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ABSTRACT: Epigenetics has been recognized to play an important role in physiological and pathological 

processes of the human body. Accumulating evidence has indicated that epigenetic mechanisms contribute to 

the pathogenesis of age-related macular degeneration (AMD). Although the susceptibility related to genetic 

variants has been revealed by genome-wide association studies, those genetic variants may predict AMD risk 

only in certain human populations. Other mechanisms, particularly those involving epigenetic factors, may play 

an important role in the pathogenesis of AMD. Therefore, we briefly summarize the most recent reports related 

to such epigenetic mechanisms, including DNA methylation, histone modification, and non-coding RNA, and 

the interplay of genetic and epigenetic factors in the pathogenesis of AMD.  

 

Key words: age-related macular degeneration, epigenetics, single nucleotide polymorphisms 

 

 

 

 

 

 

 
Age-related macular degeneration (AMD) is the leading 

cause of irreversible blindness in the elderly in 

developed countries. AMD can manifest as either 

geographic atrophy (GA) in the dry form or choroidal 

neovascularization (neovascular AMD, nAMD) in the 

wet form of AMD [1]. there are multiple, complicated 

risk factors for AMD [2]. The incidence of AMD 

increases with age and the condition afflicts millions of 

adults worldwide. Although it is well-recognized that 

genetic factors, retinal cell senescence, and an abnormal 

environment such as smoking, UV light or serum lipid 

status is involved in the initiation of AMD, the 

pathogenesis of AMD remains unclear [3]. In the last 

decade, accumulating evidence has suggested that 

epigenetics may play an essential role in the 

pathogenesis of AMD.  

“Epigenetics” refers to the modifications of DNA by 

external factors, which turn genes “on” or “off,” 

resulting in changed functions and behaviors of an 

organism. These modifications do not cause changes to 
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the DNA sequence, but they are heritable, dynamic, and 

reversible. Epigenetics include DNA methylation, 

histone modification, non-coding RNA, RNA 

methylation, and so on. Since the 1990s, with advances 

in epigenetic research, several new concepts and terms, 

such as the epigenome, epigenetic epidemiology, 

epigenetic pathology, epigenetic disease, epimutation 

and epigenetic therapy, have been introduced. 

It is well-known that aging, smoking, sun exposure, 

lack of a balanced diet, and oxidative stress are common 

risk factors for AMD; however, how these risk factors 

contribute to the pathogenesis of AMD remains mostly 

unexplored. An updated study of AMD etiology 

suggested that the influence of these risk factors are 

accumulated over the whole lifespan, which may trigger 

aalteration of epigenetic factors, such as DNA 

methylation, histone modification, and non-coding RNA, 

which may then influence the pathogenesis of AMD by 

changing gene expression. Although the extent of 

epigenetic change contribution to AMD remains to be 

clarified, understanding the role of epigenetics in its 

pathogenesis is important, since treatment of the disease 

is based on an understanding of its pathogenesis. 

Demonstrating a role for epigenetic mechanisms in 

AMD may provide a new understanding of the disease 

pathogenesis, and regulation of epigenetic factors may 

provide a potential therapeutic approach for treating this 

complex disease. In this review, we briefly summarized 

the most recent progress in the study of the relevance of 

epigenetics to AMD.  

 

The role of susceptibility genes in AMD pathogenesis 

 

Previous studies have shown that alteration of multiple 

genes may be associated with the susceptibility to AMD; 

the genetic abnormalities in patients with AMD are more 

likely to involve single nucleotide polymorphisms 

(SNPs), in which one nucleotide within a gene is 

substituted by another. To date, numerous SNPs have 

been found in genes from samples of patients with 

AMD, including APOE, CFH, HTRA1, TLR3, TLR4, 

LIPC, C3, C2/CFB, VEGFA, ABCA4, ERCC6, 

CX3CR1, TNFRSF10A [4-6], COL8A1/FILIP1L, 

IER3/DDR1, SLC16A8, TGFBR1, RAD51B, 

ADAMTS9/MIR548A2, B3GALTL, and ARMD1 [7]. 

It is known that the most prevalent SNPs associated 

with AMD occur in CFH and HTRA1 [8-10]. A study 

reported by Millen et al. shows that the risk of AMD is 

higher in individuals with vitamin D deficiency and 

SNPs in CFH, suggesting a possible synergistic effect of 

vitamin D deficiency and variations in CFH [11]. Vladan 

et al. indicated that SNPs in DIAPH2, located on the X-

chromosome, are also associated with susceptibility to 

AMD [12]. Notably, the contribution of SNPs in the risk 

of development of nAMD varies across different 

populations [13]. In addition, the outcomes of 

intravitreous injection of anti-VEGF reagents in the 

treatment of CNV are influenced by an individual’s 

genetic background. Furthermore, the genetic variants in 

IL17A are functionally associated with an increased risk 

of AMD [14].  

Polypoidal choroidal vasculopathy (PCV) and CNV 

are the most common types of nAMD. The prevalence of 

PCV is higher in Asian populations than in Caucasian 

populations. The association of genetic risk factors of 

CFH, HTRA1, and FPR1 in CNV and PCV is similar 

[15, 16], but other SNPs, such as those in SKIV2L, are 

seen only in patients with CNV, but not in those with 

PCV [17]. In contrast, in patients with PCV, the 

rs5882(GG) SNP in CETP has a markedly higher 

frequency than that in patients with CNV [18]. 

