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Connecting Mitochondria, Metabolism, and Stem Cell Fate
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As sites of cellular respiration and energy production, mitochondria play a central role in cell metabolism. Cell
differentiation is associated with an increase in mitochondrial content and activity and with a metabolic shift
toward increased oxidative phosphorylation activity. The opposite occurs during reprogramming of somatic
cells into induced pluripotent stem cells. Studies have provided evidence of mitochondrial and metabolic
changes during the differentiation of both embryonic and somatic (or adult) stem cells (SSCs), such as he-
matopoietic stem cells, mesenchymal stem cells, and tissue-specific progenitor cells. We thus propose to
consider those mitochondrial and metabolic changes as hallmarks of differentiation processes. We review how
mitochondrial biogenesis, dynamics, and function are directly involved in embryonic and SSC differentiation
and how metabolic and sensing pathways connect mitochondria and metabolism with cell fate and pluripotency.
Understanding the basis of the crosstalk between mitochondria and cell fate is of critical importance, given the
promising application of stem cells in regenerative medicine. In addition to the development of novel strategies
to improve the in vitro lineage-directed differentiation of stem cells, understanding the molecular basis of this
interplay could lead to the identification of novel targets to improve the treatment of degenerative diseases.

Introduction

Stem cells are defined by two key properties: self-
renewal (ie, the ability to proliferate without lineage

commitment) and pluripotency (ie, the ability to differentiate
into more than one cell type) [1]. Careful regulation of these
two properties is fundamental to ensure healthy development
and tissue homeostasis. Stem cells can be sorted into three
main categories: embryonic stem cells (ESCs), somatic (or
adult) stem cells (SSCs), and induced pluripotent stem cells
(iPSCs). ESCs arise from the inner cell mass of the early
blastocyst and are the origin of all tissues derived from germ
layers (endoderm, mesoderm, and ectoderm) during embry-
onic development. SSCs are found in different tissues of adult
organisms, in which they ensure tissue homeostasis and re-
sponse to injuries through the renewal of differentiated cells.
The self-renewal and pluripotency abilities of SSCs are lower
than those of ESCs. SSCs include, among others, hematopoi-
etic stem cells (HSCs) and mesenchymal stem cells (MSCs).
The third category of stem cells, iPSCs, are mature adult cells
such as fibroblasts that have been artificially reprogrammed to
an ESC-like state mainly through the overexpression of master
stemness regulators, such as OCT4 (octamer-binding tran-
scription factor 4), SOX2 (SRY (sex-determining region Y)-
box 2), KLF-4 (Kruppel-like factor 4), and c-Myc [2].

Given the promising applications of stem cells in regener-
ative medicine and cell therapy, there is increasing interest in
understanding the mechanisms regulating their self-renewal,
pluripotency, and plasticity. Recent data support strong and
direct involvement of mitochondria and oxidative metabolism
in the regulation of stem cell pluripotency [3]. Cells adapt the
number and activity of mitochondria in response to environ-
mental and cellular cues through biogenesis, turnover, and
fusion and fission processes [4]. Besides playing a funda-
mental role in energy production through oxidative phos-
phorylation (OXPHOS), mitochondria play important roles in
amino acid, fatty acid, and steroid metabolism, as well as in
cell signaling by reactive oxygen species (ROS) production,
calcium homeostasis, and apoptosis [4].

The current review highlights the mitochondrial and meta-
bolic changes that are associated with the differentiation of stem
cells and the underlying pathways. We first describe the mito-
chondrial remodeling that occurs during pluripotent stem cell
(PSC) differentiation and reprogramming, as well as the evi-
dence, obtained by interfering with mitochondrial function,
suggesting that mitochondria participate actively in those pro-
cesses. We overview the recent data emerging from SSC studies
suggesting that mitochondrial biogenesis and metabolic switches
may be hallmarks of cell differentiation processes. Next, we
address 3 questions: (i) What advantages does glycolysis bestow
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on PSCs? (ii) Are the mitochondrial and metabolic remodelings
early or late events of stem cell differentiation/reprogramming?
(iii) Can mitochondrial dynamics regulate the fate of stem cells?
Finally, we provide an overview of the elucidated and putative
molecular actors underlying the crosstalk between mitochondria,
metabolism, pluripotency, and differentiation.

Opposite Mitochondrial Remodeling
and Metabolic Shifts During PSC
Differentiation and Reprogramming

Mitochondria display a characteristic ultrastructure. How-
ever, the first observations of mouse and human ESCs
(mESCs and hESCs) using transmission electron microscopy
surprisingly revealed immature, rare, and globular mitochon-
dria displaying a perinuclear localization [5–10] and con-
taining poorly developed cristae, as well as an electron-lucid

matrix [11–15]. In contrast, somatic cells such as fibroblasts
show mature elongated mitochondria, with numerous cristae
and an electron-dense matrix [9] (Fig. 1). During the in vitro
differentiation of hESCs, elongation of the mitochondrial
network and maturation of the cristae ultrastructure are ob-
served [5,8,9,15]. The reprogramming of human and mouse
somatic cells into iPSCs results in opposite remodeling of the
mitochondrial network in a process known as mitochondrial
rejuvenation [8,9,16]. The ultrastructure, morphology, and
intracellular distribution of mitochondria undergo reversible
changes during the reprogramming of fibroblasts into iPSCs as
well as subsequent redifferentiation into fibroblast-like cells,
which support the importance of mitochondrial remodeling in
differentiation and reprogramming events [8].

Besides morphological and ultrastructural changes, studies
have observed an increase in mitochondrial DNA (mtDNA)
content [15,17] and mass [8] during the differentiation of

FIG. 1. Mitochondria and metabolism remodeling upon pluripotent stem cell differentiation and reprogramming. Pluripotent
stem cells display globular immature mitochondria, localized perinuclearly, characterized by an electron-lucid matrix and
poorly developed cristae. Energy production in pluripotent stem cells is mainly generated by a high glycolysis rate, leading to
increased lactate production, whereas oxidative phosphorylation (OXPHOS) activity is limited, leading to reduced oxygen
consumption and reactive oxygen species (ROS) production. Although substrate entry into the tricarboxylic acid (TCA) cycle
is limited, intermediates of glycolysis enter the pentose phosphate pathway (PPP) and serve as substrates for the nucleotide
synthesis required to sustain self-renewal. In differentiated cells, a more developed mitochondrial network, characterized by a
more electron-dense matrix and developed cristae, ensures ATP production through increased OXPHOS activity. This results
in elevated oxygen consumption and ROS production and reduced production of lactate through glycolysis. Interestingly,
inhibiting OXPHOS or stimulating glycolysis impedes stem cell differentiation while favoring reprogramming into induced
pluripotent stem cells (iPSCs). In contrast, stimulating mitochondrial biogenesis favors cell differentiation, whereas inhibiting
glycolysis impairs reprogramming. Color images available online at www.liebertpub.com/scd
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hESCs, mESCs, and iPSCs. However, the evidence of a
parallel increase in cell volume upon differentiation has
moderated this apparent increase in mitochondrial content
[18]. Further studies are needed to determine whether mi-
tochondrial biogenesis reflects an adaptation to the increased
cell volume upon differentiation.

