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More than a powerplant: the influence of mitochondrial transfer
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Each cell in the human body, with the exception of red blood
cells, contains multiple copies of mitochondria that house their
own genetic material, the maternally inherited mitochondrial
DNA. Mitochondria are the cells powerplant due to their
massive ATP generation. However, the mitochondrion is also a
hub for metabolite production from the TCA cycle, fatty acid
beta-oxidation, and ketogenesis. In addition to producing
macromolecules for biosynthetic reactions and cell replication,
several mitochondrial intermediate metabolites serve as
cofactors or substrates for epigenome modifying enzymes that
regulate chromatin structure and impact gene expression.
Here, we discuss connections between mitochondrial
metabolites and enzymatic writers and erasers of chromatin
modifications. We do this from the unique perspective of cell-
to-cell mitochondrial transfer and its potential impact on
mitochondrial replacement therapies.
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Introduction

Considered to originate from an endosymbiotic a-proteo-
bacteria in an ancient cellular host, modern mitochondria
occur in dozens to thousands of copies per nucleated
mammalian cell and are essential to cukaryotic life.
Mitochondria are considered powerplants because they

|1 ,2,3,4

produce up to 90 percent of cellular ATP [1]. However,
they are also hubs of metabolic activity and are involved
in the production, breakdown, and/or regulation of reac-
tive oxygen species (ROS), fatty acids, one-carbon meta-
bolic intermediates, tricarboxylic acid (TCA) cycle
metabolites, and ketone bodies. These metabolites pro-
vide cell type-specific and situational control over gene
expression by fueling the addition of chemical groups, or
epigenetic marks, to DNA or its associated proteins.
These marks affect electrostatic and hydrophobic inter-
actions within chromatin, influencing transcription factor
or repressor binding and enhancing (euchromatin) or
repressing (heterochromatin) gene expression (Figure 1).

In addition to approximately 1500 different mitochondrial
proteins encoded in the nucleus [2], each mitochondrion
contains multiple copies of a small, maternally inherited
genome, the mitochondrial DNA (mtDNA). In humans,
mtDNA is a compact 16,569 bp circular genome coding
for 37 genes directly required for oxidative phosphoryla-
tion (OXPHOS) and linked to metabolite biosynthesis.
Although pathogenic mutations to mtDNA affect 1 in
5000 people, 1 in 200 are carriers of mtDNA disease-
related mutations but do not exhibit pathology because
the deleterious effects of mutant mtDNA can be masked
by normal mtDNA [3]. The phenomenon of a single cell
carrying a heterogeneous population of normal and path-
ogenic mtDNA genotypes is known as heteroplasmy, and
the heteroplasmic ratio of a specific pathogenic mtDNA
to other mtDNA genotypes can dictate the severity of a
disease. mtDNA mutations are particularly difficult to
treat because modifying the mtDNA is currently impos-
sible, however artificial or natural transfer of whole mito-
chondria containing mtDNA between cells provides
mechanisms for altering metabolism and repairing cell
damage [3-9], and may be a viable approach for mtDNA
diseases (Figure 2). Studies on establishing mitochondrial
replacement therapies (MRT's) that allow women carry-
ing mtDNA mutations to have disease-free children have
been performed in Mexico [10°], and proposed for the
United States [11] and the United Kingdom [12]. Inves-
tigating the role of mitochondrial function and transfer in
nuclear gene regulation and cell fate could provide insight
for the long-term feasibility of MRT's and for understand-
ing physiological changes resulting from altered mito-
chondrial activity.

Mitochondrial metabolites and epigenetics
Mitochondria house key metabolic processes including
OXPHOS, long-chain fatty acid beta-oxidation, and
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Mitochondrial metabolites influence the epigenome. Mitochondrial metabolites from many pathways, including the one-carbon (1C) and TCA
cycles, are cofactors and regulators of the writers and erasers of epigenetic marks. Arginine (PRMT), lysine (KMT), and DNA (DNMT)
methyltransferases require S-adenosylmethionine (AdoMet) to generate methylation marks, which can either activate or repress transcription.
Likewise, histone acetyltransferases (HATs) require acetyl-CoA to acetylate histones and activate transcription. Both methylation and acetylation
can be removed by demethylases (KDMs, JmjCs, and TET enzymes) and histone deacetylases (HDACs), respectively. Abbreviations: B-HB, beta-

hydroxybutyrate; 2HG, 2-hydroxyglutarate; aKG, alpha-ketoglutarate.

amino acid metabolism along with the urea, one-carbon,
and TCA cycles. A recent study identified 346 distinct
metabolites produced within the mitochondria alone [13].
These metabolites regulate the enzymes that modify
DNA and histones to modulate gene expression [14—
17]. Perturbation of individual electron transport chain
(ETC) complexes resulting from hereditary mutations in
nuclear DNA and mtDNA can generate distinct mito-
chondrial metabolite and gene transcription profiles [13].
Intriguingly, cells iz vitro and in vivo can donate mito-
chondria to specific recipient cells, and these donated
mitochondria may manipulate cellular metabolism [8],
promote tissue repair [18°°], or alter disease progression
[19]. The exact mechanism(s) by which transferred mito-
chondria and their specific mtDNA sequences fuel these
changes likely go beyond altering cellular ATP concen-
trations and are discussed here.

Methylation of histones and DNA

DNA methylation at transcriptional start sites usually
represses gene expression by altering chromatin structure,
inhibiting transcription factor binding, and/or recruiting
transcription repressors to methylated nucleotides [20].
However, DNA methylation may also promote

transcriptional activation when methylation occurs in a
gene body [21]. The most prevalent mammalian DNA
modification is 5-methylcytosine in regions of CpG islands
that is catalyzed by de novo DNA methyltransferases
DNMT3A and DNMT3B and sustained through DNA
replication by the DNA maintenance methyltransferase,
DNMT1 [22]. Histone-tail amino acids are also subject to
methylation, which can repress or activate gene expression
depending on the residue, number, and epigenetic context
of added or removed methyl groups. Histone-tail methyl-
ation occurs on any basic residue, but epigenetic modifica-
tions to arginine and lysine are most common [23-26].

