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Abstract
Hematopoietic stem cells (HSCs) are considered to originate from the aorta-gonad-mesonephros, migrate into fetal liver for a rapid
expansion, and eventually reside into a unique hypoxic bone marrow niche, where they maintain their homeostasis throughout their
life span. HSCs have been widely used for the treatment of many begin or malignant hematopoietic disorders. However, the
unavailability of sufficient amount of HSCs still impedes their applications in the clinic. It is urgent to understand howHSC stemness or
cell fates are determined at different developmental stages. Although many intrinsic and extrinsic factors (niche components) have
been identified in the regulation of HSC origination, expansion, migration, and localization, the underlying mechanisms remain largely
unknown. In this article, we summarize current views on themetabolic profiles of HSCs and related regulatory networks, which shows
that intrinsic metabolic regulation may be critical for the cell fate determinations of HSCs: HSCs utilize glycolysis as their major energy
sources; mitochondrial respiration is also required for the homeostasis of HSCs; amino acids, lipids, or other nutrient metabolisms
also have unique roles in sustaining HSC activities. Mechanistically, many important regulatory pathways, such as MEIS1/HIF1A,
MYC, PPM1K/CDC20, and ROS signals, are identified to fine-tune the nutrient metabolisms and cell fate commitments in HSCs.
Nevertheless, more effort is required for the optimization or establishment of sensitive and specific metabolic techniques/systems for
the metabolism studies in HSCs with limited cell numbers and exploring the metabolic profiles and fundamental regulatory
mechanisms of different types of nutrients at each developmental stage of HSCs.
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1. INTRODUCTION

Hematopoietic stem cells (HSCs) can self-renew and give rise to
all the downstream hematopoietic progenitors and mature blood
cells. HSCs have been reported to be used for the treatment of
many types of benign and malignant hematopoietic disorders,
including lymphoma, leukemia, aplastic anemia, and immune
diseases. However, the difficulties in the limited availability of
HSCs and major histocompatibility complex (MHC) matching
impede the application of HSCs in the clinic for many
hematopoietic disorders. Therefore, unraveling the intrinsic
and extrinsic regulators that contribute to HSC stemness can
lead to the development of new strategies in obtaining alternative
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HSC sources or MHCmatching to overcome current bottlenecks
in clinical applications.
HSCs originate from the aorta-gonad-mesonephros (AGM)

region, migrate into the fetal liver for a rapid expansion, and then
reside in a unique hypoxic bone marrow microenvironment
(niche).1–3 At different developmental stages, many intrinsic and
extrinsic factors fine-tune the origination, proliferation, homeo-
stasis, aging, and malignant transformation of HSCs.4,5 Intrinsic
metabolic regulators are reported to be key players in the
regulation of HSC stemness. For example, several lines of
evidence have shown that HSCs mainly utilize glycolysis as the
energy source.6,7 Nevertheless, how the metabolism of different
nutrients controls HSC activities at different developmental
stages remains largely unknown.
2. HSCS RESIDE IN HYPOXIC BONE MARROW
NICHES

HSCs have been found to be able to tightly communicate with
their unique niches to maintain their activities throughout their
life span. The HSC niche was first proposed to be important for
normal hematopoiesis in the bone marrow by Schofield in 1978.8

