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1. ABSTRACT

Stem cells have the unique ability to both
maintain the stem cell population via self-renewal and give
rise to differentiated cells. The balance between these
options is very delicate and important for the short- and
long-term maintenance of tissue homeostasis in an
organism. Pathways involved in integrating environmental
cues and in directing energy metabolism play an important
role in the fate decisions of stem cells. In this review, we
give an overview of the effects of cellular and systemic
metabolic states on stem-cell fate in both embryonic and in
adult stem cell populations, with a particular emphasis on
cell-cycle regulation. We discuss the major pathways
implicated in sensing energetic status and regulating
metabolism, including: the mTOR pathway, Forkhead-box-
O transcription factors (FoxOs), Sirtuins, reactive oxygen
species (ROS), AMP-activated kinase (AMPK) and LKBI,
the mTOR pathway and hypoxia inducible factors (HIFs).
Given the importance of a correct balance between self-
renewal and differentiation, understanding the mechanisms
that drive stem-cell fate in different metabolic conditions
will provide more insight in stem cell biology in both
health and disease.
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2. INTRODUCTION

During embryonic and postnatal development
stem cells give rise to all tissues in an organism.
Furthermore, in adult life stem cells are critical to ensure
tissue homeostasis, particularly in rapidly self-renewing
tissues such as the skin or intestine, as well as in repair
upon injury or tissue-damage. There are different “types”
of stem cells; the embryonic stem cells which are
pluripotent (have the potential to give rise to all tissues in
an organism) and stem cells that reside in the adult tissues
that can be either unipotent (giving rise to one specialized
differentiated cell lineage) or multipotent (giving rise to
several cell lineages).

An essential feature of all stem cells is their
ability to self-renew; Self-renewal during embryogenesis is
important to ensure expansion of the stem-cell pool and
during adulthood to maintain the stem-cell pool. Stem cells
that divide give rise to daughter cells with similar
developmental potential as the mother cell, or differentiated
cells that lack this potential. Precise differentiation into
downstream lineages is necessary to provide sufficient and
correctly differentiated cells (1, 2) and sufficient self-
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Figure 1. Highly simplified version of the eukaryotic cell cycle. The cell cycle can be divided in four segments: Mitosis (M),
Gap 1 (G1), synthesis (S) and Gap 2 (G2). The cell cycle checkpoints are depicted in black bars; G1/S checkpoint, during which
the cell controls if cellular and extra-cellular conditions are favorable to continue through the cell cycle. At the G2/M checkpoint,
cells check their size and for faithful DNA replication. The last checkpoint (metaphase) controls the appropriate connection of
mitotic spindle to the chromatids. The G1/S checkpoint is the most prominent one, since most cells that overcome this checkpoint
will complete their cell cycle. A) Positive regulators of the cell cycle being the cyclins connected to cyclin-dependent kinases
(CDKs) are shown in green. Some important negative regulators of cell cycle progression are shown in red. B) The main
metabolic regulators mentioned in this review and their positive (green) or negative (red) influence on the cell cycle are depicted.

renewal is crucial to prevent depletion of the stem cell pool

3).

How stem cell self-renewal is orchestrated is not
fully understood, but molecular mechanisms that play
important roles in this process are increasingly being
revealed. Recently, it has become evident that nutrient
availability at the cellular as well as at the systemic level
plays a crucial role in the decision of stem cells to (re) enter
the cell cycle, which will be further discussed in this
review.

Cell-based assays and in vitro manipulation of stem
cells have contributed greatly to our knowledge of stem cell
behavior and impact of metabolic regulation on their
homeostasis. However, control of energy metabolism involves
communication between different organs and tissues, invokes
systemic responses such as hormone release and the operation
of positive and negative feedback loops between signaling
cascades. For these reasons, in vivo studies in animal models
are necessary to dissect the impact of fluctuations of energy
availability on organismal physiology.

The metabolic regulation of stem cell behavior has
been described in invertebrates such as the fruit fly
(Drosophila ~ melanogaster)  (4-8) and the worm
(Caenorhabditis elegans) (9, 10), as well as in vitro in
mammalian Embryonic Stem Cells and Induced Pluripotent
Stem Cells (iPSC) (11). In vertebrates, the mouse is the most
prominently used model for these studies, but in recent years
the zebrafish (Danio rerio) has emerged as a valid model for
studies on metabolic regulation of stem cell behavior. Major
metabolic processes, such as gluconeogenesis and lipid
metabolism, are conserved between zebrafish and mammals
(12). Furthermore, induction of gluconeogenesis in response to
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interruption of maternal nutrient supply is conserved in fish
(13) and zebrafish models of metabolic disease are being
generated (14). Moreover, the small size, high fecundity and
well characterized hematopoietic stem cells, in particular of the
hematopoietic system (15), make the zebrafish an attractive
model for studies on stem cell physiology.

