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Abstract

Neuroepigenetics, which includes nuclear DNA modifications such as 5-methylcytosine and 5-
hydoxymethylcytosine and modifications of nuclear proteins such as histones, is emerging as the
leading field in molecular neuroscience. Historically, a functional role for epigenetic mechanisms,
including in neuroepigenetics, has been sought in the area of the regulation of nuclear
transcription. However, one important compartment of mammalian cell DNA, different from
nuclear but equally important for physiological and pathological processes (including in the brain),
mitochondrial DNA has for the most part not had a systematic epigenetic characterization. The
importance of mitochondria and mitochondrial DNA (particularly its mutations) in central nervous
system physiology and pathology has long been recognized. Only recently have mechanisms of
mitochondrial DNA methylation and hydroxymethylation, including the discovery of
mitochondrial DNA-methyltransferases and the presence and the functionality of 5-methylcytosine
and 5-hydroxymethylcytosine in mitochondrial DNA (e.g., in modifying the transcription of
mitochondrial genome), been unequivocally recognized as a part of mammalian mitochondrial
physiology. Here we summarize for the first time evidence supporting the existence of these
mechanisms and we propose the term “mitochondrial epigenetics” to be used when referring to
them. Currently, neuroepigenetics does not include mitochondrial epigenetics - a gap that we
expect to close in the near future.
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Introduction

The earliest understanding of the functional role of epigenetic mechanisms relates to
developmental genome regulation; e.g., silencing of gene expression involved in cell
differentiation and in maintaining cell phenotypes during cell proliferation (1-6). Cellular
chromatin, a structure composed of nuclear DNA (ncDNA) and nuclear proteins (including
histones), has been the primary target of epigenetic research, which brought about major
new concepts on the functionality of the genome (7). These studies of chromatin remodeling
comprise protein (e.g., histone) modifications and DNA maodifications such as the formation
of 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC). Whereas 5mC DNA
modifications in the dinucleotide sequence CpG are generally considered transcriptional
repressors [recent data suggest a more complex role for 5mC DNA including stimulation of
gene expression (8)], the functional role of 5hmC DNA modifications is currently unclear.

Correspondence: Hari Manev, M.D., Ph.D., The Psychiatric Institute, Department of Psychiatry, University of Illinois at Chicago,
1601 West Taylor Street, M/C912, Chicago, IL 60612, USA, Phone: 312-996-3365; fax: 312-413-4569; hmanev@psych.uic.edu.

Authors declare no conflict of financial and other interest.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Manev et al.

Page 2

Since the early days of developmental epigenetics, new ideas have emerged that imply
epigenetic mechanisms are a bridge between the environment and lasting, sometimes
heritable genome modifications. Hence, both the adaptive and harmful biological
consequences of an individual’s bi-directional interaction with the environment are possibly
best contained in that individual’s modified genome; the epigenome.

Compared to a developmental role of epigenetics, considerations of epigenetic mechanisms
as a modifiable functional system in post-mitotic cells such as neurons (i.e.,
neuroepigenetics) are more recent. In a series of articles published between 1974 and 1977,
Boris Vanyushin and colleagues (9) provided the first direct evidence in support of the 1969
hypothesis (10) that DNA methylation of neuronal ncDNA functions as the epigenetic
component of learning and memory. In these experiments, rats were trained (conditioned) to
associate a light cue with food (a food reinforcement model). Brain samples (the cortex,
hippocampus and cerebellum) were collected from control and conditioned rats. For each
brain region, neuronal nuclei were separated from the glial nuclei. ncDNA methylation was
affected by the conditioning model in the cortex and the hippocampus but not in the
cerebellum, and only in neuronal but not in glial nNcDNA. In both affected brain regions, the
learning model caused an increase of 5mC in neuronal ncDNA. This pioneering work
received little attention and was soon forgotten. The same idea was resurrected 25 years later
in a letter to the editor of the Journal of Theoretical Biology (11). Although no data were
presented in support of the proposed hypothesis, which asked the question whether there
was an epigenetic component in long-term memory, subsequent research has provided a
clear positive response to this question (12). Moreover, recent advancements in the
methodologies for the characterization of DNA methylation demonstrated the ease with
which neuronal activity in adult brain (e.g., hippocampus) is capable of modifying its DNA
methylation landscape (13). Moreover, the same mechanisms appear to be involved not only
in brain physiology but also in the pathobiological mechanism of neuropsychiatric disorders;
e.g., schizophrenia (14-16).