Methyltransferase activity depends upon mitochondrial
function since these enzymes require S-adenosylmetho-
nine (AdoMet), which is synthesized by methionine
adenosyltransferase from ATP and methionine. One-car-
bon cycle intermediates are required for AdoMet synthe-
sis, and cells with impaired one-carbon cycling show
decreased AdoMet levels and reduced DNA and histone
methylation [27,28]. The one-carbon cycle occurs in both
the cytosol and mitochondria, however mitochondrial
serine catabolism is the predominant source of cellular
one carbon metabolites [29]. Serine catabolism requires
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Figure 2
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Artificial

The biological and epigenetic impact of mitochondrial transfer. Transferring mitochondria with specific mtDNA sequences into cell lines of interest
helps our understanding of metabolic control of the epigenome and could be developed into therapies for mitochondrial disorders. The transfer of
mitochondria from healthy (labeled orange) to metabolically impaired (labeled gray) cells can occur in vivo via tunneling nanotubes and
endocytosis. Additionally, isolated mitochondria can be transferred using artificial methods, such as the photothermal nanoblade. Several MRTs
show promise for treating heritable mtDNA disorders, including somatic cell nuclear transfer followed by in vitro fertilization. Both biological and
artificial mitochondrial transfer methods have been shown to alter respiration and the functions of astrocytes, cardiomyocytes, lung epithelial and
corneal epithelial cells after tissue injury, and tumorgenicity in mouse models. However, mitochondrial transfer results in cells with new mtDNA
sequences (highlighted yellow) that may change metabolic processes and the epigenome of cells. MRTs that completely replace a cells
mitochondrial population and initially give rise to disease free children may result in longer term metabolic disturbances, potentially due to non-
evolved incompatibilities between nuclear DNA and mtDNA encoded proteins.

coupled respiration and its ATP and NAD+ byproducts,
closely tying methylation to respiration and mitochondrial
activity [30,31].

DNA and histone methylation marks are removed by
Ten-Eleven Translocation (TET) or Jumonji catalytic
(JmjC) domain-containing demethylases, respectively
[14]. To remove 5-methylcytosine, TET dioxygenases
convert 5-methylcytosine to 5-hydroxymethyleytosine,
which is further oxidized to 5-formylcytosine and 5-car-
boxylcytosine before final removal by base excision repair
[22,32,33]. Methyl groups on lysine residues in histones
are removed by demethylases, of which 27 have been
identified [34]. Lysine demethylases may also exhibit
some arginine demethylase activity [35,36].

Mitochondrial metabolites and demethylation activities
Several TCA cycle-associated metabolites competitively
inhibit demethylase activity and have profound effects on

gene expression. Fumarate and succinate accumulate in
cells with mutations in fumarate hydratase and succinate
dehydrogenase [37], which inhibits TET demethylases
and 5-hydroxymethylcytosine formation, reduces histone
demethylation, activates the hypoxia inducible pathway
[38°,39], and may lead to tumorigenesis [37,40,41°°]. 2-
hydroxyglutarate (ZHG) is a TCA cycle-associated
metabolite that can inhibit demethylases, and elevated
2HG levels can promote tumorigenesis [42,43], enhance
mTOR signaling, and alter T cell differentiation (Fig-
ure 3) [44°°,45°]. 2HG occurs as two enantiomers, D-R-2-
hydroxyglutarate or L.-S-2-hydroxyglutarate, depending
on the biosynthetic pathway. D-R-2-hydroxyglutarate
generation occurs by neomorphic mutations in isocitrate
dehydrogenase 1 and 2 (IDH1/2) [46] or by transamina-
tion via glutamate-oxaloacetate transaminase 1 (GOT1)
[44°°]. Conversely, both hypoxia [47,48] and promiscuous
activity of lactate and malate dehydrogenase enzymes at
acidic pH [49,50] generate L.-R-2-hydroxyglutarate. It is

Current Opinion in Physiology 2018, 3:16-24

www.sciencedirect.com



Mitochondria influence on the epigenome Patananan, Sercel and Teitell 19
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TCA cycle-associated metabolites, epigenetics, and cell fate. The fates of stem cells, T cells, and macrophages are regulated by cellular
concentrations of aKG and succinate. These outcomes are at least partially mediated by «KG-dependent dioxygenases, which remove methyl
epigenetic marks to alter nuclear gene expression. Activation or inhibition of these enzymes is dictated by high levels of aKG or succinate,
respectively, and the resulting changes to the epigenome alter the differentiation and development of cells. Key: ESCs, embryonic stem cells;

hPSCs, human pluripotent stem cells; EpiSCs, epiblast stem cells.

unclear whether these enantiomers have different cellular
activity as both occur naturally, but a shift to favor L.-S-2-
hydroxyglutarate appears to result in T cell activation due
to histone and DNA demethylation (Figure 3) [45°].

The cellular concentrations of TCA cycle metabolites
alpha-ketoglutarate (a¢KG) and succinate are dependent
upon mitochondrial activity and are important regulators
of DNA and histone methylation patterning and cell fate.
Both TET and JmjC-containing demethylases require
O,, aKG, and complexed iron (II) for activity, and pro-
duce succinate and CO; as reaction byproducts [14,51].
Adjusting aKG to succinate ratios can cause phenotype
switching in cells. In macrophages, a high aKG to succi-
nate ratio causes demethylation of H3K27me3 marks and
drives M2 macrophage differentiation for anti-inflamma-
tory and tissue repair responses, whereas a low ratio
promotes lipopolysaccharide-sensing M1 macrophages
and a pro-inflammatory response (Figure 3) [52°]. Ele-
vated superoxide radicals from superoxide dismutase
2 depletion in stromal precursor cells may impede differ-
entiation by promoting the accumulation of «KG, impair-
ing glycolysis, and enhancing oxidative metabolism [53].
The mechanism(s) by which «KG causes epigenetic
changes in this case is unknown, although aKG involve-
ment may suggest a demethylase related activity that
requires exploration. Alternatively, the extracellular
levels of these metabolites may influence gene expression
and cell function by serving as ligands of G-Protein

Coupled Receptors (GPCRs). For example, succinate
and aKG can bind to GPCR91 and GPCRY9, respec-
tively, to regulate cellular functions and tissue physiology
[54,55]. Further investigation is needed to determine the
extent to which mitochondrial metabolites influence cel-
lular phenotypes by epigenetic modification or through
non-canonical signaling pathways.

Finally, naive mouse embryonic stem cells maintain
DNA/histone demethylase function and pluripotency
by sustaining an elevated aKG to succinate ratio [56].
Artificially reducing this ratio impairs TET demethylase
activity, increases trimethylation and decreases mono-
methylation of H3K9, K3K27, H3K36, and H4K20, and
promotes cell differentiation [56]. In less naive, primed-
state human pluripotent stem cells and mouse epiblast
stem cells, elevated aKG levels promote stimulated
differentiation [57°°]. Furthermore, elevated aKG causes
a decrease in H3K4me3 and H3K27me3, while an
increased succinate concentration enhances these marks
[57°°]. These results show that iz vitro, specific mitochon-
drial metabolites differentially regulate epigenome mod-
ifying enzymes and cellular differentiation depending
upon cell state and microenvironment cues (Figure 3).
Because these studies often involve the extracellular
addition of membrane-permeable derivatives to cells
under laboratory conditions, how robust this regulation
is in vivo needs further study. Additionally, while it is
known that the transfer of mitochondria occurs between
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cells iz vitro and in vive, the biological consequences of
transfer are unclear and it is unknown whether this
process occurs in glycolytic hypoxic stem cells niches,
which could alter mitochondrial metabolites and specific
patterns of differentiation.

