, one eye was randomly selected for either 5-AC or PBS topical
administration, while another eye was left untreated as control. The treat-
ments were thrice a day for 14 days, and IOP was monitored. As the topically
applied drug has lower capacity to penetrate the cornea, a higher dose
(50 uM) of 5-AC was used in the in vivo experiments relative to the in vitro
experiments. Topical application of 5-AC induced a significant IOP eleva-
tion from day-13 (P = 0.0113; Fig. 2a). At day-15, 5-AC induced a significant
IOP elevation by 2.85+0.89 mmHg (P=0.0007) in 5-AC-treated eyes,
when compared to PBS-treated eyes (Fig. 2b). After the topical adminis-
tration, 5-AC increased the IOP by 1.76 + 0.71 mmHg (P = 0.0045), when
compared to baseline (Fig. 2b). This demonstrated that repeated adminis-
tration of DNA methylation inhibitors elevated IOP of mouse eyes in vivo.

DNA methylation inhibitors induced THBS1 expression

We next examined the effects of DNA methylation inhibitors on THBS1
expression in vivo and in vitro. After 14-day topical application of 5-AC or
PBS, mouse eyes were carefully enucleated, cryosectioned, and immunos-
tained against THBSI. Figure 3a showed that 5-AC topical application
induced THBSI expression at TM when compared to PBS-treated eye.
Similarly, 2-day treatment of 5-AC resulted in an upregulation of THBSI
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Fig. 2 | 5-AC elevated IOP of adult C57BL/6 ] mice. a 5-AC (n = 5) or PBS (n =5)
was topically administrated onto adult C57BL/6 ] mouse eyes thrice a day for 14 days
and IOP was monitored every 2-3 days. Data are represented as a box contains the
25th to 75th percentiles of dataset. The center line represents the median value while
the whiskers extend from the box to the smallest and largest values of the dataset.
b At day-15, 5-AC (n = 5) significantly increased IOP by 2.85 + 0.89 mmHg when
compared to PBS-treated eyes (n =5). It also significantly increased the IOP by
1.76 +£0.71 mmHg when compared to baseline. Data are represented as mean +
SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 (two-way repeated measures ANOVA
followed by Bonferroni’s multiple comparisons test).

gene expression level in hTM cells (Fig. 3b). These indicated that THBS1
expression was tightly regulated by DNA methylation.

DEX induced hypomethylation at THBS1 promoter region

In hTM cells, DEX-induced changes of promoter region methylation status
and gene expression have been shown for multiple genes, but not for
THBSI1 . To understand whether the DEX-induced THBS1 upregulation
in hTM cells observed in our previous study' is due to changes in DNA
methylation, we analysed the DNA methylation status at the THBSI pro-
moter region using methylation specific PCR (MSP). Only unmethylated
THBSI products, but not methylated THBSI products, were observed in
DEX-treated samples (Fig. 4, lower panel). Both unmethylated and
methylated THBS1 products were observed in vehicle-control samples
(Fig. 4, upper panel). The results indicated that DEX treatment induced
DNA hypomethylation at the THBSI promoter region.

DEX downregulated DNMT1 and DNMT3A gene expressions

To understand whether the DEX-induced aberrant methylation of THBS1
was associated with changes in the expression of DNMTs, we analysed the
gene expression levels of DNMT1, DNMT3A, and DNMT3B, as they are the
generally recognized forms of DNMTs in mammals which perform the
genomic methylation”. DEX reduced transcript levels of DNMTI and
DNMT3A by 40% (P = 0.0426) and 55% (P = 0.0021), respectively, but not
of DNMT3B (Fig. 5). This suggested that DEX may reduce DNA methy-
lation at certain promoter regions in hTM cells by lowering DNMT
expression.

DEX induced DNA methylation changes in hTM cells

To identify the overall methylation patterns in 3 individual h'TM cell strains
in response to DEX treatment, genomic DNA extracted from DEX-treated
and vehicle-control hTM cells were sequenced using whole genome bisulfite
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Fig. 3 | THBS1 was upregulated after 5-AC treat-
ment in mouse eyes and hTM cells. a Cryosections
of anterior segments from PBS- (left) and 5-AC-
treated (right) eyes were immunostained against
THBS1 (green). Nuclei were labeled with DAPI
(blue). THBSI expression in the TM (indicated by
yellow arrows) increased after 5-AC treatment when
compared to PBS-treated eyes. See also Supple-
mentary Fig. 1. Images are representative of 3 indi-
vidual mice and were taken using identical settings.
Scale bar = 50 um. CB: ciliary body; TM: trabecular
meshwork; SC: Schlemm’s canal. b Relative quan-
tification of real time-quantitative polymerase chain
reaction (RT-qPCR) showed that 2-day treatment of
5-AC significantly induced THBSI gene expression
in hTM cells when compared to vehicle-control

