
Glucocorticoids remain the most conventional mode of 
treatment in treating ocular retinopathies, such as macular 
edema due to pseudophakia [1,2], choroidal neovasculariza-
tion [3,4], uveitis [5], diabetes retinopathy [6,7], and retinal 
vein occlusion [8,9], because of their anti-inflammatory, 
immunosuppressive, and antiangiogenic effects. Although 
intravitreal steroids, such as fluocinoloneacetonide, triam-
cinolone acetonide, and dexamethasone (DEX), are in use 
for treatment of the conditions above, these steroids were 
found to be significantly different in their mechanism of 
action in aqueous and lipid solubility, delivery system 
requirements, pharmacokinetics, and interactions with 
glucocorticoid receptors [10]. Intravitreal administration of 
dexamethasone (DEX), in the form of an intravitreal implant 
containing 0.7 mg drug in a solid polymer drug delivery 
system (OZURDEX, Allergan, CA) for sustained release, 
is proposed as a standard treatment. Many clinical studies 
demonstrate that the drug is well-tolerated and produces 
improvements in visual acuity, macular thickness, fluores-
cein leakage [11-14], and effective immunosuppression after 
epiretinal transplantation [15]. However, it must be noted 

that long-term exposure could cause elevation of intraocular 
pressure (IOP), cataract formation, endophthalmitis uveitis, 
or the altered immune system [1,16-22]. Not limited to ocular 
pathology, adverse effects of glucocorticoids in the develop-
ment of many neurologic and immunological diseases warrant 
caution regarding long-term use of these drugs [23]. Several 
possible mechanisms for adverse steroid response have been 
studied, and the proposed mechanisms include deposition of 
extracellular matrix material [24], decreased protease and 
stromelysin activities [25,26], reorganization of the trabecular 
meshwork (TM) cytoskeleton [27,28], increased nuclear size 
and DNA content [29], decreased phagocytotic capacity [30], 
and change in the synthesis of specific proteins [31].

However, few in vitro studies have explored the role of 
DEX in protecting human RPE cells from oxidative stress 
[32] and retinal ganglion cells from cell death [33]. Although 
examination of the effect of DEX in ocular therapeutics 
is relatively well-established, only recently have studies 
explored DEX in epigenetics-mediated mechanisms [34,35]. 
The mode of action of how DEX mediates the epigenome 
to impart therapy in diseases of the eye is a gap in the field.

Gene expression in mammalian cells depends on multiple 
epigenetic modifications of regulated chromatin states. Types 
of epigenetic modifications include DNA methylation [36], 
RNA methylation [37], histone modifications [38], and small 
non-coding RNAs [39], among others. DNA methylation is 
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the most characterized epigenetic modification, involving 
multiple cellular processes. Generally, DNA methylation 
involves the transfer of a methyl group from the methyl 
donor S-adenosyl-L-methionine (SAM) to the C5 position of 
the cytosine in a CG dinucleotide to form 5-methylcytosine. 
During the cell cycle, DNA methylation is dynamically modi-
fied with DNA methyltransferase (DNMT) and ten-eleven 
translocation (TET) proteins. DNMTs (DNMT1, DNMT3A, 
DNMT3B) catalyze the transfer of a methyl group to the 
C5 cytosine [40]. DNMT1 functions to maintain the DNA 
methylation pattern after DNA replication by methylating 
the newly synthesized DNA strands using the parental strand 
DNA methylation pattern as a template [41]. DNMT3A and 
DNMT3B can methylate DNA de novo [42]. The methyl-
ated DNA could be chemically modified by TET proteins, 
which oxidizes the methyl group on the cytosine to form 
the hydroxymethyl group. DNMT and TET coregulate the 
dynamic state of DNA methylation, affecting the outcome of 
gene transcription.

To the best of our knowledge, the association of DEX 
with alteration in DNA methylation locally or globally has 
been well assessed for various clinical conditions, such as 
early life stress [43,44], congenital adrenal hyperplasia [45], 
and steroid-associated osteonecrosis [46]. However, the role 
of DEX in epigenetic regulation in ocular cells is not well 
understood. In this study, we aim to elucidate the potential 
molecular interactions between DEX and DNMT, underlying 
changes in global methylation induced with DEX.