However, one important compartment of mammalian cell DNA, different from ncDNA but
equally important for physiological and pathological processes (including in the brain),
mitochondrial DNA (mtDNA) has for the most part escaped a systematic epigenetic
characterization. The organization of mtDNA is different from the structural organization of
ncDNA (17); most notably, mitochondria do not contain histones. Hence, epigenetic
mechanisms such as histone modifications, which are important for ncDNA, may not be
applicable to mtDNA, stressing the importance of the mechanisms of 5mC and 5hmC
formation for mtDNA.

Mitochondrial DNA (mtDNA)

mtDNA was discovered and first visualized via electron microscopy by Margit Nass-
Edelson and Sylvan Nass in 1963 (18, 19). Based on the observed ultrastructural similarity
of this intracellular organelle and the bacterial cells, the idea of endosymbiosis developed,
which suggests that during evolution, bacterial cells became engulfed and modified to
become eukaryotic organelles such as mitochondria (20). Since the time of these original
observations, enormous progress has been made in understanding the structure and function
of mtDNA and about its role in human pathology including neuropsychiatric disorders.
Extensive reviews have summarized these achievements [for example, (21-24)].

Briefly, mammalian mitocondria contain multiple copies of a maternally inherited genome, a
16,295-16,826 bp (25) circular double-stranded mtDNA that encodes 13 polypeptides, 2
ribosomal RNAs, and 22 transfer RNAs. The proteins encoded in mtDNA are all members
of the oxidative phosphorylation (OXPHQOS) complexes. Initially, it was believed that
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mtDNA is naked and thus vulnerable to damage. However, recent studies have established
that mtDNA is protein-coated and packaged into aggregates called nucleoids or
mitochromosome. TFAM (mitochondrial transcription factor A) is the most abundant
component of the nucleoid and, similar to the action of histones on ncDNA, it plays a major
role in the packaging and compaction of mtDNA (26-28). Current data indicate that,
contrary to the previous belief, most nucleoids contain a single copy of mtDNA, supporting
the proposal that nucleoids as a general rule do not exchange genomes with each other (26).

Except for the 13 genes encoded by mtDNA, it appears that all other proteins (perhaps
thousands) necessary for mitochondrial structure and function are encoded by ncDNA (29).
As a consequence, regulation of transcription of mitochondrial genes is coordinated between
these two genomes. A recent review has addressed the complex role of various
mitochondrial proteins and the importance of mitochondrial nucleoid structure in the process
of mtDNA transcription regulation (17). Briefly, the core machinery for physiological
mitochondrial transcription regulation includes regulators of initiation, composed of three
components, POLRMT (mitochondrial RNA polymerase), TFB2M (mitochondrial
transcription factor B) and TFAM, plus several additional components that include MTERF
(mitochondrial terminator factor) family (23). Several nuclear transcription factors also are
capable of binding mtDNA. It is believed that their role in mitochondria may be related to
tissue-specific regulation of mtDNA expression and to apoptosis (programmed cell death)
(30).

In postmitotic cells such as neurons, mtDNA is prone to mutations and brain cells are known
to have a higher degree of heteroplasmy (the presence of more than one type of mtDNA
within a cell) than cells in rapidly dividing tissues. Generally, mtDNA mutations have been
proposed as the source of regional ancient variants that evolutionarily permitted humans to
adapt to differences in their energetic environments and as a cause of disease. The latter
includes deleterious germline line mutations causing mitochondrial diseases and somatic
mutations that accumulate with age and may cause aging-associated disorders (31). Both
mtDNA mutations and deregulation of mtDNA gene expression have been recognized as the
basis for a number of human disorders (24).

