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Further understanding of epigenetic dysfunction of the retinal
pigment epithelium in AMD
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CA, USA

2Department of Pathology and Laboratory Medicine, University of California Irvine, Irvine, CA,
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Abstract

Introduction: Modulation of epigenetic mechanisms that contribute to retinal development may
render the eye susceptible to age-related macular degeneration (AMD). Progression of AMD
involves alterations of epigenome such as CpG methylation and histone modifications, and study
of the epigenetic regulation of molecular/ cellular pathways associated with AMD might identify
target epigenetic markers for treatment of AMD.

Areas covered: In this review, we provide an overview of the influence of epigenetic factors on
signaling pathways/ related genes associated with AMD, mainly hypoxia, angiogenesis,
inflammation, complement, and oxidative stress; and discuss the critical role of microRNASs in
AMD.

Expert Opinion: Better understanding of epigenetic-mediated and microRNA-mediated
regulation of the AMD disease-related pathways would help to assess the risk of developing AMD
besides providing valuable insight on potential target candidates for AMD therapy.

Keywords

AMD; Age-related macular degeneration; Epigenetics; DNA methylation; CpG methylation;
Epigenetics; HDACSs; Histone modifications; MicroRNAs; Precision medicine for AMD

1. INTRODUCTION

Age-related macular degeneration (AMD) is a major cause of vision loss in the elderly
populations worldwide. While there are anti-VEGF (Vascular Endothelial Growth Factor)
treatments for the advanced form with choroidal neovascularization (CNV), the dry form of
AMD has no reliable therapies at this time. The pathophysiology of AMD is multifactorial
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and involves multiple molecular pathways, including oxidative stress, cell signaling,
inflammation/complement, angiogenesis, non-genetic factors, and degradative enzymes
(Figure 1).

AMD has a genetic component, which has been well described by others. 1.2 The high-risk
environmental factors include smoking, obesity, cardiovascular disease, and high fat diet
with restricted antioxidants.34>6 |t is becoming more evident that epigenetic modification is
also involved with AMD pathology. The epigenetics can modulate gene expression via DNA
methylation at CpG sites and histone modifications (acetylation of lysine sites, methylation
at arginine or lysine amino acids, phosphorylation of serine or threonine sites and lysine
ubiquitination/sumoylation). The epigenetic changes result in unwinding of the DNA and
altered transcriptional activity. Epigenetics can be modified through nutritional,
environmental and pathological events and passed on to future generations.

AMD pathogenesis is known to involve epigenetic modifications such as DNA methylation,
chromatin remodeling, and histone modifications, i.e., acetylation and methylation of lysine
residues on histone proteins in DNA.”8

DNA MethylTransferases (DNMTSs) maintain methylation patterns in the genome and are
critical to cellular homeostasis. DNMT1 catalyzes addition of methyl groups at CpG sites
and is expressed in the retinal neurons. ® DNMTT1 is essential for differentiation of RPE and
photoreceptor cells and for maintaining the levels of retinoid binding protein. DNMT1
deficiency leads to loss of retinal neurons. DNMT3A and DNMT3B play a vital role in de
novo methylation and their expression levels decrease as the retina ages. Loss of DNMT3B
causes abnormal development of RPE and retina.10 Other effectors of DNA methylation in
mammalian cells include MAT1A (Methionine AdenosylTransferase 1 Alpha), MAT2B,
MBD2 (Methyl-CpG Binding Domain protein 2), and MBDA4. In our recent studies, the
transmitochondrial AMD RPE cells showed reduced expression of DNMT1 and MBD?2;
whereas the expression levels of DNMT3A, DNMT3B, MAT1A, MAT2B, and MBD4 were
upregulated compared to the normal RPE cybrid cells. 11

In this review, we describe the mechanism(s) of epigenetic regulation in genes/ markers
associated with the pathogenesis of AMD.