In this review, we discuss the role of molecular
energy-sensing pathways in stem cell physiology with a
particular emphasis on cell-cycle regulation by those
pathways. We focus mainly on hematopoietic and neural
stem cells, as those are the most intensively studied in the
context of influence of metabolism on cell cycle regulation.

3. EFFECTS OF NUTRIENT AVAILABILITY ON
CELL CYCLE AND STEM CELL-MAINTENANCE

3.1. The eukaryotic cell cycle

The cell cycle of eukaryotic cells can be divided
into the mitotic phase, during which the cell divides into
two cells, and the interphase which can be subdivided into
G1 phase, S phase and G2 phase (Figure 1). During
interphase, cells produce extra proteins and cytoplasmic
organelles and duplicate their DNA (S phase).

There are three major checkpoints at which the
cell cycle can be halted, namely the G1/S, G2/M and
metaphase checkpoint. The main molecules that drive cell
cycle progression are cyclin-dependent kinases (CDKs),
which as the name implies, depend on the presence of
cyclin(s) for their activity. The activity of these CDKs
fluctuates according to the levels of cyclin in the cell (16).
The G1/S phase is the most studied checkpoint and has
recently been reviewed (17). Most cells that overcome this
checkpoint will complete their cell cycle. There are various
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proteins that can influence the transition through these
checkpoints, either in a positive or negative way. For
instance, activation of p53 when DNA damage is detected
results in inhibition of DNA synthesis and cell cycle arrest at
the G1/S checkpoint (18). This allows the cells to repair the
damage before continuation of the cell cycle. Another potent
G1-S checkpoint regulator is the retinoblastoma protein (Rb).
This protein prevents cell cycle progression via inhibition of
E2F (19). The function of Rb is often impaired in cancer (20),
which facilitates cancer growth via unrestricted cell division,
but also via other mechanisms (21).

Most cells in an adult organism are differentiated
and remain in a quiescent state (G0). Adult stem cells can
remain quiescent for extended periods but maintain the
ability to divide when needed either for replenishment of
the stem cell pool, to give rise to differentiated cell types,
or to repair damaged tissue. For instance, stem cells in
rapidly regenerating organs such as the blood, skin, and
intestine divide frequently, whereas liver, or brain stem
cells remain quiescent for most of their lifetime. Minor
differences have been reported in the way that stem cells
progress through the cell cycle. Mouse embryonic stem
cells (mESCs) were shown to cycle in a different manner
than tissue stem cells, in the sense that their G1 phase is
very short (22) and the cells rapidly enter S phase (23).
Interestingly, when the mESCs differentiated into
multipotent tissue specific stem cells, the G1 phase
lengthened, and diverse proteins such as CDKs needed to
be activated for cell cycle progression (24). This suggests
that the cell cycle of pluripotent stem cells is less tightly
regulated than that of multipotent stem cells.

3.2. Metabolic pathways in the cell

Cells require energy for cellular activity. Various
metabolic  pathways that break down complex
macromolecules into intermediate metabolites during the
process of catabolism, lead to the mobilization of stored
energy resources to generate ATP. The major catabolic
pathway in cells is the breakdown of glucose and other
organic molecules in the presence of oxygen called
‘cellular respiration’ or aerobic metabolism; a process that
in animal cells takes place mostly in the mitochondria.. The
other main pathway is glycolysis, a process during which
less oxygen is required and results in lower energetic yield
than cellular respiration (for a comprehensive review of
these pathways see (25)). Most differentiated cells use
oxidative phosphorylation to generate energy, since this
pathway generates the most ATP molecules per molecule
of glucose (36-38 ATPs/glucose molecule). In brief, each
glucose molecule is converted into pyruvate, which is
transported into the mitochondria where it is further broken
down via the citric acid cycle and most ATP molecules are
generated via the electron transport chain. This process can
only occur when molecular oxygen is present in the cells
and has a side effect of generating reactive oxygen species
(ROS). Anaerobic glycolysis on the other hand, does not
require oxygen and converts the pyruvate into lactate. Only
2 ATP molecules are generated via this process. Despite the
fact that the overall ATP yield per glucose molecule is
drastically lower through glycolysis than through oxidative
phosphorylation, it is well demonstrated that anaerobic
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glycolysis is an efficient pathway to provide energy and
carbon building blocks for rapidly proliferating cells (25).
Proliferative cells, as well as certain stem cells use this
pathway to meet their energetic demands with the added
benefit that it generates lower amounts of ROS in the cell.