MtDNA cytosine methylation

Although as long ago as the late 1940s (32, 33), numerous studies had confirmed the
presence of a substantial amount of 5mC in vertebrate ncDNA [including in the brain (34)],
no significant functional role was assigned to this DNA modification for quite some time. A
uniquely powerful argument for dismissing the important functionality of vertebrate DNA
methylation, which is particularly abundant during development, was raised in 1985 (6). It
was pointed out that Drosophila (fruit fly) had no proven DNA methylation but nevertheless,
like vertebrates, is capable of accomplishing sophisticated developmental pathways. The
argument was then made that if Drosophila could accomplish its complicated differentiation
without DNA methylation, how could vertebrate development use DNA methylation as an
important gene regulator? In spite of this conceptual obstacle, the current understanding of
the functional role of DNA methylation in the regulation of gene expression has evolved
dramatically. In vertebrate ncDNA, a methyl group is added to the 5" position of the base
cytosine to generate 5mC by the action of three DNA-methyltransferases (DNMTS) -
DNMT1 (the maintenance enzyme) and DNMT3A and DNMT3B (which have the capacity
to methylate DNA de novo). Ultimately, it was confirmed that similar to vertebrates
Drosophila utilizes DNA methylation. It turned out that various species, including insects,
accomplish DNA methylation by expressing and utilizing different types of DNMTs, for
example, Drosophila expresses only an insect isoform of DNMT?2 (35).
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Compared to ncDNA, the history of mtDNA methylation research is marked by even more
controversy. Ten years after she discovered mtDNA, Nass published an extensive report on
the first characterization of the mammalian mtDNA methylation (36). She found that
compared to ncDNA, mtDNA was generally undermethylated and that the only methylated
base in mtDNA was 5mC. A couple of months later, a brief methodological report (37)
challenged these findings suggesting that the observed 5mC might have been an artifact. For
years, the methodological issues and the “Drosophila argument” had slowed mtDNA
epigenetic research.

Nevertheless, a group of researchers persisted in investigating the animal mtDNA
methylation. In the early 1970s, they found evidence for DNMT activity in a mitochondrial
fraction from loach embryos and hypothesized that animal mtDNA may be methylated (38).
Hence, they investigated ncDNA and mtDNA extracted from beef heart (39) and found 5mC
in both. In a subsequent study (40), these scientists looked for evidence for the presence of
epigenetic machinery (i.e., DNMTSs) in mammalian mitochondria. In addition to
characterizing 5mC in mtDNA of various species (including fish, birds and mammals), they
described significant differences in the DNMT activity of enzymes isolated from
mitochondria and nuclei of a rat liver. The two enzymes differed in specificity in
methylating the same DNA substrate, suggesting that mitochondria contain a particular
DNMT isoform. No further progress was made in this field until 2011 when an isoform of
mammalian DNMT1 was discovered that contains a mitochondrial targeting sequence; i.e.,
mtDNMT1 (41), and evidence was found that under certain conditions DNMT3A becomes
associated with mitochondria (42)

The early studies of mtDNA methylation did not take into the account the distribution of
5mC in mtDNA sequences, particularly in CpG dinucleotides. The first study that addressed
this issue (43) found that in mouse mtDNA, 5mC occurred exclusively at the CpG
dinucleotide sequence. Furthermore, an assay based on the use of methylation sensitive
endonucleases revealed that different sites of mtDNA are methylated to different extents,
suggesting that mtDNA methylation is a nonrandom event possibly involved in the
regulation of mtDNA expression. In addition, this study concluded that the CpG
dinucleotide sequence was under-represented in mouse mtDNA. Subsequent work (25) has
confirmed that the CpG dinucleotide is pervasively under-represented in all animal
mitochondria while it is relatively abundant in fungal and plant mtDNA. It is possible that
this CpG deficiency in mammalian mtDNA could explain why the methylation of mtDNA
had typically been dismissed or had not been captured by techniques designed to measure
the DNA methylation status of ncDNA, including in the brain (13). In cell cultures, the
methylation status of mtDNA extracted from human fibroblasts decreased with culture age
but only in fibroblasts obtained from young donors and not in fibroblasts of old donors (44).

