
NUCLEAR DNA METHYLATION

DNA methylation is one of the key epigenetic mod-

ifications regulating gene expression. DNA methylation

involves the transfer of a methyl group to the carbon atom

in the fifth position of cytosine using S-adenosyl-L-

methionine (SAM) as the methyl group donor. This

process results in the formation of 5-methylcytosine

(5mC) and S-adenosyl-L-homocysteine. In humans,

there are several cytosine DNA methyltransferases –

DNMT1, DNMT3a, DNMT3b, and DNMT3L. All

these enzymes contain a highly conservative C-terminal

catalytic domain and N-terminal regulatory variable

regions, interacting with other proteins and chromatin

[1]. Enzymes of the TET group (ten eleven translocation)

cause 5mC oxidation, which results in the formation of 5-

hydroxymethylcytosine (5hmC) [2].

DNA methylation primarily takes place in CpG

sequences, located within CpG-islands found in the pro-

moter areas of transcriptionally active genes. According

to recent findings, cytosine methylation can occur also

outside of CpG dinucleotides [3, 4]. Initial methylation

patterns are formed by methyltransferases DNMT3a and

DNMT3b, which are active in embryogenesis. DNMT3L

apparently functions as an adapter protein required for

DNA methylation in gametogenesis [5]. DNMT3a and

DNMT3b and to a lesser extent, DNMT1, possess de

novo methylating activity. Hemimethylated DNA mole-

cules are formed during replication, and DNMT1 is

responsible for the restoration and maintenance of the

methylation patterns in mammals. A recently proposed

stochastic methylation model has gained popularity.

According to this model, methylation in each site results

from two opposite processes – methylation and demethy-

lation dependent on the activity of DNA methyltrans-

ferases, enzymes of the TET family, and on the chromatin

state [6].

METHYLATION OF mtDNA

Cytosine methylation in mitochondrial DNA

(mtDNA) was discovered in the 1970s [7-9]. It is impor-

tant to note that specificity of cytosine DNA-methyl-

transferase isolated from animal mitochondria was differ-

ent from that of nuclear DNA-methyltransferase [10].

The methylation of mtDNA was confirmed in subsequent

studies [11, 12], but its functional significance has not

been determined.

Research in this area has intensified in the last

decade. The presence of 5hmC was reported for mtDNA
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[13], and methylation patterns have been partially deter-

mined. These patterns are nearly identical for the entire

mitochondrial genome in various tissues and cell types,

except for several areas where methylation differed

depending on tissue specificity [14]. Regulatory regions

of mtDNA (promoter regions, especially in the conserved

sequence blocks CSB II and CSB III) were enriched in

the methylated cytosine residues [15]. These areas play an

important role in binding with TEFM protein responsible

for switching between synthesis of short RNA primers for

replication and mtDNA transcription [16].

Some regulatory regions of mtDNA include several

CpG sites that are protected from methylation by exoge-

nous bacterial enzymes in vitro [17]. The presence of

these sites has been demonstrated at the origin of light

strand synthesis OL and TERM sequence, where tran-

scription from LSP and HSP1 promoters is terminated. It

is assumed that methylation of these areas can affect

replication and transcription in mitochondria [18].

In addition, many methylated cytosines are located

in the termination-associated sequence (TAS), where 7S

DNA synthesis is terminated (7S DNA is required for the

formation of the D-loop in mtDNA). The D-loop is not

always present in mtDNA molecules, and its functions

remain unknown. It is assumed that D-loop might be

involved in regulation of replication and in mtDNA

recombination; it might provide open mtDNA conforma-

tion for free access to the enzyme, as well as anchoring of

mtDNA to the inner membrane. The regulation mecha-

nism of D-loop synthesis has not been studied, but it like-

ly takes place in the TAS area [19].

Cytosine methylation in mitochondria is probably

carried out by the mitochondrial isoform of DNMT1

(mtDNMT1). This isoform is synthesized from the same

gene and its elongated transcript contains a mitochondr-

ial targeting sequence [13]. Some studies have shown the

presence of not only DNMT1, but also DNMT3a/3b in

mitochondria [15, 20].

Interestingly, mitochondrial methylation occurs not

only at CpG sites: dinucleotides CpA, CpC, and CpT

were predominantly methylated in the D-loop area [15].

The functional significance and corresponding methyla-

tion enzymes have not yet been determined.

Only in the last few years, changes in mtDNA

methylation pattern were shown to be influenced by vari-

ous factors [18, 21, 22].