3.3. Effects of nutrient availability at the cellular level

Cells can adapt their metabolic activity according
to the presence of “energy units” in the cell. For instance, the
level of ATP and its ratio to ADP or AMP is monitored via
different metabolic enzymes, with AMP-activated protein
kinase (AMPK) being the major energy sensor. When
AMP/ATP or ADP/ATP ratios increase, AMPK regulates the
energy balance via the activation of catabolic pathways and
down-regulation of anabolic pathways (26). During cellular
respiration, byproducts like Reactive Oxygen Species (ROS)
are produced, which could be harmful for cellular integrity,
but, as we discuss later, also induce cellular pathways that are
necessary for appropriate functioning of stem cells (27). It has
been recognized that some stem cells exhibit distinct metabolic
properties than other cell types, namely a preference for
glycolysis and a better adaptation to hypoxic environments.
Interactions between the stem cells and the respective niche
can also shape the metabolic requirements and characteristics
of a stem cell population, as for instance was shown for the
role of Paneth cells that respond to the organismal nutritional
state to regulate intestinal stem cell function (28).

3.4. Effects of nutrient availability at the systemic level

At the systemic level, the presence of nutrients
such as glucose in the blood elicits physiological reactions
that influence the whole body. Cells and organs respond to
the fluctuating levels of nutrients in the blood in order for
organismal homeostasis to be maintained. These responses
impact the physiology of stem cells as well. For instance,
hematopoietic stem cells (HSC) have been shown to be
sensitive to systemic levels of glucose to proliferate during
embryogenesis (27), and the correct coordination of
glucose levels with proliferation or differentiation decisions
is essential. Exposure of zebrafish embryos to high glucose
levels resulted in enhanced hematopoietic stem cell
formation and function. Exposure to high glucose levels in
utero associated with higher birth weight in humans, has
been shown to enhance the risk for acute lymphoblastic
leukemia (ALL) and acute myelogenous leukemia (AML)
(29, 30). Furthermore, children who suffered from diabetes
type I exhibited a higher risk to develop ALL (31) and in
diabetic patients, mobilization of HSC progenitors from the
bone marrow is compromised (32). Thus, deregulation
of metabolic pathways, as for instance in patients that
suffer from diabetes, challenges the ability of stem cells to
maintain the balance of self-renewal versus differentiation
and may result in depletion of the stem cell pool, premature
aging, aberrant differentiation and even cancer.

4. KEY PLAYERS IN THE COORDINATION OF
METABOLIC STATE WITH STEM CELL
HOMEOSTASIS

4.1. FoxOs
The Forkhead box O (FOXO) family is a family
of transcription factors with diverse cellular functions.
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FOXOs are phosphorylated by PI3K, which is activated by
insulin or other growth factor pathways. The
phosphorylation prevents the nuclear localization of
FOXOs thereby inhibiting their function (33, 34). Upon
cellular stress (through ROS, energetic or genotoxic stress)
or when growth-factor signaling is decreased, FOXOs are
dephosphorylated and translocated into the nucleus where
they increase transcriptional activity of target genes (35). In
addition, the deacetylase Sirtuin 1 (SIRT1) can deacetylate
FOXOs, which also promotes FOXO-mediated gene
transcription  (36). FOXOs-mediated signaling has
important roles in stem cell maintenance and stem cell self
renewal and has been linked with ROS-regulated processes
and hypoxia-induced cellular responses (37).

Genetic deletion of FOXO family members
(FOXO1, 3a and 4) in the mouse was shown to lead to
the depletion of the stem cell pool in both neural stem
cells (NSCs) and hematopoietic stem cells (HSCs) (1, 3,
38). Similar results were shown in vitro, where FOXO3
was shown to be essential for the maintenance and
homeostasis of HSCs (39, 40) and in human embryonic
stem cells, where FOXO1 was shown to regulate the
expression of OCT4 and SOX2, which are two
transcription factors that play a critical role in the stem
cell self-renewal (41).

Specifically with respect to cell cycle regulation,
FOXOs act to maintain stem cell quiescence (by negatively
regulating GO exit), which is a fundamental property of
stem cells. FOXOs have been proposed to promote cellular
quiescence by promoting the expression of proteins
involved in cell cycle arrest such as p27<"*!, p53*? and
Cyclin G2 (3, 38). FOXO-null NSCs showed increased
expression of cyclins and cyclin-dependent kinases and a
decrease in cyclin-dependent kinase inhibitors (p53<'%). As
a result, the NSCs exhibited hyper proliferation that led to
depletion of the stem cell pool (3). In mice, deletion of
FOXO members 1, 3 and 4 in bipotential progenitors of
osteoblasts and adipocytes resulted in increased
proliferation of osteoprogenitor cells, which was attributed
to the upregulation of Wnt/beta-catenin signaling and
Cyclin D1 expression (42). Given the critical role of Wnt
signaling in stem cell biology (43), it is important to note
the association of FOXO1 with beta-catenin a key effector
of Wnt signaling in oxidative stress signaling (44).