In this work, we found that exposure to DEX induced 
global DNA hypomethylation and hyper-hydroxymethylation 
in ARPE-19 cells, but only hypomethylation in primary 
human RPE (hRPE) cells. Increased global DNA hydroxy-
methylation levels could be due to the upregulation of TET1–3 
in ARPE-19 cells. Interestingly, DNMT1 and DNMT3B were 
upregulated, while DNMT3A is downregulated in ARPE-19 
cells but not in hRPE cells. Moreover, we found that DEX 
could hinder the enzymatic activity of DNMT, specifically 
DNMT1. Together, we identified a potential mode of action 
of DEX in epigenetic alteration linked with DNMT and TET 
proteins.

METHODS

Cell culture: Adult human RPE cells were procured from 
ATCC (Manassas, VA; ARPE-19-CRL-2302™) authenti-
cated with short tandem repeat (STR) analysis. Seventeen 
short tandem repeat (STR) loci plus the gender determining 
locus, Amelogenin, were amplified using the commercially 
available PowerPlex® 18D Kit from Promega (WI, Promega). 
The cell line sample was processed using the ABI Prism® 

3500xl Genetic Analyzer. Data were analyzed using Gene-
Mapper® ID-X v1.2 software (Applied Biosystems, Waltham, 
MA). Appropriate positive and negative controls were run and 
confirmed for each sample submitted. The STR analyses are 
presented in Appendix 1. While hRPE cells were a kind gift 
from Dr. S. Chidambaram [47]. Passages 4–8 and passages 
3–6 of the ARPE-19 and hRPE cells were used for all 
experiments, respectively. Fifteen STR loci plus the gender-
determining locus, amelogenin, were amplified using the 
commercially available PowerPlex 16 HS from Promega. The 
cell line sample was processed using the ABI Prism® 3500 
Genetic Analyzer. Data were analyzed using GeneMapper® 
ID-X v1.5 software (Applied Biosystems). Appropriate 
positive and negative controls were run and confirmed for 
each sample submitted. The STR analyses are presented in 
Appendix 1. The cells were cultured in Dulbecco’s Modi-
fied Eagle Medium/Ham’s F-12 (1:1, DMEM/F-12, Corning, 
Corning, NY) supplemented with 10% fetal bovine serum 
(FBS, VWR, Radnor, PA), 100 IU/ml penicillin, and 100 mg/
ml streptomycin at 37 °C in a 5% CO2 incubator.

Chemicals: Dexamethasone (D4902, Sigma, 97%) was 
dissolved in dimethyl sulfoxide (DMSO), aliquot, and stored 
at −20 °C. Dexamethasone sodium phosphate (PHR1768, 
Sigma-Aldrich, St. Louis, MO) was dissolved in PBS (1X; 
154 mM NaCl, 5.6 mM NaPO4, 1 mM KH2PO4, pH 7.4) and 
stored at 4 °C.

MTT assay: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay was performed as reported [48]. 
Briefly, approximately 8,000 ARPE-19 cells were added in 
each 96-well plate with DMEM/F-12, 10% FBS with anti-
biotics. After 24 h incubation, the cell culture medium was 
removed. Various amounts of DEX were added with fresh cell 
culture medium and incubated for 24 or 48 h. At the end of 
the treatment, 20 μl of MTT was added to each well from a 
5 mg/ml stock in 1X PBS. The 96-well plates were incubated 
for 3.5 h at 37 °C. After incubation with MTT, the cell culture 
medium was removed carefully, and 150 μl of MTT solvent 
(4 mM HCl, 0.1 (v/v) % IGEPAL CA-630 in isopropanol) was 
added. After a 10 min incubation, a multipipettor was used to 
mix the wells before the absorbance was read at 570 nm. The 
background reading was subtracted from blank wells with 
MTT solvent. Within each experiment, drug treatments were 
conducted in quadruplicate, and the values were averaged.

Quantification of global DNA methylation and hydroxy-
methylation: Cells (about 10,000 cells/ml) were plated in 
T25 flasks for 24 h and then swapped with fresh cell culture 
medium with various amounts of DEX. After 48 h of incuba-
tion, cells were trypsinized for DNA extraction. Genomic 
DNA was extracted and purified with the PureLink Genomic 
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DNA Mini Kit (Thermo Fisher Scientific, Waltham, MA) 
according to the manufacturer’s instructions. The concentra-
tions of extracted DNA were measured with a NanoDrop 
spectrophotometer (Thermo Fisher Scientific). The DNA 
methylation and hydroxymethylation levels were determined 
with the MethylFlash Global DNA methylation (5mC) 
enzyme-linked immunosorbent assay (ELISA) Easy Kit and 
the MethylFlash Global DNA Hydroxymethylation (5hmC) 
ELISA Easy Kit (EpiGentek, Farmingdale, NY) following 
the manufacturer’s protocols.