Mitochondrial metabolites and histone acetylation

In addition to methylation, acetylation occurs on histone
tail residues, promoting euchromatin conformation and
gene activation [58,59]. The twenty-two known HAT's
use the cofactor acetyl-coenzyme A (acetyl-CoA) to bind
acetyl groups to lysine residues [58]. Histone acetylation
is dependent upon the availability of acetyl-CoA, which
accumulates within the nucleus, cytoplasm, and mito-
chondria [60]. Mitochondrial acetyl-CoA is made from
fatty acid beta-oxidation, from branched-chain amino
acids, and from pyruvate, citrate, and acetate via pyruvate
decarboxylase, ATP citrate lyase (ACL), and acetyl-CoA
synthetase 1 enzymes, respectively [61,62]. Furthermore,
not only is TCA cycle generated citrate exported to the
cytoplasm or nucleus and converted by ACL into acetyl-
CoA, but ACL is also essential for histone acetylation and
epigenome remodeling during nutrient sensing and adi-
pocyte differentiation [63—65]. ZHG can enhance histone
H3 acetylation by stimulating ACL and histone acetyl-
transferases (HA'T's) [42]. Finally, macrophages exposed
to IL-4 show enhanced Akt-m'T'ORC1 pathway activity,
which increases the production of acetyl-CoA by ACL
and results in H3/H4 histone acetylation that, similar to
elevated demethylase activity, favors M2 macrophage
activation [66].

Acetyl marks are removed by the eighteen histone dea-
cetylases (HDAGs), which are divided into four classes.
Class I, II, and IV (HDACs 1-11) are Zn2+-dependent,
whereas class III HDACs, also known as the sirtuins
(SIRT1-7), require NAD+ for activity [58,67,68]. Each
class of HDAC is inhibited by different mitochondrial
metabolites, which can result in histone H3/H4 tail
hyperacetylation [69]. Class I and ITa HDACs are inhib-
ited by the ketone body D-beta-hydroxybutyrate, a met-
abolic intermediate produced in liver mitochondria by
fatty acid beta-oxidation during starvation conditions and
when the TCA cycle is unable to produce sufficient
amounts of acetyl-CoA [70,71]. This inhibition results
in histone hyperacetylation, transcription changes, and
activation of oxidative stress transcription factors
FOXO3A and MT?2, similar to the depletion of HDAC1
and HDAC2 [71,72]. Understanding how mitochondrial
function and transfer may influence this regulation
requires further study but also seems critical in animal
models. Altering histone acetylation and gene expression
can improve spatial memory impairment caused by hyp-
oxia [73°] and extend lifespan in the roundworm Caenor-
habditis elegans [74], although it can also induce tumor-
genicity in certain cases [75].

Depletion of the class III HDAC SIRT1 results in
increased H3K9 acetylation in hepatocellular carcinoma
cells [76]. NAD+ depletion results in hyperacetylation
and reduced trimethylation at H3K9 as well as reduced
cell proliferation in human cancer models [77]. The
simultaneous change in both acetylation and methylation
highlights the multilayered regulation of the epigenome
by a single metabolite. However, the specific role of
mitochondrial NAD+ is currently unknown due to the
technical challenges of studying how specific subcellular
NAD+ pools influence enzymatic activities [78].

Mitochondrial transfer

mtDNA encoded proteins are essential for OXPHOS and
also influence the synthesis of TCA cycle metabolites
linked to epigenome modifications. In the extreme exam-
ple of cells without mtDNA, called rho null (p0) cells,
respiration is terminated, concentrations of succinate and
2HG are elevated, and aKG, fumarate, malate, and citrate
levels are reduced [79°]. These changes in TCA cycle
intermediates in mtDNA-deficient cells can reduce
H3K9, H3K18, and H3K27 histone acetylation [80].
Additionally, mtDNA depletion increases one-carbon
cycle serine metabolism and transsulfuration, and leads
to both hypo-methylation and hyper-methylation of CpG
islands [81-83,84°]. Although not thoroughly investi-
gated, mtDNA depletion does not result in consistent
changes across the epigenome. Rather, these studies
suggest that dramatic changes to mitochondrial metabo-
lite concentrations in p0 cells may activate and repress
gene expression with variability. Further studies are
needed to elucidate which metabolites drive patterns
of epigenetic modification of specific genes and pathways
in response to altered mtDNA levels.

Artificially transferring isolated, functional mitochondria
into p0 cells rescues OXPHOS and restores the metabolic
and transcriptional profiles of the recipient hybrid cells
(Figure 2). Wu ez al. transferred mitochondria from a
donor cell line into p0 recipient cells using a large cargo
delivery device called a photothermal nanoblade and
generated three rescue clones that reestablished
OXPHOS. Mitochondrial transfer did not fully restore
all metabolites, such as 2ZHG and citrate, to wild-type
levels [79°]. Furthermore, one of three examined rescue
clones still resembled the p0 recipient lines metabolomic
profile and T'CA cycle gene expression pattern, suggest-
ing that incomplete remodeling of the epigenome
occurred despite restoring E'TC activity. Latorre-Pellicer
et al. recently reported that mice with identical nuclear
genomes but different mtDNA genotypes exhibit signifi-
cant differences in metabolic profiles, key cellular path-
ways, and lifespan [85]. These data suggest that different
mtDNA haplotypes may be more or less compatible with
different nuclear genotypes, influencing mitochondrial
function, altering metabolism in whole organisms, and
leading to epigenetic and phenotypic changes [86].

Current Opinion in Physiology 2018, 3:16-24
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Table 1

Mitochondrial metabolites and their effect on epigenome marks.

Metabolite Enzyme(s) affected Enzyme substrate Effect on enzyme activity Transcription change
TCA cycle

aKG Demethylases DNA, histones + + or —

Fumarate Demethylases DNA, histones — +or —

Succinate Demethylases DNA, histones — + or —

Acetyl-CoA HATs Histones + +
TCA cycle associated

2HG Demethylases, acetyltransferases DNA, histones — + or —

+ +

Respiration

NAD+ Sirtuin deacetylases Histones + —

FAD Demethylases Histones + + or —
Fatty acid beta-oxidation

D-beta-hydroxybutyrate Deacetylases Histones — +
One-carbon cycle associated

AdoMet Methyltransferases DNA, histones + +or —

+, Enhanced; —, Repressed.

