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Stem cells exert precise regulation to maintain a balance
of self-renewal and differentiation programs to sustain tis-
sue homeostasis throughout the life of an organism. Recent
evidence suggests that this regulation is modulated, in
part, via metabolic changes and modifications of nutrient-
sensing pathways such as mTOR and AMPK. It is be-
coming increasingly clear that stem cells inhibit oxidative
phosphorylation in favor of aerobic glycolysis for energy
production. Recent progress has detailed the molecular
mechanisms of this metabolic phenotype and has offered
insight info new metabolic pathways that may be involved
in stem cell homeostasis.

Introduction

During development and organogenesis there is a continuous
need to generate specialized cell types, while maintaining tissue
homeostasis throughout the lifespan of an organism. “Stem”
cells meet this need via two key properties: (1) self-renewal, and
(2) the ability to produce a subset of various differentiated cells.
Mammals generate multiple stem cell types, including embry-
onic stem cells (ESCs) and adult stem cells. Both of these share
the key properties listed above; however, they differ in their
potency, or ability to differentiate. ESCs are pluripotent and pro-
duce all cells within the three embryonic germ layers (ectoderm,
endoderm, and mesoderm). In contrast, adult stem cells are
multipotent and exclusively generate differentiated cells of a par-
ticular organ or tissue, typically where they reside. For example,
adult stem cells responsible for the formation of all blood cells,
i.e., hematopoietic stem cells (HSCs), are located in the bone
marrow, the site of hematopoiesis in adults.
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The origin and differentiation of HSCs has been well
characterized through detailed studies in mice. HSCs are formed
within a very narrow time frame of embryogenesis, after which
point the HSC pool is maintained strictly through self-renewal.
The first appearance of HSCs occurs at embryonic day (E) 10.5 in
the aorta-gonad-mesonephros (AGM) region of the conceptus.
HSCs then migrate to the fetal liver at approximately E11.5;
placental HSCs also appear at this time (Gekas et al., 2005).
After E13.5 the placental pool of HSCs declines and the fetal
liver remains the principal source of HSC production until mi-
gration to the bone marrow (the permanent site of hematopoiesis)
at E16.5 (Gekas et al., 2010). HSCs constitute one adult stem
cell type with a high rate of turnover, similar to intestinal and
hair follicle stem cells, whereas neural stem cells exhibit low
turnover rates (Hsu and Fuchs, 2012). Mechanisms determining
the rate of adult stem cell turnover and differentiation are complex,
but recent evidence suggests epigenetic modifications (especially
DNA methylation) are key regulators of this process (Ji et al.,
2010; Challen et al., 2012). Epigenetic changes affect HSC dif-
ferentiation, and specific metabolic alterations influence this
process (see subsequent discussion of 2-hydroxyglutarate).

Pluripotent ESCs, on the other hand, exhibit a specific
developmental program that controls cell lineages produced at
specific times during gestation. Mouse ESCs are derived from
blastocysts, early embryonic structures that form after several
rounds of cell division 4-5 d post-fertilization (Thomson et al.,
1998). The epiblast, a tissue component of the early embryo and
source of human ESCs, is obtained via immunosurgery or me-
chanical dissection (Vazin and Freed, 2010). After isolation, ESCs
can be cultured in vitro indefinitely using either a feeder layer
of fibroblast cells or an artificial substrate such as Matrigel with
proper supplementation of necessary growth factors (Stojkovic
et al., 2005; Wang et al., 2005). Because ESCs can be cultured
indefinitely and have the ability to produce most somatic cells,
ESCs hold therapeutic promise for a multitude of regenerative
medicine and tissue engineering applications.

Characterizing the molecular determinants of multipotent
and pluripotent stem cell differentiation is critical to develop the
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therapeutic potential of these cells. Recently, metabolic regulation
of central pathways, such as glycolysis, has been demonstrated
to be an important modulator of stem cell quiescence in adult
stem cells and in maintaining ESC pluripotency. Using nutrient-
sensing pathways, like those regulated by mTOR and AMPK,
stem cells maintain energy production by inhibiting key processes
(e.g., oxidative phosphorylation, OXPHOS) and enhancing others
(e.g., glycolysis), and this interplay is key to the maintenance
of “stem-ness.” This review will describe the nutrient-sensing
pathways involved in stem cell homeostasis and how specific
changes in metabolic flux affect stem cell differentiation.

Nutrient-sensing pathways in stem

cell maintenance

PIBK/AKT and mTOR in HSCs. The mammalian target
of rapamycin (mTOR) kinase plays a central role in cellular
sensing of O,, nutrients, and growth factors through the phos-
phatidylinositol 3-kinase (PI3K)/AKT pathway (Fig. 1). It ex-
ists in two distinct complexes, mMTORC1 and mTORC?2, which
have overlapping yet distinct functions. Growth factors such as
insulin, insulin-like growth factor 1 (IGF-1), epidermal growth
factor (EGF), and vascular endothelial growth factor (VEGF)
stimulate PI3K, activating AKT and mTORCI through inhibi-
tion of mTOR inhibitory proteins, the tuberous sclerosis com-
plex 1/2 (TSC1/2; Inoki et al., 2002; Altomare and Khaled, 2012;
J. Lee et al., 2012). Nutrients (e.g., glucose) and amino acids
(e.g., leucine) are potent mMTORCI stimulators (Kim and Guan,
2011). Upon activation, mTORC1 phosphorylates its downstream
targets 4E-BP1 and S6K1 to promote mRNA translation, glycoly-
sis, and lipid and nucleotide synthesis (Yecies and Manning,
2011). Less is known about mTORC?2 regulation; however, upon
growth factor treatment, mMTORC2 phosphorylates AKT at Ser473,
allosterically activating it (Oh and Jacinto, 2011).

