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Abstract

DNA methylation is a major control program that modulates gene expression in a plethora of organisms. Gene
silencing through methylation occurs through the activity of DNA methyltransferases, enzymes that transfer a
methyl group from S-adenosyl-L-methionine to the carbon 5 position of cytosine. DNA methylation patterns are
established by the de novo DNA methyltransferases (DNMTs) DNMT3A and DNMT3B and are subsequently
maintained by DNMT1. Aging and age-related diseases include defined changes in 5-methylcytosine content
and are generally characterized by genome-wide hypomethylation and promoter-specific hypermethylation.
These changes in the epigenetic landscape represent potential disease biomarkers and are thought to contribute
to age-related pathologies, such as cancer, osteoarthritis, and neurodegeneration. Some diseases, such as a
hereditary form of sensory neuropathy accompanied by dementia, are directly caused by methylomic changes.
Epigenetic modifications, however, are reversible and are therefore a prime target for therapeutic intervention.
Numerous drugs that specifically target DNMTs are being tested in ongoing clinical trials for a variety of
cancers, and data from finished trials demonstrate that some, such as 5-azacytidine, may even be superior to
standard care. DNMTs, demethylases, and associated partners are dynamically shaping the methylome and
demonstrate great promise with regard to rejuvenation.

Introduction

EPIGENETIC REGULATION OF GENE EXPRESSION OCCUrS
through the addition and removal of chemical tags to
DNA-associated proteins as well as to the DNA itself. DNA
methylation targets the latter and involves the addition of a
methyl group to the carbon 5 (C5) position of cytosine and
typically leads to gene silencing.! Genomic 5-methylcytosine
(5mC) patterns are established during early development by
the de novo DNA methyltransferases (DNMTs) DNMT3A
and DNMT3B and are subsequently maintained by
DNMT1.”> Global demethylation and remodeling of these
patterns occur during two life cycle phases in mammals, one
during gametogenesis and one during preimplantation
development.'

DNA methylation is an evolutionarily conserved form
of transcriptional repression that exists in a spectrum of
genomes—both prokaryotic and eukaryotic.** This epige-
netic tag was originally discovered in bacterial restriction-

modification systems, with some restriction endonucleases
being specific to methylated DNA. This has led to the theory
that prokaryotic DNA methylation evolved as a form of
defense against foreign DNA molecules.” In eukaryotes,
transposable elements and repeats are densely methylated in
fungi, plants, and mammals, suggesting transposon defense
as another ancestral role of DNA methylation.*
Methylation of cytosine residues is thought to prevent
gene transcription by directly interfering with the recogni-
tion sequence of transcription factors or with the transcrip-
tional machinery. Gene silencing via methylation can also be
mediated by the assistance of methyl-CpG binding domain
proteins (MBDs), enzymes that establish silent chromatin
through the recruitment of histone deacetylases.” Action on
cytosine by DNMTs occurs almost exclusively within CG
dinucleotides (CpGs), and approximately 60%—90% of all
mammalian CpGs are methylated. An exception is made for
unmethylated CpG islands, clusters of CpG-enriched DNA
that often reside within gene promoter regions.6 In general,
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only regions of the genome that possess CpGs are directly
susceptible to methylation. Mammalian telomere repeats, for
example, lack the CpG site and are thought to be exempt
from direct action by DNMTs. Methylation of adjacent sub-
telomeric regions, however, controls both telomere recom-
bination and telomere length in mouse embryonic stem cells
(ESCs).”

The importance of DNMTs is made apparent by the phe-
notypes of DNMT-deficient mice: Ablation of Dnmtl,
Dnmt3a, or Dnmt3b results in early embryonic lethality,>®
and selective deletion of neuronal Dnmt3a creates mice with
a shortened life span and neuromuscular defects.” In addi-
tion, DNA methylation has been implicated in a wide array
of biological processes, including genomic imprinting,'® X
chromosome inactivation,'"'? autoimmunity, ” carcinogenesis,
and aging.'*

Aging is strongly correlated with changes in DNA meth-
ylation. DNA methylation and epigenetic alterations have
been directly linked to longevity in a wide array of organ-
isms, ranging in complexity from yeast to humans."” The
general trends, supported by an ever-increasing body of both
in vitro and in vivo work, are the establishment of global
hypomethylation (non-CpG islands) and regions of hy-
permethylation (primarily CpG islands) with age.16

Aging is traditionally thought to be caused by numerous
complex and interacting factors. These include oxidative
DNA damage, depletion of self-renewing stem cells, mito-
chondrial and nuclear genome mutations, shortening of
telomeres, and other processes.'” The question of whether
alterations in the methylome also play a causal role in aging
has yet to be elucidated. This review addresses this issue and
investigates the role of DNA methylation and its mecha-
nisms in aging, age-related disease, and rejuvenation.