2. OVERVIEW OF EPIGENETICALLY REGULATED SIGNALING PATHWAYS/
GENES ASSOCIATED WITH AMD:

2.1. Hypoxia and Angiogenesis

Loss of choriocapillaris and choroidal perfusion creates a hypoxic environment for the
adjacent RPE cells, thereby inducing the release of angiogenic factors, including VEGF,
which leads to neovascularization associated with wet AMD.12 Hypoxia, a common
pathophysiological characteristic of AMD, elicits oxidative stress, redox imbalance, and
subsequent death of RPE cells.13 HIFs (Hypoxia-Inducible Factors) are heterodimeric
transcription factors which play crucial roles in transcriptional regulation and initiation of
hypoxic cellular responses to altered oxygen tension in mammalian cells. The HIF-1
complex maintains oxygen homeostasis and is composed of two basic helix-loop—helix
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(HLH)-PER-ARNT-SIM (bHLH-PAS) protein subunits. The first is HIF-1a, which is
oxygen-regulated and exists at low levels in normoxia, and secondly is the constitutively
expressed HIF-1pB. The oxygen sensing ability of HIF-1a largely relies on the enzymes -
prolyl hydroxylases 1-3 (PHD1-3) and asparagine hydroxylase factor inhibiting HIF (FIH).
In normoxic cells, PHD1 is constitutively expressed and it hydroxylates the conserved
proline residues i.e., Pro402 and Pro564 on HIF-1a. This allows the binding of von Hippel
Lindau tumour suppressor protein (pVVHL), the recognition motif of a ubiquitin E3 ligase
complex, to HIF-1a and subsequently leads to ubiquitin-proteasome degradation of the
HIF-1a subunits. The half-life of HIF-1a is less than 5 minutes in normoxic conditions.
Under hypoxia, HIF-1a hydroxylation by PHD1 is suppressed and pVHL detaches from
HIF-1a resulting in accumulation of HIF-1a. This allows HIF-1a to translocate from the
cytosol to the nucleus where it dimerizes with HIF-1p and its cofactor p300/CBP. Following
this, HIF-1a regulates gene expression by recognizing and binding to the HIF-1 Binding
Site (HBS) localized in the Hypoxia-Responsive Element (HRE). This complex is located
within the target gene promoters for transactivation of hypoxia response genes, which
include the genes involved in angiogenesis and growth i.e., Angiopoietin 1, Angiopoietin 2,
Endothelin-1, Nitric oxide synthase 2, and VEGF; the genes involved in proliferation and
survival such as Erythropoietin and Transferrin; and the genes involved in energy
metabolism such as Glucose transporter-1 and Glyceraldehyde-3-phosphate dehydrogenase,
Hexokinase 1, Hexokinase 2.14:15

The VHL and PHD proteins which stabilize the HIF-1a transcription factor are regulated by
their promoter methylation status (Figure 2, Table 1). In RPE cells, via the HIF pathway,
cobalt chloride-induced hypoxia causes hypomethylation and upregulation of ten-eleven
translocation (TET) genes namely TET1 and TET2.16 The study shows that 5-azacytidine
(DAC), an inhibitor of DNA methylation, demethylates the TET1 and TET2 promoters and
reactivates gene expression in RPE cells, establishing the key role of epigenetic regulation of
the hypoxia pathway via DNA methylation.

Hypoxia-induced upregulation and accumulation of VEGF, iNOS (the inducible form of
nitric oxide synthase), and NO (nitric oxide) contribute to retinal vascularization,
pathological angiogenesis and subsequent retinal damage in AMD. VEGFmRNA transcript
and VEGF-A protein are upregulated in AMD RPE cells compared to normal control cells /n
vitro11 Upregulation of VEGF in AMD largely relies on the binding of HIF-1a to the HBS
in the VEGF gene promoter. Aquaporin-4 (AQP4) which is a predominant integral
membrane water channel protein in the retina, affects the physical interaction between
HIF-1a and the HBS in the VEGF promoter. Absence of AQP4 prevents VEGF upregulation
by hindering the hypoxia-induced HBS demethylation process. 17 Moreover, DAC-mediated
demethylation results in downregulation of VEGF thereby bringing the VEGF level back to
normal in human RPE cells and human retinal endothelial cells.11 18 Treatment of AMD
RPE cells with Trichostatin-A (TSA), an HDAC inhibitor, significantly reduces the levels of
VEGF-A and HIF-a proteins compared to their untreated counterparts. TSA-induced anti-
angiogenic effects are mediated via downregulation of VEGF and HIF-1a under hypoxic
conditions both in vitro and in vivo. 19
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2.2. Oxidative stress

