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Abstract
HSCs have a fate choice when they divide; they can self-renew, producing new HSCs, or produce daughter cells that will 
mature to become committed cells. Technical challenges, however, have long obscured the mechanics of these choices. 
Advances in flow-sorting have made possible the purification of HSC populations, but available HSC-enriched fractions 
still include substantial heterogeneity, and single HSCs have proven extremely difficult to track and observe. Advances in 
single-cell approaches, however, have led to the identification of a highly purified population of hematopoietic stem cells 
(HSCs) that make a critical contribution to hematopoietic homeostasis through a preference for self-renewing division. 
Metabolic cues are key regulators of this cell fate choice, and the importance of controlling the population and quality of 
mitochondria has recently been highlighted to maintain the equilibrium of HSC populations. Leukemic cells also demand 
tightly regulated metabolism, and shifting the division balance of leukemic cells toward commitment has been considered 
as a promising therapeutic strategy. A deeper understanding of precisely how specific modes of metabolism control HSC 
fate is, therefore, of great biological interest, and more importantly will be critical to the development of new therapeutic 
strategies that target HSC division balance for the treatment of hematological disease.
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Introduction

Hematopoiesis is the process by which the various cellular 
components of the blood are formed. The short-term need 
for these components can be highly variable, but evidence 
has accumulated that hematopoietic stem cells (HSCs) are 
capable of meeting even drastic changes in demand through 
a variety of differentiation paths. Like other stem cells, 
HSCs are self-renewing, and either multi- or uni-potent 
[1–5]; these unique capacities offer opportunities for stem 
cell-based therapies [6] which can be tested via transplan-
tation experiments. To this end, considerable progress has 

been made over the last three decades in purifying popula-
tions of HSCs as well as the different downstream multi-
potent progenitors (MPPs), and the uni-lineage progenitors 
found in humans and rodents [7]. Fluorescence-activated 
cell sorting (or FACS) greatly facilitated the purification of 
transplantable HSCs through positive and negative selec-
tion, as described in pioneering publications (e.g., [8] from 
Dr. Irving Weissman’s group). HSCs are widely believed 
essential to hematopoiesis under recovery or other stress 
conditions [9–13], and HSC transplantation has, therefore, 
been a key therapeutic strategy in combatting hematologi-
cal disorders [14, 15]. Intriguingly, recent advances uti-
lizing single-cell approaches have revealed at the apex of 
hematopoiesis a rare population of HSCs that can sustain 
all the hematopoietic lineages throughout the lifetime of the 
individual, and may be critical to the rapid hematopoietic 
response required by acute conditions.

Isolation of relatively pure populations of cells of 
defined functionality has also enabled the analysis of 
the cellular basis of normal hematopoiesis, which has 
proved critical in advancing our understanding of how 
the malignant cells of hematologic diseases arise from 
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normal hematopoietic cells through genetic and epige-
netic changes. Like the stem cells of other tissues, HSCs 
basically remain quiescent to maintain their undifferenti-
ated state [2, 3]. Deletion of the genes involved in quies-
cence often leads to HSC exhaustion due to uncontrolled 
proliferation [16–21], and the regenerative potential of 
HSCs may be governed by their divisional history [2, 3]. 
HSC self-renewal capacity is fine-tuned by cell intrinsic 
networks in concert with the activity of transcriptional 
factors; together these cooperate with cumulative signals 
from the microenvironment to maintain whole hemat-
opoiesis [17, 19, 22–26]. The metabolic cues involved 
in regulating HSC self-renewal capacity have, therefore, 
become the focus of much current research, which has 
already yielded many significant insights [27–33] (Fig. 1). 
In this review, we will highlight the recent advances in 
our understanding of the intriguing relationship between 
cellular metabolism, mitochondrial quality control, and 
HSC fate decisions. Finally, we will also discuss the cur-
rent and future challenges faced by researchers seeking to 
identify the key metabolic pathways maintaining stemness 

upon division of leukemia stem cells (LSCs), as well as the 
therapeutic promise of new strategies targeting leukemia 
metabolism.