Basic Mechanisms
DNA methylation

The methylation reaction is catalyzed by DNMTs, en-
zymes that transfer a methyl group from S-adenosyl-L-
methionine (SAM) to the C5 of a cytosine. This reaction
features SAM as the electrophile methyl donor and C5 as a
weak nucleophile unable to interact with SAM on its own.
However, a nucleophile from a DNMT can attack the carbon-
6 of cytosine, covalently binding the enzyme to the DNA.
This activates the nucleophilic character of C5, facilitating the
transfer of a methyl group from SAM. The enzyme nucleo-
phile is consequently eliminated and deprotonation at C5
separates the nucleotide-DNMT complex.'®

Silencing pathways

There are multiple routes to gene silencing via methyla-
tion, the most direct of which involves interfering with
transcription factors or basal transcriptional machinery that
interact with cytosines in the major groove of double helices.
Because the majority of mammalian transcription factors
possess DNA recognition elements containing CpG-rich
motifs as well as GC-rich binding sites, DNA methylation
can obstruct or eliminate their ability to act on many im-
portant regulatory sites. Alternatively, transcriptional ma-
chinery can be directly excluded from methylated promoter
DNA by altering nucleosome stability or position.®
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The effects of DNA methylation on genes are also medi-
ated by members of the MBD protein family. To date, five
major mammalian MBD proteins have been identified:
methyl-CpG binding protein 2 (MeCP2), MBD1, MBD2,
MBD3, and MBD4. These proteins, excluding MBD3, display
a higher affinity for methylated DNA over unmethylated
DNA." Although each MBD has been reported to enhance
transcriptional repression of methylated CpGs,® the mecha-
nism by which MeCP2 does this is the best characterized:
MeCP2 binds directly to co-repressor complexes, such as the
Sin3, ¢-Ski, and N-CoR complexes, which then interact with
histone deacetylases, recruiting them to methylated sites to
establish silent chromatin.?**!

Demethylation and hydroxymethylation

Multiple mechanisms for active DNA demethylation have
been proposed, including base excision repair, enzymatic
removal of the methyl group, and oxidative demethylation
of 5mC.** The most compelling demethylating scheme in-
volves the ten eleven translocation (TET) family, enzymes that
iteratively oxidize 5mC to 5-hydroxymethylcytosine (5ShmC),
to 5-formylcytosine, and finally to 5-carboxylcytosine (5caC).
5caC has been theorized to be decarboxylated by an unknown
decarboxylase, providing an elegant means of regenerating
normal cytosine.”

Alternatively, 5caC nucleotides may be directly removed
by thymine-DNA glycosylase (TDG). Multiple lines of evi-
dence support this hypothesis: (1) Ablation of TDG produces
abnormal DNA methylation patterns in mouse embryonic
fibroblasts®*; (2) ESC lysates lose glycosylase activity against
5caC in the absence of TDG; (3) overexpressing TDG in ESCs
decreases the genomic content of 5caC and, conversely, lack
of TDG results in genomic accumulation of 5caC.>

Hydroxymethylation by TET1 may also passively de-
methylate DNA by disrupting the ability of DNMTs and
MBD proteins to access the previously nonhydroxylated
5mC. Whether the mechanism is passive or active, it is well
established that TET1 binds to transcription start sites of
CpG-rich promoters® and promotes DNA demethylation.?”
Recently, it was proposed that the demethylating effects of
hydroxymethylation may work to oppose spontaneous hy-
permethylation. Given that promoter hypermethylation is
often observed in both aging and cancer,”® we speculate that
TET1 might be a novel protective factor in both senescence
and age-related disease.

Regulation of DNMTs

Regulation of DNA methylation appears to be quite ex-
tensive because DNMT1 is targeted by multiple transcription
factors and can be methylated, phosphorylated, acetylated,
and ubiquitinated.”” The maintenance methyltransferase can
also be modified by covalent attachment of small ubiquitin-
like modifier (SUMO) proteins, a process referred to as
SUMOylation.*® The effects of these modifications are site
specific and dependent on the enzymatic players involved.
For example, phosphorylation of Ser143 by AKT1 reportedly
stabilizes DNMT1,”" whereas phosphorylation of Ser146 by
the casein kinase 16/ ¢ was found to decrease DNMT1’s DNA
binding affinity.**

DNMT activity is also regulated by polycomb group (PcG)
proteins, which play vital roles in chromatin remodeling and
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in the maintenance of epigenetic memory.** The PcG protein
and histone methyltransferase EZH2 was shown to associate
directly with DNMTs and to be necessary for methylating
the DNA of EZH2-target promoters.** A large overlap of
genes bound by the PcG protein SUZ12 and TET1 in ESCs
has also been found,® suggesting that PcG proteins may
play roles in both DNA methylation and demethylation.