In addition to haplotype incompatibility, results from
these two studies may also be from epigenetic modifica-
tions to the mtDNA itself. Although controversial and
initially determined to have no methylation [87] or asso-
ciated histone proteins, interest in mtDNA epigenetics
has increased with evidence suggesting mtDNA contains
CpG sites that may be methylated to low levels [88,89]
and that DNMT and TET enzymes localize to mito-
chondria [90-92]. Several publications suggest the accu-
mulation of mtDNA methylation as biomarkers in a wide
variety of pathologies involving mitochondrial function,
from environmental pollution to aging and cardiovascular
disease [88,93,94]. Although mtDNA methylation could
modulate transcription like methyl groups in nuclear
chromatin, such methylation marks may also regulate
the cellular compatibility and tolerance of mtDNA, simi-
larly to how the immune system identifies self from non-
self. Further work is needed to determine whether these
sporadically reported marks are not artifacts and quantify
their biological relevance as any mitochondrial replace-
ment therapy would need to overcome mitochondrial-
nuclear compatibility issues.

The transfer of mitochondria between cells is also a
biological phenomenon that occurs by endocytosis,
tunneling nanotubes, and potentially other uncharacter-
ized pathways in tissue culture and iz vivo [3] (Figure 2).
When non-tumorigenic p0 cancer cells are injected into a
mouse, they receive mitochondria and mtDNA from the
microenvironment, regain OXPHOS, and recover their
tumorgenicity [8,9]. Whether this transfer also occurs
between the stroma and cancer cells with their endoge-
nous mtDNA intact, which is more relevant to human
disease, remains to be clarified. This question has been
addressed in non-cancer models showing that mitochon-
drial transfer modulates metabolism [95], tissue damage
repair [96], and disease progression [3,97]. However,
these studies often focus on A'TP production, ROS levels,

or cell viability associated with mitochondrial transfer
rather than alterations to global gene expression and
the epigenome that may be driving these biological
changes.

Brief remarks

Mitochondria are metabolite-generating factories that
support biomolecule and epigenome modification. The
metabolites formed within mitochondria are substrates
for and regulators of the writers and erasers of the epi-
genome (T'able 1). This regulation may extend beyond
altering chromatin structure and gene expression in the
nucleus. A more complete understanding of mitochon-
drial-associated metabolism as a driver of epigenome
modifications and its relationship to cell-to-cell mitochon-
drial transfer may provide mechanistic insight for treating
a wide variety of diseases, including mtDNA-disorders.

Conflicts of interest
The authors do not have any conflicts of interest to
declare.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Harris DA, Das AM: Control of mitochondrial ATP synthesis in
the heart. Biochem J 1991, 280:561-573.

2. Calvo SE, Mootha VK: The mitochondrial proteome and human
disease. Annu Rev Genomics Hum Genet 2010, 11:25-44.

3. Patananan AN, Wu TH, Chiou PY, Teitell MA: Modifying the
mitochondrial genome. Cell Metab 2016, 23:785-796.

4. Lightowlers RN, Taylor RW, Turnbull DM: Mutations causing
mitochondrial disease: what is new and what challenges
remain? Science 2015, 349:1494-1499.

5. Weinberg SE, Chandel NS: Targeting mitochondria metabolism
for cancer therapy. Nat Chem Biol 2015, 11:9-15.

www.sciencedirect.com

Current Opinion in Physiology 2018, 3:16-24


http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0490
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0490
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0495
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0495
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0500
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0500
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0505
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0505
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0505
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0510
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0510

22

First example of a human mother carrying a known mtDNA mutation
giving birth to a child following three-parent mitochondrial replacement

Mitochondria biology

Weinberg F, Chandel NS: Reactive oxygen species-dependent
signaling regulates cancer. Cell Mol Life Sci 2009, 66:3663-
3673.

Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Joseph J,
Lopez M, Kalyanaraman B, Mutlu GM, Budinger GR, Chandel NS:
Mitochondrial metabolism and ROS generation are essential
for Kras-mediated tumorigenicity. Proc Nat/ Acad Sci U S A
2010, 107:8788-8793.

Tan AS, Baty JW, Dong LF, Bezawork-Geleta A, Endaya B,
Goodwin J, Bajzikova M, Kovarova J, Peterka M, Yan B et al.:
Mitochondrial genome acquisition restores respiratory
function and tumorigenic potential of cancer cells without
mitochondrial DNA. Cell Metab 2015, 21:81-94.

Dong LF, Kovarova J, Bajzikova M, Bezawork-Geleta A, Svec D,
Endaya B, Sachaphibulkij K, Coelho AR, Sebkova N, Ruzickova A
et al.: Horizontal transfer of whole mitochondria restores
tumorigenic potential in mitochondrial DNA-deficient cancer
cells. eLife 2017, 6.

Zhang J, Liu H, Luo S, Chavez-Badiola A, Liu Z, Yang M, Munne S,
Konstantinidis M, Well D, Huang T: First live birth using human
oocytes reconstituted by spindle nuclear transfer for
mitochondrial DNA mutation causing leigh syndrome. ASRM
Scientific Congress & Expo: Scaling New Heights in Reproductive
Medicine: Fertility and Sterility. 2016:e375.

therapy.

11.

12.

13.

14.

15.

16.

17.

18.

Astrocytes release vesicles containing functional mitochondria into their
surroundings by a CD38-dependent pathway. These mitochondria are
uptaken by neurons to restore ATP production and cell viability following

Reardon S: US panel greenlights creation of male ‘three-
person’ embryos. Nature 2016, 530:142.

Lyon J: Sanctioned UK trial of mitochondrial transfer nears.
JAMA 2017, 317:462-464.

Chen WW, Freinkman E, Wang T, Birsoy K, Sabatini DM: Absolute
quantification of matrix metabolites reveals the dynamics of
mitochondrial metabolism. Cell 2016, 166:1324-1337 e1311.

Aon MA, Cortassa S, Juhaszova M, Sollott SJ: Mitochondrial
health, the epigenome and healthspan. Clin Sci 2016, 130:1285-
1305.

Sakamoto A, Hino S, Nagaoka K, Anan K, Takase R, Matsumori H,
Ojima H, Kanai Y, Arita K, Nakao M: Lysine demethylase Isd1
coordinates glycolytic and mitochondrial metabolism in
hepatocellular carcinoma cells. Cancer Res 2015, 75:1445-
1456.

Tian Y, Garcia G, Bian Q, Steffen KK, Joe L, Wolff S, Meyer BJ,
Dillin A: Mitochondrial stress induces chromatin
reorganization to promote longevity and UPR(mt). Cell 2016,
165:1197-1208.