Hematopoietic differentiation tree: HSCs 
and their downstream populations

After critical advances in the characterization of progeni-
tor populations downstream of HSCs, a consensus model 
emerged of the hematopoietic differentiation tree [34]. 
In this model, the first branch point segregates lymphoid 
potential from all other lineages (myeloid, erythroid and 
megakaryocytic), followed by further branching steps on 
either side of the tree progressing from multi- to bi- and 
finally to uni-potent progenitor cells. HSC pools are divided 
into long-term HSCs (LT-HSCs), which provide long-term 
engraftment and can serially engraft irradiated mice, and 
short-term HSCs (ST-HSCs), which have more limited self-
renewal capacity in a serial transplantation assay.
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Fig. 1  Key metabolic pathways in hematopoietic stem cells. a Rep-
resentative deconvoluted immuno-fluorescent images of mitochondria 
(top) and mitochondrial functions (bottom). Mitochondria are impor-
tant bioenergetic and biosynthetic organelles, and are also involved in 
cell signaling pathways. The reducing equivalents generated by the 
tricarboxylic acid (TCA) cycle are fed to the electron transport chain 

(ETC) to drive the synthesis of ATP molecules. b Hematopoietic 
stem cells (HSCs) rely on glycolysis, which is promoted by hypoxia-
inducible factor 1α (HIF-1α). Valine, one of the essential amino acids 
(EAAs), is required for the proliferation and maintenance of HSCs. 
The intermediate of the TCA cycle, α-ketoglutarate (αKG), is a co-
factor for dioxygenase enzymes
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Beyond this basic classification, however, the pathways 
of differentiation remain under debate. HSCs are believed 
to give rise to an MPP that is capable of producing all blood 
cell lineages but lacks the capacity for serial transplanta-
tion in mice. This MPP then differentiates into the myeloid 
and lymphoid lineages. The common myeloid progenitor 
(CMP) gives rise to all myeloid cells. Similarly, the com-
mon lymphoid progenitor (CLP) can differentiate into B and 
T lymphocytes and natural killer (NK) cells. The CMP fur-
ther differentiates into two progenitors with more restricted 
differentiation potential, the megakaryocyte–erythroid pro-
genitor (MkEP) and a granulocyte–macrophage progenitor 
(GMP).

The subsequent identification of other surface markers 
has suggested several modifications of this classical tree. 
Lymphoid and myeloid fates now remain linked prior to 
separation further down the tree, while megakaryocyte 
branching arrives earlier, along with subdivision of the MPP 
compartment into distinct subpopulations. Other aspects of 
the model are being reconsidered: the first lineage commit-
ment step from the HSC pool, for instance, may not be a 
lymphoid–myeloid differentiation decision step but rather 
one that allows the megakaryocyte–erythroid lineage to split 
off, leaving a progenitor with both lymphoid and myeloid 
(granulocyte–macrophage) potential. Termed a lymphoid 
primed multipotential progenitor (LMPP), this cell then dif-
ferentiates into the granulocyte–macrophage and lymphoid 
lineages. T-cell/myeloid progenitors and B-cell/myeloid 
progenitors have now been isolated, and there is mounting 
evidence that cell intermediates with combined myeloid/
lymphoid potential may exist. Moreover, the existence of 
mixed myeloid/lymphoid leukemias supports the notion that 
there may be a normal counterpart of this malignant popula-
tion [7, 35].

Further evidence suggests that the picture may be even 
more complicated, as the HSC pool itself is functionally 
and molecularly heterogeneous. HSCs have been identified 
retrospectively after single-cell transplantation by clonal 
assays, and these assays have demonstrated the heteroge-
neity of currently available HSC-enriched fractions. Using 
limiting-dilution analysis and single-cell transplantation, a 
research team led by Dr. Connie Eaves has described HSCs 
that differ in their relative myeloid and lymphoid output 
[36, 37]. Groups led by Drs. Sten Erik Jacobsen and Hiro-
mitsu Nakauchi recently identified platelet-biased HSCs 
that predominantly differentiate toward megakaryocytes 
and platelets, and subsequent transplantation experiments 
have revealed that single HSCs execute only a limited rep-
ertoire of lineage fate patterns, with platelets providing the 
only observed long-term unilineage read-out [38–40]. Dr. 
Nakauchi’s lab further proposed an additional differentiation 
model in which HSCs can directly differentiate into line-
age-restricted progenitors while bypassing the multipotent 

progenitor stage during acute conditions that demand rapid 
replenishment of mature cells (as in response to ablation 
stress) [40]. Notably, phenotypic HSCs comprise a major 
source of the megakaryocyte/platelet lineage in steady-state 
conditions, but these cells show “multi”-lineage differen-
tiation capacity once they are transplanted into irradiated 
recipient mice [13, 41]. These data imply potential differ-
ences in fate decision mechanisms between steady state and 
hematopoietic recovery. Indeed, theories differ regarding the 
contributions of HSCs to unperturbed homeostasis vs. tis-
sue recovery conditions, and technical considerations may 
have an impact on conclusions derived from transplantation 
experiments.