Methylation and Aging
DNA hypomethylation and hypermethylation

The past few decades of research have uncovered a
powerful link between DNA methylation and aging. A
simple and elegant study conducted by Fraga et al. ex-
emplifies this link quite nicely. By analyzing global and lo-
cus-specific differences in DNA methylation of monozygotic
twins, the authors found that younger twins had indistin-
guishable methylomes, whereas older twins had remarkably
different methylomes.® A related study quantifying the
methylation status of 27,578 CpG loci in both monozygotic
twin and nontwin samples revealed 88 sites in or near 80
genes whose 5mC content changed significantly with age.
Methylation of CpGs in the EDARADD, TOMILI1, and
NPTX2 genes was especially correlated with age and, by
building a regression model using two cytosines from these
loci, the authors were able to predict the age of an individual
with an average error of 5.2 years.*

All three of the aforementioned genes have been implicated
in human pathologies. For instance, EDARADD mutations can
slow wound healing37 and cause loss of teeth, hair, and sweat
glands.*® NPTX2 is upregulated in Parkinson disease (PD)*
and in pancreatic cancer,” whereas TOM1L1 expression is
decreased in esophageal squamous cell carcinoma.*'

These studies reveal an epigenetic drift with aging and
suggest that DNA methylation is associated with longevity.
While more speculative, these studies also hint that DNA
methylation may play a role in regulating life span. A large
amount of in vitro work strongly supports these supposi-
tions. In cultured human embryonic lung fibroblasts, global
hypomethylation occurs during both stress-induced and and
replicative senescence.*” A separate study found that passage
number and genomic 5mC content were inversely corre-
lated for hamster, human, and mice diploid fibroblasts.*?
In addition, treatment of human diploid fibroblasts with
5-azacytidine (5-azaC), a compound that inhibits methyla-
tion of cytosine in DNA, significantly reduces the doubling
potential of cells in culture.**

A related paper reported that treatment of human um-
bilical cord blood-derived multipotent stem cells with 5-azaC
or specific small interfering RNAs (siRNAs) against DNMT1
and DNMT3B induces cellular senescence and alters DNA
methylation of various CpG islands.*> These data implicate
actions by DNMTs in the maintenance of stem cell multi-
potency and self-renewal—a topic greatly relevant to aging
and regeneration. Indeed, mouse hematopoietic stem cells
with reduced Dnmtl activity cannot suppress myeloery-
throid regulators, disallowing them from differentiating into
lymphoid progeny. This demonstrates that constitutive
methylation is imperative for the renewal of hematopoietic
stem cells.*® Demethylation is also thought to play a pro-
minent role in hematopoietic differentiation.*” Of note, it is
possible to generate pluripotent stem cells from adult so-
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matic cells through the induction of defined factors. These
cells exhibit pluiripotency, but they have subtle differences in
their methylomes compared to ESCs. This suggests that
proper epigenetic reprogramming may be required for the
development of viable stem cell therapies.*®

A plethora of in vivo studies have also divulged the rele-
vance of DNA methylation in aging. Romanov and Va-
nyushin found that the thymus and heart tissue from cows
experienced a decline in 5mC content with age.*’ Genomic
hypomethylation in various organs has also been observed in
rats” and mice.”’ A study making use of pyrosequencing
probed 217 nonpathologic human tissues from 10 anatomic
sites, and analyzed DNA methylation of 1,413 autosomal
CpG loci associated with 773 genes in both young and
old subjects. The authors found strikingly significant CpG
island-dependent connections between methylation and ag-
ing. Loci outside of CpG islands lost methylation with age
whereas loci in CpG islands gained methylation with age.”
In normal human prostate tissue procured from 45 organ
donors, hypermethylation was observed as a function of age
for CpG islands in RARf2, RASSF1A, GSTP1, NKX2-5, and
ESR1 genes— all genes in which mutations are believed to be
a risk factor for cancer.”

Bellizzi et al. analyzed the peripheral blood DNA from 318
humans of middle and advanced age, finding a significant
correlation between global hypomethylation, frailty, and loss
of function (as determined by a geriatrician). A 7-year follow-
up disclosed that a significant decrease in 5mC content was
associated with a worsening in health status.>* Bollati et al.
assessed DNA methylation in two of the most characterized
transposable elements, Alu and LINE-1. This study used
blood DNA from elderly subjects (718 persons between 55
and 92 years old) that had been repeatedly evaluated over
the course of 8 years. The authors found a negative correla-
tion between Alu and LINE-1 methylation and age. By
comparing blood samples from the same individual spread
across 8 years, average Alu methylation was also reported to
decrease over time.” Given that transposable elements are
thought to play prominent roles in age-related genomic in-
stability,”® demethylation of said elements over time may
contribute to human senescence.

Werner syndrome (WS) is a disorder characterized by
growth retardation and premature aging. The WS gene WRN
is mutated in patients with this syndrome and plays roles in
telomere maintenance, DNA repair, and transcription.”
WRN has been shown to be aberrantly methylated in disease,
such as advanced oral squamous cell carcinoma’®; however,
no studies have comprehensively investigated the methy-
lome of WS patients. It would be interesting to know if these
patients display atypical DNMT expression as well as atyp-
ical DNA methylation patterns compared to healthy controls.