In addition to the induction of mitochondrial biogenesis,
the differentiation of PSCs, which collectively refer to ESCs
and iPSCs, is associated with a metabolic shift, character-
ized by a transition from a predominant glycolysis-based
metabolism in PSCs toward an increased OXPHOS-based
metabolism in differentiated cells. Differentiated somatic
cell lines display increased oxygen consumption rates, re-
spiratory reserve capacity, and intracellular ATP content
while secreting less lactate, indicative of reduced glycolysis,
in comparison with hPSC lines [9]. Accordingly, the dif-
ferentiation of hESCs, mESCs, and iPSCs is associated with
increased intracellular ATP levels and lower lactate pro-
duction, while reprogramming of somatic cells into iPSCs is
accompanied by the reverse modifications [8,15,16,19].
Proteome remodeling, characterized by the induction of
glycolytic enzymes and concomitant downregulation of
multiple subunits of the mitochondrial complexes I and II,
occurs during the reprogramming of mouse somatic cells
into iPSCs [16].

Intracellular ATP levels of PSCs are more sensitive to
inhibition of glycolysis than to inhibition of OXPHOS,
whereas the opposite is observed in differentiated cells [18].
This observation supports glycolysis playing a predominant
role in ATP production in hPSCs. Accordingly, the inhibi-
tion of OXPHOS with oligomycin, an F1F0 ATP synthase
inhibitor, decreases intracellular ATP by less than 5% in
hPSCs, suggesting that minimal amounts of ATP are pro-
duced by OXPHOS in PSCs [18]. However, inducing mi-
tochondrial uncoupling in hESCs, mESCs, and iPSCs using
CCCP (carbonyl cyanide m-chlorophenylhydrazone) results
in a drop in intracellular ATP levels and reduces prolifera-
tion rates. The AMP/ATP ratio increases in mESCs treated
with the complex III inhibitor, antimycin A, suggesting that
mESCs, at least partly, rely on OXPHOS for ATP produc-
tion [20,21]. The discrepancies between the aforementioned
studies might be explained by different degrees of OXPHOS
inhibition. However, it has also been suggested that hPSCs
may maintain the mitochondrial membrane potential
through the ATP hydrolase activity of the dissociated F1F0

ATP synthase components, thereby ensuring their prolifer-
ation and viability [18]. Thus, the decreased ATP content
observed upon mitochondrial uncoupling in PSCs might be,
at least partly, due to increased ATP hydrolase activity of
the F1F0 ATP synthase aimed at preserving the mitochon-
drial membrane potential.

Importantly, the mitochondrial ultrastructure and metab-
olism differ, depending on the pluripotency stage of PSCs.
Two phases of pluripotency can be distinguished: naive and
primed. Naive ESCs are derived from the preimplantation
epiblast and display no differentiation bias unlike primed
ESCs or epiblast stem cells (EpiSCs), which are derived
from the postimplantation epiblast and represent a more
mature stage [22]. Incidentally, recent data indicate that
resetting hPSCs to a naive state (standard laboratory hESCs
are similar to the mouse EpiSC stage) through transient
overexpression of Nanog and KLF4 is associated with in-

creased OXPHOS activity [23]. Furthermore, naive hESCs
are less dependent on glycolysis for pluripotency mainte-
nance than primed hESCs [23]. In mice, although EpiSCs
were initially reported to be more glycolytic than mESCs,
the latter displaying a bivalent metabolism [21], other
studies documented that mouse EpiSCs are less glycolytic
than mouse ESCs and iPSCs [24]. The use of cell lines
versus primary cells may explain the discrepancies between
those studies. At the morphological level, mouse EpiSCs
contain more elongated mitochondria with more developed
cristae than ESCs and iPSCs, although the mitochondria are
still less mature than those of somatic cells [21,24]. These
data emphasize that different levels of mitochondrial mat-
uration and metabolism predilection exist, depending on the
pluripotency stage. In the same vein, iPSCs maintained for
extended in vitro culture periods display increased mito-
chondrial content and reduced potential to undergo neuro-
genesis in comparison with young iPSCs [25]. These data
emphasize the importance of controlling the precise plur-
ipotency stage and time in culture of stem cells in studies
interested in their pluripotency and metabolic features.

Modulating Metabolism or Mitochondrial
Biogenesis Interferes with Stemness,
Cell Differentiation, and Reprogramming

Besides drawing simple correlations, several studies have
found evidence for the direct involvement of mitochondria
and metabolism in governing stemness and differentiation
pathways. First, inhibiting mitochondrial function promotes
pluripotency and prevents differentiation. Antimycin A, an
inhibitor of mitochondrial respiratory complex III, promotes
the expression of pluripotency markers, such as Nanog, while
decreasing the mRNA abundance of genes related to differ-
entiation in hESCs and mESCs [6,9,20]. Similarly, mito-
chondrial uncoupling by CCCP in hESCs and mESCs also
increases the expression of Nanog, SOX2, and OCT4 and
represses transcriptional programs necessary for embryonic
lineage differentiation, such as HOX genes [6]. In addition,
the ectopic expression of the uncoupling protein 2 (UCP2)
impairs the metabolic shift and hPSC differentiation [18].

Second, stimulating mitochondrial biogenesis reduces
pluripotency and favors cell differentiation or commitment to
specific lineages. The stimulation of mitochondrial biogenesis
with S-nitrosoacetylpenicillamine (SNAP) in hESCs reduces
the expression of pluripotency markers [10] and enhances the
differentiation of mESCs into hepatocyte-like cells [26] and
mESCs and hESCs into cardiomyocytes [10,27]. The over-
expression of peroxisome proliferator-activated receptor
(PPAR) gamma coactivator-1a (PGC-1a), the master regu-
lator of mitochondrial biogenesis [28], in mouse iPSCs en-
hances their differentiation into adipocytes [29].