In the hematopoietic system, mTOR levels play dual roles
in HSC maintenance. TSC1 deletion (a model of constitutive
mTORCI activation) in HSCs leads to loss of quiescence through
increased mitochondrial biogenesis and production of reac-
tive oxygen species (ROS; Chen et al., 2008). Furthermore,
mTOR activation in HSCs by inflammatory cytokines leads
to defective hematopoiesis (Chen et al., 2010), whereas mTOR
stimulation through phosphatase and tensin homologue deleted
on chromosome 10 (PTEN) deletion depletes HSCs (Yilmaz
et al., 2006; Zhang et al., 2006). The latter finding was supported
by Lee et al. (2010), who demonstrated that PTEN deletion in-
duces both p16™* and p53 expression in HSCs with a con-
comitant depletion of the stem cell pool, and that these effects
were attenuated with rapamycin treatment. In another setting
of PTEN ablation in HSCs, Magee et al. (2012) demonstrated
that additional deletion of the mTORC?2 binding partner Rictor
prevented HSC loss, suggesting mTORC?2 activation specifi-
cally depletes HSCs.

Although mTOR activation is clearly linked to decreased
HSC numbers, Kalaitzidis et al. (2012) demonstrated that
mTORCI inhibition through ablation of its binding partner Raptor
leads to defective hematopoiesis and reduced ability to reconsti-
tute irradiated mice. In addition to fine-tuning mTOR activation
in HSCs, the age of the organism also confers mTOR-dependent
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phenotypes in the hematopoietic system. For instance, the
long-term reconstitutive capacity of HSCs in neonatal mice is
unaffected by PTEN deletion, while adult HSCs suffering from
PTEN deletion lose this ability (Magee et al., 2012). Ultimately,
mTOR signaling is directly responsible for HSC aging; rapa-
mycin treatment in aged mice increases lifespan and restores self-
renewal and hematopoiesis to HSCs (Chen et al., 2009). The
summation of these studies indicates that mTOR is essential in
HSC maintenance, but only when enzymatically active at a specific
level, and this holds true for ESCs as well (discussed next).

mTOR in other stem cells. During early gestation,
mTOR is crucial for embryonic growth, development, and cell
proliferation, as its elimination causes defects in cell size and
lethality between E6.5 and 7.5 (Murakami et al., 2004). Fur-
thermore, mTOR inhibition prevents proliferation and impairs
pluripotency in human ESCs (Zhou et al., 2009, 2012). Micro-
array analysis demonstrated that mTOR deletion results in en-
hanced expression of differentiation-promoting transcription
factors such as Mix1 homeobox-like 1 (MIXL1), T gene, and
the homeobox protein PITX2, resulting in loss of pluripotency
(Zhou et al., 2009). Furthermore, mTOR promotes proliferation
by suppressing growth inhibitory molecules such as cyclin G2
(Zhou et al., 2009). These data indicate that mTOR is centrally
responsible for maintaining ESC pluripotency by preventing
the expression of transcription factors that promote differentia-
tion and repressing the expression of genes impacting develop-
mental programs.

Paradoxically, increased expression of the direct mTOR
target p70 S6 kinase (S6K1) induces human ESC differentiation
(Easley et al., 2010). This discrepancy is likely due to the con-
stitutive activation of S6K1, as wild-type S6K1 did not induce
differentiation in this context (Easley et al., 2010). As with HSCs,
these results point to an activation level-dependent effect of
mTOR on ESC maintenance; either constitutive mTOR activa-
tion or complete mTOR deletion has detrimental consequences
for the ESC pool. Because mTOR inhibitors, such as rapamy-
cin, have already shown promise in restoring HSC homeostasis
when mTOR is hyperactivated, perhaps mTOR stimulation
could be useful when the basal levels of mTOR are abnormally
low. It is important to note that in ESCs, mTOR inhibition with
rapamycin has deleterious effects, indicating that ESCs are
exquisitely sensitive to precise levels of mTOR activity. Addi-
tional studies should provide more details on mechanisms that
finely tune mTOR activity levels, such that maintenance of HSC
and ESC homeostasis can be maximized.