Caloric restriction

Caloric restriction (CR), the decrease in nutrient intake
above the level of starvation and below what an organism
would consume ad libitum, is one of the most robust and
consistent means of increasing life span across a spectrum of
organisms.””’ Both caloric intake and DNMT3A play a role
in neuronal aging, with DNMT3A being essential for the
formation of memory and synaptic and neuronal plasticity.®!
A recent paper found that Dnmt3a-immunoreactivity



486

increases with age in the CA3 and CA1-2 hippocampal re-
gions of mice and that reducing caloric intake by 50% at-
tenuates this increase.®” An age-related increase in 5mC
occurs in these regions as well as the hippocampal dentate
gyrus and is also attenuated by CR.®> Similarly, 5hmC con-
tent increases with age in all three of these regions, and CR
opposes this age-related increase in the CA3 region, further
implicating methylomics in hippocampal aging. It has yet to
be ascertained, however, whether or not these changes in the
methylomic landscape are responsible for mediating any
health outputs of CR.**

DNMT modulation and longevity

DNA methylation in Drosophila melanogaster is carried out
by the sole methyltransferase gene dDnmt2. Lin et al. ubig-
uitously expressed the UAS-dDnmt2 transgene driven by
daughterless-GAL4 in Drosophila. Flies with this overexpressed
gene (two- to four-fold increase as confirmed by RT-PCR)
enjoyed a boost of up to 58% in mean life span compared to
controls. In contrast, creation of flies with approximately 50%
less dDnmt2 resulted in a 27% reduction in mean life span.
Feeding Drosophila the free radical generator paraquat
revealed that dDnmt2-overexpressing flies were more resis-
tant to oxidative stress. Multiple small heat shock protein—
encoding (sHsp) genes (Hsp22, Hsp23, and Hsp26) were also
upregulated approximately three-fold in flies overexpressing
dDnmt2. Conversely, sHsp-encoding genes were down-
regulated two- to three-fold in flies with diminished levels
of dDnmt2.%° This study demonstrates that, in Drosophila,
dDnmt2 is a regulator of life span and stress resistance.
Further studies are warranted to determine if these changes
in dDnmt2 expression correspond to changes in 5mC content.

In social insects such as honeybees, there exist different
castes. Despite having identical genomes, female larvae diverge
into two classes of bees—infertile worker bees and fertile
queens. The queens are behaviorally dominant, physically lar-
ger, and substantially longer-lived compared to their worker
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sisters. The difference in development is thought to lie in dif-
ferential feeding. Larvae fed a diet of royal jelly emerge as
queen bees. This diet is thought to influence the methylome
and, concordant with this, queens have significantly different
5mC content compared with workers.”® Interestingly, treating
larvae with siRNAs directed against Dnmt3a engendered adult
bees with queen characteristics, including fully developed
ovaries. Knockdown of Dnmt3a was accompanied by decreased
levels of 5mC content.” While longevity has to our knowledge
not been studied in this context, these studies suggest that
differing levels of Dnmt expression and 5mC content may also
account for the life span difference between the two castes.

Apart from a few in vivo studies in mice, fruit flies, and
potentially honeybees, very little evidence attests to the
ability of DNMTs to regulate organismal life span. Addi-
tional studies attempting to modulate longevity by modify-
ing 5mC content and associated partners in model organisms
are imperative to determine whether or not DNA methyla-
tion is simply correlated with aging or if it is indeed a
modulator of aging.

In sum, there is little doubt that DNA methylation levels
and aging are strongly linked. The general trend seems to be
the establishment of global hypomethylation and regions of
CpG-island hypermethylation with age. Speculatively, this
overall decrease in 5mC content could lead to less efficient
gene regulation, and the CpG island hypermethylation could
cause inappropriate silencing of specific genes. Such me-
thylomic changes may render the genome unstable and
contribute to aging phenotypes (Fig. 1). Additional studies
are required to illuminate the finer details of epigenetic aging
and the precise role DNA methylation plays in senescence
and longevity.

Methylation and Age-Related Disease

Aberrant methylation in cancer

Cancer is an age-related pathology that is also marked by
global hypomethylation and promoter hypermethylation.
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FIG.1. Schematic representation of the changes in the methylome during aging. Purple circles are indicative of methylated
CpG dinucleotides. Aging is often marked by the establishment of global hypomethylation and regions of CpG island
hypermethylation. These changes in the epigenetic landscape may contribute to aging by adversely affecting genomic
stability and gene regulation. (Color image is available at www.liebertpub.com/rej).
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Hypermethylation has been reported with age for numerous
CpG islands, with affected genes including tumor-suppressor,
growth/differentiation, metastasis/angiogenesis-related, DNA-
repair/detoxification genes, and many others.”® RASSFIA,
for example, is a tumor suppressor gene that mediates cell cycle
control in healthy cells. Depletion of RASSF1A and hyper-
methylation of the RASSFIA promoter are common epigenetic
alterations in renal cell carcinoma. RASSFIA becomes pro-
gressively methylated with age and increased adiposity— two
known risk factors for renal cancer.®” Methylation of RASSF1A
also correlates highly with breast cancer risk, atypical cytology,
and benign breast disease requiring biopsy.”