(n =3 individual cell strains). For each biological
replicate (n), the data point represents the average of
three technical replicates of each PCR reaction. Data
are represented as mean + SEM. *P < 0.05 (Stu-
dent’s t test).
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Fig. 4 | Analysis of methylation status of THBS1 promoter in DEX- and vehicle-
control hTM cells detected by MSP. Genomic DNA was bisulfite-treated and
amplified with a primer set specifically designed for the THBSI promoter. MSP
results of 3 individual replicates of DEX- (D1-3) and vehicle-control (C1-3) hTM
cells are shown. Only unmethylated promoter DNA was detected in samples from
DEX treated cells, whereas in control cells both methylated and unmethylated DNA
were detected. The original blot is presented in Supplementary Fig. 2C: vehicle-
control; D: DEX-treated; L: DNA ladder; M: methylated; U: unmethylated.

sequencing (WGBS) with DEPseq PE100 platforms (BGI, Shenzhen,
China). We obtained more than 1 billion clean reads and 100 Gb clean bases
from each replicate, after filtering adaptor sequences and low-quality reads.
Total reads were mapped to the reference genome using BSMAP, with
mapping rates higher than 81% for individual replicates.

In general, methylation occurs at CG, CHG, and CHH (H= A, C, or T)
nucleotides of genes. The percentage of methylated cytosines varied
according to the local sequence context (C, CG, CHG, and CHH) and the
additional treatment (DEX) provided. We found that DEX-treated hTM
cells had generally more methylated reads at 2-kb upstream of transcription
start site (Up2k) region and CpG islands (CpGIs) than vehicle-control hTM
cells, especially at mCG contexts (Fig. 6a; Supplementary Table 1). Up2k
regions are the promoter regions at 2,000 bp before the transcription start
site of the gene. CpGls are mainly located in promoter regions of genes and
important for epigenetic regulation of gene expression.

A total of 11,644 differentially methylated genes (DMGs) were iden-
tified in DEX-treated hTM cells when compared to the vehicle-control,
including 4,764 hypomethylated genes and 6,880 hypermethylated (Sup-
plementary Data 1). Of note, based on the positive delta beta (AB) value,
THBSI was identified as a directionally hypomethylated gene in the WGBS
screen. To select biologically meaningful genes in response to DEX treat-
ment, we integrated the lists of genes obtained from WGBS in this study and
our published list from mass spectrometry'’. We selected 443 DMGs with
corresponding changes in protein expression, including 157 hypomethy-
lated genes and 286 hypermethylated (Supplementary Table 2). THBS1 was
identified in this list with matching regulation of methylation and increased
protein abundance (approximately 2-fold upregulated versus vehicle-con-
trol). To investigate the biological functions of DMGs, Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment and Gene Ontology
(GO) analysis was performed. DMGs belonged mainly to metabolic path-
ways in the KEGG pathway analysis (Fig. 6b; Supplementary Table 3) and to
pathways of transport and cellular localization in GO analysis (Fig. 6c;
Supplementary Table 4). Cellular component and molecular function
analysis found that DMGs were mainly confined in extracellular and
intracellular components, including focal adhesion assemblies, and were
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Fig. 6 | DEX induced DNA methylation changes in hTM cells. a At mCG con-
texts, DEX-treated hTM cells had generally more methylated reads at 2-kb
upstream of transcription start site (Up2k) region and CpG islands (CpGlIs)
than vehicle-control. See also Supplementary Table 1. CDS: coding sequences;
Down2k: 2-kb downstream of transcription start site; Up2k: 2-kb upstream of
transcription start site; CpGls: CpG islands. b KEGG pathway enrichment of
DMGs is shown, displaying the top 20 pathways. The size of each circle
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represents numbers of genes within each pathway and the color represents the
false discovery rate. See also Supplementary Table 3. FDR: false discovery rate.
¢ GO analysis of DMGs in terms of biological process (blue), cellular compo-
nent (red) and molecular functions (green) is shown, displaying the top 20
processes or pathways. The y-axis represents 3 domains of GO while x-axis
represents the gene numbers within each pathway and processes. See also
Supplementary Table 4.
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involved in binding between biomolecules, including cell adhesion mole-
cules and cadherins (Fig. 6¢), which may promote interaction between cells,
or between cells and ECM, and ECM remodeling. The results link DEX
induced changes in DNA methylation to changes in expression of proteins
that are relevant for ECM remodeling.

