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Mitochondria are considered highly plastic organelles. This
plasticity enables the mitochondria to undergo morphological
and functional changes in response to cellular demands. Stem
cells also need to remain functionally plastic (i.e. to have the
ability to “decide” whether to remain quiescent or to undergo
activation upon signaling cues to support tissue function and
homeostasis). Mitochondrial plasticity is thought to enable this
reshaping of stem cell functions, integrating signaling cues with
stem cell outcomes. Indeed, recent evidence highlights the cru-
cial role of maintaining mitochondrial plasticity for stem cell
biology. For example, tricarboxylic acid (TCA) cycle metabolites
generated and metabolized in the mitochondria serve as cofac-
tors for epigenetic enzymes, thereby coupling mitochondrial
metabolism and transcriptional regulation. Another layer of
mitochondrial plasticity has emerged, pointing toward mito-
chondrial dynamics in regulating stem cell fate decisions.
Imposing imbalanced mitochondrial dynamics by manipulating
the expression levels of the key molecular regulators of this pro-
cess influences cellular outcomes by changing the nuclear tran-
scriptional program. Moreover, reactive oxygen species have
also been shown to play an important role in regulating tran-
scriptional profiles in stem cells. In this review, we focus on
recent findings demonstrating that mitochondria are essential
regulators of stem cell activation and fate decisions. We also
discuss the suggested mechanisms and alternative routes for
mitochondria-to-nucleus communications.

Stem cells have the unique ability to both self-renew and
generate differentiated functional cell types in vivo through
asymmetric cell division (1). Recent evidence has emerged to
point out the importance of the stem cell niche in vivo for main-
taining stemness, imposing a continuous requirement of stem
cells to adapt to their environment (2, 3). The mitochondria are
multifaceted organelles, mainly implicated in the regulation of
energy and fuel homeostasis (4). Acting as central metabolic
hubs, the mitochondria rapidly adapt to different environmen-
tal cues and metabolic alterations to meet the biogenetic
demands of the cell, also termed mitochondrial plasticity (4).
An important feature of maintaining mitochondrial plasticity
are the ongoing fusion and fission events reshaping mitochon-

drial morphology termed mitochondrial dynamics (5). Owing
to their highly dynamic nature and plasticity, the mitochondria
constitute an essential mediator of environmental cues with
fate decisions (6). As mitochondrial regulation of stem cell
function is becoming increasingly recognized, mitochondrial
metabolism in particular was shown to have a pivotal role in
dictating whether a stem cell will proliferate, differentiate, or
remain quiescent (7).

Increasing amounts of evidence support the notion of a
cross-talk between mitochondrial metabolism and the epig-
enome (6 –8). Accordingly, the abundance and availability of
TCA3 cycle metabolites, that also function as epigenetic
enzyme cofactors, reshape DNA and histones to establish an
epigenetic landscape to initiate nuclear transcriptional repro-
gramming (8 –10). Other evidence supports a secondary mes-
senger in the form of reactive oxygen species (ROS) signaling to
initiate transcriptional reprogramming (11, 12). An established
notion of stem cell metabolism is the importance of maintain-
ing a high glycolytic flux (i.e. the cytosolic conversion of glucose
to pyruvate/lactate) as a critical determinant of stemness (13–
15). Relying on aerobic glycolysis for ATP generation and bio-
synthetic demands, stem cells generally exhibit a fragmented
mitochondrial network with underdeveloped cristae, although
maintaining a functionally active electron transport chain
(ETC) (16). On the other hand, terminally differentiated cells
shift their reliance of bioenergetic demands to the mitochon-
dria by utilizing oxidative phosphorylation (OXPHOS), the pro-
cess of energy generation fueled by respiration and the ETC,
characterized by a hyperfused mitochondrial network impor-
tant for OXPHOS activity (17). Interestingly, these metabolic
shifts are accompanied by profound changes in mitochondria
morphology, and indeed mitochondrial dynamics and metabo-
lism were shown to reciprocally influence each other during
cellular processes (5, 18). Recent evidence indicates that the
metabolic profile of stem cells is actually dependent on and can
be manipulated by the molecular regulators of mitochondrial
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fusion and fission, leading to changes in stem cell fate (19).
Different stem cell states, however, show distinct mitochon-
drial and metabolic profiles, pointing toward the complexity of
the relationship between mitochondrial dynamics, metabolism,
and consequent cell fate (19).

An important notion of the in vitro stem cells research is that
these cells are self-renewed in culture in the presence of cyto-
kines and small molecules acting directly on transcription fac-
tors and epigenetic enzymes. In vivo stem cells reside in special-
ized niches and are exposed to specific metabolic alterations.
These factors are ruled out and are absent in vitro. Therefore,
the physiological relevance of the in vitro models should be
carefully interpreted.

In this review, we discuss the evolving mitochondrial mech-
anisms for self-renewal and stem cell differentiation, mainly
focusing on mitochondrial dynamics, cellular metabolic pro-
gramming, and epigenetic remodeling, placing the mitochon-
dria at the center of stem cell fate decisions.