Like nearly 1,200 mitochondrial proteins that are encoded by ncDNA (29), both mtDNMT1
and DNMT3A are also nuclear-encoded genes. The mitochondrial targeting sequence for
DNMT1 has been identified for several mammalian species including rat, mouse and human
(41). In the National Center for Biotechnology Information (NCBI) database, rat DNMT1
has only one entry, NM_053354. On the other hand, mouse DNMT1 has four variants:
NM_001199431 variant 1, NM_010066 variant 2, NM_001199432 variant 3, and
NM_001199433 variant 4. A DNA sequence upstream from the reported ATG translation
initiation codon of rat DNMT1 and mouse DNMT1 variants 1 and 2 are identical, except for
a few nucleotide mismatches. The mouse sequence has two additional in-frame ATG
codons, 135 and 159 nt upstream from the reported ATG translation initiation codon. The rat
sequence has one 159 nt upstream from the reported ATG translation initiation codon, but
the triplet at a position 135 has a T nucleotide substitute at the third position AT(T); it is
unclear whether this is a sequencing error. For human DNMT1, two variants are reported:
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NM_001130823 variant 1 and NM_001379 variant 2. Both have three additional in-frame
ATG codons, 186, 303, and 459 nt upstream from the reported ATG translation initiation
codon. So far, mtDNMT1 has been studied only in mouse and human cells in vitro (41).
Hence, it was demonstrated that in a human cell line, HCT116, the expression of mtDNMT1
is regulated by factors that respond to oxidative stress; i.e., PGCla (peroxisome
proliferators-activated receptor-gamma coactivator a) and NRF1 (nuclear respiratory factor
1). An interaction of PGCla with the transcription factor NRF1 typically up-regulates the
expression of a number of ncDNA-encoded mitochondrial genes and plays a role in the
regulation of mitochondrial biogenesis (45). Under the basal conditions, the mtDNMT1
transcript comprised about 2% of the total DNMT1. The transfection of HCT116 cells with
PGC1la and NRF1 significantly increases mtDNMT1 expression. In addition, a preferential
up-regulation of mtDNMT1 mRNA relative to the total mMRNA was observed in cells
deficient for the transcription factor p53 (41). Hence, the first glimpse is emerging of the
existence of a signaling pathway involved in the epigenetic regulation of mtDNA. Upon
mtDNMT1 mRNA expression, the translated mtDNMT1 protein, which contains both the
DNMT1 catalytic domain and the mitochondrial targeting sequence, is imported into the
mitochondria where it is present in the mitochondrial matrix, bound to mtDNA. The
interactions of MtDNMT1 with mtDNA appear to be CpG dependent and particularly
evident in the D-loop control region. Furthermore, this mtDNA-bound mtDNMT1 is active
in modifying the transcription of the mitochondrial genome.

A recent antibody-based study (42) has demonstrated the presence of a DNMT3A
immunoreactive protein in mitochondria of human and mouse brain and spinal cord,
particularly in the motor neuron mitochondria. Furthermore, DNMT3A immunoreactivity
was found in mitochondria of NSC34 mouse cell line. Using a procedure for over-
expressing labeled mutant form of DNMT3A, these authors confirmed that this protein
localizes not only to the nucleus and the cytosol but also to mitochondria. An interesting
observation from these studies is that an over-expression of DNMT3A activity increases
DNA methylation and leads to cell death (apoptosis) that can be prevented by DNMT
inhibitors. Furthermore, both DNMT1 and DNMT3A were increased in the mitochondria of
neurons of patients with amyotrophic lateral sclerosis (ALS). ALS, also known as Lou
Gehrig’s disease, is a debilitating disorder characterized by a progressive degeneration of
motor neurons. These authors (42) proposed that DNMT3A (and possibly also DNMT1) are
up-regulated in ALS motor neurons, and that the increased DNMT activity and elevated
DNA content of 5mC, possibly also in mtDNA, may be an important component of ALS
pathobiology and a putative target for drug development.

mtDNA cytosine hydroxymethylation

For a long time, the presence of 5hmC in mammalian ncDNA had either been disputed or
was considered a product of non-physiological DNA oxidation. The concept of oxidative
damage to nuclear and mitochondrial DNA has been particularly attractive as the basis for
pathobiological mechanisms involved in aging-associated neurodegeneration and functional
impairment. A typical biomarker of oxidative DNA damage is the presence of the oxidized
base 8-hydroxy-2’-deoxyguanosine (8-OHdG) in DNA samples. A detailed analysis of
ncDNA and mtDNA extracted from post-mortem brain regions of control subjects and
subjects with Alzheimer’s disease (46) and subjects with cognitive impairment (47) showed
elevated levels of not only 8-OHdG but also other bases including 5-hydroxycytosine in the
DNA (particularly mtDNA) of Alzheimer’s and cognitively-impaired subjects. Data about
5hmC were not reported in these studies.