In addition to the “fine-tuning” effects of mTOR on HSCs
and ESCs, it also plays a pivotal role in coupling calorie intake
to stem cell function. In the intestine, Paneth cells are a key
component of the stem cell niche, which modulate intestinal
stem cell (ISC) homeostasis through mTOR activity (Yilmaz et al.,
2012). Yilmaz et al. (2012) recently determined that calorie
restriction reduces mTORCI signaling in Paneth cells, but not
ISCs, resulting in an increase in both stem cell and niche cell
numbers. Furthermore, calorie restriction enhances intestinal
regeneration via environmental actions of the intestinal niche on
ISCs (Yilmaz et al., 2012). Stem cells often integrate micro-
environmental signals with their maintenance and self-renewal,
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Figure 1. Pathways involved in stem cell hemostasis via regulation of nutrient sensing. The LKB1/AMPK pathway senses cellular energy levels and, when
low, activates glucose uptake and inhibits mTOR. SIRT1 senses when NAD* levels become high (oxidative environment) and activates the expression of
FOXO proteins, which activate genes to combat oxidative stress. The PI3K/AKT pathway is activated by insulin or other growth factors to culminate in
protein synthesis through mTOR, which can also be activated by glucose and amino acids. ltems in red denote inhibitory paths or processes.

and it will be interesting to learn if other stem cell pools possess
similar nutrient-sensing cues regulating their fate.

AMP-activated protein kinase
(AMPK) is an a3y heterotrimeric enzyme, master regulator of
metabolism, and key energy sensor of intracellular AMP to ATP
ratios (Fig. 1). When this ratio becomes high (low energy condi-
tions), two molecules of AMP bind to four cystathione (3-synthase
domains in the y subunit, causing a conformation change that
exposes Thr172 in the catalytic a subunit, allowing its phos-
phorylation and subsequent AMPK activation (Ellingson et al.,
2007). AMPK inhibits anabolic pathways, such as lipogenesis
and mTOR-regulated protein synthesis, while simultaneously
activating catabolic pathways such as fatty acid oxidation and
glucose uptake (Winder and Hardie, 1999). AMPK is also nec-
essary for the prevention of type 2 diabetes (Li et al., 2011) and
promotes longevity in several species (I. Lee et al., 2012; Slack
et al., 2012; Stenesen et al., 2013).

Given that AMPK is crucial to cellular metabolism and
energy status, one would expect it to have consequences for
stem cell maintenance. The two catalytic subunits of AMPK,
Prkaal and Prkaa2, are more highly expressed in HSC popula-
tions compared with unfractionated whole bone marrow, and
deletion of these two subunits leads to increased mTORC1 activity
in the HSC population (Nakada et al., 2010). Although inactivation
of AMPK via genetic means reduces HSC frequency in mice,
AMPK-deficient HSCs were still able to long-term reconstitute
the bone marrow of irradiated recipients, indicating they are
still functional (Nakada et al., 2010). This study suggests that
AMPK-dependent and -independent effects are observed in HSCs,
while the upstream activator of AMPK, LKB1, has substantial
and direct effects in HSCs.

LKBI is a constitutively active kinase that phosphory-
lates Thr172 of AMPK, only after it has sensed low energy levels
and undergone a conformational change to expose this residue
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(Ellingson et al., 2007). LKB1 acts as a tumor suppressor that is
mutated in Peutz-Jeghers syndrome patients (Hemminki et al.,
1998; Jenne et al., 1998). Deletion of LKB1 leads to malignant
transformation and invasiveness in endometrial adenocarci-
nomas (Contreras et al., 2008), and LKB1 has similar roles in
other cancers (Pearson et al., 2008; Krock et al., 2011). Despite
this seemingly inhibitory role for LKB1 in proliferation, it has
a distinctly different impact on stem cell biology. Independently,
three studies showed that LKB1 deletion in the HSC population
leads to loss of HSC quiescence, coupled with an increase in mul-
tipotent progenitor cell numbers (Gan et al., 2010; Gurumurthy
et al., 2010; Nakada et al., 2010). Because LKB1 is a direct
activator of AMPK, deletion of LKB1 in HSCs, as expected,
results in reduced AMPK phosphorylation with a concomitant
increase in mTOR activity, based on phosphorylation of its
downstream target S6 (Nakada et al., 2010). Furthermore, LKB1
deletion led to an inability of HSCs to long-term reconstitute
the bone marrow of irradiated recipient mice. Intriguingly, how-
ever, these three studies concluded that the effects of LKB1
on HSCs were independent of AMPK, mTOR, and FOXO (see
subsequent section). The effects of LKB1 on HSCs are instead
likely mediated via mitochondrial biogenesis, as LKB1 deletion
leads to down-regulation of PGC-1 coactivators (Gan et al., 2010).
Cumulatively, these studies suggest that LKB1 is an essential
regulator of HSCs that couples energy metabolism with stem
cell homeostasis.

FOXO transcription factors. The DNA-binding
forkhead box O (FOXO) transcription factors are involved in
a multitude of cellular processes from proliferation to longev-
ity and they regulate the cell cycle, DNA repair, and apoptosis
(Hedrick et al., 2012). FOXOs lie downstream of insulin/IGF-1
signaling and the PI3K/AKT pathway (Fig. 1), such that PI3K/
AKT activation leads to inhibition of the FOXO family via AKT
phosphorylation and subsequent nuclear exportation, ubiqui-
tination, and degradation (Gross et al., 2008; Huang and Tindall,
2011). Decreases in insulin signaling (e.g., during starvation) or
mutations in the PI3K/AKT pathway allow FOXOs to remain in
the nucleus where they stimulate transcriptional programs to
control metabolism and other processes (Gross et al., 2008).