Reactive Oxygen Species (ROS) such as superoxide anion (O,7), singlet oxygen (}[O,]), and
hydrogen peroxide (H»0O5) are produced during oxidative cellular metabolism via the
mitochondrial electron transport chain complexes. Alteration in redox homeostasis results in
oxidative stress which is a primary contributor to AMD pathogenesis.2? AMD patients have
damaged mitochondria, higher ROS levels, and reduced antioxidant potential as evidenced
by downregulation of mitochondria-specific antioxidant genes such as SOD2 (Superoxide
Dismutase 2) and PRDX3 (Thioredoxin-dependent peroxide reductase) in
transmitochondrial AMD RPE cybrid cells.21:22 The phase Il metabolic isoenzymes namely
Glutathione S-transferases (GSTs) possess antioxidant properties and ROS scavenging
potential. GSTs enable cellular detoxification by mediating the conjugation of the reduced
form of glutathione (GSH) to xenobiotic substrates. 2324 Decline in the transcript levels of
GSTs in AMD cells enhances the cellular susceptibility to oxidative insults,?® and retinal
GSTs confer significant protection against oxidative stress-induced cellular damage.26
Substantial decrease in the gene and protein levels of GSTM1 (GST mul) and GSTM5
(GST mub5) was observed in the RPE/choroid and neurosensory retina in postmortem eyes of
AMD patients compared to age-matched normal control subjects. Both GSTM1 and GSTM5
are expressed in the apical side of RPE, the nerve fiber layer, the outer plexiform layer, and
the photoreceptor outer segments. CpG site bisulfite pyrosequencing established a strong
correlation between hypermethylation of the GSTM1 gene promoter in RPE/choroid (Table
1) and downregulation of GSTMI and GSTMA5 transcripts and proteins. It has been
suggested that the GSTM1 promoter may act as a CpG island for the downstream GSTMDb.
This epigenetically regulated repression of GSTM1 and GSTM5 contributes to increased
susceptibility to oxidative damage in the AMD retinas.2’

Inflammation

Immunologic responses, including pro-inflammatory molecules, cytokines, complement
activation, macrophage recruitment, and microglial activation, are implicated in the
development of AMD disease.28 Interleukin-17A (IL17A) signaling causes RPE cell toxicity
in AMD retinas and is associated with inflammasome activation in the macula.2® Both
IL17A and IL17RC (Interleukin-17 Receptor C) are expressed in the macula of AMD
patients.30 In an examination of the non-genetic and environmental components of AMD,
genome-wide DNA methylation patterns and modifications in histone proteins, the IL17RC
expression was evaluated in the blood and retina of identical twins with discordant AMD
phenotype. The promoter of /L17RC gene was hypomethylated, which led to significantly
reduced expression of /L17RC gene and protein in the retina and choroid as well as
peripheral blood of AMD patients.3 Therefore, the study suggested that: a) epigenetic
alterations in /L17RC gene contribute to AMD pathogenesis, and b) expression and
promoter DNA methylation patterns of /L17RC may serve as biomarkers and potential
candidates for AMD diagnosis and therapy respectively (Figure 1, Table 1).