Only as recently as 2009 was the presence of 5hmC in the ncDNA of a normal mammalian
cell (i.e., in the absence of 8-OHdG) firmly established (48). Furthermore, it was reported
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that 5hmC is particularly abundant in neuronal nuclei, e.g., ncDNA from cerebellar Purkinje
neurons. Consequently, 5hmC has emerged as a significant topic of interest in
neuroepigenetics. Several studies using different assays have confirmed and characterized
the widespread presence of 5hmC in ncDNA from various brain regions (49-53). It was
noted that the abundance of 5hmC in ncDNA is brain region-specific (49, 52) and that it is
affected by brain development (49, 50) and brain aging (53).

Significant progress regarding the identification of the pathways involved in the synthesis of
5hmC and its putative role in the regulation of specific promoters and enhancers has been
made in studies of embryonic stem cells (54-56). A strong impetus to explore this field was
provided by the discovery that TET (Ten-eleven translocation) proteins (TET1, TETZ2,
TET3) are dioxygenases that catalyze the hydroxylation of 5mC to 5hmC (54, 55). As of
yet, only one report has described the presence of 5hmC in mammalian mtDNA (41).
However, since no data are available on the presence of TET proteins in mitochondria, it
cannot be ascertained whether mitochondrial 5hmC is a product of the same enzymatic
reaction that takes place in the nucleus.

Functional consequences of epigenetic mtDNA modifications

Studies in epigenetics, including neuroepigenetics (57), have revealed bidirectional
physicochemical and functional interactions between the mechanisms for chromatin
remodeling (typically executed by histone modifications) and ncDNA modifications
(exemplified by actions of DNMTs and DNA demethylases on CpG cytosine molecules).
Although mitochondria are devoid of histones (the key proteins of the chromatin), various
other mitochondrial proteins are likely taking the role of nuclear histones in forming the
mitochondrial correlate of chromatin, the mitochromosome (nucleoid).

Hence, TFAM is a main constituent of the mitochromosome, besides mtDNA and plays a
major role in the packaging and compaction of mtDNA (26). Experiments in human cell
lines have demonstrated that alterations in mitochondrial TFAM protein content
significantly change the structure of the mitochromosome and determine the exposure of
mtDNA to the action of enzymes such as mitochondrial DNMTs. Hence, protein-protein and
protein-mtDNA interactions appear to play a role in mtDNA methylation. In these
experiments, exogenous bacterial DNMTs had been artificially expressed in human cells
(the presence of endogenous mtDNMT1 was not considered in these studies) (58). It was
observed that DNMTSs had different accessibility to different sites on the mtDNA, based on
the levels of protein occupancy. Interestingly, oxidative stress, which has been suggested to
stimulate the expression of endogenous mtDNMT1 in human cells (41), decreased the
ability of exogenously added bacterial DNMTSs to methylate mtDNA in these cells (58).
Possibly, the oxidative stress-induced up-regulation of the endogenous mtDNMT1 may have
had methylated mtDNA and thus prevented the exogenous bacterial mtDNMTSs from
causing additional mtDNA methylation.

Currently, data are emerging that directly demonstrate a modulatory role for mtDNMT1 and
epigenetic modifications in the regulation of mitochondrial transcription. Thus, in
mammalian cells in-vitro, an increase in mMtDNMT1 suppressed the expression of ND6
(NADH dehydrogenase subunit 6), the only protein-coding gene on the light strand of
mtDNA. At the same time, this mMtDNMT1 increase stimulated the expression of ND1
(NADH dehydrogenase subunit 1), a protein-coding gene on the heavy strand of mtDNA
(41). The exact nature of the mechanism by which 5mC in mtDNA leads to a differential
modification of mitochondrial transcription requires further elucidation. For example, the
suppression of ND6 expression by increased mtDNA methylation may reflect a similar
mechanism that leads to 5SmC-mediated transcription suppression in the ncDNA (41).
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Furthermore, these authors proposed that the opposite effect on ND1 expression could
involve an interaction of MTERF1 (mitochondrial terminator factor 1) with 5mC in CpG
dinucleotides and/or its interaction with the mtDNA-bound mtDNMT1 protein molecules.
The emerging evidence for mitochondrial localization of DNMT3A suggests that both
DNMT3A and DNMT1 may be involved in neuronal cell death (particularly in ALS) (42).
Further research is needed to elucidate whether and how mtDNA methylation participates in
neurodegeneration and neuroprotection.