Increasing evidence shows that HSC niches have unique physical
and functional structures and contain many different supporting
cells, including endothelial cells, stromal cells (mesenchymal stem
cells), osteoblasts, adipocytes, sympathetic nerve cells, and
several types of hematopoietic cells (megakaryocytes). All of
these niches may produce various growth factors, cytokines, or
extracellular matrix components to sustain HSC homeostasis.
www.blood-science.org
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Recently, fetal liver HSC niches have also been identified in the
region near portal vessels, which is mainly composed of
Nestin+NG2+ pericyte cells.9 Although the endosteal niche,
which contains osteoblasts, was initially reported as the niche of
quiescent HSCs,10 recent studies show that early lymphoid
progenitors mainly reside in the endosteal niche, while HSCs
prefer the perivascular niche close to the sinusoid or arteriole,
which is constituted by endothelial cells.11 However, several hints
also indicate that the endosteal niche and perivascular niche are
well connected and orchestrate a functional dynamic niche
network. Interestingly, studies have also shown that both
quiescent HSCs and proliferating HSCs may localize to the
perivascular niche, further indicating that the perivascular niche
may be the main niche for HSCs in the bone marrow. Moreover,
many other types of niches orchestrated by different niche cells
(such as mesenchymal stem cells, megakaryocytes, and adipo-
cytes) have been identified as critical for the maintenance of HSC
stemness in recent years.12–15

It has been suggested that the unique anatomic structure and
high rate of total oxygen consumption of hematopoietic cells in
the bone marrow eventually contribute to the shaping of hypoxic
niches with much lower oxygen tension than that of other
tissues.16 The average oxygen saturation in the bone marrow is
∼87.5%, and the pO2 is ∼55 mmHg.17 Consistent with this
finding, previous findings show that most quiescent HSCs are
sustained in regions with a relatively slow blood flow, and a
hypoxia indicator, pimonidazole (a hypoxic marker), can mark
HSCs in a hypoxic region.18 Low levels of oxygen tension (1%–

3%) may enhance HSC expansion in vitro or their engraftment in
vivo and promote their differentiation to downstream progen-
itors and mature hematopoietic cells.19,20 The hypoxic niche may
afford a very narrow range of oxygen tension to sustain HSC
stemness since maintaining a specific level (not too low or too
high) of hypoxia-inducible factor 1 alpha (Hif-1a) is critical for
HSC activities.21 Moreover, many niche components derived
from niche cells, including endothelial cells, Nestin+ MSCs, and
osteoblasts, may exert metabolic effects to support HSC stemness
in the bone marrow. For example, studies from Miharada et al
report that HSCs highly express surface receptor GPR78 to
sustain a relatively high level of glycolysis but low mitochondrial
potential. Inhibition of the expression of GPR78 in HSCs leads to
a marked migration out of the bone marrow niche.22 Neverthe-
less, the location of the hypoxic niche in the bone marrow
remains controversial since studies also revealed that the
perivascular niche may be more hypoxic than the endosteal
niche.23 Current studies also indicate that HSCs may be able to
tolerate hypoxia with a relatively low oxygen tension by
remodeling the regulation of intrinsic metabolic pathways. More
efforts are required to unravel the underlying mechanisms related
to the metabolic regulations in HSCs in hypoxic niches.
3. METABOLIC FEATURES OF HSCS IN HYPOXIC
NICHES

Most normal cells prefer to utilize mitochondrial respiration as
the major source of energy under aerobic conditions, which
produces approximately 18-fold more ATP than that derived
from glycolysis in anaerobic conditions. Under hypoxic con-
ditions, the ATP level is mainly maintained by the glycolytic
process, where only 2mol ATP is produced from 1mol glucose
and the intermediate metabolite pyruvate can be converted into
lactate to supply the NAD+ level needed for glycolysis. The
glycolytic rate is tightly controlled by the expression levels and
www.blood-science.org
activities of several rate-limiting enzymes, such as hexokinase and
pyruvate kinase M2. Although hypoxic conditions result in an
increase in the energy generated from glycolysis, this is less
consequential than the fact that most normal cells tend to reduce
energy demands in these stress situations. This phenomenon
suggests that it is critical to shut down unnecessary processes to
decrease energy consumption, which is also defined as “turning
off the pilot light.”24,25 Interestingly, HSCs becomemetabolically
quiescent to maintain their activities under “pilot light”
conditions and are content with the limited energy supplementa-
tion from glycolysis. This observation is also consistent with the
fact that HSCs are mainly in a quiescent state in a hypoxic bone
marrow niche.25