In our previous study, we investigated the effects of 2 corticosteroids,
DEX and PRED, on protein expression in hTM cells. We short-listed 20
proteins that were regulated in common by both DEX and PRED". When
we compared the shortlist and the selected lists of DMGs with corre-
sponding changes (log2 fold-change, Log2FC) in protein expression (Sup-
plementary Table 3), we found 3 significantly hypomethylated and
upregulated genes (COL8AI, AP=0.107, Log2FC=0.688; FLNB,
AB=0.178, Log2FC =0.896; THBSI, Ap=0.177, Log2FC=1.169) and
2 significantly hypermethylated and downregulated genes (SERPINEIL,
AP =-0.182, Log2FC = -0.771; SERPINE2, AP =-0.185, Log2FC = -1.229).
All these DMGs encode proteins involved in ECM remodeling, further
supporting that DEX alters DN A methylation to regulate the expression of
ECM proteins for ECM remodeling.

Discussion

DNA methylation plays an important role in the pathophysiology of
many diseases, including glaucoma. In this study, we demonstrated
that DNA methylation inhibitors elevated IOP in vivo, reduced
outflow facility ex vivo and upregulated THBS1 protein levels both
in vivo and in vitro. Likewise, we showed that DEX resulted in DNA
hypomethylation at THBS1 promoter region, consistent with our
previous findings that DEX upregulated THBS1 in hTM cells'>"” and
present findings that DEX induced a downregulation of DNMTs in
hTM cells.

While the exact role of THBSI in glaucoma remains incompletely
characterized, the literature strongly points to increased THBS1
expression may lead to reduced aqueous humor flow and increased IOP.
THBSI expression is increased in glaucoma in the plasma™", TM'>*,
ocular fibroblasts® and the optic nerve head™ in humans. THBSI level in
aqueous humor of primary angle-closure glaucoma patients with nega-
tive outcome following trabeculectomy is significantly higher than
patients with positive outcome™. THBS1 missense alleles might lead to an
unusual buildup of THBS1 assembling with other ECM proteins and
increase the risk of primary congenital glaucoma due to the elevated IOP,
reduced aqueous outflow and retinal ganglion cell loss induced™ ™.
Conversely, THBS1-null mice have a lower IOP when compared with the
wild-type control mice”. Downregulation of THBS1 by siRNA and
treatment with an inhibitory peptide increased the outflow facility of
mouse eyes ex vivo”, strongly suggesting THBSI reduces aqueous flow
and increases IOP. Prolonged administration of corticosteroids, such as
DEX, is known to lead to increased IOP and increase the risk of glaucoma
in humans™***" and animals including mice and sheep”™*’. DEX also
induces global changes in DNA methylation and gene expression in hTM
and retinal pigment epithelium cells". Our current findings suggest
that DEX reduces outflow facility and increases the risk of glaucoma in
part by inhibiting DNA methylation of the THBSI promoter region and
stimulating THBS1 gene and protein expression. The effect on the
THBS! promoter region may in part be mediated through DEX-induced
downregulation of DNMT expression (Fig. 7).

Besides THBS1, our WGBS results showed that DEX also induced
hypomethylation of TGFBI1 (Supplementary Table 2), collagen type VIII,
alpha 1 (COL8AL1, Supplementary Table 2) and filamin B (FLNB, Supple-
mentary Table 2), which may induce their protein expression. TGFBL1 is
elevated in plasma’, aqueous humor®* and TM cells from glaucoma
patients™. TGFBI treatment induced the expression of proteins involved in
ECM remodeling and cytoskeletal interactions’ >, elevated IOP* and
reduced outflow facility™ in perfused human anterior segments. On the
other hand, DEX-induced hypomethylation and upregulation of THBS1
may activate TGFB1**** and sequentially the TGFB signaling pathways to
increase ECM accumulation and IOP.