Although 5hmC DNA modifications have now been confirmed both in mammalian ncDNA
and mtDNA, the functional consequences of this epigenetic mark is still under investigation.
One possibility is that 5hmC may serve as an intermediate structure for the removal of 5mC
in CpG dinucleotides of a gene-regulatory DNA region and thereby an indirect regulator of
gene expression. This 5mC removal could occur by passive dilution via the presence of
5hmC, which impairs remethylation in dividing cells (hence, possibly in dividing
mitochondria), or by active demethylation by enzymes that include the TET family and the
activation-induced deaminase (AlD)/apolipoprotein B mRNA-editing enzyme complex
(APOBEC) (59, 60). Alternatively, like 5mC, 5hmC could modify gene expression by
directly interacting with regulatory proteins. For example, 5mC-mediated transcriptional
repression requires the binding of 5mC-binding proteins, particularly the MBD (methyl-CpG
binding domain) family and the Uhrf family. While hydroxylation of 5mC interferes with
DNA binding by MBD proteins (and consequently might prevent the MBD-mediated
chromatin remodeling), 5hmC is recognized by Uhrf equally well as 5mC (61). Whether the
above 5hmC-related mechanisms are operative in mitochondria and if so, whether their
functional consequences are the same in ncDNA and mtDNA, remains to be elucidated.

Mitochondrial epigenetics

Above, we have summarized current evidence for the existence of epigenetic mechanisms
capable of modifying the mitochondrial genome and we suggest that this evidence justifies
the use of the term “mitochondrial epigenetics” to delineate epigenetic events in the
mitochondria. In the past, the term mitochondrial epigenetics has been used solely in
reference to the observed ability of mitochondria to participate in modulation of epigenetic
mechanisms in the nucleus (62). Hence, it is believed that mitochondria are capable of
modifying chromatin remodeling and the methylation of ncDNA, e.g., by modulating the
generation of S-adenosylmethionine (SAM), the methyl donor in DNA and histone
methylation via the mitochondrial folate metabolism. Furthermore, it was shown that
changes in the mtDNA copy number in a cell directly change the methylation pattern of a
number of nuclear genes (63). Thus, various methods for depleting mtDNA from cultured
cell lines resulted in the aberrant CpG island methylation (both hypo- and hypermethylation)
of a number of genes. These aberrations were partially restored by repletion of mtDNA. The
exact mechanism of mtDNA-mediated epigenetic regulation of ncDNA is currently
unknown.

Whereas a role for mitochondria and mitochondrially-modulated SAM levels has been
explored with respect to ncDNA methylation, no data are available on the role of
mitochondria and endogenous SAM madifications in the regulation of mtDNA methylation,
e.g., as a modifier of mitochondrial epigenetic mechanisms and mitochondrial functioning.
Instead, epigenetic contributions to mitochondrial functioning have been restricted to
epigenetic regulation of ncDNA-encoded regulatory and maintenance mitochondrial genes.
A disruption of these mechanisms has been proposed as a pathobiological basis for
epigenetic diseases (62). On the other hand, the differential ncDNA methylation status of
nuclear-encoded mitochondrial genes has been identified as a physiological mechanism; i.e.,
a factor that determines tissue-dependent mitochondrial functions (64). These authors
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analyzed the DNA methylation status of 899 ncDNA-encoded mitochondrial genes in brain,
liver, and heart tissues and found that 636 of these genes carry clear tissue-dependent and
differentially methylated regions (T-DMRs). In the brain, genes with hypomethylated T-
DMRs were characterized by the enrichment of the target genes of specific transcription
factors such as CEBPA (CCAAT/enhancer-binding protein alpha) and STATL1 (signal
transducers and activators of transcription factor 1) (64).