Early studies of epigenetic regulation of ESR1 found that
its gene expression is either absent or heavily diminished in
colorectal tumors. This gene suppression was accompanied
by significant hypermethylation compared to nontumor
controls. Exogenously expressing the ESR1 gene in cultured
colon carcinoma cells significantly suppressed growth, sug-
gesting that ESR1 likely functions as a tumor suppressor.
ESR1, which becomes hypermethylated with age in human
colonic mucosa,”! exhibits further age-dependent methyla-
tion in atherosclerosis’® and prostate cancer.”

Liver cancer has also been linked to DNA methylation:
Feeding rats a methyl-deficient diet is sufficient to induce
hepatocarcinogenesis.”* This dietary methyl-deficiency is
accompanied by decreased levels of SAM and genomic hy-
pomethylation. Although refeeding of the complete diet re-
stores liver SAM levels, it does little to correct the observed
hypomethylation.”” Conversely, a methyl-balanced diet up-
regulates tumor suppressor genes such as RIZ1.”

Mutations in DNMT3A have been reported in approxi-
mately 20% of patients with acute myeloid leukemia
(AML)”” and in 8% of patients with myelodysplastic syn-
dromes (MDS),”® with DNMT3A mutations being associated
with a less optimistic prognosis for both diseases. In this
context, Gao et al. created a conditional mouse model with
mutant K-ras—induced lung neoplasms. In this experimental
system, mice lacked Dnmt3a solely in their tumors. The
authors found that this conditional deficiency reduces life
span and significantly promotes tumor growth and pro-
gression.”” The KRAS oncogene was chosen because hy-
permethylation of its promoter region is one of the most
frequent genetic aberrations observed in lung cancer and can
even be used as a screening marker for early tumor detec-
tion.®” These results indicate that DNMT3A, through silencing
of cancer-promoting genes, may fulfill the role of a tumor
Suppressor.

Hydroxymethylation and cancer

AML is commonly marked by chromosomal abnormalities
implicating the Mixed Lineage Leukemia (MLL) gene at 11q23.
In a case of pediatric AML containing the chromosomal
translocation t(10;11)(q22;q23), the 5mC hydroxylase TET1
was found to be the fusion partner of MLL. This observation
was replicated in a separate leukemia patient, suggesting
that TET1 may be the recurrent chromosomal target in AML
patients harboring this translocation.®’ Mutations or dele-
tions in the related TET2 have been found in patients with
AML, MDS, or myeloproliferative disorders. Of 320 bone
marrow /blood samples analyzed from patients with mye-
loid disease, a somatic mutation rate of 15% was found for
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TET2.#* Concordant with this, 5hmC levels are severely de-
creased in cancerous breast, colon, and prostate compared to
normal tissues.**> This decrease in 5ShmC content could con-
tribute to CpG island hypermethylation in cancer by allow-
ing DNMTs to recognize additional cytosines.

Recent studies have also linked isocitrate dehyrogenases
(IDHs) to both cancer and TET1. Cytoplasmic IDH1 and
mitochondrial IDH2 are two genes that play vital roles in
cellular respiration and are recurrently mutated in cancer.
Mutant IDH1 and IDH2 demonstrate a neomorphic ability
to convert o-ketoglutarate (¢-KG) into 2-hydroxyglutarate,
an oncometabolite capable of inhibiting TET hydroxyme-
thylases. Because o-KG is thought to be required for the
conversion of 5mC to 5ShmC, this inhibition may work by
decreasing the availability of the substrate «-KG.** Given
that elevated levels of -KG are considered to be a risk factor
for the formation of malignant tumors,®® it would be inter-
esting to study the roles IDH1, IDH2, and «-KG play in
mediating aberrant DNA methylation in cancers.

Aberrant methylation in noncancerous diseases

While data implicating DNA methylation in noncancer-
ous diseases is more recent and tentative, numerous age-
related pathologies have been linked to aberrant 5mC
content. Alzheimer disease (AD), a neurological disorder
that primarily affects the elderly, is exemplary of such
changes. By using specific PCR assays, Silva et al. found
that patients with AD had a higher methylation frequency
of h'TERT compared to elderly controls.®® Repetitive LINE-1
elements were also reported to be significantly hyper-
methylated in AD patients compared to healthy controls.®”
AD patients have been further characterized by a decrease
in brain SAM levels,®® and, concomitant with this, temporal
neocortex neuronal nuclei were found to be hypomethy-
lated in a patient with AD compared to his non-AD
monozygotic twin.*’

5hmC, which exists at high levels within the brain, has also
been implicated in AD, inferring a potential involvement of
demethylation with neurodegeneration.” In accordance with
this possibility, a single nucleotide polymorphism in the gene
encoding TET1 (rs5030882) was reported to be associated with
late-onset AD.”" Two DNMT3B promoter polymorphisms
(rs2424913 and rs1569686) were also studied as candidate risk
factors for late-onset AD, though no significant effect on dis-
ease age of onset was found for either one.”