Furthermore, Ji et al. found that SNP rs6982567 in 

GDF6 may serve as an additional risk factor of PCV in 

the Chinese population [19]. Interestingly, the risk 

factors may be variable in different phenotypes of PCV, 

as a report by Yanagisawa et al. showed that rs868005 in 

ELN was significantly associated with type 2 PCV, 

abnormal ELN may alter the structure and function of 

elastin , suggesting the importance of elastin in the 

pathogenesis of PCV and the possibility of using the 

ELN SNP as a marker for the differentiation of PCV 

phenotypes [20]. Taken together, these studies imply that 

genetic background contributes to the pathogenesis of 

AMD. 

 

Role of epigenetic mechanisms in AMD pathogenesis  

 

The susceptibility to AMD conferred by genetic variants 

has been revealed by genome-wide association studies, 

as mentioned above; these genes may predict the risk of 

AMD in less than half of the human population [21, 22]. 

Seddon et al. claimed that although 46–71% severity of 

AMD may be attributed to genetic background, the 

remaining 19–37% cases may be influenced by 

epigenetic factors [23] The pathogenesis of AMD, a 

complex disease, cannot be entirely explained by genetic 

variations; if the pathogenesis of AMD is solely 

controlled by genetic factors, theoretically, the disease 

should occur early rather than late in life. Importantly, 

epidemiological studies have demonstrated that 

advanced AMD in monozygotic twin is more likely to be 

associated with the habit of heavy smoking and reduced 

levels of vitamin D, betaine, and methionine uptake; all 

these environmental factors may contribute to the 

pathogenesis of AMD through epigenetic factors [23]. 

Therefore, the study of the relevance of epigenetics in 

the occurrence of AMD may provide new understanding 

of the pathogenesis of and therapeutic approach to AMD.  
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Relevance of DNA methylation to AMD  

 

The first evidence to show the relevance of DNA 

methylation to AMD is the abnormal methylation of 

CLU and gene encoding clusterin, which contains CpG 

islands in its promoter region and which may have anti-

inflammatory and anti-angiogenic functions. 

Interestingly, treatment of ARPE-19 cells with the DNA 

methylation inhibitor 5-azacytidine (5-AZA) upregulated 

CLU expression, suggesting that its expression is subject 

to the regulation of DNA methylation [24]. Later, in a 

study involving mapping of promoter DNA methylation 

in AMD and age-matched normal retinal pigment 

epithelium/choroid samples, it was found that the genes 

encoding antioxidants glutathione S-transferase isoforms 

mu1 and mu2 are heavily methylated in their promoter 

regions and downregulated in AMD samples [25]. 

Additionally, reduced methylation of the promoter of the 

pro-angiogenic ANGPTL2 was confirmed in AMD 

samples [25]. Hypomethylation of the IL-17RC promoter 

has recently been identified in peripheral blood cells 

from patients with AMD and was associated with 

increased expression of this gene in the peripheral blood 

and may affect the inflammatory response in the retina 

and choroid. The study suggested that abnormal 

expression of IL-17RC, regulated by epigenetic factors, 

may play a role in the pathogenesis of AMD [25]. 

However, a report by Oliver et al. [26] showed that there 

was no significant difference in the methylation of the 

IL17RC promoter in AMD patients compared to control 

subjects, suggesting that further studies are necessary 

regarding the use of IL-17RC promoter methylation as a 

biomarker of AMD. 

Among many environmental risk factors, smoking is 

the top factor increasing the risk of AMD development. 

Importantly, the report by Seddon et al. showed that a 

heavier-smoking twin tended to have more advanced 

stage AMD, associated with larger drusen and 

pigmentation [23]. In contrast, smaller drusen and less 

pigmentation in the fundus was correlated with an earlier 

stage of AMD in twins [23]. The results imply that 

individual lifestyle factors play a role in the pathogenesis 

of AMD through epigenetic mechanisms [23]. Direct 

evidence of the association of smoking with epigenetic 

changes was confirmed by Koks et al. [27], who found 

that methylation of GPR15 was significantly lower 

among non-smokers; the reduced methylation of GPR15 

leads to up-regulation of this gene and a chronic 

inflammatory response. The study explained the 

relevance of smoking and DNA methylation in the 

pathogenesis of AMD in detail [27]. 

Recently, a report by Oliver et al. showed that no 

obvious alteration of methylation sites was revealed by a 

genome-wide DNA methylation analysis of blood 

samples from AMD patients and controls; however, a 

significant DNA methylation difference in the position 

close to ARMS-2 was found in the peripheral blood of 

nAMD patients [26]. Furthermore, abnormal DNA 

methylation was demonstrated in the promoter region of 

PRSS50 from retinal and blood samples of AMD 

patients [28]. Importantly, the methylation status of 

VEGF (one of the key growth factors in the induction of 

nAMD) is significantly different in AMD patients 

compared with control subjects [29]; the results provide 

a new clue as to why VEGF expression is increased in 

nAMD patients. 

All the above reports about DNA methylation 

relevant to AMD focused on changes in individual genes 

and lacked genome-wide DNA methylation data. 