2.4. Transforming Growth Factor-Beta (TGF-B)

signaling plays a vital role in oxidative stress-induced RPE cell senescence, RPE cell
migration, induces VEGF, angiogenesis, and subsequent choroidal neovascularization in wet
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AMD. Although the distribution of TGF-g isoforms (TGF-p1, TGF-p2, and TGF-B3) is
heterogeneous as all three isoforms are expressed in vitreous and aqueous humor in the
human eye, TGF-B2 is the predominantly expressed isoform in RPE cells, Bruch’s
membrane, and choroid. 3233 This has been confirmed in various /7 vitroand in vivo studies
of cultured RPE cells and primate ocular tissues. SK/is a proto-oncogene that represses
TGF-p signaling by interacting with SMADs (acronym for Caenorhabditis elegans SMA
(“small” worm phenotype) and Drosophila MAD (“Mothers Against Decapentaplegic”)
genes). In RPE cells, enhanced TGF- signaling, which contributes to complement
activation, corresponds to lower expression levels of SK/ (Figure 3, Table 1). Genome-wide
DNA methylation profiling using bisulfite-pyrosequencing in RPE cells obtained from AMD
and normal human donor eyes revealed: a) significantly decreased expression of SK/gene in
AMD RPE compared to normal RPE, b) differential methylation of CpG loci and
differentially methylated locus cg18934822 in the SK/gene, c) enhancer signature
H3K4mel in the cg18934822 region and the CpG locus of SK/gene , and d) a differentially
methylated locus cg22508626 within the gene GTF2H4 (General Transcription Factor 11H
Subunit 4). It was speculated that alterations in DNA methylation within the SK/gene
promoter result in complement dysfunction in AMD.34

2.5. ARMS2 (Age-Related Maculopathy Susceptibility 2) gene

encodes a ~11.4 kDa and ~107 amino acids long secreted protein that is a component of the
choroidal extracellular matrix of the eye. The 10g26 region of the ARMSZ2 gene and the SNP
rs10490924 are high-risk locus for AMD. Mutations in the ARMSZ2 gene are associated with
pathogenesis of AMD. Genome Wide Association Studies (GWAS) and methylation
profiling of retina and peripheral blood samples from neovascular AMD patients and normal
controls identified differential methylation levels of CpG sites in the ARMSZ2 gene promoter,
which correlated with the AMD risk genotype SNP rs10490924 (Figure 3, Table 1).3°

2.6. PRSSH50 (Serine Protease 50) gene

encodes a protein with proteolysis serine-type endopeptidase activity and threonine-type
endopeptidase activity. Genome-wide methylation profiling identified small but consistent
variation in DNA methylation in the PRSS50gene. In the AMD blood and retina samples
there was hypermethylation of three CpG islands in the 34 bp promoter region of the
PRSS50 gene compared to normal control samples (Figure 3, Table 1).3°

2.7. SOD2 (mitochondrial Superoxide Dismutase 2) gene

is known to protect RPE cells from oxidative stress and apoptosis. Substantive epigenetic
modulation via histone modification in the SODZ2 gene was observed in hyperglycemic
human AMD donor retinas. Significant decline in methylation of histone H3 lysine 4
(H3K4me2), enhanced methylation of histone H4 lysine 20 (H4K20me3), and increased

acetylation of histone H3 lysine 9 (H3K9) were demonstrated in /n vivo (Figure 3, Table 1).
36
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2.8. Matrix Metalloproteinases (MMPs)

are calcium-dependent endopeptidases that contribute to the degradation of extracellular
matrix proteins and processing of bioactive molecules. MMPs play a key role in cell
adhesion, migration, differentiation, proliferation, apoptosis, and angiogenesis. Both the
MMP-2 (-1306 C/T) polymorphism and the SNP rs243865 CT are associated with the
development of wet AMD in males less than 65 years of age.3” MMP-9 was found to be
upregulated in the plasma and aqueous humor of wet AMD patients. Logistic repression
analyses revealed that (a) AMD patients had higher frequency of the MMP-9 (-1562) C/C
genotype compared to controls, and (b) MMP-9 SNP rs3918242 (C-4T) was critical in the
pathogenesis of AMD. 38:3% When human RPE cells were exposed to amyloid-p (a
component of drusen in AMD) there was upregulation of MMP-9, which degraded the tight
junction proteins and reduced the integrity of the epithelial barrier 40 (Figure 4, Table 1).
The breakdown of the RPE barrier contributes to local inflammation, which is a hallmark of
AMD. Therefore, regulation of MMP-9 is important for RPE cell health and stability. DNA
methylation mediated epigenetic regulation of MMP-9 has been observed in the
hippocampus as well.#1 Moreover, the 5-methylcytosine levels are drastically reduced in the
promoter region of retinal MMP-9, suggesting that DNA methylation of the promoter plays
a vital role in regulating the transcription of the MMP-9 gene. 2