Quantitative real-time PCR: ARPE-19/hRPE cells (2*105 
cells/well) were seeded in six-well plates and serum-starved 
overnight using 1% FBS containing DMEM/F-12 medium. 
The following day, the cells were treated with 1 mg/ml and 
2 mg/ml of dexamethasone sodium phosphate for 48 h. Total 
RNA was extracted using TRIzol reagent (Sigma Aldrich) 
and quantified using a NanoDrop spectrophotometer (Thermo 
Scientific). Further, 1 µg of the total RNA was used to synthe-
size cDNA (cDNA) using the iScript cDNA Conversion Kit 
(BioRad CFX96 Real-time system; Hercules, CA).

Quantitative real-time PCR (qRT-PCR) for the DNMT1 
(Gene ID: 1786, OMIM: 126375); DNMT3A (Gene ID: 1788, 
OMIM: 602769); DNMT3B (Gene ID: 1789, OMIM: 602900); 
TET1 (Gene ID: 80312, OMIM:607790); TET2 (Gene ID: 

54790, OMIM: 612839); and TET3 (Gene ID: 200424, OMIM: 
613555) gene was performed with the primers listed in Table 
1. qRT-PCR was performed with BioRad CFX96 Real-time 
system, initial denaturation at 95 °C for 10 min, followed by 
40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C 
for 15 s and extension at 72 °C for 20 s. Samples were run in 
triplicates and the data were analyzed using the 2-∆∆ct method 
after normalization with the housekeeping gene 18S rRNA.

Evaluation of DNMT activities: To assess enzyme activity 
of overall human methyltransferases, we used the EpiQuik 
DNMT Activity/Inhibition Assay Ultra Kit (EpiGentek). 
The relative activity of overall DNMT was assayed with 
MU4 (DNMT positive control) provided by the kit, which 
is a mixture of purified human DNMT1, DNMT3A, and 
DNMT3B. Each condition was assayed twice, and the values 
were averaged. About 0.5 μg of DNMT positive control 
was used in each reaction well with 2.5 h reaction time. For 
quantification of DNMT1 activity, assays were performed 
similarly with 1.5 unit DNMT1 (NEB, M0230L) with 1.5 
h reaction time. Relative DNMT activity was normalized 
against the reaction without adding DEX in each independent 
experiment.

Stimulated emission depletion microscopy: Stimulated 
emission depletion (STED) imaging, confocal imaging, 

Table 1. Primer sequences for the methylation enzymes and epigenetic marks used in this study.