Oxidative phosphorylation or mitochondrial respiration is
reported to generate most reactive oxygen species (ROS), which
are mainly derived from electron leakage and can further convert
oxygen into superoxide anions. Superoxide anions serve as the
precursors of many other oxygen radicals, including nitrogen
peroxide and hydroxyl radicals. ROS levels are known to be
tightly associated with many degenerative disorders or aging in
many tissues or organs, such as in the hematopoietic system
(especially in HSCs). HSCs usually have relatively low levels of
ROS to sustain their self-renewal capacities and quiescent
status.26 Increasing evidence suggests that high levels of glycolysis
in HSCs may avoid stress not only from low oxygen tension but
also from ROS-mediated oxidative stress from mitochondrial
respiration.
Due to the limited availability of HSCs, it is very difficult to

analyze the metabolic status of HSCs by using conventional
techniques. HSC metabolic characteristics still remain largely
unknown, although accumulated studies indicate that HSCs
mainly rely on glycolysis for their energy source. For example,
HSCs usually have a much lower mitochondrial membrane
potential, as displayed by low rhodamine-123 staining, but give
rise to more primitive colonies compared to their counterparts27;
a mathematics model indicates that HSCs mainly reside in
hypoxic niches3; more pimonidazole can be incorporated in
HSCs1,6,21; high Hif-1a levels are stably expressed in HSCs6,21;
and treatment with tirapazamine (a hypoxic toxic regent) leads to
a notable reduction in total HSC numbers.1 Proteomics data have
also revealed that the HSC-enriched Lin�sca-1+c-Kit+ (LSK) cell
population prefers to adopt glycolysis rather than mitochondrial
respiration as their main energy source. In contrast, more
differentiated hematopoietic progenitor or mature cells have a
much higher level of oxidative phosphorylation than LSK cells.
Consistent with these observations, the proteomics analysis28

also demonstrated that more pathways related to glycolysis are
involved in the HSC population compared to differentiated cells.
Our studies have also revealed that myeloid ecotropic viral
integration site 1 (Meis1) can sufficiently transactivate Hif-1a to
precisely regulate glycolysis in both murine bone marrow HSCs
and human-mobilized peripheral blood HSCs,6,7,29 which
indicates that the observed metabolic signatures may not be a
consequence resulting of the hypoxic niches but tightly
orchestrated by intrinsic regulatory networks.
4. OXIDATIVE PHOSPHORYLATION AND HSC
STEMNESS

Early studies show that glycolysis may serve as the major
metabolic mechanism of HSCs. Recent evidence reveals that a
certain amount of mitochondria still exists in HSCs, indicating
that HSC activities may also rely on oxidative phosphorylation at
13
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different developmental stages. For example, studies from
Manesia et al demonstrate that fetal liver HSCs have increased
levels of oxidative phosphorylation, which may be different from
that of adult HSCs.30 It is conceivable that the metabolic states
may be very dynamic when quiescent HSCs exit from the G0
stage and initiate self-renewal and expansion since more energy
and macromolecular materials are required for cell division.
Many of the macromolecules are the intermediate metabolites
derived from the TCA cycle, suggesting that oxidative phos-
phorylation may contribute to the normal cell fate commitments
of HSCs. Previous studies indicate that many mitochondria in
HSCs may be inactive and only act as an energy reserve under
some stress situations; nevertheless, a recent report also shows
that adult HSCs contain very high levels of mitochondrial mass
and enhanced dye-efflux abilities yet possess limited respiratory
and turnover capacities.31 Further evidence from other groups
also suggests that oxidative phosphorylation is important for
HSC stemness.32 Although glycolysis may quickly produce ATP
to fuel many biomacromolecule synthesis processes, an enhanced
cell proliferation also heavily depends on the different types of
intermediate metabolites from oxidative phosphorylation.
Oxidative phosphorylation is regulated by many signaling