Bachman et al.” has demonstrated that DEX induced the expression of
COLB8ALI and FLNB in hTM cells, which is in agreement with our findings
that DEX induced a hypomethylation (Supplementary Table 2) and gene
expression (Supplementary Fig. 3) of COL8AI and FLNB. COL8A1 is
network-forming collagen involved in ECM and its deficiency in mouse eye
caused deeper anterior chamber and thinning of corneal stroma and Des-
cemet membrane”, indicating that COL8A1 may be responsible for
development of anterior chamber and cornea. COL8A1 may regulate TGFB
signaling pathway’®” and modulate the function TGFB1* while TGFB1
may induce COL8A1 expression”"*.

FLNB is a cytoplasmic actin-binding protein which plays an important
role in actin cytoskeleton contributing to the formation of highly cross-
linked actin networks (CLANSs) at TM”. DEX-induced expression of FLNB
may cause reorganization of CLANs at TM™*, affecting the overall
contractility®® and outflow facility resistance®’. Our results suggested that
DEX induction of COL8A1 and FLNB may lead to remodeling of ECM and
CLAN:S, affecting the IOP and outflow facility.

Altogether, our results suggested that DEX induced hypomethylation
of THBS1, TGFB1, COL8A1 and FLNB, which may induce their protein
expression. THBS1, TGFB1 and COL8AL1 are involved in the TGFB path-
way while FLNB is involved in CLAN s formation. The activation of these
bioprocesses may lead to the remodeling of ECM and the alteration of IOP
and outflow facility. However, further studies are needed to confirm the
relationship between these proteins in DEX-treated hTM cells.

This study has potential limitations. Our findings demonstrated that
DEX induced hypomethylation and upregulation of THBSI in hTM cells,
which may promote TGFB activation ECM remodeling. However, mouse
models were adapted to study the effects of DNA methylation inhibitors on
outflow facility and IOP regulation. Mouse models are a common and
valuable platform for exploring the pathophysiology of human diseases and
potential drug candidates in a wide variety of researches, including ocular
research in view of several ocular anatomical and physiological similarities
between humans and mice, such as the conventional outflow pathway”"**.
However, there are nonnegligible differences between the two species,
particularly in genetics, physiology and immunology, might limit the ability
of mouse models to recapitulate critical human disease pathophysiology and
therapeutic responses, and the significance of data interpretation.

Our study also indicates that THBS1 might be a potential therapeutic
target to control DEX-induced ocular hypertension. A selective THBS1
antagonist which impairs THBS1 function or inhibits THBSI-mediated
activation of TGFB pathway might be a possible direction to be examined in
the future. In addition, understanding the molecular mechanism of how
DEX regulates the expression of THBSI could also help establishing new
therapeutic strategies to control DEX-induced ocular hypertension.

In conclusion, we have demonstrated that THBSI protein expression
can be increased by reducing the methylation status of the promoter region
in the THBSI gene and that these changes are associated with reduced
outflow facility ex vivo and increased IOP in vivo. In addition, we have
shown in hTM cells that DEX reduces methylation of the THBSI promoter
region, and this change is consistent with DEX-mediated increases in
THBSI protein levels”. DEX-mediated changes in methylation status and
protein expression affected, among others, proteins in the cellular locali-
zation categories of “endomembrane system” and “focal adhesion” and in
the molecular functions categories of “binding” and “cell adhesion molecule
binding”, which is consistent with the findings of increased ECM deposition
in glaucoma and DEX-mediated remodeling of the filamentous actin net-
work in hTM cells™.

Methods

Animals

All the procedures were approved by the Animal Subjects Ethics Sub-
Committee of the Hong Kong Polytechnic University (ASESC Case no.: 21-
22/89-SO-R-HMREF). All experiments were also performed in compliance
with the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health, the ARVO Statement for the Use of Animals
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Fig. 7 | Proposed mechanism of DEX-induced ocular hypertension and POAG.
DEX induces epigenetic alterations in hTM affecting the DNA methylation and gene
expressions globally. Particularly, DEX induces a DNA hypomethylation at THBS1
promoter region and this aberrant methylation of THBS1 is due to the DEX-induced

downregulation of DNMTs. The upregulation of THBS1 may promote TGFB acti-
vation and ECM remodeling, leading to a reduced outflow facility and elevated IOP.
SC: Schlemm’s canal; TM: trabecular meshwork.