In HSCs, FOXOs, especially FOXO3, are crucial for
the maintenance of the stem cell pool (Miyamoto et al., 2007;
Tothova et al., 2007). Conditional deletion of FOXO1, FOXO3,
and FOXO4 in the hematopoietic compartment leads to a de-
crease in HSC numbers, an increase in differentiated effector
cells, and defective reconstitution capability (Tothova et al.,
2007). FOXO3 ablation reduces HSC quiescence and results in
impaired reconstitution functionality (Miyamoto et al., 2007).
Importantly, both of these studies hypothesized that FOXO’s
role in HSC maintenance stems from its ability to blunt ROS pro-
duction, as in vivo treatment with a potent antioxidant N-acetyl-
L-cysteine ameliorates the FOXO3-deficient phenotype (Tothova
et al., 2007). Accordingly, two follow-up studies further elu-
cidated FOXO’s role in stem cells (Yalcin et al., 2008, 2010).
FOXO3 was shown to suppress ROS production in HSCs by
regulating the tumor suppressor ataxia telangiectasia mutated
(ATM); furthermore, increased ROS in FOXO3-null HSCs acti-
vates p53 (Yalcin et al., 2008). Additionally, FOXO3 deletion
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in mice results in a myeloproliferative syndrome caused by an
over-activation of AKT/mTOR via accumulated ROS. Moreover,
N-acetyl-L-cysteine treatment relieved the myeloproliferative
phenotype (Yalcin et al., 2010). In addition to regulating redox
homeostasis, FOXOs protect HSCs from metabolic stress via the
induction of autophagy (Warr et al., 2013). During both calorie
restriction and cytokine withdrawal in mouse HSCs, FOXO3A
induces autophagy, which allows HSCs to avoid an energy cri-
sis (Warr et al., 2013).

There is considerable cross talk between the FOXO fam-
ily of proteins and the nutrient-sensing LKB1/AMPK pathway.
FOXO03 and FOXO4 bind to cis-acting elements in the LKB1
promoter to activate its transcription, and siRNA-mediated knock-
down of these FOXO proteins results in reduced LKB1 expres-
sion and subsequent loss of AMPK phosphorylation (Liitzner
et al., 2012). Furthermore, under glucose deprivation AMPK
phosphorylates FOXO3, leading to its mitochondrial accumula-
tion and the expression of OXPHOS machinery (Peserico et al.,
2013). Taken together, FOXOs play a crucial role in control-
ling stem cell homeostasis and coupling it with cellular me-
tabolism. It will be interesting to further elucidate the role of
FOXO proteins in controlling OXPHOS, as this pathway is gen-
erally suppressed in the highly glycolytic HSC population (see
next section).

Metabolic regulation of stem

cell homeostasis

Glucose, hypoxia, and the glycolytic pathway in
HsCs. The proliferation of terminally differentiated cells relies
on a significant production of ATP, which is ordinarily sustained
through OXPHOS. For each molecule of glucose metabolized
by OXPHOS, 36-38 ATPs can theoretically be generated, pro-
viding the required energy to sustain protein synthesis, bio-
mass accumulation, growth, and proliferation (Balaban, 1990).
Stem cells do not rely solely on OXPHOS, however, as initial
studies demonstrated that human pluripotent stem cells exhibit
decreased oxygen consumption and increased media acidifica-
tion (indicating excess lactate production), and that these phe-
notypes are independent of glucose uptake (Zhang et al., 2011).
HSCs rely on glycolysis, rather than OXPHOS, for energy pro-
duction (Simsek et al., 2010). Although glycolysis only yields a
net of 2 ATP per mole of glucose consumed (Fig. 2), glycolysis
can produce ATP at a rapid rate; in the presence of excess glu-
cose, glycolysis can produce a larger percentage of ATP than
OXPHOS (Guppy et al., 1993). Under hypoxia (see below), the
rate of ATP production increases up to 100-fold compared with
mitochondrial ATP generation under normoxic conditions, indi-
cating ample energy can be generated via glycolysis (Takubo
et al., 2013). It is important to note that this glycolytic pheno-
type precedes the expression of pluripotent markers, suggesting
that metabolism changes occur before changes in stem-ness
(Folmes et al., 2011).

HSCs reside in a hypoxic bone marrow niche in vivo
(Simsek et al., 2010), which necessitates their metabolic adap-
tation to producing energy under low O, conditions. Indeed, O,
concentrations can regulate the differentiation of various types
of cells, such as skeletal muscle progenitors and neural stem
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cells (Mazumdar et al., 2010; Majmundar et al., 2012). The
main regulatory proteins responsible for cellular adaptation to
a hypoxic environment are the hypoxia-inducible factors, or HIF
transcription factors, and these proteins play a central role in
stem cell homeostasis (Mazumdar et al., 2009; Lee and Simon,