Recently, an interesting study by Louise F et al. 

demonstrated that there was differential DNA 

methylation of SKI, GTF2H4, and TNXB as analyzed by 

genome-wide DNA methylation in human RPE cells 

obtained from AMD patients [30]. The most significant 

point of their study was that the alteration in DNA 

methylation was not related to global aberrant DNA 

methylation but was observed in local tissue. These 

findings imply that DNA methylation in the specific 

tissue may be of more importance than global DNA 

methylation in the understanding of AMD pathogenesis. 

The finding of altered DNA methylation in AMD 

risk genes suggest that epigenetic mechanisms contribute 

to the pathogenesis of AMD and that DNA methylation 

may serve as an additional type of epigenetic marker for 

the prediction of AMD risk [28].  

 

Relevance of histone modification to AMD  

 

Hypoxia-inducible factor-1α (HIF1α), whose 

downstream target genes include VEGF, has been 

suggested to contribute to the pathogenesis of nAMD 

[31]. Epigenetic regulation of HIF1α has been evaluated 

in cell culture and cancer models. The expression of 

HIF1α is reduced via application of histone deacetylase 

inhibitor (HDACi), which also inhibits the expression of 

VEGF [32]. In RPE cells, hypoxia increases the 

expression of histone lysine demethylase (histone lysine 

demethylases, KDMs), thereby promoting the expression 

of pro-angiogenic genes, such as ADM, GDF15, 

HMOX1, SERPE1, and SERPB8; however, the KDM-

encoding genes and JMJD1A are able to inhibit the 

expression of these genes induced by hypoxia and can 

lead to suppression of angiogenesis [32]. Another report 

showed that reduction of HDAC7 expression is 

associated with decreased transactivation of HIF1α [33], 

but VEGF induces the nuclear egress of HDAC7 and can 

activate pro-angiogenic gene expression; therefore, 

inhibition of HDAC7 expression may inhibit VEGF-
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induced angiogenesis [34]. Trichostatin A (TSA) is a 

HDACi that inhibits the activity of classes I and II 

HDACs [35]. TSA and other HDACis could not only 

inhibit endothelial cell proliferation but also 

downregulate VEGF-receptor expression [36-38]. 

Notably, a patent has been filed for the application of 

HDACi in the treatment of ocular neovascularization or 

edema-related diseases, including AMD and diabetic 

retinopathy [39]. Furthermore, as additional evidence 

supporting the role of histone modifications relevant to 

AMD pathogenesis, Gnana-Prakasam et al. reported 

significant increases in mRNA expression of HDAC1, 

HDAC3, HDAC6 in mouse RPE cells associated with 

excessive iron levels, which may be considered as one of 

the risk factors for AMD [40]. The importance of histone 

acetylation/deacetylation was further validated by Chan 

et al., who demonstrated that the pro-angiogenic HIF1α 

and VEGF are downregulated in RPE cells treated with 

TSA [41]. Most interestingly, the anti-angiogenic 

neuroprotective pigment epithelium derived factor 

(PEDF) is highly expressed in RPE cells treated with 

TSA [41]. Furthermore, as the key receptor in the 

mediation of angiogenesis, VEGFR2 expression in 

human vascular endothelial cells is significantly 

suppressed by TSA treatment [41]. Notably, the wound-

healing response in the process of CNV formation is also 

inhibited by TSA treatment in vivo, as shown by the 

reduction of smooth muscle actin expression [41]. One 

of the mechanisms underlying the inhibition of CNV by 

TSA treatment involves inactivation of the MAPK 

pathway, thereby inhibiting endothelial cell proliferation, 

migration, and tube formation [41]. In an ischemic rat 

retina model, TSA not only protected the retina from 

ischemic damage, but also inhibited the induction of 

matrix metalloproteinase-1 and matrix metallo-

proteinase-3 expression by TNF-α [42]. Most 

importantly, CNV formation in animal models is 

inhibited by TSA application [41], suggesting that TSA 

application is a potential therapeutic approach for the 

treatment of CNV (Fig. 1). 

      A further hotspot in the study of histone 

acetylation/deacetylation relevant to AMD is SIRT1, 

encoding NAD-dependent deacetylase sirtuin-1, a 

histone deacetylase converting enzyme [43]. Cell 

senescence, DNA damage repair, apoptosis, 

inflammation, and angiogenesis are regulated by SIRT1 

[43-46] [Fig. 2]. SIRT1 not only targets deacetylated 

histones, but also regulates a variety of other non-histone 

proteins, such as P53 [45-47], FOXO [48], NF-κB [49], 

E2F1 [50], PGC-1α [51], HIF-1 [52], and HIF-2 [53]. 

Therefore, SIRT1 plays an important role in maintaining 

normal cellular functions, and its abnormal expression 

may be related to pathological conditions.  

 

 

 

 

 

 

Figure 1. Inhibition of CNV by TSA 

may involve multiple mechanisms: (1) 

Suppression of HIF1α and inflammatory 

cytokines as well as VEGF expression; 

(2) Inhibition of the phosphorylation of 

VEGF receptor 2 induced by VEGF; (3) 

Inhibition of activation of MAPK; (4) 

Upregulation of the expression of the 

anti-angiogenesis factor PEDF. CNV, 

choroidal neovascularization; TSA, 

trichostatin A. 
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Figure 2. Function of SIRT1. Biological functions of Sirt1 are broad, ranging from aging, anti-oxidative protection of 

cells, inhibition of inflammation, angiogenesis, and fibrosis, and tumorigenesis suppression.   