S.No. Gene name Primer Primer sequence

1 DNMT3A
FP 5̍-TATTGATGAGCGCACAAGAGAGC −3̍
RP 5̍-GGGTGTTCCAGGGTAACATTGAG-3̍

2 DNMT3B
FP 5̍-GGCAAGTTCTCCGAGGTCTCTG-3̍
RP 5̍-TGGTACATGGCTTTTGGATAGGA-3̍

3 DNMT1
FP 5̍-TACCTGACGACCCTGACCTC-3̍
RP 5̍-CGTTGGCATCAAAGATGGACA-3̍

4 TET1
FP 5̍-CAG AAC CTA AAC CAC CCG TG-3̍
RP 5̍-TGC TTC GTA GCG CCA TTG TAA-3̍

5 TET2
FP 5̍-GAT AGA ACC AAC CAT GTT GAG GG-3̍
RP 5̍-TGG AGC TTT GTA GCC AGA GGT-3̍

6 TET3
FP 5̍-TCC AGC AAC TCC TAG AAC TGA G-3̍
RP 5̍-AGG CCG CTT GAA TAC TGA CTG-3̍

7 MECP2
FP 5̍-GTATTTGATCAATCCCCAGG −3̍
RP 5̍-GTCAAAATCATTAGGGTCCAG-3̍

8 MBD1
FP 5̍-TGGTGATTCCAGCAAGTACAGA-3̍
RP 5̍-CCACAGGCCAGGTTCTCAAT-3̍

9 MBD3
FP 5̍-GCCGGTGACCAAGATTACCA-3̍
RP 5̍-ACCAGCTCCTCAGCAATGTC-3̍

10 18s rRNA
FP 5′-AACCCGTTGAACCCCATT-3′
RP 5′-CCATTCAATCGGTAGTAGCG-3′
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and f luorescence correlation spectroscopy (FCS) were 
performed with the Alba Imaging System (ISS, Champaign, 
IL). Details of the single-molecule instrumentation were 
described previously [48-51]. Samples were excited with a 
640 nm picosecond laser, which was spatially and tempo-
rally coaligned with a circular-polarized donut-shaped 775 
nm depletion beam (about 580 ps, NKT Photonics, Portland, 
OR) and combined with a 685 nm dichroic mirror (Chroma, 
Bellows Falls, VT). An apochromatic silicone oil objective 
collected emitted photons (100X, NA 1.35, Olympus, Shin-
juku City, Japan). Photons were then filtered with a 780 nm 
long-pass filter (Chroma), a 640 nm bandpass filter (Chroma), 
a 50 μm pinhole, and a 679/41 emission filter (Chroma) 
before reaching the avalanche photodiode SPCM-AQRH-15 
(Excelitas, Waltham, MA; pixel size 23.4 nm). Deconvolu-
tion of STED images was performed with Huygens Essential 
(SVI, Hilversum, Netherlands) described previously [50] and 
similarly in the literature [52].

Image analysis: 5hmC cluster analysis was performed with 
CellProfiler is free, open-source software license (BSD-3 
clause) [53]. 5hmC clusters were thresholded with the Otsu 
three-class method and then segmented based on intensity 
distributions. Then cluster morphology, neighbors, and inten-
sity distribution were estimated accordingly and summarized 
in Appendix 2. To quantify single-cell morphological features 
with phenotype analysis, principal component analysis (PCA) 
and t-distributed stochastic neighbor embedding (t-SNE) 
with the Barnes-Hut approximation (30 perplexities) were 
performed using BioVinci software (BioTuring, San Diego, 
CA, Version 3.0.9).

Statistical analysis: For the MTT, qRT-PCR, and ELISA data, 
the Student t test was used to test the statistical significance 
of the sample populations (significance level is α= 0.05). For 
the 5hmC image analysis, the Mann–Whitney test was used.

Immunofluorescence staining: Around 10,000 ARPE-19 
cells were seeded on round 18-mm, No 1.5H coverslips (Azer 
Scientific, Morgantown, PA). The coverslips were coated with 
poly-L-lysine (Sigma) in 12-well plates under ultraviolet (UV) 
light and rinsed at least three times with sterile Milli-Q water. 
After 24 h of incubation, various concentrations of DEX were 
added and incubated for 48 h. The cells were then fixed with 
ice-cold 4% paraformaldehyde for 10 min and rinsed with 1X 
PBS. Cell membrane was permeabilized with 0.3% Triton-X 
for 20 min and then rinsed with 1X PBS. The DNA dena-
turation step was performed with 1 M HCl for 30 min and 
neutralized with 100 mM Tris-HCl (pH 8). The cells were 
further washed with 1X PBS three times. After PBS washing, 
the cells were blocked with 1% bovine serum albumin (BSA) 
for 45 min. The 5hmC antibody (Active Motif, 39,069, 1:250) 

was diluted in 1X PBS containing 0.5% BSA and then added 
to each sample and incubated in a humid chamber at 4 °C 
overnight. The cells were then rinsed three times with 1X 
PBS containing 0.01% Tween-20 before being incubated with 
goat anti-rabbit Atto647N for 2 h. The samples were then 
rinsed with 1X PBS before transfer to the imaging chamber.

RESULTS

DEX induced global DNA hypomethylation and hyper-
hydroxymethylation: Under tested concentrations of dexa-
methasone exposure, we found that ARPE-19 cells are 
highly sensitive to DMSO exposure (Appendix 3) as well as 
changes in the 5mC level in as low as 0.2% DMSO (data 
not shown). DMSO is known to alter DNA methylation via 
different mechanisms [54-56]. To rule out the intermix effect 
of DMSO, we selected DEX for exposure [57,58]. DEX is 
water-soluble at physiologic pH in dianionic form and could 
rapidly convert into dexamethasone in organisms [59].