in Research, and the ARRIVE guidelines. Adult male C57BL/6 ] mice (2 to
4 months old, RRID:IMSR_JAX:000664) were housed 2-4 per cage with
environmental enrichment in a temperature (22-24 °C) and humidity-
controlled (50-65%) room. Mice were maintained on a 12-hour light-dark
cycle and provided food (LabDiet Cat# 5053) and water ad libitum. All
experiments were conducted to minimize pain to the greatest extent and the
general health of the animals were closely monitored by measuring their
body weights. Any animals with weight loss exceeding 20% of the normal
body weight and showed signs of severe pain and distress, infection, or
inability to obtain food or water were euthanized humanely. All experiments
were conducted in a blinded manner, with the researchers responsible for
treatment administration and outcome assessment were unaware of which
groups of animals belonged to. We have complied with all relevant ethical
regulations for animal use.

Non-invasive measurement of IOP

To study the intervention of DN A methylation inhibitor, 5-AC, a total of 10
mice, 2 to 4 months old, were randomly divided into 2 groups: 5 mice in
5-AC treatment group and 5 mice in PBS control group. IOP was measured
by a Tonolab rebound tonometer (Icare, Finland) and all IOP measure-
ments were obtained at a consistent time of day to prevent diurnal variation.
6 measurements indicated as successful by Tonolab were conducted con-
secutively and the averaged repeated successful measurements were
reported as a resulting value by Tonolab. 5 resulting values were obtained,
and the highest and the lowest resulting values were excluded. An average of
remaining 3 resulting values per mouse eye was reported as a data point.
After baseline measurement of IOP was established, 1 mouse eye was ran-
domly selected for the topical application of 5-AC (50 uM, Sigma-Aldrich
Cat# 855049) or PBS (Gibco Cat# 18912014) thrice a day for 14 days while
another eye was left untreated as control. The researchers in charge were
masked to the group allocation for topical administration and IOP mea-
surements during the study. The IOP measurements were performed every
2 days in awake mice. Each animal was assigned a random number within
the subgroup for longitudinal data collection and IOP measurement order
was randomized every 2 days. Random numbers were generated using the
standard = RAND() function in Microsoft Excel. The sample size

calculation was based on previous studies. The primary outcome of this
study was changes in IOP after topical administration of 5-AC or PBS. The
power of the experiment was set to 80% to detect a 2-mmHg difference in
IOP. A total of 5 mice per group were considered necessary. No unexpected
adverse events happened, and no animals were excluded. Comparisons
between 5-AC- and PBS-treated groups were conducted.

Measurement of outflow facility

Perfusion of ex vivo mouse eyes was performed using 2 to 4 months old
male C57BL/6 ] mice. A total of 21 mice were randomly divided into 2
groups: 13 mice in 5-AC group and 8 mice in 5-aza-dC group. Sample
size calculation was based on our previous published data using the same
perfusion system and mouse strain®. The experiment was performed at
37°C. Throughout the experiment, ex vivo mouse eyes were con-
tinuously perfused with HEPES buffered Ringer’s solution containing
113mM NaCl (Sigma-Aldrich Cat# S7653), 4.56 mM KCl (Sigma-
Aldrich Cat# P5405), 21 mM NaHCO; (Sigma-Aldrich Cat# S5761),
0.6 mM MgSO,7H,0 (Sigma-aldrich Cat# 63138), 7.5 mM D-glucose
(Sigma-Aldrich Cat# G5767), 1 mM Re-glutathione (Sigma-Aldrich Cat#
G4251), 1 mM Na,HPO,-12H,0 (Sigma-Aldrich Cat# 71650), 10 mM
HEPES (Sigma-Aldrich Cat# H3375), and 1.4 mM CaCl,-2H,0O (Sigma-
Aldrich Cat# 21097), supplemented with either 5-AC (10 uM) or 5-aza-
dC (10 uM, Sigma-Aldrich Cat# A3656) or vehicle control (PBS). For
perfusions, the anterior chambers of paired mouse eyes were cannulated
by a 33-gauge needle. The needle was connected via pressure tubing to a
glass syringe (50 pl; Hamilton) which was placed on a motorized syringe
pump (PhD Ultra; Harvard Apparatus, Holliston, MA) under computer
control, and a pressure transducer (model 142PC01G; Honeywell). The
pressure of the eye was then monitored by the pressure transducer via a
3-way connector connected to the perfusion system. Sequential pressure
steps of 4, 8, 12, 16, and 20 mmHg were used. At each pressure step,
stable perfusion was obtained for at least 10 min. The outflow facility was
then calculated based on the average flow rate calculated from the stable
perfusion period at each perfusion pressure. Any traces with aberrant
fluctuations, showing signs of blockage in the tubing or needles by air
bubbles, or leakage as judged by the masked researchers, were excluded. 1
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mouse eyes perfused with 5-AC showed signs of blockage in the needles
and were excluded from further analysis.