      The expression of SIRT1 was significantly lower in 

RPE cells obtained from AMD patients than in those 

obtained from age-matched controls [54]. However, as 

increased SIRT1 expression was seen in human CNV 

membranes compared with non-AMD donor eyes [55]; 

the variable SIRT1 expression may reflect the 

differences in AMD stage.  

SIRT1 protects RPE cells from cell senescence and 

apoptosis induced by oxidative stress. Fullerenol and 

vitamin C-mediated RPE protection is also thought to be 

mediated through activation of SIRT1 [56, 57]. SIRT1 

may exert its cytoprotective effect through various 

signaling pathways, including deacetylation of P53, 

activation of ERK1/2, phosphorylation of NRF-2, 

increasing expression of the antioxidant-response genes 

HO1 and NQO1, [58]. The beneficial effects of oral 

supplementation of SIRT1 activator-resveratrol (RSV) 

have been reported in AMD patients [59]; this is similar 

to the results obtained from a recent clinical trial on 

Alzheimer's disease [60]. Our study showed that 

application of the SIRT1 activator RSV inhibited VEGF-

induced endothelial cell migration and tube formation. 

The HIF1α accumulation and VEGF secretion induced 

by cobalt chloride (CoCl2) are inhibited by RSV 

treatment in human RPE cells [61]. Furthermore, we 

demonstrated that VEGFR2 phosphorylation in a laser-

induced CNV lesion is downregulated by RSV treatment 

[Fig. 3]. Most importantly, laser-induced CNV formation 

is significantly inhibited by intravitreal injection of RSV 
[61]. These results suggest that the inhibitory effect of 

RSV on CNV is mediated through the 

HIF1α/VEGF/VEGFR2 signaling axis [61], and that 

SIRT1 may protect RPE against oxidative stress-induced 

damage and can be used as an adjuvant or combination 

therapy for AMD. 

 

Relevance of non-coding RNA to AMD 

 

One essential component of the non-coding RNA family 

is miRNA. By transcriptome analysis of the miRNome, 

it was found that 480 miRNAs are expressed in the 

human retina and 416 miRNAs are expressed in the 

RPE/choroid in healthy individuals [62]. The relevance 

of miRNA to the pathogenesis of AMD has attracted 

marked attention. miR-15, miR-16, miR-20a, and miR-

20b are able to inhibit VEGF mRNA expression, while 

the miR-17-92 cluster, miR-27b, let-7f, and miRNA-107 

can induce angiogenesis [63] by targeting HIF1α and 

VEGF [64]. Downregulation of miR-23a results in RPE 

cell apoptosis [65]. Interestingly, a number of 

inflammatory cytokines, such as TNF-α, IL-1β, and 

interferon-γ, could induce expression of miR-155 

through the Janus kinase pathway. Upregulated 

expressions of miRNA-9, miRNA-125b, miRNA-146a, 

and miRNA-155 are found in the aged retina; all these 

are responsive to NF-κB activation [66]. CFH SNPs 

associated with AMD are well documented; 

interestingly, CFH expression can be regulated by 

various miRNAs, such as miR-9, miR-125b, miR-146a, 

and miR-155 [64]. 
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Figure 3. Resveratrol inhibits experimental CNV.Resveratrol inhibits VEGF receptor 2 phosphorylation (P-VEGF-R2) in mice 

with a choroidal neovascular (CNV) lesion induced by laser, as showed by immunofluorescence. Green indicates positive staining of 

P-VEGF-R2 and red is propidium iodide (PI) staining. Yellow represents double labeling. the P-VEGF-R2 staining is considerably 

reduced in mice with a CNV lesion after resveratrol application (square). Original magnification ×400. 

 

      The importance of miRNA in the pathogenesis of 

AMD has also been confirmed in an animal experiment. 

It was shown that CNV volume is significantly 

suppressed in a laser-induced murine model of CNV by 

intravitreal injection of pre-miR-21 [67]. Under ischemic 

conditions, application of pre-miR-31 or pre-miR-150 

could inhibit the expression of VEGF in the retina; in 

addition, the expression of retinal HIF1α and PDGFB in 

the retina is compromised by pre-miR-31. DICER1, an 

important miRNA-processing enzyme, is significantly 

reduced in samples from human patients with dry AMD. 

Deletion of DICER1 results in the accumulation of Alu 

RNA and leads to RPE death. An RPE degeneration 

phenotype is displayed in a mouse model with a DICER-

knockdown in the retina [68]. Saxena found that intense 

light exposure for 24 hours led to upregulation of 19 

miRNAs, some of which are related to the inflammatory 

immune response or which trigger retinal damage 

associated with AMD [69]. 