The coordinated expression of nuclear and mitochondrial genes appears to be particularly
important during cell division and mitochondrial biogenesis. Considering that the biogenesis
of mitochondria can be independent of the cell cycle, as exemplified by mitochondria in
post-mitotic cells such as neurons (which typically do not proliferate), it is important to
stress that even in these cells, the transcription of the mitochondrial genome is coordinated
with the transcription of ncDNA-encoded mitochondrial genes (and possibly also non-
mitochondrial genes). There are several layers of interactions that could account for this
coordination. To this end, epigenetic mechanisms have been considered a way for
mitochondria to influence ncDNA methylation and nuclear transcription or as a feed-back
loop whereby altered ncDNA methylation of nuclear-encoded genes (e.g., transcription
factors) may influence mitochondrial transcription. As yet, no consideration has been given
to the possibility that a common epigenetic mechanism, say DNA methylation, can
simultaneously affect both ncDNA and mtDNA and thus coordinate the transcription from
these two substantially different cellular (e.g., neuronal) genomes. Focusing on
mitochondrial epigenetics as a novel component of neuroepigenetics may pave the way for a
better understanding of this and numerous other mitochondrial mechanisms important for
brain physiology and pathology.

Expert opinion

Outlook

Recent methodological advances in characterizing epigenetic modifications such as DNA
methylation and DNA hydroxymethylation have advanced multiple fields of biological
sciences including neuroscience. Neuroepigenetics is emerging as the leading field in
molecular neuroscience. Historically, a functional role for epigenetic mechanisms, including
in neuroepigenetics, has been sought in the area of the regulation of nuclear transcription.
The importance of mitochondria and mtDNA (particularly the mutation of mtDNA) in
central nervous system (CNS) physiology and pathology has long been recognized.
However, only recently have mechanisms of mtDNA methylation and hydroxymethylation,
including the discovery of mtDNMT1 and the presence and the functionality of 5mC and
5hmC in mtDNA (e.g., in modifying mtDNA transcription), been unequivocally recognized
as a part of mammalian mitochondrial physiology. Here we summarize for the first time
evidence supporting the existence of these mechanisms and we propose that the term
“mitochondrial epigenetics” can be used when referring to them. In spite of substantial
research efforts aimed at clarifying the nuclear neuroepigenetic mechanisms in CNS
development and aging and the nuclear neuroepigenetic basis of neuropsychiatric disorders
and drug effects in the CNS (for example, the long-term effects of drugs of abuse), no
research has been currently reported addressing the possibility of an epigenetic regulation of
mtDNA in the CNS. We expect that in the near future, this gap will be closed and that we
will witness the emergence of mitochondrial epigenetics as an important component of
neuroepigenetics.

Recent convincing evidence regarding the presence and functionality of 5mC and 5hmC
modifications of mammalian mtDNA is bound to stimulate interest in mitochondrial
epigenetics. Currently available data show that these modifications may be driven by the
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expression of a particular type of mammalian mtDNMT1 and possibly by DNMT3A. It is
expected that in the future, characterization of mtDNMT1 and DNMT3A, e.g., the pattern of
their cell-type-specific and tissue-specific expression (including in the CNS) and the
understanding of the pathways involved in the regulation of mtDNMT1 expression vs. the
total DNMT1 expression, will bring about significant progress and open new directions of
epigenetic research. Regulation of 5hmC is particularly important for neuroepigenetics (the
first conclusive evidence for a significant 5hmC presence in mammalian ncDNA was found
in neurons). Hence, it is expected that research directed towards understanding the action of
TET enzymes and other factors involved in 5hmC formation and possibly in DNA
demethylation (65) will shift in focus from ncDNA-only to both ncDNA and mtDNA (Fig.
1). In addition, evidence is emerging that another mechanism of post-translational gene
regulation, the pathway of RNA interference mediated by microRNAs, which interacts
tightly with epigenetic mechanisms may be operative in mitochondria, as well (66). A
therapeutic (i.e., pharmacological) targeting of epigenetic mechanisms is likely to become
important in mitochondrial epigenetics. No such research has been reported yet although it is
known that drugs used to target nuclear epigenetic mechanisms, such as the HDAC (histone
deacetylase) inhibitor valproic acid, are capable of triggering significant mitochondrial side
effects (67). The concept of epigenetherapy is rapidly evolving (68) and it is likely that in
the near future it would include mitochondria. To this end, mitochondria may offer certain
advantages for achieving therapeutic target specificity. For example, these organelles
possess complex protein import machinery (69). This machinery and other properties of
mitochondria, such as the large membrane potential across the inner membrane, could be
targeted to selectively direct bioactive molecules (70); e.g., modifiers of mtDNMT1 and
DNMT3A activity, to mitochondria. Finally, novel and better tools for mapping the mtDNA
pattern of 5mC and 5hmC distribution could be developed. Combined with translational
clinical studies, these tools may lead to the discovery of certain types of epigenetically
modified mtDNA as biomarkers (e.g., in samples obtained from blood cells) for
neuropsychiatric disorders. Ultimately, we expect that within a few years mitochondrial
epigenetics will cease to be a blind spot in epigenetic research, including in
neuroepigenetics.
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Abbreviations