Not all cases of abnormal methylation in disease are hy-
permethylation, however. For example, promoter-specific
demethylation has been found in patients with PD. The
major hallmark of PD is the presence of Lewy bodies,
spherical masses composed of aggregated a-synuclein. In
rare cases of PD, the neurodegenerative disease is caused by
mutations in the SNCA gene, with duplication and triplica-
tion of the SCNA gene resulting in a-synuclein accumulation.
Patients with triplet SCNA demonstrate a more severe phe-
notype and greater aggregation, suggesting that SCNA reg-
ulates disease severity. SCNA has two CpG islands, one
located in the first exon and one located in the first intron
(CpG-2). Recently, it was shown that CpG-2 is specifically
demethylated in the presence of dopamine and this de-
methylation is associated with increased «-synuclein accu-
mulation. CpG-2 was also found to be significantly
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demethylated in the substantia nigra in postmortem PD
brains compared to healthy controls.”

Mutations in human DNMTI1 were recently shown to
cause both peripheral and central neurodegeneration. This
neurodegeneration is one form of hereditary autonomic and
sensory neuropathy that is accompanied by both hearing loss
and dementia. The mutations causal for this disease also
caused global hypomethylation, site-specific hypermethyla-
tion, premature degradation of mutant protein, and reduced
methyltransferase activity.”*

In osteoarthritis, there is a characteristic loss of articular
cartilage that occurs as a function of age. The detailed
mechanisms underlying this are not known, but it has been
theorized that a decrease in essential growth factors may
contribute to this wear and tear. Indeed, an approximately
four-fold decline in the growth factor OP-1, a regulator of
chondrocyte activity, has been observed in the cartilage of
individuals between 35 and 75 years of age. Using tissue
obtained from older adults, Loeser et al. isolated adult
chondrocytes and found that OP-1 methylation and age are
positively correlated with one another. In addition, inhibit-
ing DNA methylation in cultured chondrocyte cells with 5-
azaC increased OP-1 gene expression and OP-1 protein
production.”

Further examples of implicated ailments include type 2
diabetes,’® renal disease,”” and undoubtedly many others. A
complete listing of all genes reported to be abnormally
methylated in age-related disease (both cancerous and non-
cancerous) is beyond the scope of this review; however, these
examples serve to illustrate a point. Disease pathogenesis in-
volves concomitant changes in DNMT and demethylase ac-
tivity as well as 5mC and 5hmC content. Aberrant
methylation is clearly a hallmark of disease and, at least in
some cases, may even contribute to disease phenotypes. Akin
to aging, whether or not aberrant methylation is causal for
disease or simply a product of disease is enigmatic. Some
studies suggest a more causal role, while others suggest dif-
ferently. For example, oxidative stress can cause DNA lesions
and induce genomic hypomethylation by interfering with the
ability of DNMTs to bind cytosine.”® This raises the possibility
that age-related hypomethylation may be the result of free
radical-induced DNA damage. Future research attempting to
alleviate or worsen disease symptoms through modulation of
DNMTs or 5mC content will help address this debate.

Therapeutic Interventions

DNA methylation, with its purported roles in gene regu-
lation, aging, and disease, is an appealing target for thera-
peutics. Interventions for DNA methylation currently exist and
consist almost exclusively of DNMT inhibitors. Such classes of
intervention include nucleoside analogues, nonnucleoside an-
alogs, nutritional modifiers (methyl donors and bioactive
components), antisense oligonucleotides, and siRNAs.

Nucleoside analogs

Nucleoside analog inhibitors, comprising of either ribo-
nucleosides or deoxyribonucleosides, are incorporated into
DNA, where they take the place of cytosine. These dissem-
bling bases then bind and sequester DNMTs, effectively de-
pleting DNMT activity. Some of the best-characterized
DNMT-specific analog inhibitors include zebularine, 5-azaC,
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and decitabine.” The latter two were approved by the Food
and Drug Administration (FDA) in 2004 and 2006, respec-
tively, and are in ongoing trials for a variety of cancers. '

Inspired by promising results from Phase I-II testing, a
Phase IIT clinical study investigated the efficacy of 5-azaC in
treating patients with MDS. Patients who received subcuta-
neous injections of 5-azaC fared significantly better compared
to patients who received standard care alone. Observed im-
provements include delayed progression time to AML, in-
creased survival rates, and enhanced hematologic responses.'”"
Decitabine has also been found to be clinically effective in
patients with MDS. Results from a Phase III study demonstrate
that patients receiving dosages of decitabine displayed hema-
tologic improvement and a delayed onset of both death and
AML. In addition to being well tolerated and having a man-
ageable toxicity profile,'”"'% both of these drugs demethylate
and reactivate tumor suppressor genes in vitro.' %

Although the use of nucleoside analog inhibitors has been
very useful for patients with hematological cancers, only
modest effects have been observed in patients with solid
tumors. In non-MDS studies, however, these DNMT inhibi-
tors were tested in late-stage patients. Due to the likely de-
velopment of multidrug resistance and greater difficulty of
treating advanced disease, the actual effectiveness of these
drugs may have been masked.'®

Nonnucleoside analogs

Nonnucleoside analog inhibitors do not require incorpo-
ration into DNA and include compounds such as procaine,
procainamide, and hydralazine. Unlike the DNMT inhibitors
5-azaC and decitabine, the mechanisms of action of these
nonnucleoside analogs are not well understood, and their
ability to impact DNA methylation has yet to be established
concretely.