A study by Strafella et al. showed that SNPs in 

genes encoding miR146a and miR27a may serve as 

biomarkers of susceptibility to AMD, after screening of 

976 nAMD patients and 1000 control subjects using 

epigenotyping analysis [70]. Their findings suggested 

that both miR27a and miR146a were involved in 

angiogenesis and inflammation in the pathogenesis of 

nAMD.  
Current miRNA studies focus on the circulating 

miRNAs in the blood; circulating miRNAs could be used 

as functional biomarkers for the diagnosis of human 

diseases, while miRNAs incorporated into polymer-

based hydrogel nanoparticles may be used for the 

treatment of AMD [71]. Recently, it has been reported 

that miRNA may be considered as a potential biomarker 

of AMD: Grassmann et al. found that the blood has-miR-

424-5p level is significantly elevated in dry AMD 

compared to nAMD patients [72]. Another study showed 

that the expression of miR-661 and miR-3121 is elevated 

in the serum of patients with dry AMD, while increased 

expression of miR-4258, miR-889, and let-7 is seen in 

patients with nAMD [73]. Notably, the importance of 

circulating miRNA to the pathogenesis of AMD is 

further supported by the study of Ren et al., which 

demonstrated that the level of a cluster of miRNAs, 

including miR-27a-3p, miR-29b-3p, and miR-195-5p, 

was increased in AMD patients, suggesting that they 

could be potential biomarkers for AMD [74].  

In addition to circulating miRNA, the miRNA 

profile from the vitreous of AMD patients has been 

reported [75]; a significantly increased expression of 

miR-146a was revealed in AMD patients, while in 

contrast, the expression of miR-106b and miR-152 is 

reduced in the vitreous humor of nAMD patients. 

Similarly, downregulation of miR-152, which regulates 

the expression of VEGF, was shown in the vitreous and 

blood of AMD patients [64]. The profile of expression of 
miRNA in local tissue may provide more meaningful 
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information about the role of miRNA in AMD 

pathogenesis.  

Zhu et al. reported that long noncoding RNAs 

(lncRNA, RP11-234O6.2) may be involved in the 

pathogenesis of early AMD [76]. Their study found that 

the lncRNA was downregulated in RPE cells by H2O2 

treatment and that overexpression of RP11-234O6.2 was 

able to inhibit RPE cell apoptosis. The relevance of other 

lncRNA ZNF503-AS1 to AMD was also revealed by 

analysis of AMD patient samples [79]. piRNAs, another 

hot point of noncoding RNA research, was shown to 

play a role in the pathogenesis of AMD; up to 102 

piRNAs are detected by RNA-seq analysis in human 

RPE cells, and importantly some piRNAs are increased 

upon oxidative stress in RPE cells. Because oxidative 

damage contributes to both the onset and progression of 

AMD, the potential role of interaction of non-coding 

RNA with oxidative stress in the pathogenesis of AMD 

should be further addressed [78]. 

 

 

 
 
Figure 4. Relevance of RNA methylation to cellular processes. RNA methylation may 

impact various cellular processes, including cell differentiation, proliferation, migration 

metabolism, and regulation of inflammation, the immune response, hypoxia, and 

tumorigenesis. 

 

 

Potential role of RNA methylation in AMD 

pathogenesis  

 

RNA methylation is a new hot topic in the study of 

epigenetic modification. RNA can be methylated at the 

N 6-methyladenosine (m6A), N 1-methyladenosine 

(m1A), and 5-methylcytosine (5-mC). m6A is the most 

common and abundant type of RNA methylation and 

80% of all RNA methylation occurs at m6A. Similar to 

DNA methylation, the m6A methylation is also 

reversible and dynamic; RNA methylation and 

demethylation are controlled by its methyltransferases 

(“writers”), binding proteins (“readers”), and 

demethylases (“erasers”) [79, 80]. Although intracellular 

RNA undergoes many modifications, the current 

research on RNA methylation is primarily focused on 

m6A. Loss of balance between m6A methylation and 

demethylation can affect physiological functions and 

even lead to a series of pathological conditions. Reports 

on RNA methylation showed that m6A and 5-mC RNA 
methylation affects a variety of biological processes, 

particularly post-translation modification, and aberrant 

RNA methylation, linked to pathological conditions, 

such as aging, immune response, hypoxic stress 

response, tumorigenesis, neurodegeneration, and 

infection diseases [81-83]. Interestingly, low expression 

of m6A is considered to be a novel potential biomarker 

of type 2 diabetes [84]. m6A is also demonstrated to be a 

regulator of proliferation, apoptosis, development of 

therapeutic resistance, and tumorigenesis [80] [Fig. 4]. 

Latest research shows that RNA methylation could be 

regulated by histone modification [85, 86]. With the 

application of m6A sequencing technology, studies of 

m6A levels, its distribution in the intracellular 

transcriptome, and its relevance to cellular functions 

have been greatly promoted. However, because m6A 

methylation is jointly regulated by methyltransferase, 

demethylase, and m6A recognition protein, its regulatory 

function in the human body is a complex and dynamic 

process, and therefore, the phenotypes of a cell may be 

representing the effects of combinations of various 

epigenetic factors. Recognition of the importance of 
RNA methylation in the study of epigenetic research is 

only the start of such research. Numerous problems 
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remain to be solved; for example, at present, the biggest 

challenge in the study of m6A modification is the lack of 

dynamic real-time monitoring of m6A changes 

physiologically and pathologically, how the cell selects 

specific mRNAs for methylation, whether other proteins 

are involved in the pathogenesis of certainly diseases, 

interplays between RNA methylation and other 

epigenetic factors, and normal levels of RNA 

methylation. AMD has many pathological features, as 

other systemic diseases, such as oxidative stress damage, 

inflammation, senescence, cell death, and abnormal cell 

proliferation and migration in the RPE. Thus, RNA 

methylation may be a new research direction for studies 

of the etiology of AMD and biomarker searching for 

early diagnosis of AMD. 