Hypermethylation of 12S rRNA and Phe-tRNA

genes and the D-loop area was observed in workers whose

professional activity was associated with long-term expo-

sure to airborne pollutants [23]. The quantity of 12S

rRNA limits mitochondrial translation, one of the pro-

moters is located in the Phe-tRNA gene, and many

mtDNA regulatory elements are concentrated in the D-

loop. It seems likely that environmental conditions can

affect mtDNA methylation by altering the expression of

mitochondrial genes.

Various oncological diseases can be accompanied by

mtDNA hypermethylation [24]. It is possible that this

process changes the expression of mitochondrial genes

leading to reduced activity of the mitochondrial respira-

tory chain and development of the Warburg effect. This in

turn can result in changes in the expression profile of

nuclear genes, thereby promoting oncogenesis.

It was shown that expression of certain mitochondr-

ial genes was altered in cells overexpressing mtDNMT1:

the amount of ND6 encoded by the L-chain was reduced,

while the amount of ND1 encoded by the H-chain

increased [13]. Interestingly, transcription factors NRF1

and PGC1-α, known to be activated by oxidative stress,

also increased DNMT1 expression [13]. Perhaps mito-

chondrial genes’ expression is regulated via methylation

change caused by the oxidative stress.

Involvement of DNMT1 in the proper functioning of

mitochondria is indirectly confirmed by the fact that cer-

tain hereditary diseases are associated with mutations in

this gene and phenotypically manifested as mitochondri-

al diseases [1].

DNA METHYLATION AND AGING

A connection between aging and reduced DNA

methylation level in mammals was established over 40

years ago [25]. Then, it was discovered that the decrease

in DNA methylation in mammalian fibroblast culture

positively correlated with the number of divisions of these

cells, whereas methylation level in immortalized cells

remained unchanged [26]. Based on these data, a hypoth-

esis was proposed explaining age-related dysfunctions in

cells and tissues by impaired DNA methylation [27].

Development of modern methods of analysis of genome

epigenetic markers provided refined results. It was found

that the level of genomic DNA methylation varies with

age, and these changes are multidirectional in different

CpG areas (see review [28]). It is difficult to explain this

multidirectional change by purely stochastic processes

accompanying DNA methylation and demethylation,

which is in good agreement with the concept of pro-

grammed aging that could be caused by changes in DNA

methylation [29].

The discovery of biomarkers of aging – epigenetic

clocks that enable determination of biological age of cells

and tissues – became the most important event for geron-

tology and epigenetics [30]. Several hundreds of CpG

sites with methylation level correlating with biological age

were precisely mapped. It is important to note another

observation from the same study: it was shown that

“manipulations used to obtain pluripotent cells move the

epigenetic clock to the zero mark” [30].

Chronic inflammation is one of the most thoroughly

studied factors causing changes in methylation level [31,

32], but the reasons of this change remain unknown.
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According to the “inflammaging theory”, prolonged

inflammation causes an imbalance of the immune system

and facilitates the development of senile phenotype [33].

The role of mitochondria in this process was first

described in 2006 [34]: when cellular mtDNA was

replaced for another haplotype, cytokine expression was

affected both at basal conditions and when stimulated by

IL-6. This indicates the presence of a retrograde signaling

pathway between the mitochondrial and nuclear genomes

that can guide inflammatory processes accompanying

aging.

Functioning of the mitochondrial respiratory chain

is coupled to the production of toxic mtROS (mitochon-

drial reactive oxygen species) causing oxidative stress in

cells, tissues, and organs. The mtROS act as messengers

of inflammatory response [35] and accompany virtually

any type of oxidative stress caused by exogenous or

endogenous factors [36]. It has been shown that oxidative

stress induced by hydrogen peroxide leads to the binding

of DNMT1 with chromatin; it also changes the level of

nuclear DNA (nDNA) methylation [37]. The critical role

of mtROS in the process of aging has been discussed in

detail in the works of Skulachev [38, 39] and is not the

purpose of this review.