First, the effect of dexamethasone sodium phosphate on 
cell cytotoxicity was examined with MTT assay as shown 
in Figure 1A. We did not observe changes in relative cell 
viability upon exposure to DEX at up to the 3.5 mg/ml expo-
sure level (Appendix 4). Next, the global methylation and 
hydroxymethylation levels of genomic DNA were quantified 
with a fluorescence-based ELISA, and the results are summa-
rized in Figure 1B, C. Exposure of DEX at 2 mg/ml caused 
significant reduction in global DNA methylation. Compared 
with the control group, 1 mg/ml DEX exposure led to an 
average of about 21% reduction in the DNA methylation level, 
whereas 2 mg/ml DEX exposure resulted in an average reduc-
tion of about 42%. However, the global DNA hydroxymeth-
ylation level increased at higher exposure levels. Compared 
with the control group, 1 mg/ml of DEX exposure induced 
about a 41% increase in the DNA hydroxymethylation level 
and about a 2.1-fold increase at the 2 mg/ml DEX exposure.

DEX altered DNMT and TET expression patterns: To inves-
tigate the mechanism underlying DNA methylation and 
hydroxymethylation changes induced by DEX, we evaluated 
the expression level of DNMTs and TETs with qRT-PCR 
as shown in Figure 2. We found that the expression level of 
DNMT1 and DNMT3B was significantly elevated at 2 mg/
ml and 1 mg/ml of DEX exposure, respectively, whereas the 
expression level of DNMT3A was significantly reduced under 
the tested conditions. TET1 and TET3 were significantly 
upregulated under 2 mg/ml of exposure to DEX, whereas 
TET2 was mildly upregulated. This is consistent with the 
observed elevated levels of 5-hydroxymethylation, suggesting 
DEX induced epigenetic changes associated with DNMTs and 
TETs. Additionally, we did not observe significant changes in 
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methyl-binding-domain proteins, specifically methyl-CpG-
binding domain protein 1, 3, and methyl-CpG-binding protein 
2 (Appendix 5).

DEX inhibited the activity of DNMTs: Intriguingly, even with 
an elevated level of DNMT1 and DNMT3B, DEX unexpect-
edly induced global hypomethylation. To this end, we evalu-
ated the effect of DEX on the DNMT catalyzed reaction in 
vitro. We hypothesized that DEX may play a direct role in 
the formation of 5mC through DNMTs. The relative activity 
of DNMT under DEX exposure was evaluated with a colori-
metric ELISA-based assay. The relative overall activity of the 
DNMTs was significantly reduced by DEX beyond 1 mg/ml 
exposure, with a reduction to 62±12% at 1 mg/ml exposure 
and further reduced to 47±8.0% at 2 mg/ml exposure (Figure 
3A). The activity of DNMT1 was also reduced to about 67% 
and 57%, with 1 mg/ml and 2 mg/ml of DEX exposure, 
respectively (Figure 3B).

STED revealed 5hmC nanocluster alterations upon DEX 
exposure: Although DNA 5mC and 5hmC are affected by 
DEX exposure, current literature indicates that TET1/3 
associated epigenetic alteration focused on 5hmC by DEX 
[46,60,61]. We asked whether DEX exposure could alter the 
5hmC pattern using super-resolution microscopy (STED). 
Typical immunostaining of 5hmC in ARPE-19 cells is shown 
in Figure 4A upon exposure to DEX as shown in Figure 
4B, C. Image analysis was performed with CellProfiler to 
segment single 5hmC nanoclusters (Appendix 6). We first 
quantified the number of 5hmC nanoclusters (Figure 4B) 
and observed that under 1  mg/ml DEX exposure, there 
is a significant reduction of 5hmC nanoclusters, whereas 
2 mg/ml DEX exposure showed similar nanocluster counts 
compared to the control cells. Next, we determined the size 
distribution of 5hmC clusters in the nuclei and found that 
upon DEX exposure (Figure 4C), the 5hmC nanoclusters 
displayed increased size (averaged control nanoclusters: 20 

Figure 1. DEX exposure induces alteration in DNA methylation and hydroxymethylation. A: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) assay was performed after 48 h of incubation at various concentrations of dexamethasone (DEX). No significant 
changes in cell viability were observed. B: Changes in the genomic DNA methylation level of ARPE-19 cells exposed to 0.5, 1.0, and 2.0 
mg/ml DEX after 48 h. C: Changes in the genomic DNA hydroxymethylation level of ARPE-19 cells exposed to 0.5, 1.0, and 2.0 mg/ml of 
DEX after 48 h. *p<0.05 with the Student two-tailed t test compared to the control group. n=3.

