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Abstract

Although the stem cells of various tissues remain in the quiescent state to maintain their
undifferentiated state, they also undergo cell divisions as required, and if necessary, even a single
stem cell is able to provide for lifelong tissue homeostasis. Stem cell populations are precisely
controlled by the balance between their symmetric and asymmetric divisions, with their division
patterns determined by whether the daughter cells involved retain their self-renewal capacities.
Recent studies have reported that metabolic pathways and the distribution of mitochondria are
regulators of the division balance of stem cells and that metabolic defects can shift division
balance toward symmetric commitment, which leads to stem cell exhaustion. It has also been
observed that in asymmetric division, old mitochondria, which are central metabolic organelles,
are segregated to the daughter cell fated to cell differentiation, whereas in symmetric division,
young and old mitochondria are equally distributed between both daughter cells. Thus, metabolism
and mitochondrial biology play important roles in stem cell fate decisions. As these decisions
directly affect tissue homeostasis, understanding their regulatory mechanisms in the context of
cellular metabolism is critical.
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INTRODUCTION

Stem cells are both multipotent and self-renewing, and the critical roles they play in
development and tissue homeostasis have been highlighted in several recent studies (Ito &
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Suda 2014, McCulloch & Till 1960, Morrison et al. 1997, Ramalho-Santos & Willenbring
2007, Shyh-Chang et al. 2013a, Weissman et al. 2001). These unique capacities also offer
opportunities for the development of novel stem cell-based therapies (Daley et al. 2003). For
instance, hematopoietic stem cell (HSC) transplantation has been one of the most important
therapeutic strategies for hematological disorders such as leukemia and aplastic anemia, as
well as a number of immune disorders (Appelbaum 2007, Copelan 2006). Accumulating
studies have shown that a single murine HSC has the high repopulating capacity required to
achieve recovery from myeloablative irradiation injury and reconstitute and maintain long-
term hematopoiesis in recipient mice (Benveniste et al. 2003, Dykstra et al. 2007, Ema et al.
2000, Kiel et al. 2005, Osawa et al. 1996, Wagers et al. 2002, Yamamoto et al. 2013).

Once tissue or hematopoietic recovery is complete after irradiation, it is believed that stem
cells return to dormancy, or a quiescent state, as stem cell populations are precisely
controlled within certain limits in vivo. This suspension of the cell cycle is thought to make
a critical contribution to the maintenance of stem cells’ self-renewal capacity and
multipotency, as deletion of the genes involved in quiescence often leads to stem cell
exhaustion due to uncontrolled proliferation (Cheng et al. 2000, Ito et al. 2012, Pietras et al.
2011, Trumpp et al. 2010, Wilson et al. 2008). Stress factors (e.g., infection or polyinosinic-
polycytidylic acid, thrombopoietin, granulocyte-colony-stimulating factor, or chronic blood
loss) also induce HSC cycling (Essers et al. 2009, Trumpp et al. 2010, Walter et al. 2015).
This entry into the cell cycle is associated with DNA replication, upregulated energy
production via oxidative phosphorylation (OXPHOS), and elevated levels of intracellular
reactive oxygen species (ROS). As quiescent stem cells are generally sensitive to increased
intracellular ROS, the DNA damage that accumulates with repeated cell divisions leads to
reduced self-renewal capacity and, ultimately, stem cell exhaustion (Ito & Suda 2014; Ito et
al. 2004, 2006; Maryanovich & Gross 2013; Miyamoto et al. 2007; Rossi et al. 2008; Shyh-
Chang et al. 2013a). The hypoxic condition and the HIF (hypoxia-inducible factor) system
are important for maintenance of the self-renewal capacity of stem cells (Panchision 2009,
Suda et al. 2011), and cell-intrinsic networks integrate and cooperate with cumulative
signals from the microenvironment to fine-tune their self-renewal capacity and maintain
whole-tissue balance (Frenette et al. 2013, Morrison & Scadden 2014, Scadden 2006, Watt
& Hogan 2000, Zon 2008).