2012). HIF-1a« mRNA and protein levels are highly expressed
in HSCs and HIF-1a knockout in mice leads to a loss in HSC
quiescence (Takubo et al., 2010). The HSCs derived from these
HIF-1a knockout mice are unable to reconstitute the bone
marrow of irradiated recipients and show a reduced tolerance to
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stresses such as aging. These results demonstrate that hypoxia,
via HIF-1a, maintains HSCs by decreasing proliferation and
keeping cells quiescent (Eliasson et al., 2010). On the other
hand, treatment of HSCs with a small molecule HIF stabilizer,
FG-4497 (Bernhardt et al., 2009), or expression of a constitu-
tively active form of HIF-1a led to a reduction in HSC reconsti-
tuting ability (Eliasson et al., 2010). These contradictory data
point to regulation of HIF-1a levels as important for the fine-
tuning of HSC homeostasis; complete ablation of HIF-1a leads
to a loss of HSC quiescence and inability to reconstitute the
bone marrow, and over-activation or stabilization of HIF-1a has
the same consequences. Another HIF isoform, HIF-2a, controls
the expression of stem cell markers such as OCT4 (Covello
et al., 2006). It will be important to determine the appropriate
range with which modulation of HIF-1a will be successful for
stem cell therapies, and to further elucidate the role of HIF-2a
in maintaining stem-ness.

It is clear that HSCs rely on both glycolysis and HIF-1a
to maintain quiescence in the hypoxic bone marrow niche. The
precise molecular details for the requirement of HIF-1a are cur-
rently being elucidated, with several studies demonstrating that
HIF-1a mediates cellular reprogramming to a glycolytic phe-
notype. HIF-1a directly controls the expression of numerous
glycolytic enzymes, including hexokinase (HK), phosphofructoki-
nase (PFK), phosphoglycerate kinase (PGK), glyceraldehyde
3-phosphate dehydrogenase (GAPDH), enolase (ENO), and py-
ruvate kinase (PK), as well as glucose transporters 1 and 3 (GLUT1
and 3, see Fig. 2; Gordan et al., 2007). Furthermore, HIF-1a
regulates lactate dehydrogenase A (LDHA; Firth et al., 1995) and
pyruvate dehydrogenase kinase (PDK; Kim et al., 2006), which,
although neither is directly involved in the glycolytic pathway,
have major influences on metabolism in stem cells. PDK phos-
phorylates and inactivates pyruvate dehydrogenase (PDH), pre-
venting the conversion of pyruvate to acetyl-CoA and entry into
the TCA cycle (Kim et al., 2006). Simultaneously, the increased
expression of LDHA in hypoxic stem cells enhances the con-
version of pyruvate to lactate by using cytosolic NADH gener-
ated in glycolysis as a cofactor (Vander Heiden et al., 2009).
Because the regeneration of NAD" is a rate-limiting step in gly-
colysis (Wheaton and Chandel, 2011), the high rate of conver-
sion of pyruvate to lactate by LDHA maintains a constant supply
of NAD" for the GAPDH reaction and allows a high glycolytic
flux to continue (Fig. 2; Vacanti and Metallo, 2013).

Recently, an elegant study by Takubo et al. (2013) pro-
vided more insight into the regulation of HSC metabolism via
PDK. Using metabolome analysis of mouse HSCs, the authors
found that fructose 1,6-bisphosphate (F1,6BP) is only present
in HSCs, and that because F1,6BP allosterically activates PK,
pyruvate levels were also drastically elevated exclusively in
HSCs. This adaptation occurs to maximize glycolytic flux for
this ATP-producing step of glycolysis (Fig. 2). It is important to
note that TCA cycle-related metabolites such as 2-oxoglutarate,
acetyl-CoA, and succinyl-CoA were not detected in any hema-
topoietic fraction, supporting the role of a diminished TCA
cycle in HSCs (Takubo et al., 2013). The mechanism by which
the TCA cycle is down-regulated lies in PDK, as alluded to in
the previous paragraph. Takubo et al. (2013) found that HIF-1a
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is essential to maintain anaerobic glycolysis in HSCs by driving
the expression of PDK isoforms 2 and 4, which prevent pyru-
vate from entering the TCA cycle through PDH phosphorylation.
Deletion of PDK2 or 4 led to loss of transplantation capacity
and cell cycle quiescence, similar to HIF-1o deletion (Takubo
et al., 2010, 2013).

Cumulatively, these studies on HSC metabolism demon-
strate that HSCs residing in the hypoxic bone marrow niche rely
on HIF-1a to use a metabolic program that prevents pyruvate
entry into the TCA cycle (and thus OXPHOS, through PDK)
while simultaneously promoting ATP generation via glycolysis.
Oxidative phosphorylation can still occur at low O, tensions, albeit
with less efficiency (Gnaiger, 2001), so one critical question
arising from these studies is why HSCs seemingly expend so
much effort to reduce OXPHOS. Interestingly, completely ab-
lating OXPHOS by deletion of a mitochondrial phosphatase
PTPMT]1 results in hematopoietic failure due to an inability of
HSCs to differentiate, indicating the OXPHOS is still required
in this setting (Yu et al., 2013). Another hypothesis for the re-
duction in OXPHOS is that HSCs do this to minimize ROS levels
in the cell (see section on ROS and redox status).