pathways to sustain HSC activities, such as the LKB1- and PGC-
1-mediated pathways.33 LKB1 deletion results in the loss of
quiescence and a decrease in mitochondrial mass in HSCs, which
is similar to the phenotypes exhibited in Hif-1a-null HSCs. PGC-
1a is able to markedly enhance the expression of several
antioxidants for ROS detoxication. Guanine nucleotide exchange
factor binding protein 5 sustains the mitochondrial potential and
quiescent status of HSCs.34Mitochondrial malfunction is usually
accompanied by an increased level of ROS, which further impairs
HSC activities. Moreover, mutations in key enzymes in oxidative
phosphorylation can cause malignant transformation of HSCs.
For example, mutations in IDH1 and IDH2 result in the
generation of the onco-metabolite 2-hydroxyglutarate, which
further contributes to the development of acute myeloid leukemia
(AML).35 Wild-type IDH1 and IDH2 localize to the cytoplasm
and mitochondria, respectively, and convert isocitric acid into
a-ketoglutaric acid. However, mutants of IDH1 and IDH2
catalyze isocitric acid into 2-hydroxyglutarate. a-Ketoglutaric
acid is a key cofactor of many oxygenases, for example, TET2.
TET2 converts 5mC into 5hmC to initiate DNA demethylation in
an a-ketoglutaric acid-dependent manner.36 IDH1/2 mutants
cause the loss of function of TET2 and enhance the abnormal self-
renewal of HSCs, which gradually results in the development of
myelodysplastic syndrome (MDS) or AML. Nevertheless, it
remains unclear whether HSCs with mitochondrial malfunction
also have abnormal glycolytic levels and how mitochondrial
respiration and glycolysis are connected under either physiologi-
cal or pathological conditions. More efforts are required to
delineate the roles of mitochondrial respiration in the cell fate
commitments of HSCs.
ROS are mainly generated from oxidative phosphorylation,

and a certain level of ROS is required to determine the cell fate of
various cell types under physiological conditions. Abnormally
increased ROS levels may cause an imbalance in redox and
oxidative stress, which further causes the oxidation of lipids,
nucleic acids, proteins and carbohydrates, cell apoptosis, aging,
and malignant transformation of many cell types, such as HSCs.
ROS mainly contain superoxide, hydrogen peroxide, and oxygen
radicals. Superoxide is generated via the interaction between free
oxygen and uncoupled electrons released from the electron
transfer chain (also termed electron leakage), which can be
14
subsequently catalyzed into hydrogen peroxide by superoxide
dismutase, followed by conversion into hydroxyl radicals or
hydrogen oxides by glutathione, catalase, and peroxidase.
Exposure to high levels of ROS may cause loss of stemness or

cell death in HSCs. For example, when HSCs are separated into
DCFDAhigh and DCFDAlow cell populations on the basis of
DCFDA (a ROS indictor) staining and transplanted into recipient
mice, DCFDAlow cells contributed a higher donor repopulation
with a distinct myeloid differentiation26 compared to the
DCFDAhigh cells. Because aged HSCs are usually biased toward
lineage differentiation to myeloid cells, high ROS levels may be
considered a potent driver of HSC aging. Currently, several
pathways have been found to be involved in the regulation of
ROS levels in HSCs: (1) Polycomb complexes, such as Bmi1, have
been found to be highly upregulated in HSCs and sustain HSC
self-renewal by downregulating ROS levels, as well as p16Ink4a/
p19Arf expression37; (2) the DNA damage response is another
pathway used to maintain low ROS levels and genome stability,
and loss of function of ATM leads to enhanced ROS levels and
deficiencies in the DNA damage response and impairs normal
hematopoiesis38; (3) FOXO signaling is also important for the
maintenance of the redox state of HSCs,39 and FOXO3a
collaborates with ATM to inhibit ROS production and activate
DDR to sustain the self-renewal capacities of HSCs; and (4) HO-
1 has a stress-dependent antioxidase role to sustain the
homeostasis of the redox state in HSCs. Nrf2 and Keap1
transactivate HO-1 expression to inhibit ROS generation to
maintain HSC stemness.40 These studies indicate that both
exposure duration and ROS levels may significantly affect the
self-renewal and differentiation capacities of HSCs. However, it
is urgent to develop novel techniques to sensitively and precisely
monitor the subtle and dynamic changes of ROS levels and their
specific components inHSCs to unravel their additional functions
in hematopoiesis.