Procaine is a FDA-approved anesthetic that was shown
to demethylate DNA dose-dependently and exert growth-
inhibitory effects in the MCF-7 breast cancer cell line. The
drug also demethylated hypermethylated CpG islands and
restored previously silenced expression of the RARf2 tumor
suppressor gene.'”” Procainamide and hydralazine were also
shown to demethylate and reactivate tumor suppressor
genes in cultured cells.'” In addition, both drugs have been
reported to inhibit DNMT activity in vitro.'®1%

In a Phase I study involving patients with untreated cer-
vical cancer, hydralazine was given to groups of patients at
one of four doses. Hydralazine, which was well tolerated,
demethylated and reactivated tumor suppressor genes
without affecting global 5mC content.'” A Phase III study
treated advanced cervical cancer patients with hydralazine
and the histone deacetylase inhibitor valproate added to
cisplatin topotecan. Drugs were administered a week before
chemotherapy in either group and continually applied until
signs of disease progression were observed. Patients treated
with these compounds enjoyed significantly greater pro-
gression-free survival compared to those that received cis-
platin topotecan and placebo alone.'*”

Methyl donors

Methyl donors are thought to play important roles in the
maintenance of DNA methylation and are interconnected
through one-carbon metabolism, a series of biological
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reactions that involve the transfer of a methyl group. Methyl
donors (e.g., methionine and choline) as well as the crucial
coenzymes in one-carbon metabolism (e.g., B-vitamins like
folate) can all affect 5mC content by altering the concentrations
of SAM or its demethylated product S-adenosylhomocysteine,
a known inhibitor of DNMTs.'"!

Each of these methyl donors seems to be unique in its
ability to impact organismal health. A 14-month choline-
devoid diet, for example, induces large hepatocellular car-
cinomas and hepatic hypomethylation in rats.''* Mice fed a
methionine-deficient diet, however, enjoy a longer life span
and higher resistance to oxidative liver cell injury induced by
acetaminophen.'"® The restriction of methionine was re-
ported to also boost longevity in Drosophila''* and rats''® and
was shown to inhibit colon carcinogenesis.''® In addition,
methionine restriction decreased oxidative damage to mito-
chondrial DNA and proteins as well as decreased the pro-
duction of mitochondrial reaction oxygen species. These
antideleterious properties were concomitant with decreases in
genomic 5mC content.""” Whether these methyl donor-specific
effects are significantly mediated through changes in DNA
methylation or through other factors is currently unknown.

The effects of environmentally induced demethylation,
such as injurious y-radiation, can be mitigated by supple-
mentation with methyl donors. Mice fed either a normal
control diet or a methyl-supplemental diet for 2 weeks were
exposed to y-radiation. Control mice displayed global hy-
pomethylation as well as a significant decrease in SAM levels
and reduced DNMT activity postradiation. In methyl-
supplemented mice, SAM levels and DNMT activity both
increased and 5mC content was stably maintained. These
data show that the dietary intake of methyl donors can play
a pivotal role in maintaining DNA methylation in response
to demethylating environmental influences.''®

Bioactive components

Although their epigenetic roles are poorly understood,
many nutrients have also been reported to influence DNA
methylation. (-)-Epigallocatechin-3-gallate (EGCG), the
major polyphenol of green tea, is known for its alleged an-
ticarcinogenic, antidiabetic, and general health-conferring
properties."”” Interestingly, EGCG treatment reduces 5mC
content of cancer cell lines in a dose-dependent manner. This
demethylation is reportedly accompanied by a decrease in
DNMT protein levels and the reactivation of the p16, p21,
RARp, and hMLH1 tumor suppressor genes.''*2

Similar results have been obtained by treating cells with
genistein, the major isoflavone present in soybean. In KYSE
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510 cells, genistein repressed cell growth and dose-dependently
inhibited DNMT activity. The isoflavone also demethylated
and reactivated expression of the RARf, p16, and MGMT
genes.'”! This is intriguing, because dietary genistein was
shown to protect rats from chemically induced mammary tu-
mors in a dose-dependent manner. This conferred protection
was highly significant, with rats that received the lowest
or highest dosages of genistein developing 20% or 50% less
tumors, respectively.'?

Further work is required to determine if any of the health
benefits conferred by ECGC, genistein, or other bioactive
components work through changes in DNA methylation.

Further interventions

Further avenues leading to methylome-modification in-
clude antisense DNMT oligodeoxynucleotides and siRNA. In
vitro studies have demonstrated that the DNMT inhibitor
and oligodeoxynucleotide MG98 is capable of reactivating
tumor suppressor genes.'”> A Phase I study treated ad-
vanced solid tumor patients with MG98 and found that
DNMT1 expression was suppressed in 26 out of 32 patients
analyzed. While one patient achieved protracted disease
stabilization and another had a partial response, this'** and a
Phase II study failed to find a consistent response to MG98 in
most patients. In addition, the latter study failed to observe
any conclusive pattern of reduced DNMT activity.'*> The
clinical efficacy of MG98 as well as its ability to suppress
DNMT activity are controversial and require further study.