Energy production in ESCs via glycolysis.
Pluripotent stem cells, including ESCs, maintain rapid prolif-
eration due to a shortened cell cycle, as compared with their
somatic counterparts, with a shortened G1 and an extended
S phase (Becker et al., 2006). Due to this increased rate of prolif-
eration, ESCs exert substantial energy demands that one might
predict to be fulfilled by OXPHOS; however, ESCs have limited
oxidative capacity and rely on anaerobic respiration due to their
localization in a hypoxic environment before implantation
(Facucho-Oliveira and St John, 2009). The expression of stem
cell markers OCT4, SOX2, and NANOG is increased under
hypoxia, as well as is the consumption of glucose and the pro-
duction of lactate (Forristal et al., 2013).

Because ESCs produce more lactate and consume more
glucose than differentiated cells, this suggests that glycolysis is
a more active component of their metabolism (Zhang et al., 2011).
Indeed, ESCs exhibit a lower oxygen consumption rate, have a
lower mitochondrial membrane potential, and have increased
levels of glycolytic enzymes (Varum et al., 2011). Varum et al.
(2011) demonstrated that this glycolytic phenotype of ESCs oc-
curs to maximize energy production during rapid proliferation
and is the result of increased hexokinase II levels and an inacti-
vation of the PDH complex. In addition, Zhang et al. (2011) dem-
onstrated that uncoupling protein 2 (UCP2) facilitates glycolysis
by preventing mitochondrial glucose oxidation via pyruvate entry
into the TCA. Using '*C4-labeled glucose, the authors confirmed
that ESCs use UCP2 to increase the glycolytic flux and shunt
pyruvate away from oxidation in the mitochondria for use in the
pentose phosphate pathway.

Using both PDH inactivation and UCP2 expression mech-
anisms allows ESCs to ensure energy production via glycolysis.
Although HSCs inactivate PDH through activation of PDK, as
discussed previously, ESCs display no difference in PDK gene
expression when compared with differentiated cells; however,
ESC:s still contain higher levels of phospho-PDH (Varum et al.,
2011). This suggests that other complexes are regulating the



phosphorylation of PDH in ESCs, and further study into this
mechanism of PDH inactivation is warranted.

ROS and redox status. The mitochondria of stem
cells are fewer in number and exhibit decreased activity when
compared with differentiated cells (Cho et al., 2006; Prigione
et al., 2010). All of these features result in decreased ROS levels
in stem cells. “Reactive oxygen species” is a general term for re-
duced forms of molecular oxygen that are highly reactive, such
as superoxide (O, ") and the hydroxyl radical (¢\OH ). ROS are
naturally produced during mitochondrial respiration and have
detrimental consequences when present in excess, such as DNA,
protein, and lipid damage. High levels of ROS can lead to HSC
exhaustion, as elevated ROS limit the lifespan, inhibit reconsti-
tution capacity, and reduce the quiescence of HSCs (Ito et al.,
2006). Paradoxically, the presence of low levels of ROS in HSCs
maintains their quiescence and endows them with higher self-
renewal potential (Jang and Sharkis, 2007). Low basal levels of
ROS are needed to maintain genomic stability by activating
DNA repair pathways (Li and Marbdn, 2010) and to mediate
differentiation of stem cells (Chaudhari et al., 2012; Ho et al.,
2013). It appears that stem cells suffer detrimental effects from
excess ROS, but are dependent on low basal ROS levels to main-
tain signaling activity and homeostasis.

Stem cells regulate ROS through multiple pathways. One
mechanism is through the FOXO proteins (Fig. 1). FOXO3 ex-
pression is critical for stem cell maintenance (see section on
FOXO transcription factors) and controls the expression of man-
ganese superoxide dismutase (MnSOD), endowing quiescent
cells with resistance to oxidative damage (Kops et al., 2002).
Another ROS regulatory mechanism involves the polycomb
proteins, which control the expression of genes through histone
modifications. The polycomb complex component BMI1 pro-
motes HSC self-renewal in part by inhibiting ROS production.
Furthermore, mouse mammary tumor stem cells express higher
levels of glutamate-cysteine ligase and glutathione synthetase,
enzymes involved in the synthesis of the principal cellular anti-
oxidant glutathione (Fig. 2; Diehn et al., 2009). These data sug-
gest that stem cells maintain a transcriptional program to reduce
OXPHOS levels, which minimizes ROS, while simultaneously
expressing genes involved in the antioxidant response to main-
tain quiescence and self-renewal potential.

Another important intracellular molecule controlling cel-
lular redox status is nicotinamide adenine dinucleotide (NAD).
NAD serves as an electron transfer molecule for oxidative and
reductive reactions in the cell, cycling between NAD™ (oxidized
species—accepts electrons) and NADH (reduced species—
donates electrons). The NAD*/NADH ratio represents an im-
portant measure of the redox environment in cells, which is
typically between 3 and 10 in mammals, indicating an oxida-
tive environment (Lin and Guarente, 2003). In stem cells, NAD*
must be constantly regenerated to supply the GAPDH reaction
and maintain glycolytic flux; this occurs during the conversion
of pyruvate to lactate, when NADH is used as a coenzyme and
converted back to NAD* (Fig. 2; Vacanti and Metallo, 2013). In
addition to its role in glycolysis, high levels of NAD" activate
Sirtuin 1 (SIRT1), a histone deacetylase involved in transcrip-
tional regulation of inflammatory pathways and mitochondrial

biogenesis (Fig. 1; Haigis and Sinclair, 2010). SIRT1 maintains
HSC pools via elimination of ROS, FOXO activation, and p53
inhibition (Matsui et al., 2012). As stated above, redox regula-
tion in HSC:s is crucial to their maintenance of quiescence and
homeostasis. An interesting question that remains to be answered
is what NAD*/NADH ratio exists in HSCs, and how this ratio
changes in response to glycolytic reprogramming to maintain
appropriate redox balance.