 

Potential role of interplays of genetic and epigenetic 

factors in AMD pathogenesis  

 

Genetic variants affect DNA methylation; SNPs also 

influence the levels of methylation at CpG sites. AMD is 

a complicated disease mediated by multiple factors, 

including genetic, epigenetic, and environmental factors. 

Much attention has been paid to the contribution of 

genetics and epigenetics to AMD pathogenesis; however, 

how the interplay of genetic and epigenetic factors 

affects the development of AMD remains unclear.     

Collective evidence from the study of systemic 

diseases has shown that genetic and epigenetic factors 

could affect each other and trigger different types of 

pathogenesis processes. Genetic variations often reflect 

the nature of the chromatin structure that is modified by 

epigenetic factors. On the other hand, epigenetic 

aberrations also affect genetic stability and gene 

expression. Therefore, the interaction of genetic and 

epigenetic alterations determines the pathogenesis and 

the outcome of a disease.  

SNPs are a type of genetic variation and have been 

linked to numerous pathological conditions. Frank-

Bertoncelj et al. found that 31 SNPs associated with 

rheumatoid arthritis were involved with histone 

modification of H3K4me3 in CD4+ T regulatory cells 

and that alteration of histone H3K4me3 was also 

correlated with 67 SNPs in pancreatic and liver cells of 

type 2 diabetes patients [87]. On the other hand, 

lncRNAs, such as HOTAIR, can affect gene expression 

by modification of the chromatin structure [88]. Clearly 

SNPs and epigenetic factors may affect each other, but 

the mechanism of how SNPs alter gene expression 

through epigenetic mechanisms is still under 

investigation. It may be mediated through the regulation 

of non-coding RNA and then affect expression of genes, 

including distant target genes; epigenetic factors that 

interact with the chromatin may be affected by SNPs, 

and therefore influence cellular function [87]. The 

importance of the association of genetic variants, such as 

SNPs, with epigenetic factors in the contribution to 

diabetes, ulcerative colitis, and cancer has been revealed 

[89, 90]. The notion is further supported by studies of 

liver tumors [91-93]. Analysis of whole genome 

sequencing combined with epigenome sequencing have 

identified that liver oncogenes are mutated by genetic or 

epigenetic alterations; the significance of epigenetic 

alteration in the development of liver cancer has been 

demonstrated [92]. DNA methylation is the best studied 

epigenetic mechanism in systemic disease, as well as 

AMD. DNA methylation can prevent transcriptional 

factors from binding to a gene; often methyl-CpG-

binding domain proteins may bind to methylated DNA 

and recruit HDAC1 and SIN3, to inactive chromatin 

[94]. DNA methylation can affect chromosomal integrity 

and instability, therefore affecting gene expression. In 

addition, it has been found that DNA methylation of the 

region containing BRD2 and HLA is associated with 

SNPs in liver cancer [91], suggesting that DNA 

methylation and genetic variation may interact with each 

other.   

 Chromatin can respond to external input through 

many ways, including histone modification, which plays 

a key role in chromatin remodeling [95]. Histone 

modification changes chromatin structure by recruitment 

of remodeling enzymes and forming a complex to 

influence cellular function. Abnormal histone 

modification may affect chromatin structures by which 

gene expression is regulated, and so contributes to many 

pathological processes in humans. Accumulating 

evidence indicates that genetic and epigenetic 

mechanisms form a convoluted network with 

interactions in both physiological and pathological 

conditions. 

In the retina, 34 AMD-associated SNPs were found 

by the International AMD Genomics Consortium [96]. 

The retina is rich in non-coding RNA; a report recently 

showed that there are 3,582 non-coding RNAs in the 

peripheral retina of AMD specimens and 3,210 in the 

RPE–choroid–sclera of the AMD retina [97]. The 

association of non-coding RNA SNPs rs11671784 

(MIR27A, G/A) and rs2910164 (MIR146A, C/G) with 

AMD has also been reported [70]. This suggests that 

there may be an interplay between miRNA-related 

variants and AMD. However, few reports have shown 

the interplay of AMD-related SNPs with non-coding 

RNA in the retina or AMD specimens; therefore, much 

more research is needed to address these essential 

questions.   
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Potential of epigenetic therapy in the treatment of 

AMD   

 

The most extensive study of the relevance of epigenetics 

to diseases and epigenetic therapy has focused on cancer 

[98, 99]. Certainly, epigenetic markers might be used as 

alternative biomarkers for diagnosis and treatment of 

certain cancers and other systemic diseases. Currently, 

the reagents involved in epigenetic therapies may include 

the DNA methyltransferase inhibitors 5-azanucleosides, 

azacitidine decitabine, and zebularine, the histone 

deacetylase inhibitors vorinostat and romidepsin, TSA 

and suberoylanilide hydroxamic acid (SAHA), the 

manipulation of non-coding RNA, and the regulation of 

histone methylation and deacetylation using small 

molecules [29].  
Currently, there is no cure for AMD. The most 

common treatment method of nAMD is the injection of 

anti-VEGF reagents; however, complications are seen 

within the eye and systemically. The variability of 

individual responses to the injection and the requirement 

for repeated injections of anti-VEGF reagents are 

additional challenges. As discussed above, various 

aberrant epigenetic factors that contribute to or are 

associated with AMD have been demonstrated in the last 

decade. Further progress in understanding the role of 

epigenetics in the pathogenesis of AMD may lead to the 

development of potential therapies for the treatment of 

AMD [100].  
Below, we discuss the categories of the current 

research on epigenetic therapy. 