Stem cells and mitochondrial dynamics

Stem cells maintain tissue homeostasis by dividing asym-
metrically, generating differentiated cell types, while self-
renewing to maintain the stem cell pool (1). An interesting
feature of stem cells is their distinct differentiation potential,
as stem cells are compartmentalized according to their
potency, defined by the variety of cell lineages they can dif-
ferentiate into (20). The most potent cells are the primitive
stem cells generated after zygote formation, termed pluripo-
tent embryonic stem cells, which have the capacity to gener-

ate the entire embryo. Potency declines during development,
and the fetal/adult stem cells comprising the hematopoietic
and neuronal systems are multipotent (20). This section will
describe the recent evidence supporting the importance of
mitochondrial dynamics in pluripotent and multipotent
stem cells, for maintaining mitochondrial plasticity and nor-
mal stem cell function.

Pluripotent stem cells (PSC) have the unique ability to differ-
entiate into all three embryonic germ layers (21). In vitro naive
pluripotency refers to embryonic stem cells (ESC) derived from
the inner cell mass of preimplantation mouse blastocysts,
whereas in vitro primed pluripotency is represented by epiblast
stem cells (EpiSC) commonly derived from the late epiblast
layer of the postimplantation embryo. These two cell types dif-
fer in their distinctive morphologies, cytokine dependence,
gene expression, epigenetic regulation, and metabolic profiles
(22, 23). Interestingly, another feature shown to be distinct
between the naive and primed mouse pluripotent states is the
mitochondrial network. Naive ESC exhibit fragmented, perinu-
clear mitochondrial morphology, characterized by underdevel-
oped cristae (24) (Fig. 1). Primed EpiSC mitochondria appear
elongated, with relatively more developed cristae, critical deter-
minants of OXPHOS and respiration (24). Surprisingly, mea-
suring cell respiration using oxygen consumption rate as a read-
out showed that in both mouse and human models, primed PSC
respire significantly less than naive ESC (24, 25), suggesting a
role for mitochondria in these cells that is distinct from energy
production and cell respiration.

Figure 1. Mitochondria morphology and the molecular regulators of mitochondria dynamics in the regulation of transitioning between stem cells
states and immune cells. The molecular regulators underlying fusion and fission events are depicted below the schematic representation of round/fragmented
and elongated/fused mitochondria, respectively. Transitioning between the different stem cell states and immune cells was reported to be dependent upon
the levels of these molecular regulators, according to the established mitochondria morphology characteristics with each state.
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An indication for the importance of maintaining a frag-
mented mitochondrial network in ESC was reported during
reprogramming of somatic cells to naive pluripotency, as an
early wave of mitochondrial fission/fragmentation was re-
corded upon the expression of reprogramming factors (26).
Importantly, inhibition of dynamin-related protein 1 (DRP1), a
major pro-mitochondrial fission regulator, resulted in impaired
generation of induced pluripotent stem cell (iPSC) colonies. Of
note, in mouse embryonic fibroblasts, increased fatty acid (FA)
synthesis as well as the exogenous addition of FA were reported
to promote mitochondrial fission. Accordingly, lipogenesis was
proven important for the maintenance of ESC and for the gen-
eration of iPSC, presumably by promoting mitochondrial frag-
mentation (27), thereby further supporting the notion that
naive pluripotency actively requires the maintenance and
establishment of a fragmented mitochondrial network.

During in vitro differentiation of naive ESC to cardiomyo-
cytes, robust mitochondrial elongation was detected (28). This
mitochondrial elongation was accompanied by an increase in
the protein levels of the promitochondrial fusion regulators,
mitofusin 2 (MFN2) and optic atrophy 1 (OPA1), mediating
outer and inner mitochondrial membrane fusion, respectively
(28). Ablation of MFN2 or OPA1 resulted in impaired differen-
tiation of naive ESC into beating cardiomyocytes, which was
restored upon their re-expression (28). Moreover, combined
ablation of mitochondrial outer membrane pro-fusion pro-
teins, mitofusin 1 (MFN1) and MFN2, restricted to the neonatal
murine heart, resulted in embryonic lethality (28). In addition,
conditional ablation of MFN1 and MFN2 in the adult heart led
to mitochondrial fragmentation, followed by heart failure and
lethality 7– 8 weeks after knockout induction (29). Imbalanced
processing of OPA1 by mitochondrial protease OMA1, thereby
increasing the levels of short OPA1 (S-OPA1) over the unpro-
cessed long OPA1 (L-OPA1), the latter required for inner
membrane mitochondrial fusion, results in mitochondrial frag-
mentation and heart failure in mice (30). Altogether, these find-
ings support the notion that mitochondrial elongation is essen-
tial for ESC differentiation to cardiomyocytes and for normal
cardiac development and function.

Naive ESC acutely deleted of mitochondrial carrier homolog
2 (MTCH2), an outer mitochondrial membrane protein, exhib-
ited a compromised ability to exit naive pluripotency upon the
induction of brief in vitro priming to epiblast-like cells (31).
Further exploring this phenomenon, we found that MTCH2
acts as a novel regulator of mitochondrial fusion. Accord-
ingly, MTCH2�/� ESC possess a hyperfragmented mito-
chondrial morphology and fail to properly elongate mito-
chondria upon priming. Forcing mitochondrial elongation
in WT and MTCH2�/� ESC by expressing MFN2 or by
expressing a dominant negative form of DRP1 was sufficient
to drive the exit from naive pluripotency, as evident by the
down-regulation of naive markers (31).