Lipid metabolism and fatty acid oxidation. Lip—
ids are important to all cells for aspects ranging from structural
support to energy storage and signaling, and their specific role
in stem cell biology is only beginning to be elucidated. De novo
lipogenesis through the enzyme fatty acid synthase (FASN) has
been recently shown to control adult neurogenesis (Fig. 2;
Knobloch et al., 2013). The authors demonstrated that in neural
stem cells FASN is highly active, while FASN deletion impairs
mouse adult neurogenesis. They identified SPOT14 as a modu-
lator of lipogenesis and showed that it decreases malonyl-CoA
levels, which lower substrate availability for FASN to synthe-
size lipids (Knobloch et al., 2013). Neural stem cells require a
high level of lipid synthesis for proper proliferation (Knobloch
et al., 2013), but the breakdown of fatty acids is also important
in stem cell maintenance.

For example, Ito et al. (2012) identified a fatty acid oxida-
tion (FAO) pathway whose ablation resulted in a loss of HSC
maintenance, whereas agonists of the FAO pathway improved
HSC maintenance. FAO is operational in LSK stem cells but
undetected in differentiated cells, and inhibition of mitochon-
drial FAO reduces both HSC numbers and reconstitution capac-
ity of bone marrow cells. The authors find that this phenotype is
the result of a loss of asymmetric HSC division in favor of sym-
metric cell divisions, leading to stem cell exhaustion (Ito et al.,
2012). The amount of unsaturated fatty acids, the extent of de
novo lipogenesis, and the efficiency of FAO are all implicated in
HSC maintenance and homeostasis (Ito et al., 2012).

In ESCs, unsaturated lipids are important for homeostasis.
Using a mass spectrometry—based metabolomics approach,
Yanes et al. (2010) found that ESCs have a different lipid profile
from differentiated cells and are characterized by an accumu-
lation of unsaturated lipids and fatty acids whose levels de-
crease upon differentiation. The authors found that inhibiting
the eicosanoid pathway, which is involved in fatty acid oxida-
tion, promoted pluripotency in ESCs and maintained the levels
of unsaturated fatty acids. Because lipids are involved in diverse
signaling pathways, it will be important to delineate the effects
of specific lipids on stem cell metabolism and identify a thera-
peutic window to target fatty acid homeostasis such that modu-
lation provides beneficial effects on the stem cell pool without
negative consequences.

Threonine metabolism. Threonine is an essential
amino acid subjected to multiple post-translational modifica-
tions when incorporated into proteins, such as phosphorylation
and O-linked glycosylation. Using an LC-MS/MS-based me-
tabolomics approach, Wang et al. (2009) profiled common
metabolites in mouse ESCs and found that threonine levels in-
creased with time as the ESCs underwent differentiation; this
metabolic profile was associated with an increase in one-carbon
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metabolism for purine biosynthesis. Additionally, mRNA levels
of the catabolic enzyme threonine dehydrogenase (TDH) were
1,000-fold higher in ESCs versus differentiated cells. TDH is
localized in the mitochondria and catalyzes the two-step break-
down of threonine into glycine and acteyl-CoA, with glycine
feeding the one-carbon metabolism of purine nucleotide bio-
synthesis and acetyl-CoA entering the TCA cycle (Fig. 2).
Using systematic depletion of all 20 amino acids in tissue cul-
ture media, Wang et al. (2009) found that mouse ESCs are criti-
cally dependent on threonine, with no dependence on other
amino acids, due to an impediment in thymidine biosynthesis
when this amino acid is absent. Threonine-depleted media also
causes a reduction in self-renewal gene expression in mouse
ESCs, which rely on threonine to regulate the G1/S transition
of the cell cycle (Ryu and Han, 2011). Moreover, purine nu-
cleotides accumulate at lower levels in ESCs than somatic cells
(Panopoulos et al., 2012). These studies demonstrate that in ESCs
purine nucleotides are essential for homeostasis. Recently, Shyh-
Chang et al. (2013) further elucidated the molecular details for
the threonine dependence in ESCs. The authors found that thre-
onine and S-adenosylmethionine (SAM) metabolism are coupled
in pluripotent cells, and decreased threonine levels lead to a simul-
taneous decrease in SAM, the principle methyl-donating mole-
cule. Decreased SAM levels manifest as a reduction in histone
methylation, causing slowed growth and decreased differenti-
ation (Shyh-Chang et al., 2013).