A previously popular hypothesis stated that aging in

mammals is caused by mutations accumulated in

mtDNA. It suggested a scheme of a so-called “vicious

cycle”: mtDNA mutations → respiratory chain dysfunc-

tion → increased mtROS production → mtDNA muta-

tions [40, 41]. This hypothesis was supported by the fol-

lowing facts: (i) the level of somatic mutations is higher in

mtDNA than in nDNA [42]; (ii) mtDNA repair pathways

are limited compared to nDNA [43]. ROS cause the for-

mation of 8-oxo-dG resulting in G:C → T:A transver-

sions after mtDNA replication [44, 45]; (iii) transgenic

“mutator” mice with impaired proofreading activity of

polymerase γ responsible for mtDNA replication quickly

accumulated a large number of mtDNA mutations, aged

prematurely, and died [46].

The overall level of mtDNA mutations was found to

be low in most tissues, and accumulation of mtDNA

mutations leads to clonal spread of mtDNA versions and

dysfunction of tissues and organs [47]. It is worth noting

that reparative processes in mitochondria were also

underestimated. It was shown that the base excision

repair (BER) system effectively works in mitochondria;

components of the system mismatch repair (MMR) are

also present [48]. It is believed that mitochondria lack the

nucleotide excision repair (NER) system, although the

nuclear components of this system, proteins CSA and

CSB, are imported into mitochondria under oxidative

stress. It is assumed that CSB is involved in the regulation

of transcription and BER in mitochondria [49]. The pos-

sibility of repair of double-stranded mtDNA damages has

not been studied, but it was shown, that the key enzyme

of repair based on homologous recombination, Rad51,

was imported into mitochondria under oxidative stress

and was involved in replication [50].

The leading role of 8-oxo-dG in mtDNA mutagene-

sis has also been argued. The frequency of transversions,

including G:C → T:A, did not vary with age in mito-

chondria, but the frequency of transitions increased.

Apparently, the mitochondrial repair systems effectively

eliminate damage caused by 8-oxo-dG [51].

Heterozygous mutator mice had normal lifespan,

although they accumulated hundreds of times more

mutations in mtDNA than aging wild-type mice [52].

Thus, the mitochondrial stochastic theory of aging was

rejected.

So far, very few studies have been performed con-

cerning aging and mtDNA methylation. 5mC level in the

12S mtDNA gene decreased with age [22]. In mtDNA of

mice cerebral cortex, the level of 5hmC, but not 5mC,

increased with age [53]. The amount of the mitochondri-

al transcripts ND2, ND4, ND4L, ND5, and ND6 increase

with age in the cortex, but not in the cerebellum. It

remains unclear if there is any relationship between

5hmC increase and transcriptional upregulation of the

mitochondrial complex I genes.

The expression of mitochondrial methylation and

hydroxymethylation enzymes was shown to be age-

dependent. The level of mtDNMT1 mRNA decreased

and the level of TET1-TET3 mRNA remained unaffect-

ed in the cerebral cortex of mice. In the cerebellum, the

level of TET2 and TET3 mRNA increased, and the level

of mtDNMT1 mRNA did not change with age [53].

Methylation of sites located before mitochondrial genes

ND6, ATP6, and COX1 decreased during embryonic

development of the human brain [14].

EVIDENCE OF EPIGENETIC

MECHANISMS IN AGING

Methylation of CpG islands in the nuclear genome

of rho0 cells lacking mtDNA was changed compared to

the original cell lines. Introduction of mtDNA into rho0

cells resulted in partial restoration of the methylation

profile [21]. The degree of methylation of nuclear genes

encoding mitochondrial proteins was shown to be tissue-

specific; it correlated with the level of gene expression

and mitochondrial activity [54].

Data obtained by the group of Prof. J. Hayashi [55]

provide the most striking evidence of the functioning of

epigenetic mechanisms in aging. The respiratory chain

does not work so effectively in old people leading to

decrease in oxygen consumption rate and formation of

“senile” cell phenotype. They restored the normal func-

tioning of the respiratory chain in cells with “senile” phe-

notype by cell reprogramming. Analysis of gene expression

showed the epigenetic reduction of the expression of

nuclear gene GCAT that caused changes in the functioning
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of the respiratory chain. (Gene GCAT encodes glycine C-

acetyltransferase involved in glycine biosynthesis in mito-

chondria.) Addition of glycine to the medium with fibro-

blasts with “senile” phenotype partially restored respirato-

ry functions. Since the product of the gene SHMT2, serine

hydroxymethyltransferase, is also involved in mitochondr-

ial glycine biosynthesis, an additional study revealed that

SHMT2 mRNA level is significantly reduced in the fibro-

blasts of old people compared to the young individuals.