Although it is likely that all these fate decision models 
capture true aspects of HSC differentiation, in aggregate they 
would be difficult to squeeze into a single, rigidly branching 
tree. New ways of graphically representing the process of 
HSC differentiation are, therefore, required. Recent advances 
in single-cell transcriptomic snapshots have suggested a new 
model of differentiation in which acquisition of lineage-spe-
cific fates is a continuous process, and unilineage-restricted 
cells emerge directly from a continuum of low-primed 
undifferentiated hematopoietic stem and progenitor cells 
(HSPCs), without major transitions through the multi- and 
bi-potent stages. It is also clear that genetic changes (such as 
mutations) or epigenetic changes, either induced by experi-
ments or derived from disease states, can alter the progress 
of cells through these compartments. This new continuum 
model is based on single-cell transcriptomic data, however; 
the biological validation of a model in which all lineages 
branch directly from the HSC compartment would require 
additional supportive evidence.

Metabolic control in HSC homeostasis 
and fate decision

HSCs maintain both their multipotentiality and self-renewal 
capacity throughout the life of the organism, and once speci-
fied, they have the option of progressing down any one of a 
number of cell-fate paths. Most of the time, however, HSCs 
are quiescent and remain in G0 of the cell cycle, although 
they continue to be capable of undergoing cell divisions 
as required. As alterations in the equilibrium of HSC self-
renewal and commitment can affect hematopoietic homeo-
stasis, the mechanisms of division balance are clearly critical 
to HSC maintenance; however, the means for readily study-
ing the functional symmetry of individual pairs of daughter 
cells have so far been lacking. In contrast, assessment of 
populations of paired daughter cells has proved a powerful 
tool in evaluating the self-renewal capacity of HSCs by ana-
lyzing cells both qualitatively and quantitatively after they 
have divided [16, 40–43]. The possible division patterns of 
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HSCs are symmetric division (SD), asymmetric division 
(AS) and symmetric commitment (SC), and pattern choice 
is determined by either the in vivo repopulation capacity or 
the in vitro colony-forming capacity of the daughter cells 
in question.

Several groups have directly evaluated the homogeneity 
of HSC population by both the multi-lineage repopulation 
and HSC regeneration capacities of individual cells puri-
fied from HSC fractions. These studies have shown that the 
general frequency of HSCs in these fractions is only one 
in several cells [36, 40, 44, 45]. Unfortunately, this func-
tional heterogeneity masks the behavior of individual cells 
within the fraction because any contamination by non-HSCs 
can lead to an overestimate of the rate of SC, which causes 
difficulty in identifying HSC-specific phenotypes or eluci-
dating the division patterns of pure HSC populations [43]. 
To address these problems, researchers have developed 
single-cell tracking methods using reporter mouse strains. 
However, most of these efforts have been undertaken in less-
enriched HSPC populations, or did not include functional 
validation by in vivo transplantation assay at the single-cell 
level [10, 38, 39, 46–49]. To establish a single-cell assay 
system with individual HSCs, and then visualize their divi-
sions, it is critical to identify specific marker(s) that enable 
isolation of a highly purified fraction of HSCs.

Our validation of Tie2 positivity as a marker has allowed 
us to identify a purified population of HSCs using Tie2 
reporter combined with antibody-mediated purification 
 (CD34−CD150+CD48low/−CD135−c-Kit+Sca-1+Lineage−), 
and we have demonstrated with our own local transplanta-
tion protocol that this population is of far higher purity than 
HSC fractions previously reported, with minimal heteroge-
neity within the fraction [50, 51]. We have further shown 
that Tie2 positivity is strongly associated with repopulation 
capacity. Our tracking technique allowed us to determine the 
function of single pairs of daughter cells resulting from the 
divisions of single Tie2+ HSCs, which in turn enabled us to 
more accurately visualize division patterns, and distinguish 
self-renewal expansion from self-renewal maintenance. Our 
findings demonstrated that most of the initial divisions of 
Tie2+ HSCs were found to be symmetrical divisions, with 
both daughter cells retaining Tie2 positivity and repopula-
tion capacity at the single-cell level [50].