Figure 2. DEX exposure alters mRNA expression levels of DNMTs and TETs. The transcription level of DNA methylation-related enzymes, 
DNA methyltransferases (DNMTs) (A–C), and ten-eleven translocations (TETs) (D–F) was determined with quantitative real-time 
PCR (qRT-PCR) after 48 h of dexamethasone (DEX) exposure. Data from three independent experiments (mean ± standard deviation 
[SD]).*p<0.05, **p<0.01, ***p<0.001 with the Student two-tailed t test.
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× 103 nm2; 1 mg/ml: 20.7 × 103 nm2; 2 mg/ml: 23.9 × 103 nm2) 
indicating the increased formation of larger kilobase-nano-
clusters [62]. We further computed the cluster first nearest 
neighbor distance (NND, centroid to centroid) to evaluate 
the spatial organization of the 5hmC nanoclusters and found 
similar distribution among the three groups (Figure 4D). We 
assessed the spatial distribution of 5hmC in the nuclei with 
its intensity distribution relative to the centroid of the nucleus. 
The normalized 5hmC intensity distribution in Figure 4E 
shows increased nanocluster formation near the peripheral 
region of the nucleus. It does not show any significant differ-
ence between control and cells exposed to DEX, suggesting 
that DEX exposure does not induce noticeable chromatin 
organization alterations. Last, we wondered whether DEX 
exposure induces a phenotypical 5hmC pattern from an 
imaging perspective. To this end, we analyzed the averaged 
5hmC nanocluster parameters in each nucleus among the 
control, 1 mg/ml, and 2 mg/ml DEX exposure with t-SNE 
shown in Figure 4F. We observed that the ensemble nucleus 
5hmC features were separated into six different groups, 
with distinct clusters between the control and 2 mg/ml DEX 
exposure shown in Figure 4G. Together, the results reveal an 
altered 5hmC pattern upon exposure to DEX.

DEX induced global DNA hypomethylation in hRPE cells: 
We further quantified epigenetic changes upon exposure 
to DEX in hRPE cells. The global methylation level of 
genomic DNA was quantified and is shown in Figure 5A. 
We observed significantly reduced 5mC levels at 1 mg/ml 
and 2 mg/ml DEX exposure, exhibiting DEX-induced global 
hypomethylation. Upon evaluating the expression level of the 
DNMTs (Figure 5B–D), we found that the expression level 
of DNMT3A was significantly reduced under 1 mg/ml DEX. 
DNMT1 and DNMT3B were not affected, suggesting the 

possibility of global hypomethylation due to DEX inhibition 
of DNMT enzymatic activities. We then quantified the global 
hydroxymethylation level in hRPE cells (Figure 5E) as well 
as the expression level of TETs (Figure 5F–H). Unlike the 
ARPE-19 cells, under the tested condition, the impact of DEX 
on hydroxymethylation was not significantly altered.

DISCUSSION

In this study, we evaluated the effects of exposure to DEX on 
DNA methylation and hydroxymethylation at the molecular 
scale. For the DEX exposure levels used in the ARPE-19 
cells, no significant cell viability changes were observed, 
but the expression levels of DNMT1, DNMT3A, DNMT3B, 
TET1, and TET3 were affected and found to be associated 
with changes in DNA methylation and hydroxymethylation 
globally, providing novel insights into how DEX mediates 
epigenetic alterations by modulating the expression and 
activity of the DNMT and TET enzymes. Consistent with 
the literature, downregulation of DNMT3A and upregulation 
of TET3 were reported for the embryonic neural stem cell 
model [60]. However, upregulated DNMT1 and DNMT3B 
were not reported previously, providing contradictory 
evidence of DEX-induced DNA hypomethylation. To resolve 
this discrepancy, we examined the effect of DEX on DNA 
hypomethylation. A previous study indicated that DEX 
could induce conformational change of a complex involving 
GR, and MeCP2, as well as recruitment of DNMT3B [63]. 
The recruitment of DNMT3B potentially hints that it is 
possible for DEX to act directly with DNMTs, considering 
that DNMT3B cooperates with DNMT3L to contribute to 
the methylation of DNA by a non-cooperative mechanism 
[64,65]. We wondered whether alterations in DNA methyla-
tion could be a result of direct interaction between DEX and 