Differing theories of the contributions of stem cells to unperturbed homeostasis and tissue
recovery have been considered. The experimental approach of native nontransplant
hematopoiesis, for instance, proposed that steady-state blood production could be provided
mainly by long-lived progenitors, rather than by classically defined HSCs, during most of
adulthood, although long-term HSCs could still be essential to hematopoiesis under stress
conditions (Busch et al. 2015, Sun et al. 2014). In this review, we discuss stem cell
maintenance and tissue homeostasis in the context of new research into stem cell

metabolism and division balance. The specific capabilities of stem cells are the last resort for
tissue recovery and maintenance and are used only in emergent situations; thus, in the steady
state, stem cells can be seen as a reservoir for whole tissue. Therefore, cell divisions are the
essential process whereby stem cells exhibit their restorative capacity, and in particular, the
initial division of stem cells is an important determinant of either self-renewal or
differentiation.
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METABOLISM IN STEM CELLS

The importance of the hypoxic condition to stem cell maintenance has been shown for
mesenchymal stem cells (MSCs) and neural stem cells, as well as for stem cells of various
other tissues. In mammalian HSCs, the hypoxic niche is essential for maintaining HSCs
through sustaining a quiescent state (Mohyeldin et al. 2010, Shyh-Chang et al. 2013a, Simon
& Keith 2008, Suda et al. 2011) (Table 1). In the hypoxic state, the cellular metabolism of
stem cells is reliant mainly on anaerobic glycolysis for energy production (Suda et al. 2011)
(Figure 1). HIF-1a is a transcriptional factor that is highly expressed in stem cells under
hypoxic conditions. Conditional deletion of H/fZain HSCs leads to cell cycle entry, which
results in a decreased number of HSCs available for high-stress conditions and in a
consequent reduction in long-term reconstitution capacity after transplantation (Suda et al.
2011, Takubo et al. 2010). Stem cells and tissue progenitor cells have distinct metabolic
profiles, yet high levels of pyruvate have been found in both types. These evidences suggest
that the high levels of HIF-1a induced by the hypoxic state inhibit pyruvate dehydrogenase
through activation of pyruvate dehydrogenase kinase (Takubo et al. 2013).

Embryonic stem cells (ES cells) exhibit high proliferative activity, whereas many tissue stem
cells such as HSCs are normally quiescent. However, the metabolic pathways of ES cells are
similar to those of HSCs and exhibit increased glycolysis, although glycolysis is inhibited in
the totipotent stem cells of the preblastocyst stage (Barbehenn et al. 1978, Shyh-Chang et al.
2013a). In ES cells, OXPHOS is low, and ATP synthesis is more dependent on glycolysis
(Shyh-Chang et al. 2013b) (Table 1). Additionally, carnitine palmitoyltransferase plays a key
role in ATP synthesis, in resistance to nutrient deprivation, and in survival under conditions
of metabolic stress in ES cells (Zaugg et al. 2011).

Signaling by phosphoinositide 3-kinase (PI3K)/AKT (also known as protein kinase B)
induces the cell cycle in HSCs through activation of mammalian target of rapamycin
(mTOR) and ROS production by repressing the FOXO-mediated stress response.
Intriguingly, mTOR also promotes glycolysis through HIF-1a activation (Miyamoto et al.
2007, Tothova et al. 2007, Yamazaki et al. 2006). LKBL1 (also known as STK11), acting
upstream of AMP-activated protein kinase (AMPK) and mTOR pathways, also plays crucial
roles in regulating stem cell function (Gan et al. 2010, Gurumurthy et al. 2010, Nakada et al.
2010) (Figure 1 and Table 1).

Lipid metabolism includes fatty acid synthesis and fatty acid oxidation (FAO). p-Oxidation
is the catabolic process that generates acetyl-CoA through the breakdown of fatty acid
molecules in the mitochondrial matrix (Figure 1). The highest levels ever observed of
peroxisome proliferator—activated receptor-& (PPAR-6) and its signaling output, as well as
of FAO, have been found in HSCs, although these levels are reduced during cell
differentiation. Conditional deletion of Ppardin HSCs impairs repopulation capacity after in
vivo transplantation. These results demonstrate that promyelocytic leukemia (PML)-PPAR
signaling for FAO is essential for maintaining a viable population of self-renewing HSCs
(Ito et al. 2012).
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Both glycolysis and lipid metabolism are required for stemness. However, the questions
remain as to whether a relationship exists between glycolysis and lipid metabolism and, if
so, how these two metabolic pathways are successfully balanced in stem cells.