The high self-renewal capacity of Tie2+ HSCs led us to 
explore their regulatory mechanisms, in the hope of eventu-
ally enabling the manipulation of factors regulating divi-
sion patterns and self-renewal. We subsequently identified 
mitophagy, a quality control process of the mitochondria, as 
a key mechanism of self-renewing HSC expansion (Fig. 2). 
Our single-cell gene expression assays revealed that a sub-
stantial number of genes are expressed at higher levels in 
Tie2+ than Tie2− HSCs; these include HSC factors/markers 
as well as signaling pathways regulating fatty acid oxidation 

(FAO) via carnitine palmitoyltransferase 1a (Cpt1a) and per-
oxisome proliferator-activated receptor delta (Ppard). Hier-
archical clustering and signatures for FAO likewise demon-
strated that Tie2+ HSCs are molecularly distant from both 
Tie2− HSCs and progenitor cells [50].

Replicative stress by the activation of dormant HSCs is 
known to lead to the accumulation of DNA damage, toxic 
metabolites and dysfunctional mitochondria, and the even-
tual loss of stem cellness [17, 19, 52]. Notably, in asymmet-
ric division, defective mitochondria and unwanted organelles 
can be separated from the stem cell daughters yielded by 
the division and consigned to the differentiated daughter 
cells [53], but in the case of symmetric self-renewing divi-
sion, damaged organelles are apparently disposed of by both 
daughter cells, as young and old mitochondria have been 
found equally distributed between both [30, 50]. This sug-
gests that some unidentified level of defective organelles 
may represent a limiting factor on self-renewing division, 
and indeed, it has proved very challenging to expand the 
HSC population while maintaining stemness through sym-
metric division by the manipulation of a single factor, par-
ticularly given that the mechanics of increasing self-renewal 
capacity have so far remained unknown.

We have recently shown, however, that cellular metabo-
lism is critical to HSC expansion by demonstrating at the 
single-cell level that the defective self-renewal capacity of 
Promyelocytic leukemia (Pml) knockout Tie2+ HSCs can 
be rescued by pharmacological PPAR-FAO activation and 
its ensuing promotion of mitophagy [50]. Mitochondrial 
autophagy, or mitophagy, is a specific form of autophagy for 
the selective clearance of damaged mitochondria [54], and 
two Parkinson’s disease genes, mitochondrial kinase Pten-
induced putative kinase 1 (Pink1) and ubiquitin ligase Parkin 
(or Park2), play key roles in its regulation (Fig. 2a) [54]. 
Activation of PPAR-FAO led to expanded Tie2+ HSC popu-
lations through enhanced Parkin recruitment in the mito-
chondria. Conversely, inhibition of mitophagy by acutely 
silencing Parkin attenuated HSC expansion (Fig. 2b). These 
metabolic pathways were found to be conserved and opera-
tional in human HSCs. Our data thus identify a clear link 
between symmetric division and the self-clearance systems 
found in both daughter cells of HSCs, and suggest potential 
strategies of HSC fate manipulation through key metabolic 
pathways [50].

Mitochondria are bioenergetic hotspots, and produce 
the bulk of ATP by the oxidative phosphorylation pro-
cess (Fig. 1). HSCs exhibit lower levels of both baseline 
and maximal respiration than progenitor cells, and proper 
control of mitochondrial function is a key factor in HSC 
maintenance [29]. HSCs are kept in as quiescent a state as 
possible to avoid losing their repopulating capacity, and, like 
other tissue stem cells, rely on glycolysis in this state rather 
than mitochondrial oxidative phosphorylation (Oxphos). 
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Enhanced respiration is detrimental to HSC maintenance 
and function [20, 55–65], and cell cycle entry elevates levels 
of intracellular reactive oxygen species (ROS) through the 
activation of Oxphos. As quiescent HSCs are generally sen-
sitive to increased intracellular ROS, repeated cell divisions 
lead to reduced self-renewal capacity and, ultimately, HSC 
exhaustion [27, 28, 66–72]. For example, recent studies from 
Dr. Danica Chen’s group have shown that the deletion of a 
histone deacetylase Sirtuin 7 (Sirt7) increased mitochondrial 
protein folding stress  (PFSmt) in HSCs through activation 
of nuclear respiratory factor (Nrf1). The disruption of this 
metabolic checkpoint led to the loss of HSC quiescence 
and reduced regenerative capacity with myeloid-biased 
differentiation. The expression of Sirt7 is reduced in older 
HSCs, suggesting that its downregulation contributes to the 
functional decline of aging HSCs. Indeed, re-introduction 
of Sirt7 in aged HSCs reduces  PFSmt and improves their 
regenerative capacity [73, 74]. Once differentiated, HSCs 
must switch to mitochondrial metabolism to meet rapidly 
increasing energy demands. PTPMT1 encodes a PTEN-like 