 

Potential target for DNA methylation in the 

treatment of AMD  

 

Inhibition of DNA methylation is one of the common 

approaches to regulate DNA methylation, and thereby 

activate or inhibit certain genes. The most common 

application of DNA methylation inhibition is seen in the 

treatment of tumors; the notion of the value of using 

DNA methylation inhibitor in treating AMD was 

demonstrated by the study of 5-aza-2′-deoxycytidine (5-

AZA-dc) in the upregulation of clusterin expression in 

RPE, suggesting that there is hypermethylation in the 

promoter region of CLU [24]. Hunter et al. found that 

promoter methylation of the glutathione S-transferase 

isoforms mu1 and mu5 underwent epigenetic repression 

in human AMD specimens, suggesting that DNA 

methylation inhibition may be a potential treatment 

option for AMD [24]. On the contrary, there was a low 

level of methylation of the IL17R in samples from AMD 

patients. Reduced DNA methylation in the promoter of 

LINE1 was revealed, which could be restored by 

resveratrol in human RPE cells [101], suggesting that 

either inhibition or enhancement of DNA methylation 

could be a new strategy for the treatment of early AMD 

according to the individual condition. In addition, we 

treated the polarized RPE monolayer cultures with up to 

6 µM 5-AZA-dC for 4 days; no detectable 

morphological changes were found in hematoxylin and 

eosin staining. The expressions of ZO-1 and cytokeratin, 

transepithelial resistance, and cell death were analyzed; 

no obvious abnormality was identified [102]. 

Theoretically, the use of 5-AZA-dc may be feasible in 

AMD treatment, because it is a DNA methylation 

inhibitor approved by the FDA for clinical trial in the 

treatment of cancer.  

 

Potential HDAC targets in the treatment of AMD  

 

Loss of the balance of histone acetylation and 

deacetylation is linked to many pathologic conditions, 

such as inflammation, cell death, aging, fibrosis, and 

angiogenesis. Some HDACis, a novel epigenetic 

therapeutic drug, are now approved by the FDA for the 

treatment of cancer; therefore, HDAC inhibition by 

HDACi has been studied extensively in the treatment of 

various systemic and eye diseases [42, 103-105]. There 

are various HDACis, including vorinostat, panobinostat, 

belinostat, ITF2357, PCI-24781, FK228, entinostat, 

MGCD0103, phenyl butyrate, valproic acid, trichostatin 

A, LAQ824, mocetinostat, and pracinostat, which are 

currently under investigation for possible therapeutic 

purposes [106]. Most of the HDACis have a broad 

spectrum of HDAC inhibition; only a few HDACis 

target relatively specific HDACs; the important point is 

that some HDACis not only inhibit HDAC activity, but 

also target many non-histone proteins. Therefore, 

HDACi application is being studied for the treatment of 

a wide variety of human diseases, including eye diseases 

[61, 107-111]. One example is SIRT1 (class III HDAC); 

as mentioned previously, stimulation of SIRT1 by 

resveratrol significantly promoted GFAP, anti-

angiogenic PEDF, and TSP-1 expression in the cells as 

well as in the phagocytic activities [111].  

TSA is an HDACi; in the study of inhibition of 

CNV, TSA was shown to be a promising HDACi for the 

inhibition of experimental laser-induced CNV in mouse. 

The study found that TSA can suppress inflammatory 

cytokine production, choroidal endothelial cell 

proliferation, and migration, by downregulating HIF1α, 

VEGF [111], ANG2, and endothelial cell NOS [100], 

and upregulating PEDF [111] expression. Most 

importantly, the expression of VEGFR2 was inhibited by 

TSA in human vascular endothelial cells; thereby 

attenuating neovascularization. Injection of TSA could 

also protect the rat retina from ischemia-induced damage 

by suppressing TNFα expression in the retina [42]. 
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Using HDACis to inhibit CNV formation was further 

validated by a study of resveratrol, a SIRT1 activator, 

reported by our research group [61] and others [112]. 

Resveratrol can be injected systemically or even 

intravitreally, to suppress CNV, and also inhibits 

VEGFR-2 phosphorylation in vivo [61]. Interestingly, a 

natural compound, sulforaphane (SF), an isothiocyanate, 

has anti-oxidative and anti-inflammatory effects and 

inhibits HDACs; it may be a potential epigenetic 

therapeutic agent [113]. 

Besides DNA methylation inhibitors and HDACis, 

some other reagents may hold promise as potential 

epigenetic therapies. These include vitamin A, which is 

able to regulate thrombospondin and PEDF in human 

RPE cells by altering the chromatin structure [114]. 

 

 
Figure 5. The role of epigenetic factors in the pathogenesis of AMD. Interaction among environmental, 

genetic, and epigenetic factors may determine initiation of the pathogenesis of AMD. Environmental 

factors may contribute to the alteration of epigenetic factors, changes in epigenetic mechanisms may 

induce abnormal gene expression through crosstalk with the genome. On the other hand, genetic 

alterations, such as single nucleotide polymorphisms, may affect epigenetic factors. Furthermore, there is 

an interplay among epigenetic regulation pathways, suggesting that AMD is a complex disease. An 

aberration of genome transcription that is related to AMD is regulated by both genetic and epigenetic 

factors. 