As regards the interplay between FOXO
signaling and other metabolic pathways, FOXO signaling
has been linked to resistance to oxidative stress and the
inhibition of premature differentiation (45, 46). The activity
of FOXO3 as a transcriptional activator has been linked to
target genes such as SODs, antioxidant enzymes that play a
role in lowering of cellular ROS levels (38, 47) and it was
shown that the loss of FOXO3a in NSCs resulted not only
in the depletion of the NSC pool but also in the inability to
generate appropriate neural lineages (1). Another
interesting study showed that FOXO1 is dephosphorylated
and translocated to the nucleus during prolonged fasting in
mice, due to decreased insulin signaling. This resulted in
the transcriptional activation of genes involved in
gluconeogenesis (48). In addition, AMPK activation
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resulting from low cellular ATP levels, led to the activation
of gluconeogenesis via phosphorylation of FOXO3 (49).
Furthermore, FOXO1 was shown to physically and
functionally interact with Notch signaling (50). The
FOXO1-Notch cooperation integrates environmental cues
via Notch, with metabolic cues via FOXO1 during muscle
differentiation. The role of FOXO in this context was
shown to be independent of its transcriptional function.

Taken together, the effects of FOXOs on stem
cell maintenance and homeostasis are striking and diverse,
and the underlying mechanisms are currently being
unraveled. The main effects of FOXOs on stem cell
homeostasis appear to be mediated by the transcriptional
activation of genes that are involved in the promotion of
cellular quiescence. Furthermore, FOXO signaling is
implicated in the resistance to oxidative stress, the response
to low oxygen levels and the activation of the
gluconeogenic pathway, thereby integrating energy-
metabolism and ROS responses with stem cell maintenance
and correct differentiation.

4.2. Sirtuins

Sirtuins belong to a family of proteins that
deacetylate histones and other protein targets (51). The
family consists of seven members that vary in cellular
localization and targets and have been implicated in the
control of cellular metabolism (52). Sirtuins are activated
when the ratio of [NAD+] to [NADH] is elevated, a state
that is associated with low energy and oxidative stress
(reviewed in (52)). In particular, sirtuin 1 (SIRT1) has been
demonstrated as a crucial regulator of cellular and
organismal metabolism in mammals, including essential
functions in mediating the effects of caloric restriction (48,
52, 53). Furthermore, activators of sirtuins have been
proposed for the treatment of type 2 diabetes and
neurodegenerative diseases (54). SIRT1 activation elicits
pleiotropic effects that include the downregulation of
glycolysis, upregulation of the protective response to ROS
and activation of mitochondrial biogenesis. These effects
are mediated by activation of  PGClalpha,
PGClalpha/FOXO and inhibition of CRTC2/CREB and
HIF1a (52). SIRTI1 can also deacetylate p53 (55), thereby
inhibiting its function resulting in the delay of p53-
mediated cellular senescence and promoting cell survival
(56, 57).

In HSC maintenance, SIRT1 is proposed to
maintain the stem cell pool through ROS elimination,
FOXO activation, and p53 inhibition resulting in the
suppression of differentiation of hematopoietic stem cells
(57). Deletion or knockdown of SIRT1 in NSCs led to
enhanced differentiation into astrocytes at the expense of
neurons (58). Overexpression on the other hand resulted in
increased neuronal differentiation (59). This could be
explained by the role of SIRT1 in silencing of Notch target
genes (60) that has also been shown in endothelial cells
(61). Several studies on the role of sirtuins and in particular
SIRT1 in stem cell biology have revealed that they promote
maintenance of the stem cell pool by protecting genome
integrity, as well as regulating the nuclear translocation of
FoxO and p53. However, it has emerged that the functions
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of SIRT1 are not the same in all stem cell types and that
they are also age- and context-dependent (11, 52).

4.3. AMPK

AMPK is regarded as the key energy sensor in
eukaryotic cells. AMPK activation initiates a cascade of
downstream events with the purpose to preserve energy
(26). AMPK activation leads to activation of catabolic
processes such as fatty acid oxidation, glucose uptake and
glycolysis and simultaneous inhibition of catabolic
processes. Attenuation of catabolism includes inhibition of
fatty acid and sterol synthesis as well as, inhibition of
ribosome biogenesis and translation through negative
regulation of mTOR signaling (26). It has been reported
that increased mTOR activity leads to abnormal
proliferation of HSCs (2) and AMPK deletion has been
shown to cause similar effects (62). In contrast, activation
of AMPK in ESCs with AICAR resulted in a decrease of
cellular proliferation and loss of pluripotency markers (63).
AMPK is also involved in the up-regulation of genes
involved in resistance to oxidative stress and oxidative
metabolism, through the regulation of transcription factors
such as FOXO family members (64) and DAF16 (65).