Figure 3. DEX exposure reduces DNMT enzymatic activity in vitro. Relative enzymatic activity of (A) DNA methyltransferases (DNMTs) 
and (B) DNMT1 from purified human DNMTs. Upon dexamethasone (DEX) exposure, the activity of the DNMTs was inhibited. (Data 
are shown as mean ± standard deviation [SD] from three independent experiments.) *p<0.05, **p<0.005 with the Student two-tailed t test.
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DNMT. To test this hypothesis, we assessed the enzymatic 

activity of DNMTs to methylate DNA in vitro. We discov-

ered that DEX could inhibit the overall enzymatic activity 

of DNMTs. Specifically, the activity of DNMT1 was signifi-

cantly hindered by DEX. As expected, the upregulation of 

TET1 and TET3 is consistent with the observed global DNA 
hyper-hydroxymethylation.

We further investigated the distribution of 5hmC in 
ARPE-19 cells with STED microscopy and analyzed the 
nuclear localization patterns of 5hmC upon DEX expo-
sure. The number of 5hmC clusters at the 1 mg/ml DEX 

Figure 4. DEX exposure induces changes in global 5hmC structures. Typical stimulated emission depletion (STED) image of the 5hmC 
pattern in (A) control, 1 mg/ml dexamethasone (DEX), and 2 mg/ml DEX after 48 h. B: 5hmC cluster number distribution per cell nucleus. 
*p<0.01 with the Mann–Whitney test. C: Violin plot of the 5hmC cluster area. D: 5hmC nearest neighbor distance (NND) distribution. E: 
The 5hmC density distribution is shown versus the normalized distance from the nucleus center position with 20 radial rings. F: t-distributed 
stochastic neighbor embedding (t-SNE) analysis of the average 5hmC cluster features in each nucleus. G: t-SNE analysis of the grouped 
5hmC cluster features in the control, 1 mg/ml DEX, and 2 mg/ml DEX after 48 h. Violin plots are shown with 25%, median (round mark), 
75%, smooth kernel curve. Data collected from 40 to 60 cells in three experiments.
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exposure significantly decreased, while the global 5hmC level 
increased as noted from the ELISA-based measurements. 
This could have resulted in an increased 5hmC nanocluster 
size and intensity, contributing to an overall increase in the 
5hmC level with a decrease in the 5hmC nanocluster counts. 
We discovered that under 2 mg/ml DEX exposure, the 5hmC 
pattern generates significant alteration evaluated with t-SNE, 
suggesting the possible indication of 5hmC changes upon 
DEX exposure. Such changes could be influenced by DEX 
on cell cycle–induced reorganization of the chromatin, and 
could be further explored with sequencing techniques [66]. 
Others have shown that the dynamic patterns of DNMTs and 
the correlation with the 5mC and 5hmC pattern could be an 
indication of the chromatin remodeling during retinogenesis, 
which may be further explored [67-70].

Apart from molecular interactions of DEX, other factors 
could also trigger epigenetic alterations. Dexamethasone 
is known to trigger oxidative stress [71-74], and oxidative 
stress has been implicated in epigenetic alterations [75]. 
The elevated reactive oxygen species (ROS) could result in 
increased metabolic activity, mitochondrial dysfunction, and 
increased activity of peroxisome and oxidases, among others. 
Elevated ROS have been associated with global hypomethyl-
ation or hypermethylation in different models [76,77], where 
the role of oxidative stress in TM cells and retinal cells is 
associated with a disease state such as glaucoma [78-80].