 

Prospective studies 
 

With the expansion of epigenetic research, several new 

concepts and terms have emerged, such as the EWAS, 

epigenome, epigenetic epidemiology, epigenetic 

pathology, epigenetic disease, epimutation, and 

epigenomic therapy [115]. However, these categories are 

still under investigation, particularly in eye diseases, 

such as AMD. Although much progress has been made, 

there are still many challenges. For example, much 

attention is paid to the status of DNA methylation in 

gene promoters, but not much information is available on 

non-promoter-associated modifications, including DNA 

methylation, noncoding RNA, chromatin architecture, 

and RNA methylation. In addition, there is no report on 

the relevance of RNA methylation in AMD and there is 
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no normal standard of DNA methylation and analysis of 

DNA methylation at a single-cell level in AMD patients 

or animal models. Because epigenetic modification is 

dynamic and individual-specific, further research is 

needed in these directions.   

In term of AMD risk factors, besides known SNPs 

and environmental factors, epigenetic factors may be an 

additional biomarker through application of a high-

throughput sequencing technique, which may be a new 

approach to predict the possibility of AMD development 

and facilitate provisional treatment. Tissue-specific 

changes in epigenetic factors in the RPE and other cells 

involved in the pathogenesis of AMD are critical when 

searching for epigenetic markers of AMD. Combinations 

of epigenetic factor changes in the blood and retinal-

specific tissue or cells and SNPs may allow 

identification of biomarkers of AMD [87].  

Detecting the epigenetic abnormality in all known 

AMD rick loci in AMD patients and age-matched 

control subjects will be future challenges but could 

provide answers to some key questions regarding the 

relevance of epigenetics to AMD pathogenesis. Alleles 

variants in all introns and exons of relevant genes should 

be analyzed by EWAS, to establish the distribution of 

DNA methylation of those genes in the context of the 

entire nucleotide genome, to identify variations 

associated with AMD in a large study sample. In 

addition, identifying the readers of histone modifications 

is also important for studying the role of histone 

modification in AMD [116]. RPE, choroidal endothelial 

cells, and even photoreceptor cells may be included in 

this type of study. The database will certainly be 

valuable to localize epigenetic markers of AMD risk, 

predict responses and/or adverse effects, to facilitate the 

design of improved epigenetic-based agents and 

optimize the use of the current agents for the 

management of AMD. The role of other epigenetic 

factors, such as histone modification and noncoding 

RNA in the regulation of the pathogenesis of AMD is 

even more complicated, because these have multiple 

functions and their interactions with each other are 

complex. Mitochondria is a key organelle in the response 

to oxidative stress; recently a report from Atilano et al. 

showed that expression of CFH and VEGF and the DNA 

methylation profile are regulated by mitochondrial DNA 

variants; therefore, the role of the interaction between 

mitochondrial and epigenetic factors in the pathogenesis 

of AMD should be further explored [117]. 

Risk factors of AMD are complex, involving 

multiple genetic, environmental, and epigenetic aspects, 

such as DNA methylation, histone modification, 

noncoding RNA, and mRNA methylation, and interplays 

among these factors determine whether an individual 

will develop AMD (Fig. 5). Epigenetics is dynamically 

and constantly adapting to environmental changes. While 

studies of individual epigenetic factors that contribute to 

the pathogenesis of AMD are important, the interaction 

between genetics and epigenetics should also gain 

attention, given the significant interplay between SNP 

genotypes and CpG methylation. Importantly, increased 

TG levels are strongly associated with enhanced 

methylation at the revealed CpG sites [118]. Moreover, 

the genetic risk of rheumatoid arthritis may be mediated 

through DNA methylation [119]. To build a 

comprehensive map of the human epigenome, all 

updated information should be collated into a 

comprehensive analysis; furthermore, not only 

specimens from different populations and places are 

required, but these should also be collected at different 

time-points. Thus, as with EWAS, extensive 

international collaboration is needed. 

The evidence of involvement of epigenetics in AMD 

pathogenesis may potentially lead to the use of 

epigenetics drugs for the treatment of AMD; however, 

studies of the use of epigenetic drugs, such as HDACis 

and DNMT, for AMD treatment in vivo are currently 

ongoing. A major problem in applying epigenetic agents 

for ocular disease is the lack of a target cell or target 

gene specificity. Another option for the treatment of 

AMD involves induction of stem cells to differentiate 

into RPE cells by epigenetic regulatory mechanisms and 

then replacing the dysfunctional RPE [120]. Recently, a 

synergistic inhibition of tumor growth was obtained by 

combining an HDAC inhibitor and a demethylase 

inhibitor [121]. Studies targeting a specific enzyme of 

the polycomb-repressor complex (EZH2 inhibitors) or 

acetylated lysine histone domains through bromodomain 

readers are considered as epigenetic therapy for cancer 

[122-124]. A systematic review may provide a clue for 

epigenetic research related to AMD. The task of the next 

decade will be to design specific drugs that can block the 

genetic and epigenetic alterations to prevent RPE from 

dysfunction or development of advanced AMD. 

Alternatively, it might be possible to combine the 

traditional therapy of AMD with epigenetic drugs to 

provide a new approach for the treatment of AMD.  
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