2.9. Complement Factor H (CFH)

is a key inhibitor of the alternative complement pathway, and the Tyr402His mutation in the
CFH gene is high-risk for AMD pathology. Significant downregulation of the CFH transcript
and protein observed in AMD RPE cells has been associated with complement activation.43
CpG methylation in CFH gene promoter regulates its expression and function (Figure 3,
Table 1).44

2.10. NF-xB

(Nuclear Factor Kappa-light-chain-enhancer of activated B cells) is a transcription factor and
a regulator of innate immune responses in aging. Activation of NF-xB and formation of
glycoxidation product are associated with AMD disease pathology and neurodegeneration
(Figure 1, Table 1). 45. 46

2.11. Trichostatin A (TSA)

is a pan-HDAC inhibitor of mammalian class I, 11, and IV HDACs. It chelates the zinc ion
leading to HDAC inhibition and subsequently to cell cycle arrest and apoptosis.*” In AMD
and RPE cells, TSA downregulates VEGF, suppresses HIF-1a, and inhibits angiogenic
effects. 4849

2.12. SLC16A8

(Solute Carrier Family 16 Member 8) gene encodes MonoCarboxylate Transporter 3
(MCT3), a proton-coupled monocarboxylate transporter that is specifically and highly
expressed in the RPE. MCT3 is often referred to as the lactate shuttle since it facilitates the
transport of lactate across the RPE and out of the retina via choroidal circulation, thereby
contributing to the maintenance of metabolic and ionic homeostasis of the outer retina.

Expert Rev Ophthalmol. Author manuscript; available in PMC 2021 March 16.
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Deletion of MCT3 leads to significant decline in subretinal space pH and altered visual
function.59 Multivariate logistic regression analysis revealed that the SNP rs8135665 (C/T)
at locus 22g13.1 in the SLC16A8gene is high risk for AMD.?! It has been reported that
DNA methylation can alter lactate transport by inhibiting MCT3, and addition of 5-aza-2-
deoxycytidine restored MCT3 activity and lactate transport.52

2.13. COL8A1

(Collagen Type VI1II Alpha 1 Chain) gene encodes a short chain collagen which is a key
component of the Descemet’s membrane of the corneal endothelium and blood vessel
endothelial cells, and is involved in extracellular matrix remodeling and the angiogenic
activity of endothelial cells.?>® The SNP rs13081855 (G/T) at locus 3q12.1 in the COL8A1
gene is high-risk for AMD.51 Another lead variant i.e., rs140647181 (T/C) in the COL8A1
gene is high-risk for AMD. It was recently reported that CpG site methylation in the
COL8AI gene is regulated by the OT.X2gene.>*

2.14. TIMP3

(Tissue Inhibitor of MetalloProteinases 3) gene that encodes inhibitors of matrix
metalloproteinases that cause degradation of the extracellular matrix. 7/MP3gene SNP
rs5749482 (C/G) at locus 22q12.3 shows significant association with AMD etiopathology.®!
Mutations in 7/MP3are associated with autosomal dominant fundus dystrophy.>® It has
been reported that 7/MP3 gene expression is strongly influenced by histone modifications
and promoter site DNA methylation in various tissues.?6->7

2.15. APOE

(Apolipoprotein E) is a polymorphic susceptibility gene for AMD that encodes a key
apolipoprotein of the chylomicron which is a ligand for LDL receptor and is essential for the
normal catabolism of triglyceride-rich lipoprotein constituents and preserves the integrity of
neuronal cell membranes.>8 Subretinal inflammation in AMD pathology is attributable to
APOE isoforms.>® The SNP variant rs4420638 (A/G) at APOE gene locus 19p13.2 is
considered high-risk for AMD.5! The SNPs rs429358 and rs7412 are known to reduce
binding affinity to the LDL receptor.6? However, the epsilon 4 allele of APOE gene is found
at a very low frequency in AMD suggesting its role as a potential protective factor in AMD.
61 The APOE gene is differentially methylated in neurodegenerative diseases.5263

3. Non-genetic factors in AMD:

Aging in conjunction with environmental factors such as smoking status and dietary habits
constitute the non-genetic factors that account for 10 % of AMD.54 Body mass index and
smoking are the key non-genetic risk factors for AMD. Obesity is associated with high
incidence of AMD.65