Immunohistochemistry staining

After 14-day topical application of 5-AC or PBS, moue eyes were carefully
enucleated and fixed in 4% paraformaldehyde (Sigma-Aldrich Cat# 158127)
at 4 °C overnight. Whole eyes were bisected, and the posterior segments and
lenses were removed. The eye cups were collected and immersed in 30%
sucrose at 4 °C overnight. The eyes were embedded in optimal cutting
temperature and cryosectioned as 10 um-thick sections using a cryostat
(Leica). Cryosections were immunostained with rabbit anti-THBS1 anti-
body (1:100, Abcam Cat# ab85762, RRID:AB_10674322) The secondary
antibody was Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 594 (1:100, Invitrogen Cat# A-11012, RRI-
D:AB_2534079) and nuclei were stained with SlowFade™ Diamond Anti-
fade Mountant with DAPI (Invitrogen Cat# S36964). All images were
captured using Zeiss LSM 800 Confocal Microscope (Zeiss) and collected at
identical intensity and gain settings for all sections.

Primary hTM cell culture

The isolation of hTM cells was performed as described in previous
studies”** and authenticated according to consensus recommendations®.
The hTM cells were plated and incubated at 37 °C with low glucose Dul-
becco’s modified Eagle’s medium (DMEM, low glucose, Invitrogen Cat#
11885076) containing 10% fetal bovine serum (FBS, Invitrogen Cat#
10082147) until confluent and subsequently maintained in low glucose
DMEM medium containing 1% FBS for at least a week prior to experiments.
Confluent monolayers of hTM cells were either treated with corticosteroid
DEX (300 nM, Sigma-Aldrich Cat# D2915) for 7 days or DNA methylation
inhibitor 5-AC (0.5-1 uM) for 2 days, together with corresponding vehicles,
and the cells were collected for subsequent assays.

MSP

Genomic DNA was extracted from hTM cells using the DNeasy Blood and
Tissue kit (Qiagen Cat# 69504) and modified using the EZ DNA Methy-
lation Bisulfite kit (Zymo Research Cat# D5001), according to the manu-
facturer’s protocols. The methylation status of THBS1 promoter was
evaluated using the primers specific for methylated (forward: 5-
GCGAGCGTTTTTTTAAAAGTGC-3’; reverse: 5-TAAACTCGCAAAC
CAACTCG-3’) and unmethylated THBSI1 (forward: 5-GAATGTGAGT
GTTTTTTTAAAAGTGTG-3’; reverse: 5-CCTAAACTCACAAACCAA
CTCAA-3), originally designed and reported by Herrera-Goepfert et al.”’.
The bisulfite-treated DNA was amplified using Premix Taq HS kit (TaKaRa
Bio Inc. Cat# R028A). The thermocycling conditions were as follows: 95 °C
for 12 min; 45 cycles of (95 °C for 30 seconds, 55 °C for 30 seconds, and
72 °C for 30 seconds), and 72 °C for 10 min. PCR products were analysed on
2% agarose gels and visualized under UV light.

RT-gPCR

The total RNA of hTM cells was extracted and quantified using the RNeasy
Micro Kit (Qiagen Cat# 74004). Reverse transcription of mRNA to cDNA
was performed using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific Cat# 4368813), followed by qPCR using the
LightCycler 480 SYBR Green I Master (Roche Applied Science Cat#
100099593) with primers specific for the target genes: COL8A1 (forward: 5
GAAATTCAACCGGCGCCAAG-3%; reverse: 5-TATCCCTGTGGCC
CTGGTTT-3’), FLNB (forward: 5- AGCGATCCCAGTGCAGTTTG-3’;
reverse: 5- TCGGAGCACTCGATTTTGGC-3’), TPM (forward: 5-
GTTCATCCACTCTGCCTGCT-3%; reverse: 5- CAGTGTGTGCCT
GGCTCTAA-3"), TUBA4A (forward: 5- GATGCCCAGTGACAA-
GACCA-3; reverse: 5- GCAGCATCCTCTTTCCCAGT-3’), COLGALT1
(forward: 5- GCAGGCAGAGGTTCAGATGT-3’; reverse: 5- GTGCTT
CACCATGACCTCCA-3), DNMTI (forward: 5-AGACTACGCGA-
GATTCGAGTC-3%; reverse: 5-TTGGTGGCTGAGTAGTAGAGG-3),
DNMT3A (forward: 5-GCGGCGAGAGGACTGGCC-3’; reverse: 5-