Most relevant for this review, is the implication
of AMPK in cell-cycle control.. The influence of nutrient
concentrations in cell cycle progression is illustrated by the
glucose-dependent checkpoint that occurs at the GI1/S
phase. Activation of AMPK results in cell cycle arrest in
the G1/S phase via the phosphorylation of p53, cyclin-
dependent kinase inhibitor 1B (CDKN1B or p275P') (66)
and the up-regulation of CDKN1A (P21%*™") (67). AMPK
phosphorylation enables the survival of cells during
glucose deprivation via a pS3—dependent cell cycle arrest.
Constitutive AMPK activation on the other hand leads to
accelerated pS53-dependent cellular senescence (68)
implying that there is adaptation to fluctuating glucose
levels in the body, as well as a point of “no return”. Finally,
an elegant chemical genetic screen for (novel) AMPK
substrates identified several proteins involved in mitosis
(69). These data demonstrated that an important function of
AMPK is to coordinate nutrient status with mitosis
completion, a process that is important for the organism’s
response to low nutrients during development, as well as in
adult stem cell homeostasis.

4.4. LKB1

The tumor suppressor gene LKBI1 is a serine-
threonine kinase that activates AMPK and AMPK-related
kinases (70, 71). The discovery that LKB1 is the major
upstream activator of AMPK established one of the first
links between energy-metabolism control and tumor
suppression. LKB1 inactivation in the mouse led to
lethality at an early embryonic stage (72), whereas
heterozygous [kbi/+ mice developed polyps (73). The
increased proliferation of different tissues was attributed at
least in part to aberrant activation of the mTOR pathway
(74).

Interestingly, conditional inactivation of LKBI1
in mouse HSCs resulted in increased HSC division and
depletion of the stem cell pool (62, 75, 76). Initially HSCs
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increased in number, which is associated with enhanced
proliferation, however, metabolically compromised LkbI-
deficient HSCs could not be maintained leading to the
depletion of the stem cell pool (62, 75, 76). This finding
indicated that LKB1 is implicated in the negative regulation
of stem cell division, as well as the maintenance of the stem
cell pool. These functions could be partly explained via the
LKB1-AMPK pathway, but it was shown that LKB1 also
regulates maintenance of the HSC population by AMPK-
independent mechanisms. One of the mechanisms
unraveled, was the reduction in mitochondrial membrane
potential, which was observed in LKB1-deficient but not
AMPK-deficient HSCs. Although HSCs deficient for either
AMPK or LKBI showed similar phenotypic traits, AMPK
was not required for stem cell maintenance, whereas LKB1
was.

Another study focused on the effect of LKB1-
deletion on chromosome stability. LKBI-deficient HSC
showed an increase in the amount of centrosomes and
aberrant mitotic spindles, resulting in aneuploidy of
offspring cells, a phenotype not found in AMPK deficient
HSCs (62). This was intriguing since it provided a new
perspective on how stem cell physiology and chromosome
stability can be dramatically influenced by energy
metabolism, independently of the most well studied mTOR
and ROS pathways. These phenotypes could be attributed
to either different (perhaps as yet not identified) LKB1
substrates, or by deregulation of pathways that are critically
dependent on the energetic status of the cell.

LKBI inactivation in zebrafish led to a whole-
organism inability to cope with energetic stress but with
only modest deregulation of mTOR signaling (77). In light
of recent findings that HSC-potency is influenced by
glucose levels (27), it would be interesting to investigate
HSC physiology in the context of deregulated metabolism.

4.5. mTOR

The mechanistic target of rapamycin (mTOR), is
a well described integrator of nutrient availability with
cellular growth (78). When nutrient concentrations rise in
the bloodstream, the mTOR complex 1 (mTORC1) and 2
(mTORC2) are activated, resulting in the activation of
translation, cell proliferation and the inhibition of
autophagy and glycogen synthesis. During fasting, when
blood glucose levels decrease, mTORC activity is inhibited
mainly by activation of AMPK and TSC1/2, ensuing to
adaptation to the shortage of nutrients. An excess of
nutrients can lead to chronic activation of mTORC1, which
can result in resistance to insulin signaling due to the over-
activation of a negative feedback loop via S6 kinase 1
(S6K1) (63). Deletion of the negative regulator of mTOR
signaling TSC1 in HSCs resulted in a shift from quiescent
state to rapid cell cycling via an increased expression of
cyclin-dependent kinase inhibitors pl6, pl9 and p21,
combined with increased levels of mitochondrial biogenesis
and ROS production (63). Treatment with ROS antagonists
could restore HSC balance, indicating that the TSC-mTOR
pathway mediated HSC maintenance via the inhibition of
ROS production. However, it could also be that the
detrimental effects of TSC1 deletion occurred due to the
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increased ROS levels, which was rescued with the ROS-
antagonists.