Third, favoring or inhibiting the metabolic shift toward
glycolysis facilitates or prevents reprogramming into iPSCs,
respectively, both in human and in mouse cells. The inhi-
bition of glycolysis using 2-deoxy-D-glucose or oxalate in
somatic cells prevents reprogramming into iPSCs, whereas
compounds, such as glucose, D-fructose-6-phosphate, 2,4-
dinitrophenol (in response to OXPHOS uncoupling), and
N-oxaloylglycine, which stimulate glycolysis, enhance repro-
gramming [16,19,30]. Hypoxia, which stimulates glycolysis
in response to the limited availability of oxygen, necessary

CONNECTING MITOCHONDRIA, METABOLISM, AND STEM CELL FATE 1959



for OXPHOS activity, preserves the self-renewal of hESCs
and prevents their spontaneous differentiation [31,32].

Mitochondrial Biogenesis and Metabolic
Switches as Apparent Hallmarks
of Cell Differentiation Processes

Mitochondrial biogenesis and the associated metabolic
shift observed during the differentiation of PSCs appear
to be hallmarks of differentiation processes, with various
SSC differentiation models providing evidence for similar
changes. An increased level of PGC-1a mRNA, mitochon-
drial mass, and mtDNA copy number, together with in-
creased formation of OXPHOS complexes and OXPHOS
activity, is observed during the adipogenic differentiation of
human bone marrow-derived MSCs (hBM-MSCs) [33–35].
Inhibiting mitochondrial biogenesis by the repression of
PGC-1a [36] or mitochondrial transcription factor A (TFAM)
[33] impairs adipogenic differentiation, as does rotenone-
induced inhibition of mitochondrial respiration [33]. Simi-
larly, the osteogenic differentiation of hBM-MSCs and
umbilical cord-derived MSCs is accompanied by mitochon-
drial biogenesis, characterized by the induction of several
mitochondrial biogenesis regulators, increased mtDNA copy
number, cristae development, and elevated expression and
activity of OXPHOS complexes [37–39]. We recently dem-
onstrated increases in PGC-1a expression, the mitochondria
to cytoplasm ratio, mtDNA content, and OXPHOS expression
and activity during the hepatogenic differentiation of hBM-
MSCs [40]. In mouse HSCs (mHSCs), the mitochondrial
mass increases during the early stages of differentiation [41],
whereas mitochondrial respiration defects, caused by mito-
chondrial DNA depletion, impair their differentiation [42].

Similarities might exist in the mitochondrial content and
function of normal and cancer stem cells (CSCs) as lung
CSCs display reduced mitochondrial content and function
compared with non-CSCs [43]. Nasopharyngeal carcinoma
CSCs contain round-shaped perinuclear mitochondria simi-
lar to those observed in ESCs as well as increased glycolytic
metabolism compared with their differentiated counter-
parts. In addition, blocking the glycolytic pathway alters the
properties of CSCs [44]. These observations support the idea
that relationships between mitochondria, metabolism, and
stemness may underlie both physiological and pathological
conditions.

Glycolysis Benefits PSCs

Glycolytic metabolism is less efficient than OXPHOS in
terms of the energy production yield, raising questions as to
why PSCs might favor this type of metabolism. First, a high
glycolysis rate, combined with reduced OXPHOS, might be
necessary for PSCs to supply the cofactors and substrates
necessary for the biosynthetic reactions underlying their
expansion [45]. In line with this hypothesis, the proliferative
capacity of mESCs is associated with high activity of dif-
ferent glycolytic enzymes, elevated glycolytic flux, and low
mitochondrial oxygen consumption [46]. When compared
with differentiated cells, hPSCs display more phosphory-
lated pyruvate dehydrogenase (PDH) E1a [9], which inac-
tivates the PDH complex and results in lower levels of
substrates entering the tricarboxylic acid (TCA) cycle [47].

Similarly, the expression of pyruvate dehydrogenase kinase
(PDK) 2 and 4, which prevents the mitochondrial oxidation
of pyruvate through the inhibition of the PDH complex and
favors glycolysis, is important for the quiescence and
function of mHSCs [48]. UCP2 prevents mitochondrial
glucose oxidation through a substrate-shunting mechanism,
resulting in increased glycolysis and nucleotide synthesis
through the pentose phosphate pathway [49]. UCP2 is
highly expressed in hPSCs compared with differentiated
cells. Its ectopic expression, which is normally repressed
upon differentiation of PSCs, prevents any metabolic shift
and impairs their differentiation [18]. PSCs also express
higher mRNA levels of transketolase. Transketolase con-
nects glycolysis to the biosynthetic pentose phosphate
pathway, which is involved in nucleotide synthesis [50].
Therefore, PSCs increase the flux of glycolysis intermedi-
ates entering the pentose phosphate pathway while inhibit-
ing their entry into the TCA cycle, thus favoring nucleotide
synthesis over energy production.

The second advantage for PSCs in circumventing oxidative
metabolism might be to reduce the production of ROS, which
can damage genetic material and cell constituents. Main-
taining low levels of ROS could be of critical importance for
organismal development and homeostasis in providing pro-
tection against such damage. In contrast, increasing levels of
ROS might be necessary for the commitment to specific cell
types by activating particular signaling pathways, as discussed
later (see The tight regulation of cell fate by ROS section).

Third, as PSCs reside in hypoxic niches, their glycolytic
metabolism might represent an adaptation to their environ-
ment. In agreement with this hypothesis, hMSCs, when
cultured under normoxia (21% O2), can use OXPHOS ef-
ficiently. However, expansion under 21% O2 increases se-
nescence in MSCs when compared with physiological
oxygen levels (5% O2), suggesting that a glycolysis-based
metabolism favored by a hypoxic environment might protect
MSCs against senescence [51].

Mitochondria and Metabolism Remodeling
as Early Events in Cell Differentiation
and Reprogramming Processes

Mitochondrial biogenesis and metabolic shifts are early
events in multiple stem cell differentiation models, with
most changes observed in the first stage of the differentia-
tion process. Maturation of the mitochondrial network, as
well as increased transcription of mtDNA, is observed
during the differentiation of hESCs into cardiomyocytes [5].
The development of the mitochondrial network precedes the
loss of the pluripotency markers, OCT4 and Nanog, in dif-
ferentiating hESCs [6]. Mitochondrial biogenesis and met-
abolic shift toward OXPHOS are also early events in
osteogenic [37,39], adipogenic [34], and hepatogenic [40]
differentiation of hMSCs. In mHSCs, the upregulation of
mitochondrial biogenesis was demonstrated to parallel the
loss of pluripotency [41]. Mitochondrial respiration is more
important in the commitment of mHSCs into lineage-
restricted progenitor cells than in reaching the final phase of
cell differentiation [42].