mitochondrial phosphatase, and the inhibition of mitochon-
drial respiration by conditional knockout of Ptpmt1 impaired 
HSC differentiation, while HSC population is drastically 
increased [75].

The mitochondria may play significant roles in cell fate 
choice beyond the process of Oxphos. Increasing evidence 
indicates that mitochondria contribute to the preservation 
of HSC self-renewal capacity by linking cellular metabo-
lism and epigenetics [76–80]. Furthermore, a mitochondrial 
fusion regulator, mitofusin-2 (Mfn2), which is induced by 
the short isoform of PR domain containing 16 (Prdm16), is 
required for HSC maintenance, and is especially critical to 
cell differentiation to the lymphoid lineage. This is mediated 
by intracellular calcium buffering provided by the tether-
ing activity of mitochondria to the endoplasmic reticulum 
[81, 82]. Interestingly, it has also been shown that increased 
intracellular  Ca2+ levels in HSCs drive cell divisions, and 
the appropriate suppression of  Ca2+ levels by exogenous 
adenosine has been identified as an important regulator of 
HSC fate [83].
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Fig. 2  Quality control of mitochondria promotes HSC self-renewal. a 
The mechanisms of mitophagy, a selective removal process of mito-
chondria, has been extensively explored, and one of the best-under-
stood pathways in this process is Pink1/Parkin-mediated mitophagy. 
In healthy mitochondria, Pink1 is imported and constitutively 
degraded. In depolarized mitochondria, Pink1 (red) is stabilized on 
the outer mitochondrial membrane and facilitates the recruitment of 
cytosolic Parkin (green). Activation of Parkin leads to the ubiquitina-

tion (orange) of multiple outer protein substrates, which are recog-
nized by specific mitophagy receptors. Phagophore (pale green) sur-
rounds the damaged mitochondrion, which is subsequently delivered 
to the lysosomal clearance. b Upon cell division, organelles such as 
mitochondria may be damaged, which promotes mitochondrial qual-
ity control, which in turn supports the self-renewal of HSCs. Failure 
to clear the damaged mitochondria could lead to HSC exhaustion
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As autophagy has been shown to have an indirect but 
significant effect on HSC metabolism, researchers have 
begun to explore the roles of macroautophagy (or simply 
autophagy) in hematopoiesis and HSC aging [84–89]. In 
autophagy, cytoplasmic contents are sequestered into the 
double-membrane autophagosome, which fuses with the 
lysosome to become the autolysosome. Autophagy-related 
(Atg) conjugation systems are a crucial element in this deliv-
ery process, along with the lysosomal degradation pathway, 
which contributes to cellular quality control through the 
elimination of functionally impaired organelles and proteins. 
When Atg7 has been conditionally depleted in hematopoietic 
systems, the resulting defects in autophagy have led to dam-
aged mitochondria and lethal anemia [90, 91].

A study from Dr. Emmanuelle Passegue’s group recently 
used Atg12 deletion to illuminate the roles of autophagy in 
the health and longevity of HSCs [92]. One-third of HSCs 
from older mice exhibit high autophagy activity and a low 
metabolic state, and these cells maintain a regeneration 
potential similar to that of HSCs from young mice. When 
Atg12 is conditionally deleted from HSCs, the impairment 
of autophagy leads to a skewed ratio of circulating myeloid 
versus lymphoid cells in primary mice, and reduced regen-
erative potential. These blood aging phenotypes are accom-
panied by epigenetic deregulations and elevated Oxphos. 
When HSCs enter into the cell cycle, metabolic activ-
ity shifts from glycolysis to mitochondrial Oxphos; these 
newly active HSCs are believed to soon return to glycolysis, 
however, to maintain their regenerative pool. Findings from 
studies of Atg12-conditional knockout mice suggest that 
autophagy plays an essential role in reverting metabolically 
active HSCs to quiescence by efficiently clearing healthy but 
active mitochondria, which prevents the induction of (epi)
genetic programs that lead to HSC commitment, and thereby 
supports the maintenance of healthy hematopoiesis [92].