5. MECHANISMS OF THE REGULATION OF
GLYCOLYSIS IN HSCS

Hif-1a is known as the key mediator for sustaining glycolytic
levels in HSCs in hypoxic bone marrow niches that controls the
expression of many downstream targets involved in glycolysis.
AlthoughHif-1a can interactwithHif-1b to formaheterodimerand
is relatively stable under hypoxic conditions, Hif-1a appears to be
expressed in HSCs even under normoxic conditions.29 Several
signaling pathways have been reported tobe critical in sustaining the
stability of Hif-1a. For example, the VHL-mediated deubiquitina-
tion pathway is essential to maintain Hif-1a levels and stability41;
AMPK- or SIRT1-mediated signaling is also involved in the
maintenanceof certainHif-1a levels42; arene receptorAhRcan form
anAhR/aryl complex to suppress the binding of ARNTwithHif-1a
to downregulate its protein level, which also indicates that AhR
antagonist may serve as an idea expander to in ex vivo expansion of
HSCs43; and we previously also showed that cytoskeleton protein
PFN1maintains Hif-1a expression through EGR1/Ga13 pathways
to fine-tune the glycolysis and homeostasis of HSCs.44 All these
regulatory molecules or pathways are important for maintaining
HSC activities under hypoxic conditions or some normoxic
conditions and avoiding the ROS stress resulting from oxidative
phosphorylation.
Meis1 is a HOX family member and an evolutionarily

conserved DNA-binding transcriptional factor that is highly
expressed in HSCs at many developmental stages.45 Although
Meis1 deletion is embryonically lethal in mice due to multiple
www.blood-science.org
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defects in hematopoiesis and vasculogenesis, the detailed roles of
Meis1 in HSC stemness await further investigations. Interesting-
ly, our studies show that Meis1 can bind to the promoter region
of Hif-1a and directly activate its expression,6 and Meis1 also
controls the glycolytic level and self-renewal ability of HSCs via
the Hif-2a/ROS/p16 pathway.7 CDC20 serves as a key E3 ligase
to maintain Meis1 protein levels through ubiquitination path-
ways.46 Meis1 deletion leads to a notable decrease in Hif-1a and
Hif-2a expression levels, increased ROS levels, and loss of
quiescence of HSCs. The ROS scavenger NAC can almost fully
rescue the loss of function of Meis1-null HSCs.7 Intriguingly,
human mobilized peripheral blood HSCs also prefer to utilize
glycolysis for their energy source via Meis1/Hif-1a/Pbx1/HoxA9
pathways,29 indicating that intrinsic metabolic networks regulate
the cell fates of HSCs.
Hif-1a is well known to regulate HSC glycolysis and function

by the transactivation of many downstream target genes,
including LDHA, PKM2, GLUT1, PFKL, PDK2, and Cripto.
Hif-1a enhances PDK activities to efficiently inhibit pyruvate
entry into oxidative phosphorylation or the tricarboxylic acid
cycle (TCA).47 Deletion of the Hif-1a downstream targets LDHA
or PKM2 results in a notable impairment in the HSC
repopulation ability.48 Quiescent HSCs express high levels of
Hif-1a, which is also quite stable when the cells are migrating
from the hypoxic bone marrow niche into peripheral blood.29,49

Hif-1a deletion in adult HSCs leads to significantly reduced
reconstitution capacities and loss of quiescence, suggesting that a
certain level ofHif-1a is important for sustaining theHSC pool.21