Rapamycin is a drug that as the name implies
targets the mTOR pathway and has been used to investigate
the effects of mTOR inhibition in various models. Adult
mice in which mTOR signaling was genetically increased
displayed similar effects as the TSC1 deletion mentioned
above and treatment of these mice with rapamycin
increased the lifespan of adult mice (79). Most relevantly
for this review, HSC self-renewal and hematopoiesis were
also restored upon rapamycin treatment. Specifically, upon
TSC1 deletion that led to overactivation of mTORCI
signaling in aging HSCs, the upregulation of cyclin-
dependent kinases resulted in exhaustion of the stem cell
pool (79). Positive effects of mTORCI inhibition on stem
cell maintenance in vivo have also been described
elsewhere (2, 80).

The mTOR pathway is also a negative
regulator of autophagy, a process in which the cell is
“digesting” its own materials in order to recycle cellular
products and eliminate damaged organelles and proteins.
Under starvation, autophagy is activated as a survival
mechanism. The effects of rapamycin treatment or TSC
deletion on stem cell fitness could also be linked with the
regulation of autophagy. The mTOR pathway inhibits
autophagy, which could lead to accumulation of aberrantly
folded proteins and damaged organelles resulting in
diminished cellular health. It was shown that autophagy
plays a protective role in stem cells biology under
conditions of starvation. Activation of AMPK led to the
inhibition of mTOR, thereby promoting autophagy
culminating in enhanced survival of the stem cells during
times of starvation (81). .

Caloric restriction in mice resulted in
preservation of the intestinal stem cell pool in vivo through
promoting stem cell renewal, while decreasing
differentiation (28). Interestingly, these effects were
mediated by surrounding Paneth cells and not by the
intestinal stem cells. Caloric restriction led to a decrease in
mTORCI activation in Paneth cells and reactivation of
mTORCI in these cells was sufficient to circumvent the
effects on surrounding intestinal stem cells. This highlights
the importance of the surrounding niche, whether it being
nutrients or cells, on stem cell behavior.

4.6. Reactive oxygen species (ROS)

ROS are a byproduct of cellular metabolism. The
three main sources of ROS are: the mitochondrial electron-
transport chain (ETC), the membrane-bound NADPH
oxidase (NOX) complex and the endoplasmic reticulum
(82). The effects of ROS on the homeostasis of stem cells
have been discussed in a recent review (83) and it is clear
that a shift in the “dogma” that ROS are always harmful for
cellular integrity is emerging, with the notion of
‘pathological’ versus ‘homeostatic’ levels of ROS. High
levels of ROS result in cellular responses like differentiation
and apoptosis (84), which are not favorable for the
maintenance of the stem cell population. It is believed that
stem cells have low intracellular levels of ROS, which is
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accomplished via three different mechanisms. The first is via
the expression of the mitochondrial uncoupling protein 2
(UCP2) and antioxidant enzymes like SOD that actively lower
ROS (69, 70). The second mechanism involves the expression
of transcription factors such as FOXOs and nuclear factor
erythroid-2-related factor 2 (Nrf2) (85) that result in the
transcriptional activation of antioxidant enzymes and finally,
through the expression of redox regulator genes such as
apurinic/apyrimidinic (AP) endonucleasel/redox factor-1
(APE1/Ref-1) (86) and ataxia telangiectasia mutated (ATM)
(87).

The notion of  “homeostatic”  versus
“pathological” ROS is illustrated by results that the
presence of ‘basal’ levels of ROS stimulated HSC
production and efficiency during embryogenesis (27). The
positive effect of glucose on the HSC formation during
embryogenesis was attributed to the ROS that originated
from metabolism of glucose at the mitochondria. This
finding was confirmed by exposing zebrafish embryos to
exogenous ROS (H,0,) and ROS inhibitors (N-
acetylcysteine, Vitamin C). The effects of ROS exposure at
the time of HSC emergence during embryogenesis were
attributed to the stabilization of HIF1a by ROS (27), which
in turn activated pathways involved in cell cycle
progression and metabolism that stimulate HSC formation.
ROS as by-product of cellular metabolism are always
present in living cells. The homeostatic levels are necessary
for correct differentiation for instance, during embryonic
expansion of the stem cell pool, but also for correct
differentiation. However, too high levels of ROS appear
detrimental to self-renewal and to appropriate
differentiation. The cells respond to high ROS levels by
upregulating the expression of genes involved in ROS
elimination.