In contrast, the metabolic reprogramming observed dur-
ing the generation of iPSCs occurs before the reestablish-
ment of a pluripotency status [16]. Favoring glycolysis
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during the first days of reprogramming of human somatic
cells is sufficient to increase the efficiency of the repro-
gramming, although no iPSCs are derived at the end of
glycolysis-stimulating treatment [30]. These data suggest
that enhanced glycolysis might predispose somatic cells to
more efficient reprogramming into iPSCs. Consistently, the
bioenergetic status of different somatic cells correlates with
their reprogramming efficiencies: the closer the metabolic
status of human somatic cells resembles that of PSCs, the
better and faster is the reprogramming efficiency [19]. Al-
though a glycolytic-based metabolism represents a prereq-
uisite for efficient iPSC generation, continuous remodeling
of the metabolic status of iPSCs occurs during the repro-
gramming time course. Mouse iPSCs more closely resemble
ESCs when cultured for longer periods [52]. Similarly, in
humans, the metabolome of late-passaged iPSCs (passage
41 and over) is more comparable with ESCs than that of
early passaged iPSCs (passage 16) [19].

A New Shape for a New Fate: Mitochondrial
Dynamics as a Regulator of Cell Fate

Mitochondrial dynamics influence most, if not all,
mitochondrial-dependent biological processes, such as apo-
ptosis, calcium homeostasis, and ATP production. Emerging
evidence also points toward a role for mitochondrial fu-
sion and fission in signaling pathways regulating stem cell
proliferation and differentiation [3]. Mitochondrial elonga-
tion requires the fusion of the outer and inner mitochondrial
membranes (OMM and IMM). The dynamin-related GTPases,
mitofusin 1 (MFN1) and 2 (MFN2), mediate the fusion of
the OMM, and the optic atrophy 1 (OPA1) protein and
MFN1 mediate the fusion of the IMM. Several other pro-
teins are involved in mitochondrial fusion, including pro-
hibitin (PHB), which regulates OPA1 processing [53]. The
cytosolic dynamin-related protein 1 (DRP1) regulates mi-
tochondrial fission. Upon recruitment to the OMM by re-
ceptors, including the mitochondrial fission factor (MFF),
the mitochondrial dynamic proteins of 49 kDa (MID49) and
51 kDa (MID51), and mitochondrial fission 1 (FIS1), DRP1
oligomerizes and induces mitochondrial constriction and fission
[54]. Multiple post-translational modifications are involved in
the regulation of the mitochondrial dynamic machinery [54,55].

Reduced expression 1 (REX1), a widely used pluripotency
marker, was only recently found to regulate cell fate through
its effect on mitochondrial dynamics [56]. Repressing REX1
expression in hPSCs results in the downregulation of pluri-
potency markers, upregulation of differentiation markers of
all three germ layers, and development of mitochondrial
morphology and activity. Mechanistically, these effects are
mediated by the positive regulation of cyclin B1/B2 by
REX1. This leads to increased cyclin B/cyclin-dependent
kinase 1-dependent phosphorylation of DRP1 at Ser616, a
post-translational modification triggering mitochondrial fis-
sion. Accordingly, the overexpression of REX1 or the DRP1-
S616D mutant protein favors reprogramming into iPSCs,
whereas repressing the expression of REX1 or DRP1 pre-
vents reprogramming [56]. Although these data suggest a
critical role for DRP1-mediated mitochondrial fission in the
pluripotency of hESCs, studies of mESCs reported contra-
dictory results. In mouse embryonic fibroblasts, although
pharmacological inhibition of the self-assembly of DRP1

reduces the reprogramming efficiency [57], the knockdown
of DRP1 expression does not affect pluripotency gene ex-
pression [58]. In addition, the increased levels of DRP1 re-
sulting from the depletion of growth factor erv1-like, a flavin
adenine dinucleotide-dependent sulfhydryl oxidase predom-
inantly found in the intermembrane space of mitochondria,
inhibit the expression of pluripotency markers in mESCs
[59]. The discrepancies in the relationship of DRP1 with
pluripotency might be due to species-specific responses. For
example, overexpressing REX1 does not confer any advan-
tageous effect during the reprogramming of mouse fibro-
blasts [56]. Although mainly considered as a component of
the mitochondrial fission machinery, DRP1 can also promote
mitochondrial fusion by its interaction with MFN2 [60]. The
knockdown of DRP1 leads to the elongation of the mito-
chondrial network of fibroblasts, but it does not cause sub-
stantial changes in the morphology of mouse ESC/iPSC
mitochondria [58]. These findings suggest that the dis-
crepancies between the previous studies might also depend
on DRP1 playing a different role in mitochondrial dynamics
in different cells. Furthermore, tight control of DRP1 levels
and/or activity, possibly regulated by different post-translational
modifications, might underlie these observations. Beyond its
involvement in pluripotency, DRP1-mediated fission is re-
quired for the terminal differentiation of mESCs in neuronal
lineages [58] as well as for the myogenic differentiation of
myoblasts [61].

Prohibitin 2 (PHB2) was recently shown to be involved in
the control of stem cell fate. Overexpression of PHB2, which
is normally high in mESCs, favors the proliferation of
mESCs, but inhibits their differentiation into neuronal and
endodermal lineages. The overexpression of PHB2 also pre-
vents the maturation of mitochondria observed during mESC
differentiation [62]. The effect of PHB2 on the maturation of
mitochondria is mediated by enhanced OPA1 processing,
resulting in increased mitochondrial fission and dysfunc-
tional mitochondria [62]. The depletion of protein tyrosine
phosphatase, mitochondrial 1 (PTPMT1), a mitochondrial
phosphatidylinositol phosphate (PIP) phosphatase, reduces
oxidative metabolism, increases glycolysis in mESCs, and
prevents their differentiation. These effects are mediated by
increased mitochondrial fission due to the accumulation
of PIP substrates in the mitochondria [63]. Interestingly,
PTPMT1 is also required for the differentiation of mHSCs.
PTPMT1 acts by priming mitochondria for a rapid metabolic
transition toward OXPHOS. Mechanistically, the accumula-
tion of PIP substrates resulting from the depletion of
PTPMT1 induces the activity of UCP2, which, as mentioned
earlier, inhibits pyruvate oxidation in mitochondria and thus
impairs metabolic shifts [64]. An increase in MFN2 and
OPA1 expression is required for the differentiation of mESCs
into the cardiomyocyte lineage, supporting the involvement
of mitochondrial fusion in the differentiation of mESCs. In-
hibiting mitochondrial fusion by repressing the expression of
MFN2 and OPA1 in mESCs results in the activation of the
Ca2 + /calcineurin signaling pathway, leading to increased
Notch activity and the repression of myocyte enhancer factor-
2c and GATA-binding protein 4, two cardiomyocyte lineage
transcriptional regulators [65].