Long-term hematopoietic stem cells (LT-HSC) were re-
corded to exhibit highly fragmented mitochondria, whereas
slightly differentiated short-term HSC (ST-HSC) undergo an
increase in mitochondrial length (32). Interestingly, MFN2
expression levels are up-regulated specifically during the tran-
sition from LT-HSC to ST-HSC, and preventing mitochondrial

fusion in HSC by MFN2 ablation results in an increase in the
levels of LT-HSC and loss of ST-HSC. These events further lead
to deficiency of the lymphoid lineage, giving rise to the acquired
immune system, but not the myeloid lineage giving rise to the
innate immune system, as determined by divergent competitive
transplantation assays.

Neuronal stem cells (NSC) were reported to exhibit an elon-
gated mitochondria morphology in vivo (33). Furthermore,
progression of NSC to a more committed fate was accompanied
by the transition of the mitochondria to a fragmented state,
which was once again elongated upon terminal differentiation
of these progenitors to postmitotic neurons. In the case of
somatic cells, T cells of the immune system, which require the
intrinsic capacity to constantly shape and adapt to their envi-
ronment, were also shown to reside in different cell states,
depending on their mitochondrial dynamics properties. In this
context, effector T (TE) cells were shown to exhibit a frag-
mented mitochondrial morphology, whereas memory T (TM)
cells maintain a fused mitochondrial network (34). Impor-
tantly, ablation of mitochondrial fusion in TE cells impaired the
generation of TM cells both in vitro and in vivo after viral infec-
tion, indicating that mitochondrial fusion is necessary for TM
cell generation.

Altogether, the findings described above clearly show the
importance of maintaining a plastic mitochondrial network to
dictate and mediate cellular processes such as differentiation
and the acquisition of specialized functions, highlighting the
role of mitochondrial dynamics in mediating the different stem
cell states (PSC, HSC, and NSC). Mitochondrial dynamics and
metabolism are known to reciprocally affect each other (35); it
is therefore likely that the direct changes in mitochondria
dynamics described above trigger metabolic reprogramming,
which in turn enables plasticity in cell fate decisions.

Metabolic control of stem cell fate

Metabolic plasticity is required for stem cells to match their
energy demands, depending on available nutrients and energy
sources (36). Early work has shown that during early embryonic
development, the human embryo is exposed to different levels
of metabolites (37), suggesting a necessity of stem cells for met-
abolic adaptation during these early developmental stages.
However, beyond a role in energy support, recent evidence
highlights stem cell “metabolic shifts” as an essential process in
mediating stem cell fate decisions (36). A major challenge to
this field is to establish a direct cross-talk between changes in
the metabolic flux and stem cell fate.

Multiple lines of evidence support the paradigm of preferen-
tially glycolytic self-renewing stem cells undergoing a meta-
bolic switch to activate mitochondria and OXPHOS during dif-
ferentiation and lineage priming, placing glycolysis as an
established determinant of stemness, utilized by stem cells even
in the presence of oxygen and functionally active mitochondria
(38). An indication for the importance of glycolysis for the
acquisition of stemness was recorded during reprogramming to
iPSC, as somatic cells are required to undergo a metabolic shift
from OXPHOS to glycolysis upon the introduction of repro-
gramming factors (39) (Fig. 2). Importantly, the described met-
abolic shift precedes the expression of pluripotency markers,
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and stimulation of glycolysis was reported to promote iPSC
reprogramming efficiency (39). Interestingly, the NAD-depen-
dent deacetylase Sirtuin-2 (Sirt2) was reported to facilitate the
described metabolic shift during iPSC reprogramming (40).
Sirt2 expression was down-regulated during reprogramming to
iPSC, followed by an increase in the acetylation levels of specific
glycolytic genes, rendering these enzymes more active, thereby
enhancing glycolysis (40). Sirt2 overexpression enhanced ESC
differentiation potential, whereas Sirt2 knockdown increased
iPSC reprogramming efficiency (40).

Mechanisms for balancing between mitochondrial clearance
and mitochondrial biogenesis were reported to facilitate the
metabolic shifting between OXPHOS and glycolysis, thereby
dictating stem cell outcomes. Accordingly, reprogramming
efficiency of somatic cells to iPSC, which was accompanied
by decreased mitochondrial mass and mitochondrial DNA
(mtDNA) levels (41), was increased upon autophagy enhance-
ment, followed by increased lactate levels, indicative of higher
glycolytic flux. Importantly, blocking autophagy specifically
during the early stages of reprogramming abolished iPSC gen-
eration (41). Limiting mitochondrial expansion was recorded to
be important for preserving ESC fitness. Accordingly, acetyl-
CoA (Ac-CoA) generation by threonine dehydrogenase (TDH),
expressed only in undifferentiated ESC, was found to acetylate
Kif1-binding protein (KBP), thereby degrading KBP and limit-
ing mitochondrial biogenesis (42). As mitochondrial biogenesis
is initiated upon ESC differentiation, stabilizing KBP in ESC
results in an unscheduled early increase in mitochondrial bio-
genesis, followed by increased respiration and ROS levels,
whereas perturbing this pathway, thereby limiting mitochon-
drial accumulation, impairs ESC differentiation capacity (42).

In the bone marrow, LT-HSC reside in hypoxic niches and
are dependent on glycolysis to maintain a nonproliferative qui-
escent state (43). Interestingly, pyruvate dehydrogenase kinase
isoforms, phosphorylating pyruvate dehydrogenase (PDH) and
thereby suppressing pyruvate influx into the mitochondria,
were recorded to be highly expressed in LT-HSC as compared
with ST-HSC, in concordance with the higher glycolytic flux

and lower OXPHOS in these cells (43). Accordingly, loss of
autophagy, which led to the accumulation of mitochondria, was
followed by an increase in OXPHOS and loss of HSC self-re-
newal and regenerative capacity.