4.7. Hypoxia inducible factors

Intracellular oxygen levels appear to have a big
impact on stem cells that ranges from switching metabolic
pathways to altering cell proliferation status. The effects
are largely mediated by hypoxia inducible factors (HIFs)
and in particular, HIF1a that is stabilized under hypoxic
conditions. Activation of HIF1a leads to many downstream
processes, which are orchestrated either via direct
interaction of HIF1a with other proteins, or by activation of
proteins that are involved in transcriptional regulation.
Pluripotency of human embryonic stem cells (hESCs) is
enhanced by exposure to hypoxic conditions (30), which
had been shown in other stem cell types (71). Under these
hypoxic conditions, the cells consumed low levels of
oxygen, high levels of glucose and produced high levels of
lactate, typical hallmarks of glycolysis metabolism. HSCs
were also shown to utilize mainly glycolysis to generate
energy (43, 72). Employing glycolysis as the major energy-
producing pathway appears to provide two benefits: (1) it
enables the stem cells to survive under hypoxic conditions,
but also (2) limits the amount of ROS produced by
oxidative phosphorylation thereby safeguarding the
integrity of the stem cell pool. Interestingly, in order for
differentiation to occur, it has been suggested that
proliferative, stem and progenitor cells switch from
glycolysis to a combination of glycolysis and
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Table 1. Summary of key players in stem cell maintenance

and cell cycle progression

Effect on stem cell pool Effect on cell
cycle

FoxOs Deletion of FoxO 1, 3 and 4 led to Induction of cell
depletion of the stem cell pool in NSCs | cycle arrest via
and HSCs (28-30, 76) p278IP p53KIP2
FoxOs have shown to be essential for | and Cyclin G2
maintenance and homeostasis of HSCs | (28, 30)

(39, 40)
FoxOs
negatively
regulated GO exit
in NSCs (3)

Sirtuins | Deletion of SIRT1 resulted in impaired | SIRTI can
self-renewal of HSCs (57) deacetylate p53,
SIRT1 maintained the HSC pool via thereby
suppression of differentiation (57) inhibiting its
Deletion or knockdown of SIRT1 in function (55)
NSCs led to increased differentiation
into astrocytes at the expense of
neurons (58)

Over-expression on the other hand
resulted in increased  neuronal
differentiation (59)

AMPK | Deletion of AMPK resulted in Activation of
abnormal proliferation in HSCs (2) AMPK  resulted
Constitutively active AMPK resulted in cell cycle
in accelerated p53-dependent cellular arrest in  G1/S
senescence in HSCs (68) phase, via
Activation of AMPK by AICAR | phosphorylation
resulted in decreased proliferation and | of p53 (67)
loss of pluripotency markers in ESCs
(63)

LKBI1 Conditional inactivation of LKB1 in
mouse HSCs resulted in increased
HSC division and depletion of the stem
cell pool (62, 75, 76)

LKBI1 deficiency in HSCs resulted in
aneuploidy of offspring cells (62)

mTOR Deletion of TSC1 in HSCs resulted in Deletion of

reduced hematopoiesis and self TSC1 in HSCs
renewal (94) resulted in a shift
Treatment of HSCs with rapamycin from quiescent to
restored HSC self renewal and rapid cell cycling
hematopoiesis (79) state via
Inhibition of mTOR by AMPK increased
activation results in upregulation of expression of
autophagy, which facilitates survival CDK inhibitors
of stem cells during times of starvation | p16, pl9 and p21
(81) (48, 95)
Caloric  restriction  resulted in
decreased mTORC1 activation in
Paneth cells, which promoted stem cell
self renewal and reduced proliferation
into differentiated cells (28)

ROS ‘Normal’ levels of ROS stimulate HSC
production and efficiency during
embryogenesis (27)

HIFs Pluripotency of hESCs is enhanced by | HIFla activation
hypoxic conditions (30) leads to

inhibition of
MYC, resulting
in inhibition of
cell proliferation
%96

oxidative  phosphorylation (88), such as during

differentiation of HSC into myeloid cells (89). The same
have been observed during normal tissue

findings

development in the frog (Xenopus laevis) retina (90).