Important contributions of autophagy to hematopoiesis 
have also been identified by Dr. Hui-Kuan Lin’s group in a 
study of genetic mouse models exhibiting hyper-activated 
mitophagy [93]. Atad3a (or ATPase family, AAA domain 
containing 3A) is a mitochondrial membrane protein which 
regulates dynamic interactions between the mitochondrial 
outer and inner membrane complexes. Dr. Lin’s team dem-
onstrated that Atad3a prevents accumulation of Pink1 by 
promoting its import into mitochondria for degradation [93]. 
Acute deletion of Atad3a was found to induce mitophagy 
of both healthy and damaged mitochondria, which blocked 
hematopoietic commitment at the progenitor stage and led to 
expanded HSPC pools. These phenotypes are at least in part 
mediated by Pink1, as Pink1 ablation reduced mitophagy 
levels and partially rescued the defective hematopoietic 
phenotypes caused by Atad3a ablation [93]. Collectively, 
these studies demonstrate that appropriate regulation 
of both selective and unselective autophagy is critical to 

hematopoietic homeostasis; the specific mechanics of the 
relationship between HSC fate and cellular metabolism, 
however, have only begun to be understood. A further char-
acterization of metabolic requirements governing HSC fate 
decisions will undoubtedly lead to potential strategies for 
promoting HSC self-renewing division through metabolic 
manipulation.

Key open questions: application 
to hematologic disorders

A disturbed division balance causes hematological disor-
ders [94, 95], and the long-term survival rate among blood 
cancer patients remains stubbornly low, as most patients 
who achieve remission eventually relapse. In hematologic 
malignancies, mutations are present in the genes regulating 
intracellular signaling. The presence of initiating mutations 
that promote clonal expansion, and thus a pre-malignant 
state, has long been suspected as a necessary precursor to 
the development of most malignancies.

Exome sequencing of peripheral blood samples from 
more than 30,000 patients without overt hematological 
malignancies demonstrated recurrent somatic myeloid 
malignancy-associated mutations in ~ 10% of patients over 
the age of 65 and > 20% of patients over the age of 90 [96, 
97]. This phenomenon has subsequently been termed clonal 
hematopoiesis of indeterminate potential (CHIP). The com-
mon recurrently mutated genes of this group are epigenetic 
modifiers, DNA methyltransferase 3A (DNMT3A), Ten-
eleven translocation 2 (TET2) and additional sex combs-like 
1 (ASXL1), all of which are also mutated in myelodysplastic 
syndrome (MDS) [96–98].

The absolute risk of transformation to overt malignancy 
in patients with CHIP was low during the time periods under 
study, and a diagnosis of CHIP requires the presence of a 
somatic mutation with a mutant allele fraction of at least 
2% in the peripheral blood, with no other evidence of a 
hematological malignancy [99]. MDS is generally a more 
genetically complex disease than CHIP, with most patients 
harboring at least two, and sometimes many more, somatic 
mutations in recurrent driver genes, often with a high mutant 
allele fraction (> 10%), at the time of diagnosis. Mutations 
that occur early in disease evolution can be detected either 
by calculating allele frequency in bulk sequencing studies or 
by single-cell sequencing, and using these methods, several 
studies have demonstrated that splicing factors and epige-
netic modifiers tend to be mutated early in the evolution of 
MDS, whereas mutations in transcription factors (RUNX1 
and GATA2) can be either early or late events [100].