Together, the aforementioned mechanistic studies demon-
strate that mitochondrial dynamics, encompassing both fusion
and fission events, are involved both in cell differentiation
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and in reprogramming events. The bidirectional influences of
mitochondrial dynamics on pluripotency and differentiation
are predictable because pluripotency appears to affect mito-
chondrial dynamics and activity, which regulates pluri-
potency and differentiation, as outlined in the following
sections. As recently reviewed elsewhere [66], crosstalk also
exists between cell cycle regulators and the components of
mitochondrial dynamics. As cell cycle exit is generally re-
quired in differentiation programs, this crosstalk might also
be involved in the regulation of cell differentiation.

Molecular Crosstalk Between Mitochondria,
Metabolism, Pluripotency, and Differentiation

Various models have firmly established the differences
in the mitochondria and metabolism of pluripotent and
differentiated cells. Efforts are now underway to unveil
how pluripotency and differentiation affect mitochondrial
biogenesis and function and how mitochondria and me-
tabolism modulate pluripotency and differentiation. In the
following sections, we describe the pathways involved in
the bidirectional crosstalk between mitochondria and me-
tabolism and the regulation of pluripotency and differen-
tiation (Fig. 2).

Oxygen sensing and the HIF pathway

Oxygen sensing plays a central role in metabolic ho-
meostasis and is partly regulated by the hypoxia-inducible
factor (HIF) family of transcription factors. HIF-1 is a het-
erodimer containing a constitutively expressed b subunit as
well as an oxygen-regulated a subunit that is continuously
synthesized and then degraded by prolyl hydroxylases under
normoxia. In response to hypoxia, HIF-1 activation pro-
motes a switch from mitochondrial respiration to anaerobic
glycolysis and suppresses mitochondrial biogenesis [67].
Interestingly, most stem cell types reside in hypoxic niches,
and increasing evidence points toward a critical role for
oxygen in the regulation of the function of stem cells [68].
Thus, it is not surprising that several lines of evidence
support a role for HIF-1 in the interplay between mito-
chondria, metabolism, and stem cell functions. As HIF-1 is
involved in the dedifferentiation of cancer cells [69],
it might also regulate differentiation pathways in patholog-
ical conditions.

The protein kinase C isoform lambda/iota (PKCl/i) is
involved in the coregulation of mitochondrial biogene-
sis and stem cell pluripotency/differentiation through the
HIF-1a pathway [70]. The depletion of PKCl/i induces a

FIG. 2. Pathways involved in the interplay between pluripotency, mitochondrial biogenesis, and metabolism. On the one
hand, energy-, nutrient-, and environment-sensing pathways regulate both pluripotency and metabolism through their effects
on glycolysis and mitochondrial biogenesis and activity. On the other hand, mitochondrial activity regulates stemness and
differentiation through various mechanisms. These involve, for example, the production of ROS, which can induce or
prevent the commitment to specific differentiation lineages; the production of intermediates or cofactors influencing
epigenetic marks, protein activity, and stability; and the modification of the redox or energy status of the cells, thus altering
nutrient- and energy-sensing pathways. AMPK, AMP-activated protein kinase; IF1, inhibitory factor I; LKB1, liver kinase
B1; HIF-1a, hypoxia-inducible factor1a; mTORC1, mammalian target of rapamycin complex I; PDH, pyruvate dehydro-
genase; PDK, pyruvate dehydrogenase kinase; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1a;
PHD, prolyl hydroxylase domain-containing protein; PKCl/i, protein kinase C isoform lambda/iota; TCA, tricarboxilic
acid; TSC2, tuberous sclerosis complex 2; a-KG, a-ketoglutarate. Color images available online at www.liebertpub.com/scd
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metabolic shift, resulting in increased glycolysis and decreased
OXPHOS activity. It also promotes naive pluripotency in
mESCs. These effects are mediated by stabilization of HIF-1a,
which positively regulates the expression of pluripotency
genes while suppressing the expression of PGC-1a by direct
binding to their promoters. Thus, HIF-1a simultaneously reg-
ulates pluripotency and mitochondrial biogenesis by activating
and repressing transcriptional activities, respectively [70].

The involvement of HIF-1a in pluripotency is not lim-
ited to ESCs. Upon reprogramming of human cells, HIF-1a
improves the induction of pluripotency by activating a
glycolytic program, predisposing the somatic cells to more
efficient reprogramming [71]. The expression of HIF-1a is
also important for the quiescence and function of mHSCs.
It maintains the expression of PDK, which, by inactivating
the PDH complex, prevents the mitochondrial oxidation of
acetyl-CoA and favors glycolysis. On the other hand, HIF-
1a deficiency results in a shift from glycolysis to OXPHOS
and is associated with increased mitochondrial mass in
HSCs [48]. In hMSCs, hypoxia or the stabilization of HIF-
1a using cobalt chloride prevents the osteogenic differ-
entiation and the associated increase in mitochondrial
biogenesis [72].

Thus, HIF-1a can control pluripotency gene expression
and promote glycolytic metabolism while inhibiting mito-
chondrial biogenesis and function. It remains to be deter-
mined whether PKCl/i acts systematically upstream of HIF-
1a. Other questions that need to be addressed are whether
other upstream regulators are involved in the activation of
HIF-1a and whether such activation depends on cell types or
lineage commitment. In addition, the roles of other molec-
ular actors (ie, whether they act together or independently of
HIF-1a) in the control of pluripotency gene expression and
activation of glycolysis need to be determined.

The tight regulation of cell fate by ROS

ROS are highly reactive reduced forms of molecular
oxygen, such as the superoxide radical anion (O2�

-) and
hydrogen peroxide H2O2. Under physiological conditions,
ROS are naturally produced by the respiratory chain during
OXPHOS [73]. Although ROS exert oxidative damage on
lipids, proteins, and DNA, they also act as secondary mes-
sengers and were recently shown to be involved in the
regulation of stem cell self-renewal, pluripotency, and dif-
ferentiation [74].

Although a specific role for mitochondrial ROS has yet to
be demonstrated in ESCs, stimulating or inhibiting the
production of ROS favors or prevents mESC differentiation
into cardiomyocytes, respectively [75–79]. However, it
needs to be emphasized that the stimulating effect of ROS
on cardiomyocyte differentiation might strongly depend on
the level and nature of the ROS. Indeed, mESCs simulta-
neously treated with antioxidants and cyclosporin A, an
inhibitor of the mitochondrial permeability transition pore
(mPTP) resulting in increased mitochondrial biogenesis,
activity, and ROS generation, synergistically favor cardio-
myocyte differentiation [80].