4. MicroRNA-mediated regulation in AMD

Regulation of gene expression via non-coding microRNAS constitutes a crucial part of
epigenomics. MicroRNAs are crucial regulators of cellular functioning and recent studies

Expert Rev Ophthalmol. Author manuscript; available in PMC 2021 March 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kenney and Nashine

MiR-146A:

MiR-27A:

Page 8

have revealed that circulating microRNAs carried by exosomes/microvesicles in the serum
or blood plasma of patients serve as potential biomarkers of AMD. Significantly higher
levels of miR-661 and miR-3121 were found in dry AMD patients whereas wet AMD
patients showed significantly elevated levels of miR-4258, miR-889, and Let-7 microRNAs.
66 |_et-7 microRNAs are strongly expressed in RPE ells and vascular endothelial cells.
Inhibition of hypoxia-responsive microRNAs such as Let-7, miR-103, and miR-107, which
are induced by H/F-1a and strongly expressed in vascular endothelial cells, reduces
hypoxia-induced angiogenesis via translational desuppression.®” Furthermore, three
circulating microRNAs i.e., hsa-mir-301-3p, hsa-mir-361-5p, and hsa-mir-424-5p were
found to be differentially secreted in neovascular AMD compared to controls. Further
analysis of the genes regulated by these 3 microRNASs revealed the involvement of canonical
TGF-B and MTOR pathways in neovascular AMD pathogenesis.58 In addition, specific
SNPs (Single Nucleotide Polymorphisms) in microRNA target-encoding loci of complement
genes, ARMS2 gene, and MHC (Major Histocompatibility Complex) genes were recently
identified, thereby indicating the ability of these SNPs to affect miRNA-mRNA pairings in
loci implicated in the etiology of AMD. This study revealed elevated levels of hsa-miR 155-
5p and hsa-let-7a/b/d-5p in AMD retinas; and decreased levels of hsa-miR-152 in AMD
vitreous.59

MiR-146A SNP rs2910164 (C/G) is considered high risk for AMD. MiR-146A enhances
inflammatory signaling and immune responses in neovascular AMD via interaction with its
target genes i.e., CFH, IL-6, IRAKI (Interleukin 1 Receptor Associated Kinase 1), and
HTRAZ (High Temperature Requirement Protein A2, a mitochondrial serine protease).’°
Moreover, hsa-miR-146a-5p is known as a particularly relevant biomarker for AMD
because: 1) it shows approximately 100-fold higher expression in choroid-RPE compared to
neural retina;’! 2) it is overexpressed in AMD retinas, shows 5-fold higher expression in the
vitreous humor, and its plasma concentrations are 2.5-fold higher compared to age-matched
controls; 3) the 3’'UTR of CFH gene harbors a highly conserved and polymorphic seed
pairing site for hsa-miR-146a-5p.72.73

Strafella et a/ demonstrated significant association between AMD risk and miR-27A SNPs
rs11671784 (G/A) and rs895819 (T/C).”0 MiR-27A plays a key role in angiogenesis and
choroidal neovascularization by targeted repression of the anti-angiogenic proteins SPRY2
(Sprouty2) and SEMAGA (Semaphorin6A), thereby facilitating the migration and
proliferation of endothelial cells. In addition, miR-27A targets APBB2 (Amyloid beta A4
precursor protein-binding family B member 2) protein, which is involved in processing of
Amyloid Precursor Protein (APP) into mature Amyloid-f protein in retinal and neuronal
cells. Furthermore, mir-27A also targets VEGFC and PPARy (Peroxisome Proliferator
Activated Receptor Gamma) to regulate inflammatory and angiogenic responses,
subsequently contributing to the etiopathology of AMD.