DIVISION PATTERN IS CONTROLLED BY METABOLIC REGULATORS

As the fate decisions of stem cells directly impact tissue homeostasis, identifying the
regulatory mechanisms of division balance is critical to understanding stem cell
maintenance. A number of cell-extrinsic signals (e.g., tissue microenvironment, intracellular
ROS, and cytokines) as well as cell-intrinsic factors (e.g., epigenetic machineries, Polycomb
group proteins, Hox genes, transcription factors, and DNA damage response) regulate the
self-renewal capacity of stem cells. Recent studies have also revealed potential associations
between cellular metabolism and division patterns in light of these factors.

The three possible division options of stem cells are as follows: asymmetric division (AD),
which yields one stem cell and one differentiated daughter cell (stem cell maintenance);
symmetric commitment (SC), which yields two differentiated daughter cells (stem cell
exhaustion); and symmetric division (SD), which yields two daughter cells maintaining stem
cell properties (stem cell expansion) (Figure 2a). The assessment of paired daughter cells
through assay has proved to be a powerful tool for evaluating the cell fate of daughter cells,
and the eventual division pattern of HSCs can be determined by the in vitro differentiation
potential or by the in vivo repopulation capacity of their daughter cells (Ito et al. 2012, Kato
et al. 2005, Suda et al. 1984, Yamamoto et al. 2013). The modulation of stem cell
metabolism alters the proportions of division balance to increased SC (differentiation) and
decreased AD, leading to stem cell exhaustion. Recent studies have provided evidence that
PPAR-§ is essential to HSCs and that deletion of Ppard or Pml, and the subsequent
inhibition of FAQ, results in the SC of HSC daughter cells, whereas PPAR-8 activation
restores asymmetric cell division (Ito et al. 2012) (Table 1). These findings revealed the key
pathway inducing stem cell exhaustion (at least in the hematopoietic system). As shifting the
division balance of cancer stem cells (or cancer-initiating cells) toward commitment (Ito et
al. 2010, Kharas et al. 2010, Morrison & Kimble 2006) is a promising therapeutic strategy
against cancer or leukemia, these findings are of high clinical importance and could lead to
the development of new approaches to eradicating cancer stem cells by pharmacological
targeting of cellular metabolism.

Although intestinal stem cells undergo symmetric stem cell divisions (Carulli et al. 2014,
Lopez-Garcia et al. 2010, Snippert et al. 2010), these divisions are precisely controlled
within certain limits and contribute to tissue homeostasis, which is further discussed in the
next section. In contrast, previous analyses have reported that division patterns in
hematopoietic stem and progenitor cells are closely controlled by the balance between SC
and AD and that SD is rarely found in the initial division of currently available HSC-
enriched fractions (Ito et al. 2012, Yamamoto et al. 2013). The link between cellular
metabolism and stem cell expansion during development or after injury will therefore be an
important focus of future stem cell research.
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AD has also been observed in nontissue stem cells. For instance, during T cell differentiation
and in plasma cells, fate determinants and cellular components such as proteins and
organelles are unequally divided between daughter cells, thus enabling them to adopt distinct
fates, with contributing pathways including metabolic regulators such as AMPK, SRC (spare
respiratory capacity), OXPHQOS, and/or nutrient-sensitive PI3K/AKT/mTOR (Arsenio et al.
2015, Chang et al. 2014, Lin et al. 2015). These pathways play a role in the function of
many tissue stem cells; however, their contribution to stem cell division balance remains
unclear.

MITOCHONDRIAL CONTROL OF DIVISION BALANCE IN STEM CELLS

Mitochondria are well-defined cytoplasmic organelles that take part in a variety of cellular
metabolic functions, including energy production and biosynthesis of macromolecules (e.g.,
lipids, heme, and iron-sulfur clusters, amino acids, and nucleotides). Thus, mitochondria are
central to diverse biological outcomes such as proliferation, differentiation, and adaptation to
stress (Ahn & Metallo 2015, Chandel 2015, Pagliarini & Rutter 2013). Increasing evidence
has shown that many types of stem cells rely heavily on anaerobic glycolysis rather than on
mitochondrial OXPHQOS and that the shift of metabolic process is a sign of cellular
differentiation. For instance, HSCs and hematopoietic progenitors have distinct metabolic
profiles. The HSC differentiation to progenitor cells corresponds to a critical metabolic
change from glycolysis to OXPHOS (Mohrin et al. 2015, Piccoli et al. 2013, Takubo et al.
2013, Yu et al. 2013). Thus, mitochondria act as key regulators in stem cells, and stem cells
adapt their mitochondrial bioenergetic metabolism and redox signaling to survive in the
hypoxic niche and to control the balance between quiescence and differentiation.