Activation of the peroxisome proliferator–activated recep-
tor � (PPAR-�) which was found essential for the maintenance
and function of LT-HSC, was recorded to preserve LT-HSC
potential by inducing mitochondrial autophagy (mitophagy)
(44). Importantly, PPAR-� agonist treatment in vivo was found
to induce preferential symmetric self-renewal of HSC, hence
generating two daughter cells that are stem cells, thereby
expanding the HSC pool (44). Blocking mitophagy by inhibiting
the molecular regulators of this process abolishes HSC recon-
stitution capacity, indicating that HSC stemness depends upon
successful mitochondrial clearance (44). Finally, measuring
mitophagy of the mouse brain in vivo revealed higher rates of
autophagy specifically in the dentate gyrus, areas enriched for
NSC (45).

These studies highlight the role of metabolic reprogram-
ming as a driving force of stem cell fate outcomes, preceding
the establishment of nuclear identity, also regulated by mito-
chondrial homeostasis mechanisms as well as post-transla-
tional modifications, ensuring high metabolic plasticity
upon demand.

Mitochondrial OXPHOS activation was described during
the differentiation of PSC and exit from quiescence of HSC. In
PSC, expression levels of uncoupling protein 2 (UCP2), which
regulates OXPHOS levels by shunting pyruvate out of the mito-
chondria, thereby facilitating glycolysis, were found in reverse
correlation with mitochondrial respiration levels, decreasing
upon PSC differentiation (46). Importantly, ectopic expression
of UCP2 during PSC spontaneous differentiation to embryoid
bodies was significantly impaired, arguing that perturbing the
metabolic switch from glycolysis to OXPHOS blocks PSC dif-
ferentiation (46). In HSC, loss of MTCH2 was shown to
increase mitochondrial OXPHOS and trigger LT-HSC exit
from quiescence and entry into cycle (47). Also, deletion of
PTEN-like mitochondrial phosphatase 1 in HSC impaired res-
piration capacity while enhancing glycolysis by inducing UCP2
activity and blocking differentiation of HSC while expanding
the HSC pool, leading to hematopoietic failure and death (48).

The mitochondrial pyruvate carrier, which resides in the
inner mitochondrial membrane, is required for efficient mito-
chondrial pyruvate uptake, coupling glycolysis and the TCA
cycle (49, 50). Interestingly, overexpression of mitochondrial
pyruvate carrier in glycolytic cancer cells or in intestinal stem
cells was shown to decrease proliferation and self-renewal
capacity, respectively (51, 52). During compromised supply of
pyruvate into the mitochondria, glutamine oxidation (glutami-
nolysis) engages to support TCA cycle intermediates, as gluta-
mine-driven OXPHOS was shown to be a major source of ATP
during decreased glucose oxidation (53). In addition, both
embryonic and adult NSC were shown to be predominantly
glycolytic as opposed to OXPHOS-activated committed pro-
genitors and neurons. Moreover, glycolytic neuronal progeni-
tor cells (NPC) initiate OXPHOS upon neuronal differentia-
tion, and forcing glycolysis during differentiation leads to
neuronal cell death. Finally, high energy– demanding postmi-

Figure 2. Metabolic requirements underlying the transition between the
different stem cell states. The metabolic shifts underlying the transition
between the different stem cell states are depicted above, as blue arrows
point out the directionality of the metabolic shift, which was reported neces-
sary for achieving the new stem cell state. The black arrow marks the decline
in stem cell potency. Note that whereas the requirements for OXPHOS and
glycolysis are diverse, the decrease in FAO levels is shared between the dif-
ferent stem cells.
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totic cells, which are terminally differentiated, rely on the
mitochondria and OXPHOS for a continuous supply of ATP
(54, 55).

All of the above findings highlight the role of metabolic
reprogramming as a driving force of stem cell fate outcomes,
preceding the establishment of nuclear identity, also regulated
by mitochondrial homeostasis mechanisms and function as
well as post-translational modifications of glycolytic enzymes,
ensuring high metabolic plasticity upon demand.

These studies make an attractive claim of a unidirectional
metabolic pattern of stem cells switching from glycolysis to
OXPHOS upon differentiation signal. However, deepening our
understanding of stem cell metabolism revealed that in the case
of PSC, naive ESC were shown to be bioenergetically bivalent,
utilizing both glycolysis and OXPHOS for energy production,
whereas slightly differentiated primed EpiSC were shown to be
exclusively glycolytic, failing to grow and generate PSC colonies
in the presence of 2-DG, a competitive inhibitor of glycolysis
(24). Additionally, both human and mouse primed PSC were
shown to accumulate lipid droplets, as a consequence of
impaired ability of fatty acid �-oxidation, which led to reduced
respiration (56). The conversion from primed to naive PSC was
reported to be mediated by STAT3 activation of mitochondrial
respiration (57). The RNA-binding protein LIN28 was shown
to facilitate the conversion from naive to primed pluripotency
by specifically binding to mRNAs important for OXPHOS,
reducing their protein abundance and thereby maintaining the
low mitochondrial function associated with primed pluripo-
tency (58). Importantly, loss of LIN28 resulted in delayed exit
from naive pluripotency (58).