Several angiomiRs i.e., microRNAs that influence the process of angiogenesis have been
identified and implicated in neovascular AMD. For instance, miR-210 regulates hypoxia-

Expert Rev Ophthalmol. Author manuscript; available in PMC 2021 March 16.
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mediated angiogenesis and cellular metabolism.”* Similarly, miR-126 in response to pro-
angiogenic factors triggers MAPK and PI3K signaling pathways; miR-126 knockout mice
show delayed retinal vascularization and development.”76 Lin et al demonstrated that
miR-23a, which regulates angiogenesis and choroidal neovascularization, protects RPE cells
against hydrogen peroxide-induced injury via Fas-targeting.”’ Overexpression of miR-31 or
miR-150 represses laser-induced choroidal neovascularization /7 vivo.®

DNA methylation directly regulates microRNA biogenesis thereby affecting microRNA
functions; microRNAs are highly expressed, and sequence conserved when the regions
flanking the microRNA coding sequence are highly methylated.”® Loss of DNA methylation
leads to upregulation of miR-21 and miR-146b and subsequent disruption of biological
functions and transcriptional regulation.89 Similarly, hypomethylation of miR-124-2 and
miR-184 was considered a prognostic risk factor for breast cancer patients.8!

EXPERT OPINION

In summary, the pathological events associated with AMD involve many different pathways,
each regulated through complex interactions of genetic factors and environmental
influences. Overriding these factors are the epigenetics, which can be changed during a
person’s lifetime due to stressors and nutrition or inherited from previous generations. The
desire to understand further the epigenetic regulation of the AMD disease-related pathways
is in part driven by the therapeutic opportunities for future drug development to block or
inhibit the specific AMD pathways and slow or prevent the progression of this major disease
of the aging eye.

The role of epigenetics in development of diseases is just being explored. A decade ago, the
research community believed that sequencing of the entire human genome would provide
the understanding of human diseases. However, it quickly became apparent that it is much
more complicated, and the field of epigenetics began to burgeon. Epigenetics are
mechanisms for gene regulation through DNA methylation and histone modifications that
can result in phenotype changes, some of which are inheritable. While the underlying DNA
sequence remains unchanged, the epigenetic modifications occur by methylation of CpG
dinucleotides, often within promoter regions, and/or histone modifications (acetylation of
lysine sites, methylation at arginine or lysine amino acids, phosphorylation of serine or
threonine sites and lysine ubiquitination/sumoylation) that result in DNA unwinding and
increased transcription activities. These types of regulation are critical for development,
homeostasis and disease progression. By understanding the epigenetics of cell types, tissues
and molecular pathways, it will open the possibilities of creating treatments to reverse the
problems when the epigenetic regulation is abnormal.

The genetics and environmental risk factors for age-related macular degeneration (AMD)
have been well-characterized and pathways include Oxidative Stress, Cell Signaling,
Inflammation, Angiogenesis, Degradative Enzymes and Non-genetic Factors. Recent studies
have shown that many markers in these pathways are regulated by epigenetics. For example,
promoter CpG methylation regulates antioxidant enzymes, SOD2and GPXZ; degradative
enzymes PRSS50, MMP9and ARMSZ, complement inhibitor, CFH; inflammation inhibitor,

Expert Rev Ophthalmol. Author manuscript; available in PMC 2021 March 16.
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SKI, and angiogenesis markers, VEGF, PHD and VHL. Histone modification regulates
expression levels for NFxBand SKI.

Investigations using transmitochondrial AMD cybrid cell lines showed altered levels of
methylation-related and acetylation-related RNAs/proteins. As evidence accumulates that
epigenetics play a critical role in AMD, this provides an excellent opportunity to
characterize target pathways and genes for future drug treatments. There are already
effective FDA approved HDAC inhibitors to block histone deacetylation and alter gene
transcription. Moreover, the DNMT nucleoside inhibitors effectively block promoter regions
associated with pathways known to be involved with AMD. The field of cancer therapies are
by far leading the way with drugs that specifically target the pathways of acetylation. For
example, 1) HDAC inhibitors such as Trichostatin A/\Vorinostat (class I, 11, IV HDACS),
Belinostat (class I, I HDACSs), Panobinostat (pan-HDAC inhibitor), Romidepsin/ (class |
HDACS), and/or 2) methylation inhibitors: DNMT inhibitors such as Azacitidine/Vidaza (5-
azacitidine) and Decitabine/Dacogen (5-aza-2’-deoxycytidine). These drugs are currently in
cancer clinical trials and show promise. Similar approaches should be undertaken for AMD,
beginning with /n vitro studies using primary AMD RPE cells, AMD cybrids and/or retinal
cell lines stressed with known AMD stressors (i.e. amyloid-beta, 7-ketocholesterol, hypoxia)
to determine whether inhibitors of HDACs and/or DNMTs might slow or reverse apoptosis
and cell death. Then pre-clinical /n vivo approaches using retinal degeneration animal
models treated with combinations of HDAC inhibitors should be investigated. The family of
inhibitors block different classes of HDACs so the outcomes might vary depending upon
which pathways are targeted.