Guha M, Srinivasan S, Guja K, Mejia E, Garcia-Diaz M,

Johnson FB, Ruthel G, Kaufman BA, Rappaport EF, Glineburg MR
et al.: Hnrnpa2 is a novel histone acetyltransferase that
mediates mitochondrial stress-induced nuclear gene
expression. Cell Discov 2016, 2:16045.

Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing C, Ji X,
Lo EH: Transfer of mitochondria from astrocytes to neurons
after stroke. Nature 2016, 535:551-555.

ischemic injury in vitro and in vivo.

19.

20.

21.

22.

Marlein CR, Zaitseva L, Piddock RE, Robinson S, Edwards D,
Shafat MS, Zhou Z, Lawes M, Bowles KM, Rushworth SA: NADPH
oxidase-2 derived superoxide drives mitochondrial transfer
from bone marrow stromal cells to leukemic blasts. Blood
2017.

Chen K, Zhao BS, He C: Nucleic acid modifications in regulation
of gene expression. Cell Chem Biol 2016, 23:74-85.

Lyko F: The DNA methyltransferase family: a versatile toolkit
for epigenetic regulation. Nat Rev Genet 2017.

Breiling A, Lyko F: Epigenetic regulatory functions of DNA
modifications: 5-methylcytosine and beyond. Epigenetics
Chromatin 2015, 8:24.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Bedford MT, Clarke SG: Protein arginine methylation in
mammals: who, what, and why. Mol Cell 2009, 33:1-13.

Di Lorenzo A, Bedford MT: Histone arginine methylation. FEBS
Lett 2011, 585:2024-2031.

Greer EL, Shi Y: Histone methylation: a dynamic mark in health,
disease and inheritance. Nat Rev Genet 2012, 13:343-357.

Hyun K, Jeon J, Park K, Kim J: Writing, erasing and reading
histone lysine methylations. Exp Mol Med 2017, 49:e324.

Maddocks OD, Labuschagne CF, Adams PD, Vousden KH: Serine
metabolism supports the methionine cycle and DNA/RNA
methylation through de novo ATP synthesis in cancer cells.
Mol Cell 2016, 61:210-221.

Singhal NK, Li S, Arning E, Alkhayer K, Clements R, Sarcyk Z,
Dassanayake RS, Brasch NE, Freeman EJ, Bottiglieri T et al.:
Changes in methionine metabolism and histone H3
trimethylation are linked to mitochondrial defects in multiple
sclerosis. J Neurosci 2015, 35:15170-15186.

Yang M, Vousden KH: Serine and one-carbon metabolism in
cancer. Nat Rev Cancer 2016, 16:650-662.

Ducker GS, Chen L, Morscher RJ, Ghergurovich JM, Esposito M,
Teng X, Kang Y, Rabinowitz JD: Reversal of cytosolic one-
carbon flux compensates for loss of the mitochondrial folate
pathway. Cell Metab 2016, 24:640-641.

Meiser J, Tumanov S, Maddocks O, Labuschagne CF, Athineos D,
Van Den Broek N, Mackay GM, Gottlieb E, Blyth K, Vousden K
et al.: Serine one-carbon catabolism with formate overflow. Sci
Adv 2016, 2:e1601273.

Wu H, Zhang Y: Reversing DNA methylation: mechanisms,
genomics, and biological functions. Cell 2014, 156:45-68.

Hardwick JS, Ptchelkine D, El-Sagheer AH, Tear |, Singleton D,
Phillips SEV, Lane AN, Brown T: 5-Formylcytosine does not
change the global structure of DNA. Nat Struct Mol Biol 2017,
24:544-552.

Cloos PAC, Christensen J, Agger K, Helin K: Erasing the methyl
mark: histone demethylases at the center of cellular
differentiation and disease. Gene Dev 2008, 22:1115-1140.

Walport LJ, Hopkinson RJ, Chowdhury R, Schiller R, Ge W,
Kawamura A, Schofield CJ: Arginine demethylation is catalysed
by a subset of JmjC histone lysine demethylases. Nat Commun
2016, 7.

Blanc RS, Richard S: Arginine methylation: the coming of age.
Mol Cell 2017, 65:8-24.

Hoekstra AS, de Graaff MA, Briaire-de Bruijn IH, Ras C, Seifar RM,
van Minderhout |, Cornelisse CJ, Hogendoorn PCW, Breuning MH,
Suijker J et al.: Inactivation of SDH and FH cause loss of 5hmC
and increased H3K9me3 in paraganglioma/
pheochromocytoma and smooth muscle tumors. Oncotarget
2015, 6:38777-38788.

Wentzel JF, Lewies A, Bronkhorst AJ, van Dyk E, du Plessis LH,
Pretorius PJ: Exposure to high levels of fumarate and succinate
leads to apoptotic cytotoxicity and altered global DNA
methylation profiles in vitro. Biochimie 2017, 135:28-34.

Exposure to high concentrations of succinate causes cells to elevate
levels of pro-apoptotic caspase 3 and/or caspase 7, and exposure to
elevated fumarate levels causes DNA fragmentation. Increasing levels of
either succinate or fumarate leads to global DNA hypermethylation.

39.

40.

41.

Frezza C, Pollard PJ, Gottlieb E: Inborn and acquired metabolic
defects in cancer. J Mol Med 2011, 89:213-220.

Xiao M, Yang H, Xu W, Ma S, Lin H, Zhu H, Liu L, Liu Y, Yang C,
Xu'Y et al.: Inhibition of alpha-KG-dependent histone and DNA
demethylases by fumarate and succinate that are
accumulated in mutations of FH and SDH tumor suppressors.
Gene Dev 2012, 26:1326-1338.

Sciacovelli M, Goncalves E, Johnson Tl, Zecchini VR, da

Costa ASH, Gaude E, Drubbel AV, Theobald SJ, Abbo SR,

Tran MGB et al.: Fumarate is an epigenetic modifier that elicits
epithelial-to-mesenchymal transition. Nature 2016, 537:544-
547.