Leukemia stem cells (LSCs, also known as leukemia-
initiating cells) are believed to not only drive disease initia-
tion, progression, and drug resistance, but also contribute to 
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relapse [101–105]. Elimination of every single LSC is, there-
fore, essential to a long-term cure. Upon division, LSCs can 
either self-renew or commit to differentiation, and shifting 
their division balance away from renewal and toward com-
mitment holds great promise as a therapeutic strategy [106, 
107]. Research into possible targets for such an approach has 
already begun; for example, studies from multiple groups 
have demonstrated that Musashi-2 (MSI2), a molecule that 
binds RNA, increases proliferation of malignant blood stem 
cells. Msi2 is the predominant form expressed in HSCs, and 
its knockdown leads to reduced engraftment and depletion 
of HSCs in vivo. Conversely, ectopic overexpression of Msi2 
in a transgenic model leads to an increased progression of 
cell cycle in HSPCs, with changes in asymmetric segrega-
tion of Numb. Importantly, increasing Msi1 expression can 
promote leukemic progression. In humans, MSI2 was found 
in large amounts in acute myeloid leukemia (AML) and 
chronic myeloid leukemia (CML), and high MSI2 expres-
sion predicted short survival. Indeed, Msi2 cooperated with 
BCR–ABL to induce an aggressive acute leukemia compa-
rable to CML-blast crisis [95, 107, 108].

Another study, again from Dr. Tannishtha Reya’s group, 
uncovered a role for the cytoplasmic dynein-binding protein 
lissencephaly-1 (encoded by Lis1, also known as Pafha1B1) 
in leukemogenesis [94]. Live-cell imaging upon division of 
HSPCs showed that spindle orientation determines the divi-
sion plane, and thus the symmetric or asymmetric deposition 
of Numb upon division. When Lis1 is deleted, both spindle 
rotation and inheritance of Numb are impaired. This change 
accelerated cell differentiation rates followed by rapid 
exhaustion of the HSPC pool. Importantly, the transformed 
hematopoietic cells in mouse models with AML rely on 
Lis1-mediated regulation of cell division during the clonal 
outgrowth of cells with differentiation blockade, which is 
a critical phase of leukemogenesis. Knockdown of LIS1 in 
human primary  CD34+ cells resulted in impairment of leu-
kemic growth.

Conclusion and perspectives

Increasing evidence has shown that specific modes of metab-
olism play important roles in the self-renewal capacity of 
both healthy and transformed stem cells. LSCs demand 
tightly regulated metabolism, since disruption of either gly-
colysis or mitochondrial respiration impairs leukemogenesis 
[27, 109–111]. It is no surprise that the metabolic require-
ments of leukemogenesis and LSC function have, therefore, 
become highlighted.

Some preliminary findings have already hinted at ther-
apeutic promise. For example, vitamin C has been found 
to mimic Tet2 restoration in Tet2-knockdown HSCs by 
promoting DNA demethylation and reversing aberrant 

self-renewal, thereby altering the progression of leukemia 
[80, 112]. HSCs are highly sensitive to valine, one of the 
three branched-chain amino acids (BCAAs), and it has been 
shown that dietary depletion of valine could potentially be 
used as a conditioning regimen for HSC transplantation 
[113]. Branched-chain aminotransferase 1 (BCAT1) con-
verts BCAAs into branched-chain ketoacids by transferring 
the BCAA amino group onto alpha-ketoglutarate (αKG), a 
substrate for TET2; as it is overexpressed in TET2/Isocitrate 
dehydrogenase (IDH) wild-type acute myeloid leukemia 
LSCs [76, 114]; it has, therefore, been proposed that BCAT1 
may drive LSC self-renewal and leukemogenesis at least 
in part by reducing TET2 activity. IDH enzymes catalyze 
production of αKG, and mutant IDH enzymes catalyze pro-
duction of 2-hydroxyglutarate, which leads to aberrant self-
renewal and leukemogenesis in part through the inhibition 
of TET2 activity. These are just few recent insights into LSC 
metabolism that may have clinical implications, and we are 
only beginning to understand the LSC metabolism.

The discovery of contributions to leukemogenesis by 
metabolism, mitochondrial biogenesis, and cytoprotective 
autophagy support the notion that mitochondrial quality con-
trol by autophagy may be a key determinant of division bal-
ance [115]. However, tracking the division pattern of indi-
vidual LSCs has proved challenging, and the development 
of new single-cell assay techniques is critical to achieving 
a better understanding of the molecular basis of LSC fate 
choice [116, 117]. Identifying the key metabolic cues that 
control LSC fate and maintain stemness upon division could 
yield effective targets in strategies to enhance LSC com-
mitment, and will, therefore, have clear clinical importans.
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