SD is observed in intestinal stem cells (Carulli et al. 2014, Lopez-Garcia et al. 2010,
Snippert et al. 2010), although many lines of evidence have also demonstrated AD of stem
cells in various tissues, including blood, skin, muscle, the gut, and the mammary gland
(Beckmann et al. 2007, Cicalese et al. 2009, Ito et al. 2012, Lechler & Fuchs 2005, Quyn et
al. 2010, Shinin et al. 2006, Suda et al. 1984, Wu et al. 2007). Other recent studies have
proposed an additional differentiation model in which HSCs can directly differentiate into
lineage-restricted progenitors while bypassing the multipotent progenitor stage when mature
cells must be rapidly replenished (e.g., respond to ablation stress) (Yamamoto et al. 2013).
These findings suggest another possibility in which, as is usually the case with other cell
types, first stem cells divide symmetrically, and then one of the daughter cells stochastically
loses its stemness (for instance, through the availability of niche positions or interaction with
cytokines), which yields two daughter cells with distinct fates: one stem cell and one
differentiated cell (Figure 3a).

In contrast, a recent study of asymmetric stem cell division used the novel technique of
separate labeling with two different-colored fluorophores, newly produced mitochondria
(green fluorophores) and old mitochondria (red fluorophores), in mammary stem-like cells
to demonstrate that the differential portioning of old mitochondria between daughter cells
determines their cell fate after division. This study showed that the daughter cell receiving
fewer old mitochondria maintained stem cell traits, whereas the daughter cell containing
more old mitochondria lost its self-renewal capacity and was fated to cell differentiation
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(Katajisto et al. 2015). In the case of SD, old and young mitochondria are equally segregated
into two daughter cells, although their metabolic processes may differ from those of the
mother cell. It will be an interesting task to understand how these cells and their
mitochondria maintain the same function as mother cells (Figure 3b). Collectively, as
mitochondria are essential subcellular components in the metabolic process, understanding
their roles in division patterns and the subsequent cell fates of stem cells is critical.

CONCLUSIONS AND PERSPECTIVES

Recent assessments of the roles of the PI3K and PPAR signaling pathways have shown the
critical roles played by metabolic processes in the division patterns of stem cells and the
relative proportions of AD and SC. There is now clear evidence that the modulation of lipid
metabolism shifts division balance toward stem cell differentiation, which leads to stem cell
exhaustion (Ito & Ito 2013, Ito et al. 2012). It will be interesting to explore whether division
balance is affected by alteration of other metabolic pathways (e.g., glycolysis, glutamine
metabolism, and OXPHOS) in stem cells.

Due to heterogeneity within the available stem cell fraction, assessing the behavior and
division patterns of individual stem cells is difficult. The establishment of assay systems in
which stem cell markers are associated with particular functions (e.g., multipotency of
neural stem cells, repopulation capacity of HSCs) will enable researchers to prospectively
track the division patterns of stem cells. This development will be a breakthrough in
identifying the key regulatory machineries of stem cell fate decision and will significantly
improve our understanding of the fundamental properties of stem cells.