ALS amyotrophic lateral sclerosis

CEBPA CCAAT/enhancer-binding protein alpha
CNS central nervous system

DNMT DNA-methyltransferase

HDAC histone deacetylase

5hmC 5-hydroxymethylcytosine
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5mC 5-methylcytosine
MBD methyl-CpG binding domain
Mt mitochondrion
MtDNA mitochondrial DNA
mtDNMT1 mitochondrial DNA-methyltransferase 1
MTERF mitochondrial terminator factor
Nc nucleus
ncDNA nuclear DNA
ND1 NADH dehydrogenase subunit 1
ND6 NADH dehydrogenase subunit 6
NRF1 nuclear respiratory factor 1
8-OHdG 8-hydroxy-2-deoxyguanosine
OXPHOS oxidative phosphorylation
PGCla peroxisome proliferators-activated receptor-gamma coactivator a
POLRMT mitochondrial RNA polymerase
STAT1 signal transducers and activators of transcription factor 1
T-DMRs tissue-dependent and differentially methylated regions
TET Ten-eleven translocation
TFAM mitochondrial transcription factor A
TFB2M mitochondrial transcription factor B
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Highlights

Mammalian mitocondria contain multiple copies of a maternally inherited
genome, a circular double-stranded mtDNA that encodes 13 proteins, 2
ribosomal RNAs, and 22 transfer RNAs.

Mitochondria do not contain histones; however, mtDNA is protein-coated
(TFAM is the most abundant) and packaged into aggregates called nucleoids or
mitochromosome.

Except for the 13 proteins encoded by mtDNA, other proteins (perhaps
thousands) necessary for mitochondrial structure and function are encoded by
ncDNA.

Mammalian ncDNA expresses an isoform of DNMT1 (enzyme involved in
DNA methylation and formation of 5mC) that contains a mitochondrial
targeting sequence; i.e., MtDNMT1.

mtDNMT1 protein (and possibly DNMT3A) is imported into the mitochondria
where its interactions with mtDNA appear to be CpG dependent and particularly
evident in the D-loop control region.

The CpG dinucleotide is pervasively under-represented in mammalian mtDNA,
which could explain why the methylation of mtDNA has typically been
dismissed or has not been captured by techniques designed to measure the 5mC
status of ncDNA.

mtDNMT1 is active in modifying the transcription of the mitochondrial genome
but the full functional implications of mtDNA 5mC are yet to be elucidated.

DNMT1 and DNMT3A appear to be associated with mitochondria in the motor
neurons of patients with amyotrophic lateral sclerosis where they may contribute
to DNA methylation-mediated cell death.

mtDNA contains 5hmC but the mechanism of its formation in mitochondria is
not yet understood.

Currently, neuroepigenetics does not include mitochondrial epigenetics - a gap
that we expect to close in the near future.
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Figure 1.
A speculative model of mitochondrial epigenetic mechanisms. ncDNA encodes for proteins

(e.g., DNMTs, TETs, mtDNMT?1) involved in epigenetic DNA modifications occurring both
in the nucleus (Nc) and in the mitochondrion (Mt). Both the maintenance and the de novo
DNA-methyltransferases (DNMTSs) lead to formation of 5mC in ncDNA whereas
mtDNMT1 and possibly DNMT3A synthesizes 5mC in mtDNA. TET enzymes are involved
in 5hmC formation (and possibly DNA demethylation) in the nucleus. The exact mechanism
of 5hmC formation in mtDNA is currently unclear. Additional epigenetic mechanisms in the
nucleus involve chromatin remodeling (mostly via histone modifications). It is not known
whether similar mechanisms (e.g., targeted at the TFAM protein) are operative in the
mitochondrion; i.e., whether epigenetic mechanisms could lead to nucleoid remodeling.
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