Of note, the small-molecule inhibitor of DRP1, mdivi1 (59),
was recently demonstrated to inhibit also mitochondrial com-
plex I, which does not regulate mitochondrial fission (60). In
fact, somatic cell reprogramming to pluripotency in the pres-
ence of mdivi1 results in a completely diminished ability of
iPSC generation, suggesting an important role of functionally
active ETC during this process (26). Indeed, an OXPHOS burst
was recorded during the early reprogramming of somatic cells
to iPSC and proven essential for this process, as the inhibition
of complex I by the small molecule inhibitor rotenone led to
impaired iPSC generation (61).

In the hematopoietic system, loss of the mitochondrial
respiratory complex III subunit, leading to impaired respira-
tion and albeit mitochondrial dysfunction, resulted in the
loss of HSC quiescence and impaired differentiation (62).
This study showed that mitochondrial dysfunction of HSC in
vivo results in increased BrdU incorporation and HSC
exhaustion (62). PPAR-� was found essential for the mainte-
nance and function of LT-HSC, through the respiration-me-
diated fatty acid oxidation (FAO) pathway (63). The inhibi-
tion of FAO was reported to result in the symmetric
commitment of HSC daughter cells (63) and is found in cor-
relation with the activation of this pathway in naive ESC (56).
Adult quiescent NSC show increased levels of FAO as com-
pared with proliferating NSC as well as in mature neurons.
The inhibition of FAO in a fully established and continuous
quiescent state was sufficient to enhance robust prolifera-
tion in a dose-dependent manner (64). Interestingly, in PSC,

HSC, and NSC, the levels of carnitine palmitoyltransferase 1
(CPT1), which is the rate-limiting enzyme for the FAO path-
way, were reported to be expressed at higher levels as com-
pared with their more differentiated progenies.

Taken together, we can conclude that switching from glycol-
ysis to OXPHOS upon differentiation is not a linear process and
that the different stem cell types exhibit different metabolic
requirements in a cell context– dependent manner, similarly to
the high plasticity observed with mitochondrial dynamics.
Importantly, the fact that these metabolic alterations precede
transcriptional and cell fate changes suggests that these meta-
bolic shifts serve as checkpoints for the integrity and plasticity
of cell functions.

Regulation of stem cells by mitochondrial ROS/oxidative
metabolism

During the transport of electrons through the respiratory
complexes (RC), oxygen-derived free radicals, termed ROS, are
generated. These ROS can have detrimental consequences on
proteins, lipids, and DNA molecules, specifically in stem cells
that can acquire DNA mutations that will be passed on to their
cell decedents (65) and therefore must be counterbalanced by
the cell. One example of the importance of balancing ROS levels
was shown for uncommitted NSC. In this model, upon NSC
commitment to NPC, OXPHOS and ROS levels increase,
essential for activating the developmental gene expression pro-
file (33). Interestingly, the transcription factor nuclear factor
erythroid 2–related factor 2 (NRF2), a known regulator of cel-
lular resistance to oxidative damage, was proven essential for
the ROS-mediated activation of the developmental program
both in vitro and in vivo (33). These findings are consistent with
the idea that ROS acts as a second messenger that activates
redox-sensitive transcription factors, thereby mediating tran-
scriptional reprogramming (66). Interestingly, upon NSC com-
mitment to NPC, mitochondrial fragmentation was recorded.
This appears to be counterintuitive to elevated OXPHOS levels,
yet because high ROS levels are essential for neuronal differen-
tiation, increased OXPHOS combined with mitochondrial fis-
sion and cristae relaxation (34) might be beneficial for this dif-
ferentiation process by increasing ROS levels.

Reactive oxidants are counterbalanced by antioxidant
defense systems. An important antioxidant for maintaining the
cellular redox state is GSH, a reducing agent that protects the
cell from oxidative damage (67). Upon exposure to increased
oxidative stress, GSH converts to the oxidized GSH form
(GSSG), a reaction catalyzed by GSH peroxidase, and thus
monitoring the ratio of GSH/GSSG serves as an indicator of the
cell redox state (68). Interestingly, a differential redox state was
observed upon spontaneous differentiation of mouse naive
ESC, showing a significant decrease in the ratio of GSH/GSSG,
indicative of an increase in oxidative stress and in concordance
with mitochondrial OXPHOS activation (69). Importantly,
ESC were characterized by abundant metabolites with highly
unsaturated structures, which are highly active under oxidative
conditions. Indeed, inhibiting oxidative pathways in ESC
delayed the loss of pluripotency upon neuronal differentiation,
as shown by the improper levels of two established core pluri-
potency markers, OCT4 and Nanog (69). Furthermore, the
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addition of exogenous fatty acids, thereby inducing OXPHOS
and ROS through the mitochondrial �-oxidation pathway, pro-
moted ESC cardiac and neuronal differentiation (69). Taken
together, the unique metabolic profile of ESC, characterized by
highly reactive unsaturated metabolites, was proposed to con-
fer “chemical plasticity” important in mediating differentiation
upon activation of oxidative pathways.

Interestingly, withdrawal of glutamine, a precursor of GSH
synthesis, led to a significant decrease in the GSH/GSSG ratio
in ESC and to an increase of ROS levels (70). As a consequence,
oxidized OCT4 levels were significantly increased, leading to a
decrease in OCT4 protein levels and to a decrease in its cys-
teine-dependent DNA-binding activity (70). This suggests that
glutamine regulates OCT4 levels and activity by imposing an
oxidized OCT4 redox state. In fact, during the naive-to-primed
pluripotency transition, which is not accompanied by increased
OXPHOS and ROS (24, 56), OCT4 levels remain high, whereas
the levels of other core pluripotency factors are strongly down-
regulated (22).