Furthermore, the assessment of stem cell maintenance by AD and the detailed analysis of
stem cell expansion via symmetric self-renewing division (a form of SD) hold great promise
for clinical applications. Although intestinal stem cells have been shown to undergo SD to
yield two stem cells after tissue damage, symmetric self-renewing division, which produces
two functional long-term HSCs, is believed to be extremely rare (Ema et al. 2000, Ito et al.
2012, Yamamoto et al. 2013). This observation leads to many open questions. Why are SDs
rare in HSCs? How do metabolic pathways contribute to division balance? The metabolic
comparison between SD and AD will be of especially high interest because it is directly
linked to therapeutic applications for transplantation cases in which stem cell expansion ex
vivo is required with a limited number of donor cells. Better understanding of the molecular
mechanisms and cross-links behind all three division options, i.e., stem cell exhaustion by
SC, stem cell maintenance by AD, and stem cell expansion by SD, will enable the
manipulation of the cell fate of stem cells. This stem cell fate control will be a central theme
of ongoing research, as it illuminates the key metabolic requirements of cancer stem cells,
and these metabolic requirements hold great promise for therapeutic applications in the
clinic.
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Figurel.
Stem cell metabolism. Stem cells in various tissues rely on glycolysis, and HIF-1a promotes

glycolysis, which prevents pyruvate oxidation by suppressing the PDH complex. The PI3K-
AKT pathway promotes ROS production by repressing FOXO. LKB1/AMPK regulates stem
cell function. Fatty acid synthase, the main biosynthetic enzyme, performs the condensation
of Ac-CoA and malonyl-CoA to produce the saturated fatty acid palmitate and other long-
chain fatty acids. The PML-PPAR pathway promotes fatty acid oxidation through positively
regulating the activity of CPT-1, which is the rate-limiting enzyme for fatty acid oxidation.
The PML-PPAR pathway for fatty acid oxidation is required for hematopoietic stem cell
self-renewal by controlling the fate decision. Abbreviations: Ac-CoA, acetyl-coenzyme A,
Acyl-CoA, acyl-coenzyme A; AMPK, AMP-activated protein kinase; CPT, carnitine-C-
palmitoyltransferase; FOXO, forkhead box O; HIF-1a, hypoxia-inducible factor 1a; LKB1,
liver kinase B1; PDH, pyruvate dehydrogenase; PML, promyelocytic leukemia; PPAR-§,
peroxisome proliferator—activated receptor &; ROS, reactive oxygen species.
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Symmetric division
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The metabolic pathway regulates the division pattern of stem cells. (&) Division patterns of
stem cells. A stem cell divides to provide one stem cell and one committed cell (asymmetric
division: stem cell maintenance), two committed cells (symmetric commitment: stem cell
exhaustion), or two stem cells (symmetric division: stem cell expansion). () The critical
roles of the PML-PPAR-6—-FAQO pathway in proper regulation of stem cell fate. Functional
loss along this pathway reduces self-renewal of stem cells and triggers excessive
commitment of stem cells, resulting in stem cell exhaustion. Abbreviations: FAO, fatty acid
oxidation; PML, promyelocytic leukemia; PPAR-8; peroxisome proliferator—activated

receptor 6.
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Figure 3.
Asymmetric stem cell division by unequal apportionment of older mitochondria. (&) A

possible model for producing two distinct daughter cells. (@) A stem cell first produces two
stem cells through symmetric division. (@) After that, one of these daughter cells loses its
stem cell properties. (@) Similar to asymmetric division, two daughter cells with distinct
fates, one stem cell and one differentiated cell, are produced after this stem cell division. (6)
Asymmetric distribution of old and young mitochondria influences the cell fate of the
daughter cells of a stem cell. In some mammary stem-like-cell divisions, mitochondria are
split unevenly between the two daughters, and old mitochondria are apportioned primarily to
the tissue-progenitor daughter, whereas newly synthesized mitochondria are apportioned to
the stem cell-like daughter.
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Table 1

Metabolic pathways in stem and progenitor cells

Stem/progenitor cell

Surrounding environment

Key regulators

Metabolic pathway

Mesenchymal stem cell | Hypoxia Glycolysis
Chondroblast Hypoxia Hif-1la Glycolysis
Osteoblast Not available OXPHOS
Neural stem cell Hypoxia Foxo3 Low glycolysis
Neural progenitor Normoxia Acetyl-CoA transferase Fatty acid synthesis
Hif-1la Glycolysis
mTOR Mitochondrial metabolism, ROS
Hematopoietic stem cell | Hypoxia Pml-Pparé Fatty acid oxidation
Foxo Glycolysis, ROS
Lkbl Mitochondrial biogenesis

Embryonic stem cell

Not applicable

Pentose phosphate pathway

Glycolysis, low OXPHOS
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