Current Opinion in Physiology 2018, 3:16-24

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0515
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0515
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0515
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0520
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0520
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0520
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0520
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0520
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0525
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0525
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0525
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0525
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0525
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0530
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0530
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0530
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0530
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0530
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0535
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0535
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0535
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0535
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0535
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0535
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0540
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0540
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0545
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0545
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0550
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0550
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0550
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0555
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0555
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0555
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0560
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0560
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0560
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0560
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0560
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0565
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0565
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0565
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0565
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0570
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0570
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0570
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0570
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0570
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0575
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0575
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0575
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0580
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0580
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0580
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0580
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0580
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0585
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0585
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0590
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0590
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0595
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0595
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0595
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0600
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0600
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0605
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0605
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0610
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0610
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0615
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0615
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0620
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0620
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0620
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0620
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0625
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0625
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0625
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0625
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0625
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0630
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0630
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0635
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0635
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0635
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0635
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0640
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0640
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0640
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0640
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0645
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0645
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0650
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0650
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0650
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0650
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0655
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0655
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0655
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0660
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0660
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0660
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0660
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0665
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0665
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0670
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0670
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0670
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0670
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0670
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0670
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0675
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0675
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0675
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0675
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0680
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0680
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0685
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0685
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0685
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0685
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0685
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0690
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0690
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0690
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0690
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0690

Mitochondria influence on the epigenome Patananan, Sercel and Teitell 23

Elevated levels of fumarate or loss of fumarate hydratase inhibits
demethylation of the anti-metastatic miRNA cluster mir-200ba429, driv-
ing cells into an epithelial-to-mesenchymal-transition and a more meta-
static phenotype.

42. Karlstaedt A, Zhang X, Vitrac H, Harmancey R, Vasquez H,
Wang JH, Goodell MA, Taegtmeyer H: Oncometabolite d-2-
hydroxyglutarate impairs alpha-ketoglutarate dehydrogenase
and contractile function in rodent heart. Proc Nat/ Acad Sci USA
2016, 113:10436-10441.

43. Janke R, lavarone AT, Rine J: Oncometabolite d-2-
hydroxyglutarate enhances gene silencing through inhibition
of specific H3K36 histone demethylases. eLife 2017, 6.

44. Xu T, Stewart KM, Wang X, Liu K, Xie M, Kyu Ryu J, Li K, Ma T,
ee WangH, NiL et al.: Metabolic control of TH17 and induced Treg
cell balance by an epigenetic mechanism. Nature 2017,
548:228-233.
Development of T helper 17 (T17) cells requires accumulation of 2HG
from cellular «KG pools to promote Foxp3 hypermethylation and tran-
scriptional repression. The small molecule (aminooxy)acetic acid inhibits
GOT1, reducing aKG production and 2HG levels, reprogramming differ-
entiation of Ty17 cells to an induced regulatory T cell state.

45. Tyrakis PA, Palazon A, Macias D, Lee KL, Phan AT, Velica P, You J,
e Chia GS, Sim J, Doedens A et al.: S-2-hydroxyglutarate
regulates CD8(+) T-lymphocyte fate. Nature 2016, 540:236-241.
2HG accumulates in two enantiomers, S-2-hydroxygluatarate and R-2-
hydroxyglutarate, in healthy cells. CD8+ T cells show an increase in the S-
2-hydroxygluatarate to R-2-hydroxyglutarate ratio upon TCR triggering,
which is responsible for modulating global histone and DNA methylation
to form activated effector T cells.

46. Ward PS, Patel J, Wise DR, Abdel-Wahab O, Bennett BD,
Coller HA, Cross JR, Fantin VR, Hedvat CV, Perl AE et al.: The
common feature of leukemia-associated IDH1 and IDH2
mutations is a neomorphic enzyme activity converting alpha-
ketoglutarate to 2-hydroxyglutarate. Cancer Cell 2010, 17:225-
234.

47. Oldham WM, Clish CB, Yang Y, Loscalzo J: Hypoxia-mediated
increases in L-2-hydroxyglutarate coordinate the metabolic
response to reductive stress. Cell Metab 2015, 22:291-303.

48. Intlekofer AM, Dematteo RG, Venneti S, Finley LW, Lu C,
Judkins AR, Rustenburg AS, Grinaway PB, Chodera JD, Cross JR
et al.: Hypoxia induces production of L-2-hydroxyglutarate.
Cell Metab 2015, 22:304-311.

49. Intlekofer AM, Wang B, Liu H, Shah H, Carmona-Fontaine C,
Rustenburg AS, Salah S, Gunner MR, Chodera JD, Cross JR et al.:
L-2-hydroxyglutarate production arises from noncanonical
enzyme function at acidic pH. Nat Chem Biol 2017, 13:494-500.

50. Nadtochiy SM, Schafer X, Fu D, Nehrke K, Munger J, Brookes PS:
Acidic ph is a metabolic switch for 2-hydroxyglutarate
generation and signaling. J Biol Chem 2016, 291:20188-20197.

51. Filipp FV: Crosstalk between epigenetics and metabolism-yin
and yang of histone demethylases and methyltransferases in
cancer. Brief Funct Genomics 2017.

52. Liu PS, Wang H, Li X, Chao T, Teav T, Christen S, Di Conza G,

e Cheng WC, Chou CH, Vavakova M et al.: Alpha-ketoglutarate
orchestrates macrophage activation through metabolic and
epigenetic reprogramming. Nat Immunol 2017.

«KG enhances M2 macrophage activation by promoting fatty acid beta-

oxidation and Jmjd3-dependent epigenetic remodeling of M2 genes.

Reducing the aKG/succinate ratio enhances the M1 proinflammatory

macrophage phenotype.

53. Singh K, Krug L, Basu A, Meyer P, Treiber N, Beken SV,
Wiaschek M, Kochanek S, Bloch W, Geiger H et al.: Alpha-
ketoglutarate curbs differentiation and induces cell death in
mesenchymal stromal precursors with mitochondrial
dysfunction. Stem Cells 2017, 35:1704-1718.

54. Husted AS, Trauelsen M, Rudenko O, Hjorth SA, Schwartz TW:
GPCR-mediated signaling of metabolites. Cell Metab 2017,
25:777-796.

55. He WH, Miao FJP, Lin DCH, Schwandner RT, Wang ZL, Gao JH,
Chen JL, Tian H, Ling L: Citric acid cycle intermediates as
ligands for orphan g-protein-coupled receptors. Nature 2004,
429:188-193.

56. Carey BW, Finley LW, Cross JR, Allis CD, Thompson CB:
Intracellular alpha-ketoglutarate maintains the pluripotency of
embryonic stem cells. Nature 2015, 518:413-416.

57. TeSlaaT, Chaikovsky AC, Lipchina |, Escobar SL, Hochedlinger K,

ee Huang J, Graeber TG, Braas D, Teitell MA: Alpha-ketoglutarate
accelerates the initial differentiation of primed human
pluripotent stem cells. Cell Metab 2016, 24:485-493.

Primed human pluripotent stem cells and mouse epiblast stem cells

undergo accelerated differentiation when the aKG/succinate ratio is

increased. Additional aKG induces global histone and DNA demethyla-

tion, leading to a more differentiated phenotype.

58. Drazic A, Myklebust LM, Ree R, Arnesen T: The world of protein
acetylation. Biochim Biophys Acta 2016, 1864:1372-1401.