Mitochondrial DNA control of stem cells

In embryonic stem cells and during early development

Maintaining balanced ROS levels for preserving mtDNA
integrity and ETC function was shown to be a critical feature of
cell fate (67). The mtDNA, packaged into histone-free nucle-
oids, carries 13 protein-coding RC genes, along with the mito-
ribosome and tRNA noncoding genes important for RC expres-
sion (71). Distribution of mtDNA molecules is regulated by
mitochondrial dynamics, specifically by mitochondrial fission
or division, segregating mtDNA to daughter mitochondria (72).
The mtDNA levels of ESC were recorded to transiently increase
during ESC spontaneous differentiation, in parallel with the
up-regulation of mtDNA synthesis and mitochondrial tran-
scription factor A (TFAM) enzyme (73). Knocking out TFAM
in mice results in mtDNA depletion and abolished OXPHOS,
leading to postgastrulation embryonic lethality (74). Interest-
ingly, mtDNA possess a higher mutation rate than nuclear
DNA, mainly because of the absence of protective histone mol-
ecules and due to the close proximity of the mitochondrial
genome to the inner mitochondrial membrane, where ROS are
routinely generated (75). Nonetheless, due to mitochondrial
fusion activity and content mix exchange, functional comple-
mentation of pathogenic mtDNA molecules, which are mtDNA
molecules having large-scale deletions or point mutations
resulting in mitochondrial respiration abnormalities, renders
cells highly tolerant to mtDNA mutations (75). The expression
of an error-prone mitochondrial polymerase, PolgAD257A,
which causes cells to accumulate mutations in an accelerated
rate, together with an MFN1-deficient background, results in
synthetic embryonic lethality (76). PolgAD257A alone was not
sufficient to induce lethality, pointing out to the importance of
mitochondrial fusion in the exchange of pathogenic mtDNA
molecules and thereby maintaining a nonpathological embry-
onic state (76). In addition, this study demonstrates that
mtDNA integrity, essential for ETC activity and function, reg-
ulates embryonic development.

In adult stem cells

Differential distribution of aged mitochondria was also
recorded during asymmetric cell division of mammary epithe-
lial stem-like cells (77). Old mitochondria, labeled using photo-
activatable GFP, were shown to preferentially reside perinucle-
arly in mother cells. Strikingly, during asymmetric epithelial
stem-like cell division, and not symmetrical cell division of
normal epithelial cells, daughter cells designated for differenti-
ated progeny were distributed mainly with old mitochondria,
whereas daughter stem cells asymmetrically apportioned
young mitochondria, in a mitochondrial fission-dependent
manner (77). This supports the notion of the importance of
maintaining a “young mitochondria” pool in stem cells to avoid
accumulation of mtDNA mutations, leading to the perturba-
tion of normal ETC activity, regulated by mitochondrial
dynamics. Indeed, iPSC generated from somatic cells of
patients containing exclusively WT mtDNA displayed normal
metabolic functions compared with iPSC with exclusively
mutant mtDNA (78). Moreover, mtDNA somatic mutations
accumulated in an age-related manner (79). Accordingly, iPSC
derived from young human adults exhibit fewer mtDNA muta-
tions as opposed to elderly adults, showing that accumulated
mutations negatively impact mitochondrial metabolism (79).

Mitochondria-to-nucleus communication in stem cells

Metabolic regulation of DNA and histone methylation

Epigenetic mechanisms ensure the highly dynamic chroma-
tin state enabling cellular plasticity. As cellular metabolism pro-
vides the essential metabolites for the direct regulation of DNA
and histone modifications, as well as cofactors and allosteric
inhibitors of epigenetic enzymes, the study of metabolism-
driven chromatin regulation, mainly in PSC, has emerged in
recent years. Pioneering work in this field pointed out the
importance of metabolic regulation for the survival of mouse
ESC in vitro (80). Strikingly, the use of culture media individu-
ally deprived of each of the 20 amino acids led to the discovery
that ESC are critically dependent on one essential amino acid,
threonine (80). In addition, TDH, which converts threonine to
glycine, and Ac-CoA were shown to be expressed specifically
during the undifferentiated state of ESC and in explanted blas-
tocyst embryos (80).

Follow-up work investigated the importance of threonine
metabolism in ESC, revealing a mechanistic link between cellu-
lar metabolism and the epigenetic state during pluripotency
(81). Interestingly, threonine catabolism was proven essential
for generating S-adenosylmethionine (SAM) from glycine via
the one-carbon metabolism pathway, a universal substrate for
all protein methylation reactions in the cell, and threonine dep-
rivation led to reduced H3K4me3 levels important for the
euchromatin state (81) (Fig. 3). Surprisingly, rescuing ESC
growth as well as H3K4me3 levels following threonine depriva-
tion was dependent upon the exogenous addition of both gly-
cine and pyruvate-derived Ac-CoA, which feed into the TCA
cycle and do not directly participate in SAM generation. H3
acetylation levels were not impaired in the absence of threo-
nine, suggesting other pathways for Ac-CoA generation, as
opposed to a more prominent dependence on the threonine-
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SAM pathway for histone methylation (81). Finally, TDH
knockdown in ESC results in more robust differentiation upon
spontaneous differentiation culture conditions (81).