In cell culture models, siRNA directed against DNMT1
and DNMT3B led to partial demethylation from numerous
methylated loci, including the RASSF1A, HIN-1, and TWIST
promoter regions. Double knockdown against both of these
DNMTs produced a 7- to 15-fold increase in expression for
all three of these genes.'?® Use of siRNAs against DNMT1
and DNMT3B in stem cells decreased CpG island methyla-
tion, increased expression of the p21 and p16 genes, and in-
duced cellular senescence.*® QOutside of in vitro work, no
clinical data currently exists attesting to the potential of
siRNA knockdown in methylome therapeutics.

Exosomes, which are endogenous nanovesicles that ferry
proteins and RNAs, can be targeted to deliver siRNA to mice
in a tissue- and cell type-specific manner. This delivery
method resulted in efficient knockdown of neuronal mRNA
and protein expression of the AD-relevant BACE1."” RNA
interference can produce toxic and off-target effects, but the
use of library selection screens to develop highly specific
siRNAs effective at low concentrations has the potential to
rectify these problems.'*® Multiple clinical trials (Phases I-TIT)

TABLE 1. CLINICALLY RELEVANT DRUGS REPORTED TO INFLUENCE DN A METHYLAITON

Drug Therapeutic Class Clinical Data Reference(s)
Azacitidine Nucleoside analogs Delayed progression time to AML and enhanced hematologic 101, 102
Decitabine activity and survival in patients with MDS
Hydralazine Nonnucleoside Demethylated and reactivated tumor suppressor genes and, 109, 110
analogs when used with valproate, improved progression-free
survival in patients with cervical cancer
MG98 Antisense Suppressed DNMT1 expression and exhibited some clinical 124
oligonucleotides activity in patients with advanced solid malignances

AML, Acute myeloid leukemia; DNMT, DNA methyltransferase; MDS, myelodysplastic syndromes.



490

are currently in progress using RNA interference to treat
diseases such as age-related macular degeneration, diabetic
macular edema, and solid tumors.'?’

A few of these 5mC-modifying therapeutics show clinical
promise with regard to treating human disease (Table 1),
however their mechanisms of action are, for the most part,
poorly understood. Given that age-related diseases are
marked by changes in DNA methylation that are both se-
quence- and tissue-specific, greater specificity may be re-
quired to make these treatments more useful. Recent
advances in bioinformatics and biomedical research allow
for high-throughput survey of DNA-protein interactions as
well as methylome analysis. These techniques allow scien-
tists to quickly gain biological insights from vast amounts of
data’® and demonstrate promise for the development of
new drugs with greater specificity and utility.

Concluding Remarks

Multiple targets have been proposed to be promising in
the effort to extend human health span. Such targets include
telomeres,'®! free radicals,'>> DNA repair machinery,133 mi-
tochondrial enzymes,134 and many others. This review,
drawing upon all of the data mentioned in the previous
discussion, asserts that DNA methylation is also a promising
target for age-related ailments and rejuvenation.

Despite decades of research, one fundamental question
remains to be answered: Do changing DNA methylation
levels contribute to aging and age-related disease or are they
simply a correlative product of other factors? It is well estab-
lished that aberrant 5mC content, particularly global hypo-
methylation and CpG island hypermethylation, are hallmarks
of both aged and cancerous methylomes. Although they are
not as thoroughly characterized, atypical methylomic patterns
have also been reported in patients with AD, PD, osteoar-
thritis, and other age-related pathologies. All of these studies
clearly demonstrate a correlative link between DNA methyl-
ation, aging, and age-related disease.

Other studies suggest that DNA methylation and associ-
ated partners (e.g., DNMTs) are regulators of life span and
health span. The most exciting of these demonstrates that
overexpression of dDnmt2 significantly increases mean and
maximum life span in Drosophila. Conversely, reducing
dDnmt2 expression substantially accelerates fruit fly aging.*
In mice, neuronal deletion of Dnmit3a reduces life spam9
and deletion of Dnmt3a in lung tumors decreases murine
survival.”’ Feeding rats a methyl-deficient diet induces
hepatocarcinogenesis,”* and treatment of MDS patients with
5-azaC or decitabine delays progression time to AML and
boosts survival rates.'’"'%* Mutations in TET2 are relatively
common in patients with myeloid disease,® and cellular
senescence can be induced through inhibition of DNMTs.***°
Taken together, these data demonstrate great promise for
5mC-targeting drugs in rejuvenation.

Despite these data, the question of whether changes in
methylation are downstream effects of aging and pathology
or actually one of the causative factors has not been con-
clusively answered yet. It is evident that a broad range of
age-related diseases show aberrant methylation and many
potential treatments based on rejuvenating the methylome
remain unexplored or undeveloped. Future research is im-
perative to explore this potential properly and will require a
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greater understanding of putative mechanisms surrounding
DNMTs and their associated partners. In sum, further re-
search into methylomic aging, disease, drug development,
and regulatory mechanisms is required to determine the true
role of DNA methylation in aging, rejuvenation, and age-
related disease.
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