ROS regulate the proliferation and differentiation of rat
neural progenitors, with proliferating neural progenitors
displaying low levels of ROS in comparison with their
differentiated neuronal and astrocytic counterparts [81]. A

recent study showed that rapid bursts of superoxide radical
anions called superoxide flashes, which are highly reac-
tive reduced forms of molecular oxygen, were involved in
regulating the self-renewal and differentiation of mouse
embryonic neural progenitor cells (NPCs). Mitochondrial
superoxide scavengers or mPTP inhibitors reduce the fre-
quency of superoxide flashes and enhance NPC proliferation
[82]. In contrast, increased superoxide flashes are necessary
for the differentiation of mouse NPCs into cortical neurons,
and inhibiting mPTP or scavenging mitochondrial ROS
impairs differentiation [83]. In a mouse model of adult
hippocampal neurogenesis, a peak in mitochondrial abun-
dance and ROS levels was observed in a highly proliferative,
intermediate progenitor state, but not in undifferentiated
neural stem cells or postmitotic neurons [84]. Although
these differences might depend on the embryonic or adult
status of the NPCs, the data suggest that the involvement of
ROS in neurogenesis might be limited only to a specific
stage of cell differentiation.

In hMSCs, mitochondrial complex III-derived ROS, in-
dependently of OXPHOS, are required for the expression of
PPARg and initiation of the adipogenic transcriptional
program [34]. Mitochondria-targeted antioxidants such as
mitoCP prevent both the adipogenic differentiation and the
associated increase in ROS, whereas the addition of exo-
genous H2O2 to mitoCP-treated hMSCs rescues adipogenic
differentiation [34]. Similarly, hypoxia stimulates adipocyte
differentiation by enhancing the production of mitochon-
drial ROS [85]. On the other hand, both exogenous H2O2

and oligomycin-dependent inhibition of mitochondrial ac-
tivity inhibit the osteogenic differentiation of hMSCs. These
data suggest that mitochondrial OXPHOS is required for
osteogenic differentiation and that excessive ROS hamper
osteogenic differentiation [37]. Beyond their role in MSC
differentiation, mitochondrial ROS are also involved in
MSC senescence. The treatment of mouse MSCs with
transforming growth factor b1 induces their senescence.
This effect is, at least partly, mediated by the generation of
mitochondrial ROS, suggesting that maintaining low levels
of mitochondrial ROS is necessary to preserve MSC stem-
ness [86].

The involvement of ROS in the function of HSCs has also
been established and recently reviewed [74,87]. mHSCs
with low ROS levels are more quiescent and display in-
creased self-renewal potential compared with HSCs dis-
playing higher ROS levels, which are prone to exhaustion
upon serial transplantations [88]. The negative impact of
ROS on mHSC self-renewal is mediated by the activation of
p38 MAPK and mammalian target of rapamycin (mTOR)
pathways, with studies showing that inhibiting either of
these pathways restores the long-term reconstitution ability
of HSCs with high levels of ROS [88,89]. In contrast, ROS
triggered the differentiation of a Drosophila population of
hematopoietic progenitors resembling mammalian myeloid
progenitors through the activation of c-Jun N-terminal ki-
nases, leading to activation of Forkhead box O and inhibi-
tion of the activity of polycomb [90]. Similarly, increasing
ROS in AKT1/AKT2 double-deficient mHSCs, which show
lower ROS levels, rescues the defects in differentiation [91].
Thus, low levels of ROS are necessary to preserve the
quiescence of HSCs, and increased ROS levels favor HSC
differentiation.
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The generation of mitochondrial ROS may also represent
a key upstream signaling event in epidermal differentiation
and hair follicle development [92]. In mouse keratinocytes,
preventing the generation of mitochondrial ROS through the
ablation of TFAM, which is required for the transcription of
mtDNA-encoded mitochondrial genes [93], disturbs the
transduction of Notch signaling required for keratinocyte
differentiation [92].

Based on the aforementioned, maintaining low ROS
levels, notably through reduced mitochondrial activity, ap-
pears necessary to preserve the self-renewal ability of dif-
ferent types of stem cells, and increasing ROS seems to
favor particular lineage commitment during differentiation.
Maintaining low ROS levels in stem cells, possibly through
reduced mitochondrial function, might represent a protec-
tive mechanism of the genome against ROS-mediated
damage, which is essential to ensure optimal development
and organism homeostasis upon aging. Further studies are
required to elucidate more precisely which type(s) of ROS
are endogenously produced in different models of stem cell
differentiation and whether different types of ROS exert
similar or opposite effects on pluripotency and differentia-
tion in various models.

Nutrient- and energy-sensing pathways:
a complex connection between energy
metabolism and stem cell function

Given that stem cells and differentiated cells display
different metabolisms and metabolomes, it is not surprising
that nutrient- and energy-sensing pathways are involved in
the regulation of stem cell pluripotency and differentia-
tion. The following sections illustrate the roles of major
sensing pathways in orchestrating the interplay between
mitochondria, metabolism, stem cell pluripotency, and
differentiation.

The mTOR pathway. The mTOR pathway plays a crucial
regulatory role in cell metabolism, proliferation, growth, and
survival by sensing extracellular and intracellular signals,
such as oxygen, and the energy status, growth factors, and
amino acid content. Two distinct complexes, mTORC1 and
mTORC2, exist and exert overlapping but distinct functions.
The mTORC1 complex is sensitive to amino acids, stress,
oxygen, energy, and growth factors. It promotes cell growth
and cell cycle progression by inducing anabolic processes,
such as the biosynthesis of proteins and lipids and the
stimulation of mitochondrial biogenesis and metabolism,
while limiting catabolic processes, including autophagy. The
mTORC2 complex, which has not been described in as much
detail as the mTORC1 complex, responds to growth factors
and regulates metabolism, cell survival, and cytoskeletal or-
ganization [94,95]. The mTORC1 complex is acutely sensi-
tive to rapamycin treatment [95]. In contrast, the mTORC2
complex is insensitive to acute rapamycin treatment, although
chronic exposure disrupts the mTORC2 pathway [95]. The
mTORC1 pathway is involved in the regulation of plur-
ipotency and differentiation, notably through its relationship
with mitochondrial biogenesis.