Deprivation of methionine, which participates in the gener-
ation of SAM downstream to threonine metabolism, was also
found essential for the maintenance and differentiation of
human PSC, decreasing SAM levels and thereby negatively reg-
ulating methylation marks, followed by a decrease in Nanog
levels (82). Recent work has shown that nicotinamide N-meth-
yltransferase is expressed specifically in naive human ESC, con-
suming SAM and thereby rendering this metabolite unavailable
for histone methylation. Nicotinamide N-methyltransferase
specifically represses H3K27me3 and hypoxia-inducible factor
� (HIF-1�) levels, the latter important for the naive-to-primed
transition of PSC by elevating the glycolytic flux (56).

Ground-state naive ESC grown in culture media containing
the two kinase inhibitors (i.e. 2i; inhibitors for the GSK3 and
MEK pathways, which were shown to stabilize the core naive
pluripotency network) as opposed to cells grown without 2i
(slightly committed naive ESC), survive without the addition of
exogenous glutamine to the culture medium, pointing toward
2i-dependent metabolic regulation (83). Indeed, metabolic flux
analysis showed that more committed ESC decrease mitochon-
drial TCA cycle glucose utilization while increasing glutamin-
olysis, rendering these cells more glutamine-dependent to sup-
port TCA cycle intermediates. Ground-state ESC also showed
higher contribution of labeled glucose to the generation of glu-
tamine, which indicates higher generation with the lower con-

sumption of glutamine in these cells. As a consequence, �-ke-
toglutarate (�KG) levels increased, whereas succinate levels
decreased, indicative of reduced levels of �KG feeding into the
TCA cycle and suggesting a higher �KG/succinate ratio in
ground-state ESC. As �KG is an important cofactor for the
activity of demethylases, growing ESC in 2i conditions without
glutamine decreases �KG levels, resulting in increased repres-
sive histone methylation marks associated with ESC differenti-
ation. Importantly, the addition of exogenous �KG increases
the efficiency of somatic cell reprogramming to pluripotency,
concluding that �KG is essential for maintaining pluripotency
and self-renewal of ESC (83).

Interestingly, a different study showed that whereas a higher
�KG/succinate ratio in primed PSC excreted global histone and
DNA demethylation, �KG alone accelerated the differentiation
of primed PSC (84). Thus, similar cellular epigenetic mecha-
nisms can lead to different outcomes, indicating a differential
role for �KG in mediating cell fate, depending on cellular con-
text. In HSC, the metabolite 2-hydroxyglutarate, which is an
antagonist of �KG and thus competitively inhibits the activity
of �KG-dependent demethylases, was shown to increase in
HSC upon respiration deficiency, leading to increased DNA
and histone methylation and exit from quiescence (62). Of note,
fumarate and succinate were also shown to competitively
inhibit the activity of �KG-dependent demethylases (85). Spe-
cific mutations of the enzymes utilizing TCA cycle metabolites
fumarate and succinate as substrates led to the accumulation of
these metabolites in cancer cells, consequently altering global

Figure 3. Metabolic control of DNA and histone methylation. Metabolites and amino acids implicated in the generation of SAM and in the regulation of
histone/DNA demethylase activity in stem cells, generated or metabolized within the mitochondria, are depicted above. Note that enriched pathways depicted
in blue will support, whereas those depicted in red will repress, histone/DNA demethylase activity. The activity of histone/DNA methyltransferase depends
upon the abundance and availability of nuclear SAM levels. SAH, S-adenosylhomocysteine; FH, fumarate hydratase; SDHA, succinate dehydrogenase A; NNMT,
nicotinamide N-methyltransferase; 1-MNA, 1-methylnicotinamide.
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DNA and histone methylation and inducing cancer progression
(85).

Metabolic regulation of histone acetylation

In the case of histone acetylation, the nuclear levels of the
central metabolite Ac-CoA, in concordance with the enzymatic
activity of histone acetyl transferase and histone deacetylase,
determine the global histone acetylation levels (Fig. 4). The reg-
ulation of glycolysis-derived Ac-CoA was recorded to mediate
early PSC differentiation by modulating histone acetylation lev-
els (86). Accordingly, upon spontaneous differentiation of PSC,
histone acetylation levels decrease, together with decreased
glycolytic flux and reduced levels of Ac-CoA originating from
labeled glucose (86). During self-renewal conditions, inhibiting
glycolysis upstream of Ac-CoA generation decreased histone
acetylation levels and slightly decreased stemness markers (86).
Importantly, blocking histone deacetylation during differentia-
tion by the addition of exogenous acetate, a precursor for Ac-
CoA generation, impaired PSC exit from pluripotency (86).
Surprisingly, these findings show that the importance of main-
taining high glycolytic flux during PSC self-renewal is attribut-
able to the coupling of glycolysis to the TCA cycle and the
generation of pyruvate-derived Ac-CoA rather than the tradi-
tional uncoupling Warburg effect (84).

Because Ac-CoA cannot freely diffuse from the mitochon-
dria, cytosolic as well as nuclear pools of Ac-CoA are dependent
upon mitochondria-derived citrate efflux, as the enzyme ATP

citrate lyase (ACLY) degrades citrate to generate extramito-
chondrial Ac-CoA (and oxaloacetate) (87). ACLY nuclear local-
ization was reported to have a critical role in the regulation of
global histone acetylation levels (88). Silencing of ACLY led to
decreased levels of histone acetylation in cancer cells and
impaired lipid accumulation in differentiating adipocytes (88).
Silencing ACLY also led to reduced glucose consumption and
to decreased expression of glycolytic enzymes, rescued by the
addition of exogenous acetate, a precursor for histone acetyla-
tion in the absence of Ac-CoA (88). These studies indicate that
ACLY links cellular metabolism, mainly glucose-derived Ac-
CoA, with histone acetylation and cell outcomes.