59. Tessarz P, Kouzarides T: Histone core modifications regulating
nucleosome structure and dynamics. Nat Rev Mol Cell Biol
2014, 15:703-708.

60. Padmanabhan K, Billaud M: Desynchronization of circadian
clocks in cancer: a metabolic and epigenetic connection. Front
Endocrinol 2017, 8.

61. Choudhary C, Weinert BT, Nishida Y, Verdin E, Mann M: The
growing landscape of lysine acetylation links metabolism and
cell signalling. Nat Rev Mol Cell Biol 2014, 15:536-550.

62. Pietrocola F, Galluzzi L, Bravo-San Pedro JM, Madeo F,
Kroemer G: Acetyl coenzyme A: a central metabolite and
second messenger. Cell Metab 2015, 21:805-821.

63. Wellen KE, Hatzivassiliou G, Sachdeva UM, Bui TV, Cross JR,
Thompson CB: ATP-citrate lyase links cellular metabolism to
histone acetylation. Science 2009, 324:1076-1080.

64. Deb DK, Chen Y, Sun J, Wang Y, Li YC: ATP-citrate lyase is
essential for high glucose-induced histone hyperacetylation
and fibrogenic gene upregulation in mesangial cells. Am J
Physiol Renal Physiol 2017, 313:F423-F429.

65. Carrer A, Parris JL, Trefely S, Henry RA, Montgomery DC, Torres A,
Viola JM, Kuo YM, Blair IA, Meier JL et al.: Impact of a high-fat
diet on tissue acyl-CoA and histone acetylation levels. J Bio/
Chem 2017, 292:3312-3322.

66. Covarrubias AJ, Aksoylar HI, Yu J, Snyder NW, Worth AJ, lyer SS,
Wang J, Ben-Sahra |, Byles V, Polynne-Stapornkul T et al.: Akt-
mTORC1 signaling regulates Acly to integrate metabolic input
to control of macrophage activation. eLife 2016, 5.

67. Delcuve GP, Khan DH, Davie JR: Roles of histone deacetylases
in epigenetic regulation: emerging paradigms from studies
with inhibitors. Clin Epigenetics 2012, 4:5.

68. Ryall JG, CIiff T, Dalton S, Sartorelli V: Metabolic reprogramming
of stem cell epigenetics. Cell Stem Cell 2015, 17:651-662.

69. Drogaris P, Villeneuve V, Pomies C, Lee EH, Bourdeau V,
Bonneil E, Ferbeyre G, Verreault A, Thibault P: Histone
deacetylase inhibitors globally enhance H3/H4 tail acetylation
without affecting H3 lysine 56 acetylation. Sci Rep 2012, 2:220.

70. Dedkova EN, Blatter LA: Role of beta-hydroxybutyrate, its
polymer poly-beta-hydroxybutyrate and inorganic
polyphosphate in mammalian health and disease. Front Physiol
2014, 5:260.

71. Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le
Moan N, Grueter CA, Lim H, Saunders LR, Stevens RD et al.:
Suppression of oxidative stress by beta-hydroxybutyrate, an
endogenous histone deacetylase inhibitor. Science 2013,
339:211-214.

72. Kong G, Huang Z, Ji W, Wang X, Liu J, Wu X, Huang Z, Li R, Zhu Q:
The ketone metabolite beta-hydroxybutyrate attenuates
oxidative stress in spinal cord injury by suppression of class |
histone deacetylases. J Neurotrauma 2017.

73. Zhao M, Huang X, Cheng X, Lin X, Zhao T, Wu L, Yu X, Wu K,

e Fan M, Zhu L: Ketogenic diet improves the spatial memory
impairment caused by exposure to hypobaric hypoxia through
increased acetylation of histones in rats. PLOS ONE 2017, 12:
e0174477.

Rats fed a ketogenic diet show enhanced blood concentration of beta-

hydroxybutyrate and rescued hypobaric hypoxia-induced spatial

www.sciencedirect.com

Current Opinion in Physiology 2018, 3:16-24


http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0695
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0695
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0695
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0695
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0695
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0700
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0700
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0700
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0705
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0705
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0705
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0705
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0710
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0710
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0710
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0715
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0715
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0715
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0715
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0715
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0715
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0720
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0720
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0720
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0725
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0725
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0725
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0725
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0730
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0730
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0730
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0730
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0735
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0735
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0735
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0740
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0740
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0740
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0745
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0745
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0745
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0745
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0750
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0750
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0750
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0750
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0750
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0755
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0755
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0755
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0760
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0760
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0760
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0760
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0765
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0765
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0765
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0770
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0770
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0770
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0770
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0775
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0775
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0780
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0780
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0780
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0785
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0785
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0785
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0790
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0790
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0790
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0795
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0795
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0795
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0800
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0800
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0800
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0805
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0805
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0805
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0805
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0810
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0810
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0810
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0810
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0815
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0815
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0815
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0815
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0820
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0820
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0820
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0825
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0825
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0830
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0830
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0830
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0830
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0835
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0835
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0835
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0835
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0840
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0840
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0840
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0840
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0840
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0845
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0845
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0845
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0845
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0850
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0850
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0850
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0850
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0850

24 Mitochondria biology

memory impairment. This neuro-reparative effect is mediated by the
beta-hydroxybutyrate inhibition of histone deacetylases, resulting in
increased acetylation of histones H3 and H4.

74. Edwards C, Canfield J, Copes N, Rehan M, Lipps D, Bradshaw PC:
D-beta-hydroxybutyrate extends lifespan in C. elegans. Aging
(Milano) 2014, 6:621-644.

75. Huang CK, Chang PH, Kuo WH, Chen CL, Jeng YM, Chang KJ,
Shew JY, Hu CM, Lee WH: Adipocytes promote malignant
growth of breast tumours with monocarboxylate transporter
2 expression via beta-hydroxybutyrate. Nat Commun 2017, 8.

76. Zhang B, Chen J, Cheng AS, Ko BC: Depletion of sirtuin 1 (SIRT1)
leads to epigenetic modifications of telomerase (TERT) gene
in hepatocellular carcinoma cells. PLOS ONE 2014, 9:e84931.

77. DelNagro C, Xiao Y, Rangell L, Reichelt M, O’Brien T: Depletion of
the central metabolite NAD leads to oncosis-mediated cell
death. J Biol Chem 2014, 289:35182-35192.

78. Matilainen O, Quiros PM, Auwerx J: Mitochondria and
epigenetics crosstalk in homeostasis and stress. Trends Cell
Biol 2017, 27:453-463.

79. Wu TH, Sagullo E, Case D, Zheng X, Li Y, Hong JS, TeSlaa T,

. Patananan AN, McCaffery JM, Niazi K et al.: Mitochondrial
transfer by photothermal nanoblade restores metabolite
profile in mammalian cells. Cell Metab 2016, 23:921-929.