Exploiting the fact that TDH uses NAD" as a cofactor and
generates NADH, which is autofluorescent, Alexander et al.
(2011) screened 200,000 molecules in an in vitro fluorescent
assay for TDH inhibitors. The authors identified a class of com-
pounds called “quinazolinecarboxamides” that inhibit TDH,
impair mouse ESC cell growth, and have no effect on nonstem
cells. Although these studies present interesting possibilities for
the therapeutic modulation of ESCs, several questions remain.
In addition to producing glycine used in purine biosynthesis,
TDH also produces acetyl-CoA for the TCA cycle. With an abun-
dance of mitochondrial acetyl-CoA through dramatically in-
creased TDH levels (Wang et al., 2009), is the level of OXPHOS
or TCA cycle flux increased? A partial answer to this question
appears to be that levels of the TCA intermediate succinate are
unchanged during ESC differentiation (Wang et al., 2009). There-
fore, the TCA flux is not overwhelmingly increased in this con-
text. The most important question, however, is the therapeutic
relevance of TDH. It is expressed in all metozoans, but in humans
TDH contains three mutations that give rise to variable splice
mutants (Edgar, 2002). In 20 individuals, mutant TDH was con-
firmed by sequencing analysis, predicting that it is inactive in
most humans, although this conclusion is based on a small sam-
ple size and no TDH functional assay (Edgar, 2002). These ques-
tions need to be investigated further to determine if TDH is a
viable target for stem cell modulation in humans.

IDH mutants. Isocitrate dehydrogenase (IDH) con-
verts isocitrate to 2-oxoglutarate (o-ketoglutarate) in the TCA
cycle. IDH mutants result in a gain-of-function enzymatic activ-
ity that converts 2-oxoglutarate to 2-hydroxyglutarate (2HG), a
putative “oncometabolite” (Fig. 2; Ward et al., 2010, 2012).
2HG inhibits 2-oxoglutarate—dependent enzymes, including
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histone demethylases, resulting in a block to cell differentiation
of nontransformed cells (Lu et al., 2012). Introduction of either
mutant IDH or cell-permeable 2HG represses the expression of
adipogenic differentiation genes CEBPa, PPARYy, and adipo-
nectin, due to an inhibition of histone demethylation (Lu et al.,
2012). The effects of 2HG are enantiomer specific, as (R)-2HG
blocks differentiation in hematopoietic cells, whereas (S)-2HG
is unable to do so despite being a more potent inhibitor of epi-
genetic enzymes like the 5'-methylcytosine hydroxylase TET2
(Losman et al., 2013), which controls DNA methylation via
hydroxylation of methylcytosine.

Sasaki et al. (2012) generated a hematopoietic cell-specific
IDH R132H mutant (the most common form) knock-in mouse
strain and demonstrated increased early hematopoietic progeni-
tor cell numbers in this setting. These mice were characterized
by anemia and extramedullary hematopoiesis, suggestive of a
dysfunctional bone marrow niche. Importantly, myeloid lineage
cells expressing mutant IDH exhibit hypermethylated histones
and changes in DNA methylation that resemble IDH mutant
acute myeloid leukemia (AML; Sasaki et al., 2012).

IDH1 and IDH2 mutants occur in ~17% of newly diag-
nosed AML, and IDH1 mutation is associated with decreased
survival (Abbas et al., 2010). The available evidence suggests
that IDH mutations producing 2HG may induce a block in dif-
ferentiation to promote tumorigenesis, likely through epigenetic
mechanisms (Wang et al., 2013). An inhibitor that is selective
for mutant IDH2 over wild-type IDH2 was recently reported,
named AGI-6780 (Wang et al., 2013). This inhibitor demon-
strates remarkable selectivity exclusively toward IDH2 R140Q
and has a low nanomolar ICs, when measuring 2HG formation
in mutant IDH2-expressing cell lines. Importantly, using pri-
mary human AML cells ex vivo that contain the IDH2 mutation
AGI-6780 showed a dose-dependent reduction in 2HG levels
and increased differentiation (Wang et al., 2013). Because pre-
leukemic HSCs (in which serial mutations have occurred in self-
renewing cells) can lead to AML, targeting leukemic “drivers”
should provide additional benefits for sustained remission by
depleting the quiescent HSC pool harboring IDH mutations
(Jan et al., 2012).

Conclusions

Stem cells have distinct metabolic requirements from their dif-
ferentiated progeny. For instance, HSC and ESC localization in
a hypoxic environment renders them dependent upon anaerobic
glycolysis to produce ATP and minimize oxidative stress from
OXPHOS. The metabolic adaptation of stem cells from an oxi-
dative phenotype to one dependent upon glycolytic metabolism
represents specific advantages that promote stem cell homeosta-
sis. At the same time, stem cells remain metabolically plastic,
in that they are able to rapidly change to an oxidative pheno-
type during differentiation to support the large amounts of ATP
needed for this process. Metabolomic studies have begun to
pave the way for an improved understanding of specific metab-
olites that modulate stem cell homeostasis. For example, ESCs
contain a distinctly different lipid profile (increased unsaturated
lipids) than differentiated cells, and the amino acid threonine is
crucial to their survival to promote purine biosynthesis. Because



changes in cellular metabolism precede changes in stem-ness,
small perturbations in a particular pathway or metabolite, such
as threonine, can have drastic consequences on the ability of the
stem cell to self-renew and differentiate. Elucidating these mo-
lecular details will be crucial to develop advanced therapies for
metabolic diseases and for using stem cells in applications such
as regenerative medicine and tissue engineering.
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