Mutations in the Hif-1a binding sites in the promoter motif of
vessel endothelial growth factor impair HSC stemness.50

Conditional deletion of Hif-1a in HSCs results in a swift switch
from glycolysis to mitochondrial respiration and notably
increased Hif-2a levels that may result from a compensation
effect.7 Nevertheless, a recent report showed some controversial
results showing that loss of Hif-1a has no impact on HSC
activities,51 although these studies cannot totally exclude the
possibility that Hif-1a may also play a key role in bone marrow
niche cells to support hematopoiesis.
Moreover, Hif-1a also interacts with Notch and Wnt signaling

to determine the cell fates of HSCs. Hif-1a can directly interact
with the intracellular domain of Notch (NICD) to maintain its
stability to ultimately transactivate downstream target mole-
cules.52 The interaction between Hif-1a and b-catenin results in a
significant downregulation of certain Wnt-mediated target genes
while enhancing Hif-1a target gene expression.53 In addition, Hif-
1a has also been found to be important for normal hematopoiesis
at different developmental stages.Asmentionedpreviously,Hif-1a
deletion is embryonically lethal inmice because of several defects in
vasculogenesis, hematopoiesis, or neurogenesis. The transcrip-
tional profile of Hif-1a in HSCs shares many similarities with
humanmesenchymal stemcells and embryonic stemcells.54Hif-1a
deletion inmice leads toanotable decrease in the size of the yolk sac
and amuch lower number of hematopoietic cells compared toWT
cells.55 Overall, although several lines of evidence show how
glycolysis is fine-tuned inHSCs, the detailed underlying regulatory
networks require further exploration.

6. METABOLIC PROFILES OF HSCS AT
DEVELOPMENTAL STAGES OR INVOLVING OTHER
NUTRIENTS

Increasing evidence indicates that HSCs may have different
metabolic characteristics and molecular signatures at different
www.blood-science.org
developmental stages: initiation, expansion, differentiation,
homeostasis, and aging.56 Many intrinsic factors and extrinsic
components may be involved in the regulation of the metabolic
dynamics during these processes.45 For example, the metabolic
properties may be different between adult HSCs and fetal liver
HSCs30; Wip1 coordinates with p53 and mTORC1 pathways to
slowdown HSC aging57; glycolysis is switched to mitochondrial
respiration while quiescent HSCs exit the G0 stage and
differentiate to the downstream progenies; and HSC differentia-
tion heavily depends on oxidative phosphorylation, as shown by
the fact that PTPMT1 deletion inhibits HSC differentiation,
resulting in a rapid failure of hematopoiesis.58

Currently, most studies focus on glycolysis and mitochondrial
respiration with respect to glucose metabolism in adult HSCs.
Very limited findings on other nutrient or metabolic pathways
(pentose phosphate pathway, amino acid, or lipid metabolism)
have been reported, and the metabolic profiles of HSCs at
individual developmental stages (AGM, fetal liver, or agedHSCs)
have not been systemically or precisely evaluated. An increasing
number of studies suggest that different nutrient metabolisms are
also important for the maintenance of HSC stemness. For
example, PML-PPARd-FAO-mediated lipid acid oxidation
efficiently preserves the capabilities of symmetric divisions or
self-renewal of HSCs59; protein synthesis rate controls HSC
activities60; branched-chain amino acids are essential for the
homeostasis and ex vivo expansion of HSCs46,61; vitamin A-
retinoic acid signaling regulates HSC dormancy62; and many
other regulators, such as LKB1/AMPK, FOXOs, Wnt, c-Myc,
OCT1, PI3K/AKT, and PTEN, may also be involved in the
metabolism of various nutrients.