The involvement of mTORC1 in ESC pluripotency and
differentiation appears complex. On the one hand, mTOR
activity is required for the proliferation of hESCs and
mESCs [96] and its inhibition impairs pluripotency in

hESCs [97]. The sorting of mESCs according to low or high
mitochondrial membrane potential also reflects the activa-
tion status of mTORC1 in ESCs and is correlated with
pluripotency and differentiation capacities [98]. Treatment
with rapamycin decreases pluripotency and increases the
differentiation capacities of mESCs with high mitochondrial
membrane potential [98]. On the other hand, Deptor, an
endogenous inhibitor of mTORC1 and mTORC2 activity,
maintains mESC pluripotency, and repression of Deptor
triggers differentiation [99]. Increased mTORC1 activity
has been consistently shown during the differentiation of
mESCs and hESCs into a neuronal lineage [99,100] and the
differentiation of hESCs into fibroblast-like cells [101].
In mice, rapamycin-induced inhibition of mTOR activity
increases the reprogramming efficiency [102], whereas the
overactivation of the mTOR pathway in cells lacking
tuberous sclerosis complex 2, a negative regulator of
mTORC1 [95], impairs reprogramming [103]. Likely, tight
control of mTOR signaling determines the outcome of
pluripotency and differentiation, possibly with differences
related to lineages, species, and the relative contribution of
mTORC1 and mTORC2 signaling. In agreement with this
hypothesis, treatment of hESCs with 100 nM rapamycin for
6 days results in a loss of the pluripotency markers, OCT-4,
Nanog, and SOX2 [97], whereas treatment with 20 nM ra-
pamycin for 3 days has no impact on pluripotency gene
expression [101]. The differences in mTOR activity may
also be due to the precise stage of pluripotency (naive vs.
primed ESCs, or ESCs vs. epiSCs), with naive ESCs having
increased mTOR activity and mitochondrial biogenesis and
function compared with primed ESCs/epiSCs.

The involvement of mTOR has also been studied in SSCs.
Reduced activity of mTORC1 signaling preserves mHSC
self-renewal and differentiation potential by repressing mi-
tochondrial biogenesis and ROS production [104]. None-
theless, mTORC1 activity is still required for mHSC
function as the deletion of the regulatory-associated protein
of mTOR (Raptor) ablates mTORC1 activity and results in
defective hematopoiesis [105]. There also seems to be a link
between mTORC1 signaling and stem cell function, partly
dependent on ROS, in hMSCs. During the adipocyte dif-
ferentiation of hMSCs, mTORC1 is required for the gener-
ation of ROS, which is also required for the differentiation
process (see The tight regulation of cell fate by ROS sec-
tion). Although overexpression of PPARg facilitates adipo-
genesis in the presence of antioxidants, this effect is lost
upon PI3K or mTORC1 inhibition, suggesting that mTORC1
additionally favors adipocyte differentiation by effectors
other than ROS [34].

Collectively, these data suggest that the magnitude and
duration of mTORC1 activation or inhibition, rather than an
on/off status, likely influence stem cell pluripotency and
differentiation. Different effectors downstream of mTORC1
signaling might be involved, depending on the stem cell type
and differentiation lineages. Most studies have focused on
mTORC1. The contribution of mTORC2 remains elusive and
should be the focus of further experiments. Given the central
role of metabolism in regulating stemness and differentiation,
it is important to investigate the effectors that connect the
activity status of mTOR with stemness and differentiation.

AMPK and its upstream regulators. AMP-activated protein
kinase (AMPK) is a key heterotrimeric, intracellular energy
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sensor sensitive to the AMP/ATP ratio. In low-energy
conditions (a high AMP/ATP ratio), AMPK is activated and
induces catabolic pathways, such as fatty acid oxidation
or glucose uptake, while inhibiting anabolic pathways, in-
cluding lipid and protein synthesis, to restore the energy
balance [106].

Downregulated expression of the catalytic a1 subunit of
AMPK is found in hESCs and iPSCs when compared with
differentiated cells [107]. Interestingly, metformin-activated
AMPK impedes human and mouse iPSC generation through
the establishment of a metabolic barrier distinct from the
enhanced glycolysis required for reprogramming [108].
Mechanistically, the activation of AMPK upregulates the
catalytic b-F1-ATPase subunit, a rate-limiting component of
mitochondrial OXPHOS normally repressed upon repro-
gramming. Simultaneously, AMPK activation prevents the
induction of the ATPase inhibitory factor 1, thus impeding
the metabolic shift required for reprogramming [109].
However, the role of AMPK in pluripotency appears very
complex as the activation of AMPK in mESCs is associated
with upregulation of pluripotency genes [110]. Thus, AMPK
activity is likely not directly involved in the promotion of
pluripotent versus differentiated cells. Instead, the intracel-
lular environment, comprising a precise metabolome and
proteome at a given moment, as well as the activation of
different effectors, likely influences the outcome of AMPK
activity in determining the fate of stem cells. Accordingly,
the involvement of AMPK in cell differentiation differs,
depending on the lineage commitment. AMPK activity in-
hibits mouse myoblast differentiation [111], whereas it fa-
vors human endothelial [112] and mouse cardiac [113]
differentiation. In the latter model, the simultaneous knock-
down of several adenylate kinase isoforms normally in-
duced during cardiogenesis decreases AMPK activity and
impedes cardiomyocyte differentiation and associated mi-
tochondrial biogenesis [113]. The production of nitric ox-
ide, a key regulator of cardiomyogenesis in mESCs and
potent inducer of mitochondrial biogenesis, occurs down-
stream of AMPK and mTORC1 signaling pathways [114].
Thus, these two pathways may interact to control the in-
terplay between mitochondria, metabolism, stemness, and
differentiation.

AMPK is also involved in the regulation of SSC pluri-
potency and differentiation. As recently reviewed else-
where, AMPK activity controls the fate of MSCs by
favoring osteogenic and inhibiting adipogenic differentia-
tion. The role of AMPK in controlling the differentiation of
MSCs may depend on its involvement in multiple pathways,
including the ERK pathway, mTOR signaling, Wnt/b-
catenin signaling, and energy metabolism [115]. In mHSCs,
the constitutively active liver kinase B1 (LKB1), which
activates AMPK and AMPK-related kinases (interested
readers can refer to [116]) under low-energy conditions, is
essential to preserve HSC quiescence [117–119]. The effects
of LKB1 on mHSC quiescence might involve the protection
of their mitochondria. Indeed, LKB1-deficient mHSCs have
reduced mtDNA content, mitochondrial membrane poten-
tial, PGC-1a and -b levels, and ATP levels, despite in-
creased mitochondrial mass. These observations suggest
that mitochondrial dysfunction occurs in LKB1-deficient
mHSCs [117,118]. Further studies are required to determine
whether this mitochondrial dysfunction is a direct conse-

quence of LKB1 inactivation. Examining whether mito-
chondrial dysfunction plays a direct or indirect role in the
disruption of HSC quiescence in LKB1-deficient HSCs is
also important.