CGGTCCACCTGAATGCCCAA-3’), DNMT3B (forward: 5-AGGGA-
GACACCAGGCATCTC-3; reverse: 5-AGCTTAGCAGACTGGACA
CC-3’), THBSI (forward: 5-CGTCCTGTTCCTGATGCATG-3’; reverse:
5-CCAGGAGAGCTTCTTCCACA-3’), and the internal reference gene,
GAPDH (forward: 5-GATTTGGTCGTATTGGGCGC-3’; reverse: 5-
TGGACTCCACGACGTACTCA-3’). gPCR was performed in 96-well
plates on the ROCHE LightCycler 480 (Roche Applied Science). In each
10 pl reaction, 1 x Taq PCR Master Mix, 2 ul of cDNA template and 10 uM
primers (forward and reverse primers, respectively) were used. The thermal
cycling conditions were 95 °C for 5 min, followed by 40 cycles of (95 °C for
30 seconds, 61 °C for 30 seconds, and 72 °C for 30 seconds). A melting-
curve analysis was performed to rule out primer—dimer formation and non-
specific product amplification. A negative control sample without a tem-
plate was included in each plate. Data were analysed using LightCycler
software (RRID:SCR_012155).

WGBS

Genomic DNA was extracted from hTM cells using a DNeasy Blood and
Tissue kit following the manufacturer’s manual, quantified by UV
spectroscopy, and then subjected to WGBS analysis (BGI). In brief, BGI
first constructed the DNA library by fragmenting DNA by sonication
with a Bioruptor (Diagenode), followed by blunt ends formation and
methylated adaptor ligation. The ligation products were bisulfite con-
verted and separated on a 2% TAE agarose gel. Fragments were excised
from the agarose gels and purified, followed by PCR amplification and
cyclization. Finally, the DNA libraries were sequenced on the
DNBseq PE100 platform and raw data were filtered to remove adaptor
sequences, contamination, and low-quality reads. Clean data obtained
were mapped to the reference genome using BSMAP software
(RRID:SCR_005671)"", followed by removal of duplication reads and
merging of mapped results of each library.

The difference in rate of cytosine methylation (mCG, mCHG, mCHH)
for a given DNA region was calculated as f-value and compared between
DEX- and vehicle-control hTM cells. B-value is the ratio of the number of
reads covering a methylated cytosines over the total number of reads cov-
ering that cytosines. A is defined as the average -value of vehicle-control
samples minus that of DEX-treated samples. Results with P-value below
0.05 and AP ranges from -0.1 to 0.1 are considered statistically significant
and differentially methylated. To identify their biological functions, the
DMGs were analysed for GO and KEGG enrichment using the Shiny Go
0.77 tool (RRID:SCR_019213)", with a false discovery rate below 0.05 and a
P-value below 0.05 as cut-off values. The WGBS data discussed in this
publication have been deposited in NCBI’s Gene Expression Omnibus™
(RRID:SCR_005012) and are accessible through GEO Series accession
number GSE271511.

Statistics and reproducibility

Statistical analyses used for each experiment are detailed in the figure
legends and were calculated using GraphPad Prism version 10.2.3
(RRID:SCR_000306). For comparisons of any two data groups of different
samples, p values were calculated using unpaired student’s t test. For
comparison of multiple parallel data groups, p values were calculated with
two-way repeated measures ANOVA followed by Bonferroni’s multiple
comparisons test. Number (n) represents biological replicate, i.e., individual
mouse eye or cell strain. Error bars indicate SEM unless otherwise specified.
A p-value below 0.05 was considered statistically significant. *P < 0.05;
#*P <0.01; ***P < 0.001.

No formal protocol including the research question, key design fea-
tures, and analysis plan was registered before the study. Further information
on research design is available in the Nature Portfolio Reporting Summary
linked to this article.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability

The source data for graphs analyzed in the study are available in the Sup-
plementary Data 2. The dataset produced in this study is available through
Gene Expression Omnibus GSE271511. All other data are available from the
corresponding author on reasonable request.
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