7. NOVEL TECHNIQUES FOR THE ANALYSES OF
HSC METABOLISMS

To precisely delineate these complicated metabolic networks in
a limited number of HSCs, it is critical and urgent to develop
novel tools or techniques for the analyses of different nutrient
metabolisms. Due to the limited numbers of HSCs, many routine
metabolic assays or tools are not suitable for the characterization
of the metabolic properties of HSCs. Recently, several new/
optimized techniques have been developed to satisfy the
requirements of the analyses of different nutrient metabolisms
in HSCs. For example, by using a Seahorse XF analyzer,
glycolysis and mitochondrial respiration in HSCs can be
measured as the extracellular acidification rate (ECAR) and
oxygen consumption rate (OCAR), respectively.59 A Seahorse XF
analyzer can also be used for the measurement of lipid
metabolism. LC-MS has been developed and optimized to
measure various intermediate metabolites with a small number of
HSCs, which makes it possible to performmetabolomic analyses.
Recent studies provide intriguing results showing that it is
possible to conduct metabolomic analysis with approximately
104 HSCs to unravel the metabolisms of different types of
nutrients.63 In addition, catabolism or anabolism is a redox
bioreaction that involves electron transfer between different
substrates mediated by specific coenzymes, such as nicotinamide
adenine dinucleotide (NAD+) and nicotinamide adenine dinucle-
otide phosphate (NADP+), and results in energy synthesis and
release. Recent studies show that the ratio of NAD+/NADH or
NADP+/NADPH changes in live cells can be monitored by
genetically encoded sensors both in vitro and in vivo.64,65We also
demonstrate that these genetically encoded sensors can be used
for the evaluation of glucose or amino acid changes in HSCs or
15
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Figure 1. The diagram for metabolic regulations in HSCs. Adult HSCs usually reside in a hypoxic unique bone marrow (BM) niche, which contains many types of
niche cells, including osteoblasts (endosteal niche), endothelial cells (vascular niche), megakaryocytes, adipocytes, mesenchymal stem cells, and so on. Different
niche cells secrete many growth factors to regulate the HSC metabolisms and stemness. HSCs may mainly locate in the vascular niche and have high level of
glycolysis but relatively low level of oxidative phosphorylation. MEIS1/PBX1/HOXA9 complex transactivates Hif-1a and its downstream targets of LDHA and PKM to
maintain the glycolytic level. PPM1K/CDC20-mediated branched-chain amino acid metabolism is critical for normal MEIS1 level. OCT1, PDK, LKB1, and MYC
signals inhibit oxidative phosphorylation level and/or enhance glycolysis. Reactive oxygen species (ROS) levels are fine-tuned by BMI1, FOXOs/ATM, PGC-1, and
NRF2/HO-1 signals. Other metabolic pathways, such as PML/PPARD/FAO, vitamin A/retinoid acid (VitA/RA), and SIRTs, are also required for the maintenance of
HSC activities and metabolisms of different nutrients.

Huang et al.
leukemia cells. These new metabolic techniques may provide
potent tools to sensitively and precisely evaluate the subtle
dynamic metabolic changes in HSCs or other types of stem cells.
8. CONCLUDING REMARKS

Although several important properties of HSCmetabolisms, as
well as their downstream metabolic pathways, have been
illustrated (Fig. 1), it still remains largely unknown about the
precise metabolic features and their underlying regulatory
networks of different HSCs at different developmental stages,
due to the relatively rare frequencies and the complicated
interconversion or crosstalk among different types of nutrients
including glucose, amino acid, and lipid. Comprehensive and
novel powerful tools/techniques are critical for depicturing all the
detailed metabolic properties of HSCs, including single cell
sequencing, metabolomics, genetically encoded metabolic sen-
sors, animal models/definitive functional assays, and so on.
Currently, delineation of metabolisms in stem cells has become
one of the leading scientific fields attributed to many newly
developed techniques and novel insights into how intrinsic
metabolisms affect the cell fate determinations. The studies in
metabolisms of HSCs or other types of stem cells will definitely
shed a new light on understanding stem cell biology and its
16
related pathogenesis, which may provide a unique angle for the
development of novel strategies for the treatments of hemato-
poietic disorders or other diseases.
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