Decreased GCAT and SHMT2 gene expression by

shRNA and siRNA, respectively, in the fibroblasts of

young patients led to the respiratory chain dysfunction

typical for the “senile phenotype”. Thus, epigenetic

processes led to age-related mitochondrial dysfunctions

by modifying expression of genes responsible for the

mitochondrial metabolism, in particular, in the formation

of glycine from serine (SHMT2) and L-threonine

(GCAT). The lack of glycine in mitochondria leads to

impaired mitochondrial translation causing respiratory

chain dysfunctions leading to “senile phenotype” [55].

Furthermore, SHMT-dependent mitochondrial and

cytoplasmic folate cycles are coupled to the methionine

cycle converting methionine to SAM – the donor of

methyl groups for the methylation reactions of mitochon-

drial and cytoplasmic DNA. Therefore, the reduction in

the activity of enzymes involved in glycine synthesis can

significantly affect not only translation, but also methyla-

tion, providing epigenetic changes in gene expression

leading to metabolic “senile” changes.

It would be logical to suggest that the scheme

“age-related epigenetic changes in mitochondria and

nucleus → changes in the expression of nuclear and/or

mitochondrial genes → altered mitochondrial

metabolism → formation of “senile phenotype” can

explain functioning of the “aging program” involving many

metabolic pathways and genes (figure). The following fac-

tors may play the key role in this program. (1) Epigenetic

changes in the nuclear encoded mitochondrial enzymes

(primarily DNA-polymerase γ, RNA-polymerase POL-

RMT, other replication proteins, and transcription factors)

may drastically affect mitochondrial metabolism. (2) The

variety of ways to form mitochondrial isoforms of enzymes

active in both nucleus and mitochondria suggests many

opportunities for epigenetic and other types of regulation.

Mitochondrial isoforms are synthesized by: (i) alternative

splicing (glycosylase OGG1) [56]; (ii) transcription from

different promoters of a single gene (DNMT1 and uracil

glycosylase UNG) [13, 56]; (iii) alternative translation ini-

tiation from a common transcript (topoisomerase

TOP3Amt) [57]; (iv) limited proteolysis of the nuclear

Hypothetical scheme of an aging program involving nuclear and mitochondrial epigenetic mechanisms. Explanations are provided in the text
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isoform (topoisomerase TOP2Bmt) [58]; (v) carrying both

nuclear and mitochondrial localization sequences

(thymine glycol DNA glycosylase hNTHL1) [56].

In addition, some nuclear repair enzymes are target-

ed to mitochondria under oxidative stress. Interestingly,

these enzymes apparently perform somewhat different

functions in mitochondria than in the nucleus. For exam-

ple, Rad51, the key factor in homologous recombination

of DNA during double strand break, is also involved in

mitochondrial replication and targeted to the mitochon-

dria only under oxidative stress [50]. Oxidative stress

greatly increases the levels of AP-endonuclease APEX1 as

well as the NER components CSA and CSB. It was found

that in mitochondria CSB is probably involved in tran-

scription but not repair enhancing processivity of POL-

RMT [49]. It seems possible that oxidative stress affects

mitochondrial replication and transcription.

The results suggest a close relationship in the regula-

tion of mitochondrial and nuclear gene expression.

Methylation might be one of these regulation methods,

also functioning in aging. Both SAM and

methylation/demethylation enzymes DNMT and TET

are active in the nucleus and in mitochondria. Age-relat-

ed changes in the levels of mitochondrial DNMT and

TET [53] indicate the involvement of the mitochondrial

methylation system in aging processes. Aging is often

accompanied by oxidative stress that activates transcrip-

tion factors NRF1 and PGC1-α, leading to increased

expression of mitochondrial DNMT1 [13]. Although we

know that methylation in the nucleus can alter gene

expression, including those of mitochondrial proteins,

the effect of changes in methylation and expression of the

mitochondrial genome on the expression of nuclear genes

remains unexplored. Nevertheless, these retrograde

effects are also possible at both epigenetic and transcrip-

tional regulation levels.

Recent advances in the determination of the nDNA

methylation sites reflecting biological age [30], as well as

discovery of the key role of epigenetic modifications dur-

ing cell senescence [55], do support the earlier hypothesis

by Prof. B. F. Vanyushin [29] about nDNA methylation as

a mechanism of programmed aging (phenoptosis) pro-

posed by Prof. V. P. Skulachev [59]. The methylation of

mtDNA and retrograde signaling might also play an

important role in the realization of this program.

Authors would like to express their deep gratitude to
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