Although ARPE-19 cells provide a dependable and 
widely used alternative to native RPE cells, they tend to lose 

RPE phenotypes after multiple passages [81,82]. RPE cells 
can initiate proliferation once reverted to a more immature 
state by partial demethylation of the genome [83]. RPE cell 
proliferation could be activated into disease states, with asso-
ciation with epithelial to mesenchymal transition, growth of 
epiretinal membranes [84], and choroidal tumors [85]. To this 
end, we tested DEX exposure in human RPE cells (Figure 
5). As expected, we observed hypomethylation in human 
RPE cells (Figure 5A). Alteration in the 5mC pattern could 
be explained by changes in DNMT activities without altera-
tion in the DNMT expression level. Unexpectedly, the 5hmC 
pattern was significantly different from that in ARPE-19 cells 
(Figure 5E–H), which requires further exploration in the 
future. Consistent with ARPE-19 cell data, others have shown 
that dexamethasone plays a role in TET1/TET3-mediated 
epigenetic alterations in multiple cell models from patients 
as well as mice models [46,60,61,86]. These results in hRPE 
cells were somewhat surprising, and the role of 5hmC and 
TET in ocular cells remains open for further investigation 
in the field. In this report, we elucidated alterations in DNA 
methylation induced by DEX due to changes in the expres-
sion of DNMTs and TETs. Additionally, DEX-induced DNA 
hypomethylation could be a direct result of the action of DEX 
on DNMT, providing new mechanistic insights into the effect 
of DEX on ocular diseases.

Corticosteroids in any form (for ocular-topical and 
intravitreal, skin application, systemic) have been shown 
to cause steroid-induced ocular hypertension or glaucoma 

Figure 5. DEX exposure induces alteration in DNA methylation in hRPE cells. A: Changes in the genomic DNA methylation level of human 
RPE (hRPE) cells exposed to 1 mg/ml and 2 mg/ml dexamethasone (DEX) after 48 h. The transcription level of the DNA methyltransferases 
(DNMTs) (B–D) was determined with quantitative real-time PCR (qRT-PCR) after 48 h of DEX exposure. E: Changes in the genomic DNA 
hydroxymethylation level of the hRPE cells exposed to 1 mg/ml and 2 mg/ml of DEX after 48 h. The transcription levels of ten-eleven 
translocations (TETs) (F–H) were determined with qRT-PCR after 48 h of DEX exposure. *p<0.05, **p<0.005 with the Student two-tailed 
t test compared to the control group. n=3.
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(SIG) in susceptible individuals [87]. Intravitreal corticoste-
roid treatment for certain ocular conditions, such as diabetic 
macular edema (DME), retinal vein occlusion (RVO), and 
inflammatory conditions with cystoid macular edema, cause 
an increase in IOP in approximately 58.3% of patients with 
existing glaucomatous changes [88] and in 20%–30% of 
patients with no previous history or risk factors for glau-
coma. Epigenome is increasingly associated with several 
ocular diseases, such as cataracts, ocular surface disorders, 
and glaucoma [89,90]. One study on SIG implicated altered 
DNA methylation regulating the expression of several genes 
in DEX-treated primary TM cells [91].

Further, although a combined treatment regime of 
immunosuppressive drugs with corticosteroids is prescribed 
as long-term therapy in managing ocular inflammation [92], 
detrimental side effects with retinal degenerative changes 
in the rat animal model have been reported [93]. However, 
immunosuppressive action of dexamethasone was crucial 
toward successful differentiation and survival of retinal 
organoids following epiretinal transplantation [15]. The 
conflicting reports can be attributed to the dosage, exposure, 
and responsiveness of specific immune cell types upon DEX 
treatment thus warranting caution in long-term prescription 
of these drugs in clinical settings. For instance, evidence 
indicates that DEX could also have a stimulating effect on 
immune cells, such as macrophages and regulatory T cells 
(Tregs), by upregulation of FOX3P expression [94,95]. 
Further, deletion of DNMT1 in conventional T cells increases 
FOX3p stimulation upon TCR stimulation promoting their 
conversion to induced Tregs cells [96]. However, deletion of 
DNMT1 in natural Treg cells altered Tregs transcriptional 
activity that can lead to lethal autoimmunity [96]. Thus, 
epigenetic regulation of specific immune response cells upon 
acute and chronic DEX treatment in target tissues with impli-
cations in ocular pathology must be considered and patients 
closely monitored for adverse effects of the drugs.

As epigenetic mechanisms are increasingly associ-
ated with efficacy of immunotherapy [97], delineating its 
kinetics would be useful toward developing a clinical regime 
especially with other drugs in treating ocular disorders. 
Understanding the role of epigenome and its regulation will 
provide an exciting window of opportunity for developing 
therapeutic targets for ocular diseases dependent on cortico-
steroid treatments.
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