Metabolites and cofactors: small molecules
with a broad influence

Due to their reliance on different types of metabolisms,
PSCs and differentiated cells display distinct metabolomes.
A number of metabolites directly modulate gene expression
by regulating the activity/stability of transcription factors
and by inducing epigenetic modifications [120]. Global
chromatin remodeling, characterized by a transition from
relatively open chromatin to more compact chromatin, oc-
curs during cell differentiation. Evidence supports a direct
role for epigenetic modifications in driving cell fate deci-
sions rather than stabilizing gene expression [121]. In the
following sections, we propose several ways in which the
differences in metabolomes could affect gene expression
and control cell differentiation.

The redox state and Sirtuin proteins. The NAD+/NADH
ratio, which is dependent on glycolytic and mitochondrial
metabolisms, might regulate the cell fate by modulating
NAD+-dependent deacetylase enzymes, such as sirtuins.
These proteins are involved in the control of gene expres-
sion and epigenetics through deacetylation of transcriptional
regulators or histone proteins [122]. SIRT1 levels are de-
creased during hESC and mESC differentiation [123,124].
Although SIRT1 is not required for mHSC function [125],
some reports suggest that SIRT1 might be required for both
the maintenance and differentiation of mHSCs [126]. In
MSCs, SIRT1 activity favors osteogenesis while inhibiting
adipogenesis [115]. The accumulated evidence clearly
supports the involvement of SIRT1 in the regulation of
pluripotency and differentiation processes, although the
mechanisms underlying stage and lineage specificities re-
main obscure. Bidirectional crosstalk between the activity
of sirtuins and mitochondrial metabolism might exist as
sirtuins can induce mitochondrial biogenesis [127] and reg-
ulate mitochondrial energy metabolism through the post-
translational regulation of mitochondrial proteins [128].
Therefore, further studies should assess the putative bidi-
rectional influences of SIRT1 and mitochondrial biogenesis
and function in various models of stem cell differentiation.

TCA cycle metabolites: roles inside and outside the mito-

chondria. Intermediates of the TCA cycle might also be
involved in determining cell fate. For example, the a-
ketoglutarate metabolite can exit mitochondria and promote
DNA and histone demethylation through the activation of
10–11 translocation enzymes, lysine demethylases, and Ju-
monji C domain-containing demethylases. a-Ketoglutarate
is also involved in the stability of HIF-1 through the acti-
vation of the prolyl hydroxylase domain-containing protein
2, stimulating the degradation of HIF-1a [120]. This might
be of critical significance in the interplay between mito-
chondria, metabolism, and pluripotency, given the recently
discovered role of HIF-1a in the coregulation of those
processes [70]. Similarly, the acetyl-coenzyme A cofactor,
which is mainly produced downstream of glycolysis and
fatty acid oxidation, can, instead of feeding the TCA cycle,
exit mitochondria and reach the nucleus where it promotes
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histone acetylation, as described in a model of adipocyte
differentiation [129].

Noncoding RNAs: a new way to decode
the interplay between mitochondria
and cell differentiation?

The role of noncoding RNAs, such as microRNAs
(miRNAs) or long noncoding RNAs (lncRNAs) in many
biological processes, including stem cell differentiation and
metabolism regulation, is increasingly being appreciated.
Their broad impact, resulting from their various mechanisms
of action, as well as high number of targets, a makes non-
coding RNAs appealing candidates for the coregulation of
simultaneous processes. On the one hand, miR-1, a myomir
induced during myogenic differentiation, was reported to
inhibit the expression of a transcriptional repressor of
muscle gene expression [130], but on the other hand, it was
reported to enter the mitochondria and stimulate the trans-
lation of specific mitochondrial genome-encoded transcripts
[131]. These data suggest that miR-1 might coordinate the
myogenic program by coregulating mitochondrial biogene-
sis and the myogenic-associated transcriptional program by
distinct mechanisms [131]. In a recent study, a single-cell
transcriptome analysis of several cell types undergoing re-
programming into iPSCs identified two lncRNAs involved
in the regulation of multiple mitochondrial and metabolic
targets [132]. A number of noncoding RNAs have reported
roles in regulating cell fate or cell metabolism and mito-
chondrial biogenesis. Future studies should assess the rele-
vance of those candidates as putative global coregulators of
cellular fate and mitochondrial biogenesis and function.

Conclusion and Perspectives

The deep remodeling of mitochondria observed during
stem cell differentiation and reprogramming has unveiled a
critical role for glycolytic and oxidative metabolisms in the
regulation of self-renewal, pluripotency, plasticity, and dif-
ferentiation of stem cells. PSCs rely heavily on glycolysis,
which provides rapid energy production and the substrates
necessary for proliferation, is adapted to a hypoxic niche,
and enables limited production of ROS. On the other hand,
differentiated cells display a more developed and functional
mitochondrial network and rely heavily on OXPHOS. Ac-
cordingly, mitochondrial function directly regulates stem
cell differentiation through various mechanisms involving
ROS production, metabolomic modifications, and modula-
tion of the redox and energy status. Many of the pathways
involved in the interplay between glycolytic and oxidative
metabolisms on the one hand, and pluripotency on the other
hand, act bidirectionally and interact with each other. This
leads to a complex and still unresolved question: Is the
mitochondrial biogenesis initiated first, followed by a loss of
pluripotency and a commitment to differentiation, which is
further accompanied by increased mitochondrial function?
Or does the loss of pluripotency initiate mitochondrial
biogenesis and a metabolic shift? Single cell tracking and
combined OMICS technologies might help to resolve this
question, as well as to further elucidate the underlying path-
ways. It would be intriguing to study how mitochondria are
distributed and how they evolve in self-renewing or com-

mitted cells upon asymmetric division. Efforts should be
made to study mitochondrial and metabolic changes upon
in vivo differentiation. The recent development of genetically
encoded fluorescent probes, such as roGFPmito [133], which
can be used to assess the mitochondrial oxidation state, or
mitoTimer [134], which can be used to follow mitochondrial
protein turnover/segregation, will likely help to address these
questions. Given the considerable therapeutic potential of
stem cell therapy, improving our knowledge about the
mechanisms regulating their self-renewal and differentiation,
which may involve mitochondria, is fundamental.
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