Cells lacking mtDNA show impaired respiration and robust differences in

metabolite profiles compared to parent cells. Restored respiration and

metabolite levels occur when mtDNA-deficient cells obtain mtDNA by
isolated mitochondrial transfer.

80. Martinez-Reyes I, Diebold LP, Kong H, Schieber M, Huang H,
Hensley CT, Mehta MM, Wang TY, Santos JH, Woychik R et al.:
TCA cycle and mitochondrial membrane potential are
necessary for diverse biological functions. Mol Cell 2016,
61:199-209.

81. Minocherhomiji S, Tollefsbol TO, Singh KK: Mitochondrial
regulation of epigenetics and its role in human diseases.
Epigenetics 2012, 7:326-334.

82. Smiraglia DJ, Kazhiyur-Mannar R, Oakes CC, Wu YZ, Liang P,
Ansari T, Su J, Rush LJ, Smith LT, Yu L et al.: Restriction
landmark genomic scanning (RLGS) spot identification by
second generation virtual RLGS in multiple genomes with
multiple enzyme combinations. BMC Genomics 2007, 8:446.

83. Smiraglia DJ, Kulawiec M, Bistulfi GL, Gupta SG, Singh KK: A
novel role for mitochondria in regulating epigenetic
modification in the nucleus. Cancer Biol Ther 2008, 7:1182-
1190.

84. Bao XR, Ong SE, Goldberger O, Peng J, Sharma R, Thompson DA,

e Vafai SB, Cox AG, Marutani E, Ichinose F et al.: Mitochondrial
dysfunction remodels one-carbon metabolism in human cells.
elife 2016, 5.

mtDNA depletion causes enhanced serine biosynthesis and transsulfera-

tion by ATF4. Damaging the ETC reduces the production of formate from

serine. Serine depletion in these cells causes growth defects, which are
rescued by serine supplementation in the culture media.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Latorre-Pellicer A, Moreno-Loshuertos R, Lechuga-Vieco AV,
Sanchez-Cabo F, Torroja C, Acin-Perez R, Calvo E, Aix E,
Gonzalez-Guerra A, Logan A et al.: Mitochondrial and nuclear
DNA matching shapes metabolism and healthy ageing. Nature
2016, 535:561-565.

Betancourt AM, King AL, Fetterman JL, Millender-Swain T,
Finley RD, Oliva CR, Crowe DR, Ballinger SW, Bailey SM:
Mitochondrial-nuclear genome interactions in non-alcoholic
fatty liver disease in mice. Biochem J 2014, 461:223-232.

Dawid IB: 5-Methylcytidylic acid: absence from mitochondrial
DNA of frogs and hela cells. Science 1974, 184:80-81.

Mawlood SK, Dennany L, Watson N, Dempster J, Pickard BS:
Quantification of global mitochondrial DNA methylation levels
and inverse correlation with age at two CpG sites. Aging
(Milano) 2016, 8:636-641.

Liu B, Du Q, Chen L, Fu G, Li S, Fu L, Zhang X, Ma C, Bin C: CpG
methylation patterns of human mitochondrial DNA. Sci Rep
2016, 6:23421.

Shock LS, Thakkar PV, Peterson EJ, Moran RG, Taylor SM: DNA
methyltransferase 1, cytosine methylation, and cytosine
hydroxymethylation in mammalian mitochondria. Proc Nat/
Acad Sci USA 2011, 108:3630-3635.

Wong M, Gertz B, Chestnut BA, Martin LJ: Mitochondrial
DNMT3A and DNA methylation in skeletal muscle and CNS of
transgenic mouse models of ALS. Front Cell Neurosci 2013,
7:279.

Bellizzi D, D’Aquila P, Scafone T, Giordano M, Riso V, Riccio A,
Passarino G: The control region of mitochondrial DNA shows
an unusual CpG and non-CpG methylation pattern. DNA Res
2013, 20:537-547.

Baccarelli AA, Byun HM: Platelet mitochondrial DNA
methylation: a potential new marker of cardiovascular
disease. Clin Epigenetics 2015, 7.

lacobazzi V, Castegna A, Infantino V, Andria G: Mitochondrial
DNA methylation as a next-generation biomarker and
diagnostic tool. Mo/ Genet Metab 2013, 110:25-34.

Melcher M, Danhauser K, Seibt A, Degistirici O, Baertling F,
Kondadi AK, Reichert AS, Koopman WJH, Willems P,
Rodenburg RJ et al.: Modulation of oxidative phosphorylation
and redox homeostasis in mitochondrial NDUFS4 deficiency
via mesenchymal stem cells. Stem Cell Res Ther 2017, 8:150.

Jiang D, Gao F, Zhang Y, Wong DS, Li Q, Tse HF, Xu G, Yu Z,
Lian Q: Mitochondrial transfer of mesenchymal stem cells
effectively protects corneal epithelial cells from mitochondrial
damage. Cell Death Dis 2016, 7:€2467.

Moschoi R, Imbert V, Nebout M, Chiche J, Mary D, Prebet T,
Saland E, Castellano R, Pouyet L, Collette Y et al.: Protective
mitochondrial transfer from bone marrow stromal cells to
acute myeloid leukemic cells during chemotherapy. Blood
2016, 128:253-264.

Current Opinion in Physiology 2018, 3:16-24

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0855
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0855
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0855
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0860
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0860
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0860
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0860
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0865
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0865
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0865
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0870
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0870
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0870
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0875
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0875
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0875
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0880
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0880
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0880
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0880
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0885
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0885
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0885
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0885
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0885
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0890
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0890
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0890
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0895
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0895
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0895
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0895
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0895
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0900
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0900
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0900
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0900
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0905
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0905
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0905
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0905
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0910
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0910
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0910
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0910
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0910
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0915
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0915
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0915
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0915
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0920
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0920
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0925
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0925
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0925
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0925
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0930
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0930
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0930
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0935
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0935
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0935
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0935
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0940
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0940
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0940
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0940
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0945
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0945
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0945
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0945
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0950
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0950
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0950
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0955
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0955
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0955
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0960
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0960
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0960
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0960
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0960
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0965
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0965
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0965
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0965
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0970
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0970
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0970
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0970
http://refhub.elsevier.com/S2468-8673(17)30023-8/sbref0970

	More than a powerplant: the influence of mitochondrial transfer on the epigenome
	Introduction
	Mitochondrial metabolites and epigenetics
	Methylation of histones and DNA
	Mitochondrial metabolites and demethylation activities
	Mitochondrial metabolites and histone acetylation

	Mitochondrial transfer
	Brief remarks
	Conflicts of interest
	References and recommended reading