Furthermore, HIFla stabilization results in
FOXO3a activation that leads among other effects to the
down-regulation of the expression of mitochondrial genes
and the production of ROS-eliminating enzymes. In
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addition to these effects in cellular metabolism, HIFla
activation also leads to inhibition of MYC, which results in
inhibition of cell proliferation, thereby contributing to the
quiescent phenotype of stem cells (39). Another link to the
cell cycle progression, is that HIFla stabilization led to
activation of genes such as p53, p21, Bcl-2 in embryonic
stem cells, thereby decreasing proliferation (73).

Finally, HIFla was shown to interact with the
intracellular domain of the Notch receptor, potentiating the
transcription of Notch target genes that promote an
undifferentiated state of neural stem cells and other
progenitor cells (91). Moreover, HIF1a was also shown to
interact with beta-catenin leading to the down-regulation of
a subset of Wnt-target genes, causing cell growth arrest
(92). However, it must be noted that this conclusion was
made based on experiments using cancer cell lines, so it
needs to be validated in adult tissue stem cells before
conclusions regarding healthy stem cells can be drawn.

Overall, it has become clear that HIFla
orchestrates various cellular processes that maintain the
stem cell population by either regulation of metabolic
pathways or by the inhibition of inappropriate cell
differentiation. The roles of the key players in cell-cycle
progression and stem cell maintenance are summarized in
Table 1.

5. SUMMARY AND PERSPECTIVE

All  stem cells exhibit two essential
characteristics: the ability to self-renew and the ability to
give rise to differentiated cells, a characteristic called
potency. It has been recognized that the balance between
these two fates of stem cells is intricately regulated and
even slight disturbances in this equilibrium can have
catastrophic consequences for the organism. Emerging
evidence suggests that certain stem cells display metabolic
properties that are distinct from their surrounding cells. For
instance, stem cells, particularly those residing in hypoxic
niches, utilize mainly anaerobic glycolysis and thrive in
hypoxic environments. This may be an adaptation to the
specific microenvironment where stem cells reside, but it
also has important implications for the homeostasis of stem
cells, such as to protect the stem cells from potentially
harmful situations like low oxygen and nutrient levels and
increased ROS levels. The employment of glycolysis as the
main energy production pathway by stem cells located in a
hypoxic niche, serves to minimize harmful ROS production
and ensures DNA integrity. In addition, HIFa orchestrates
many other cascades to ensure cellular quiescence. For
appropriate differentiation to occur on the other hand, it is
suggested that stem cells need to switch to cellular
respiration, which results in higher levels of ROS as a by-
product. These ROS assume a signaling role inducing other
cell intrinsic pathways that stimulate appropriate
differentiation.

At the molecular level, since the balance between
self-renewal and potency of stem cells is so delicate,
several genes and signaling cascades are implicated in its
regulation. Energy sensing pathways perform signaling
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roles and major signaling pathways impinge on metabolism
regulation. Furthermore, there are extensive interactions
and complex feedback loops between energy-sensing
signaling pathways. Namely, the concerted activity of
AMPK and SIRT1 regulate the stability of HIFla, HIFla
stabilization activates FOXO3 that evokes ROS elimination
processes. HIF1a activates glycolysis that minimizes ROS
production as discussed above and HIFla promotes stem
cell quiescence via interactions with the Notch and Wnt
signaling cascades. These interactions and crosstalk result
under normal healthy circumstances in a sufficiently
replenished stem cell pool and accurate differentiation to
downstream lineages. While it is appreciated that stem cells
exhibit distinct metabolic properties than differentiated
progeny, these are not as yet fully characterized. It is a
challenge for the future of regenerative medicine to harness
the unique metabolic properties of stem cells with a view to
ultimately selectively direct the system to self-renew or
differentiate by manipulating (also) their metabolic state.
Another challenge for future research is the clarification of
the impact of organismal metabolism on stem cell fate
choices. Most of the energy-responsive signaling pathways
described above are implicated in modulating whole-
organism metabolism, which in turn can influence stem
cell homeostasis via cell autonomous and non-cell
autonomous mechanisms.

The metabolic state of a whole organism can
be modified not only by food consumption but also from
intrinsic signals such as circulating hormones and is
likewise affected by metabolic disorders. In this field of
research, the zebrafish can prove a valuable model
system. For instance, the possibility to assess the effects
of glucose, or compounds on whole-organism
metabolism including stem cell physiology has already
offered insights into regulation of stem cell behavior by
environmental factors (13, 27). An additional layer of
complexity is the realization that the downstream
effectors of the metabolic signaling pathways impinge
on regulation of the cell-cycle to exert their effects.
Recently, studies using zebrafish genetic models and
employing cell-cycle genetic indicators have unraveled
the plasticity of differentiated tissues in response to
nutrients (93). An integrated analysis of the molecular
mechanisms that link the systemic metabolism with cell-
cycle regulation and stem cell fate is required for further
advancements in regenerative medicine.
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