Human PSC were recorded to inefficiently generate citrate
downstream metabolites originating from labeled glucose,
whereas glutamine oxidation efficiently generates these metab-
olites and can be further enhanced upon glucose withdrawal to
support respiration and ATP generation (89). In support of
these findings, the addition of exogenous �KG, but not pyru-
vate, rescued PSC self-renewal and survival (89). Most impor-
tantly, human iPSC were recorded to express low levels of the
enzymes utilizing citrate and isocitrate as TCA cycle–feeding
substrates, followed by high expression levels of ACLY, as com-
pared with their differentiated cardiomyocytes (89). These
results further emphasize the importance of glucose-derived
citrate to the generation of Ac-CoA in PSC rather than support-
ing bioenergetics for cell survival (89).

Figure 4. Metabolic control of histone acetylation levels. Metabolites and lipids implicated in the generation of Ac-CoA within the mitochondria and the
nucleus of stem cells are depicted above. Note that enriched pathways depicted in blue will support the generation of cytosolic and nuclear pools of Ac-CoA
and subsequent histone acetylation levels, whereas those depicted in red will repress the generation of cytosolic Ac-CoA and histone acetylation levels.
Pathways shown in pink were reported to support bioenergetics of stem cells in response to the continuous citrate efflux. Blocking pyruvate entry into the
mitochondria, allowing for nuclear-pyruvate accumulation together with active nuclear PDC, will support the generation of nuclear Ac-CoA pools. MPC,
mitochondrial pyruvate carrier.
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Pyruvate dehydrogenase complex (), which is a three-subunit
enzymatic complex converting pyruvate to Ac-CoA, was also
reported to localize in the nucleus of different cell types, includ-
ing primary somatic and cancer cell lines (90). Importantly,
nuclear PDC was proven functionally active and important for
histone acetylation, as isolated nuclei treated with labeled pyru-
vate generated Ac-CoA in a dose-dependent manner, decreas-
ing histone acetylation levels upon PDC silencing (90). Nuclear
PDC fraction was shown to dynamically translocate from the
mitochondria rather than being a newly translated product
from the endoplasmic reticulum (90). In addition, mitochon-
dria-to-nucleus translocation of PDC was detected during G1-S
phase progression, characterized by increased histone acetyla-
tion as a hallmark, without changing total PDC levels (90).
Finally, PDH together with a subset of mitochondrial TCA
cycle enzymes were shown to be localized and active within the
nucleus of early stage embryos (91). In the absence of exoge-
nous pyruvate, explanted zygotes failed to progress to the two-
cell stage and to initiate zygote genome activation (91). Isolated
nuclei of two-cell embryos treated with labeled pyruvate gener-
ated labeled CO2, indicative of active nuclear PDH (91). In fact,
nuclear localization of TCA cycle enzymes depended upon
pyruvate supplementation, whereas eliminating pyruvate
excreted diminished specific methylation and acetylation his-
tone marks (91). Taken together, these studies point out that
cellular metabolism has a direct effect on the epigenome,
thereby generating an epigenome-mediated mitochondria-to-
nucleus cross-talk, influencing the chromatin state and cell fate
decisions. However, the main challenge remains to identify and
establish direct links between changes in mitochondrial
dynamics and function and cell fate decisions.

Future directions: Alternative mitochondria-to-nucleus
communication routes

The major and most-studied route for communication
between the mitochondria and the nucleus is the one in which
TCA cycle metabolites act as cofactors for epigenetic enzymes.
Are there other routes? Another possible route of communica-
tion is mtDNA. Recently, it has been demonstrated that
mtDNA released into the cytosol, following mitochondrial
DNA stress, activates the innate immune response (92). Per-
haps mtDNA release into the cytosol can also find its way into
the nucleus (and interact with nuclear DNA or certain nuclear
factors) or to an interaction with nuclear surface receptors that
have the capabilities to bind/sense mtDNA. We also discussed
the role of mitochondrial dynamics in regulating mitochondrial
metabolism, thereby indirectly regulating nuclear epigenetics.
However, there is another possibility that we find extremely
attractive: the mitochondria go through fantastic morphologi-
cal changes during fusion and fission events, and perhaps the
nucleus has the means to “sense” these changes. Perhaps the
nucleus possesses receptors that sense the mitochondrial mor-
phology changes (long/elongated mitochondria that can phys-
ically “wrap” the nucleus in large areas as opposed to small/
fragmented mitochondria that have limited areas of interaction
with the nucleus). As mentioned above, several mitochondrial
enzymes (e.g. PDH) have been shown to also localize to the
nucleus and thus to generate metabolites (Ac-CoA) close to the

sites in which they have a regulatory effect (histone acetylation)
(91). Is it possible that single mitochondria enter the nucleus
and thereby carry the entire mitochondrial enzymatic machin-
ery into the nucleus? If this is indeed the case, then the genera-
tion and location of many mitochondrial metabolites could be
controlled by the nucleus. This would avoid the need to recon-
struct the mitochondrial enzymatic network from scratch in
the nucleus.
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