In summary (Figure 5), major disease-related pathways, such as angiogenesis and
inflammation, are regulated in part by various microRNAs. These same pathways are also
modulated by epigenetic events that up- or down-regulate genes within these pathways by
chromatin remodeling, histone modifications or DNA methylation. New evidence is
accumulating that these two regulatory events may interact with each other, but additional
studies are required to more fully understand these mechanism(s). However, identifying
multiple mechanisms to regulate disease-causing pathways offers tremendous opportunities
to develop novel therapeutic agents.

Precision medicine:

Precision medicine refers to the clinical approach that optimizes patient care for treatment
and prophylaxis of diseases by considering genomics, genetic and molecular profiling,
environmental factors, and lifestyle for each patient. Precision medicine offers the advantage
of personalized medical care by taking into account inter-patient variability that is lacking in
a standard one-size-fits-all treatment regime.

Advances in pharmacoepigenomics and translational medicine have allowed the
development of precision medicine and personalized care tailored to the varying
characteristics of individual AMD patients. With the large amount of data being generated
by Genome-Wide Association Studies (GWAS) and analyzed with Artificial Intelligence
(Al) using machine learning algorithms, it is easier to correlate genomic sequences to the
patient’s phenotype on a sizeable scale.
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For example, compared to the low-risk CC genotype, the TT genotype of VEGFA rs943080
(C/T) is associated with relatively poor response to anti-VEGF drugs. Therefore, higher and
more frequent dosage of anti-VEGF drugs might be required for patients with TT genotype.
82.83 \With respect to the VEGFRZ2 gene, the CC genotype of rs2071559 shows better mean
retinal sensitivity in response to anti-VEGF drug treatment.84

AMD patients have genetic variants of the CFH gene which lead to complement
dysregulation. Complement therapeutics are focused on inhibiting the lectin, alternative, and
classical pathways in order to restore regulation of complement system. Currently,
complement-based therapeutics are being developed by a variety of pharmaceutical
companies and are in clinical trials. For instance, a) POT-4 (Potentia), a protease inhibitor
that targets C3 is currently in phase I clinical trials for wet AMD, b) LFG316 (Novartis), a
monoclonal antibody targeting C5 is currently in phase Il clinical trials for dry and wet
AMD; c) Lampalizumab (Genentech), is an Antibody Fab fragment that targets complement
factor D and is in phase 111 clinical trials for dry AMD therapy.8>

The goal is to gain enough understanding of the epigenetic regulation of the harmful
pathways involved in AMD pathogenesis (both dry and wet) so that targeted inhibition of
epigenetic regulation might slow or reverse the retinal cell damage that leads to vision loss.
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Article Highlights:
. Epigenetic dysregulation underlies the pathology of AMD.
. Study of epigenetically regulated AMD-associated markers may provide
crucial information for identification of new potential candidates for AMD
therapy.
. Key molecular/cellular pathways affected by epigenetic factors include, but

are not limited to, hypoxia, angiogenesis, inflammation, and oxidative stress.

. MicroRNAs are regulated by DNA methylation and play a key role in AMD
pathogenesis.
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FIGURE 1.

Schematic diagram shows the epigenetically regulated AMD pathways and markers.
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Epigenetic regulation of Angiogenesis markers
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FIGURE 2.
Schematic diagram shows the regulation of angiogenesis markers via epigenetics.
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Epigenetic modulation of MMP-9 in AMD
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Schematic diagram shows epigenetic modulation of MMP-9 in AMD.
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