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Abstract

The hematopoietic system has a very well-studied hierarchy with the long-term (LT)
hematopoietic stem cells (HSCs) taking the top position. The pool of quiescent adult LT-HSCs
generated during the fetal and early postnatal life acts as a reservoir to supply all the blood

cells. Therefore, the maintenance of this stem cell pool is pivotal to maintaining homeostasis

in hematopoietic system. It has long been known that external cues, along with the internal
genetic factors influence the status of HSCs in the bone marrow (BM). Hypoxia is one such
factor that regulates the vascular as well as hematopoietic ontogeny from a very early time point
in development. The metabolic outcomes of a hypoxic microenvironment play important roles
in functional regulation of HSCs, especially in case of adult BM HSCs. Anaerobic metabolic
pathways therefore perform prominent role in meeting energy demands. Increased oxidative
pathways on the other hand result in loss of stemness. Recent studies have attributed the functional
differences in HSCs across different life stages to their metabolic phenotypes regulated by
respective niches. Indicating thus, that various energy production pathways could play distinct
role in regulating HSC function at different developmental/physiological states. Here, we review
the current status of our understanding over the role that energy production pathways play in
regulating HSC stemness.

Keywords

hematopoietic stem cell; metabolism; aging; DNA damage response; ROS; oxidative damage

Introduction

Hematopoietic stem cells are the somatic stem cells which maintain supply of each type

of blood cell all through the lifetime (1). Hematopoietic stem cells (HSCs) maintain their
pool and produce just the required numbers of mature blood cells through a series of
progenitor cells, which become more committed with sequential proliferative events. During
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development, HSCs emerge from hemogenic endothelium and are highly proliferative,
whereas in adults they reside in the bone marrow (BM) cavity and are largely quiescent
(2). Dormancy of primitive HSCs ensures maintenance of homeostasis via production of
highly proliferative progenitors. The state of dormancy is broken whenever required and

is reversible. Physiological requirements of the cells are met by the metabolic pathways
employed. Metabolism consists of a series of processes, which help the cells to maintain
homeostasis and meet the energy demands for their functions. HSCs show metabolic
plasticity that helps in meeting the ever-changing physiological requirements by making
logical cell fate decisions. Adult HSCs that are mostly maintained in a state of dormancy,
depend greatly on anaerobic glycolysis, which is believed to be aided by the hypoxic
niche (3). Their dependence on anaerobic glycolytic pathways is reflected in high levels of
glycolytic intermediates and byproducts and relative absence of tricarboxylic acid (TCA)
cycle products (4). Confirmation of the role of anaerobic pathways in maintaining stemness
came from a variety of genetic mouse models wherein these pathways were modulated (5).
Increased O, consumption rate (OCR) coupled with increased mitochondrial content that
leads to elevated levels of oxidative pathways results in loss of quiescence and stemness
(6). Interestingly, unlike adult HSCs, fetal HSCs proliferate extensively and transit from
one site to another to finally reach the developing BM. Recently, there is interest in
examining whether the metabolic principles followed at different developmental stages are
indeed distinguishable. Here, we review the recent advances made in understanding the
role of hypoxia and related metabolic pathways in hematopoietic events. We discuss how
different energy producing metabolic pathways maintain functionally distinct HSCs in pre-
and postnatal developmental stages.

Metabolic Regulation of Adult HSCs
HSCs and Their Niche

All types of terminally differentiated, functional blood cells are derived from a single
precursor through a series of cell fate decisions made intrinsically, however, in accordance
with the extrinsic cues. Identified in early 1960s, this process called hematopoiesis takes
place in the marrow of long bones in mammals (7). Although cell-intrinsic properties
remained key regulators of their function, it became increasingly clear that extrinsic factors
also play crucial role in maintaining the function of HSCs (8). After the description of
association of hematopoietic activity near endosteum, osteoblasts were shown to be key
regulators of stemness maintenance (9). Following initial studies, the concept emerged

that the most primitive HSCs occupied the endosteal niche while the more proliferative
counterparts with short-term potential remained near vessels. This concept was strengthened
by studies showing that the primitive HSCs reside in the areas with low pO,, as these

cells were proposed to occupy locations away from vessels (10). Later, using hypoxia
marker pimonidazole and Hoechst perfusion, it was demonstrated that HSCs occupied least
perfused locations within the BM (11). Early studies on BM cells cultured in increased

05, concentrations showed concomitant decrease in hematopoietic potential (12). This was
found to hold true for human BM progenitors, where 5.8-fold increase in SCID repopulating
cells (SRCs) was observed in hypoxic cultures compared to normoxia (13), with hypoxic
conditions clearly favoring maintenance of HSC quiescence (14).
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With the advent of better imaging techniques and reliable markers for primitive HSCs, it
became clear that more primitive HSCs resided next to the sinusoidal areas (15). Elegant
studies from Ding ef a/. showed the importance of perivascular cells in maintenance of
primitive HSCs (16). Imaging studies established clearly that it was near the arterioles that
the HSCs located themselves around (17). This was contrary to the view that the HSCs
preferred less vascularized spaces within the BM. However, two-photon phosphorescence
lifetime microscopy based detection of absolute values of pO, showed that endosteal region
is much less hypoxic than the perisinusoidal regions (18). Therefore, the correlation between
O, content in the niche with the stemness of HSCs located in the region is not yet clearly
established.

The cells sense the level of oxygen, which plays crucial role in their overall functioning.
For stem cells, these pathways become even more important because of their long lifespan
wherein oxidative stress becomes a critical factor. Responses to hypoxic conditions are
mediated most prominently by hypoxia inducible factors (HIFs) that in heterodimeric form
transactivate a great repertoire of genes (19). Three different a-subunits (HIF-1a, 2a, 3a)
can bind to one common B-subunit (HIF-g or ARNT) to generate three heterodimers
(HIF-1, 2, 3). The prolyl hydroxylase domain proteins (Phds) mediated pathway is the

best characterized oxygen sensing pathway in mammalian cells (20). Phds are members

of dioxygenase enzyme family that can hydroxylate HIF-1a on conserved prolyl residues
within the oxygen-dependent degradation domain (21-23). HIF-1a is the activating subunit
of the heterodimeric complex that acts as the key factor mediating crucial transcriptional
responses to hypoxia (24). The hydroxylated ODD is recognized by von Hippel-Lindau
protein (Vhl) in E3 ubiquitin ligase complex (25). In contrast to HIF-1a stabilization,
transcriptional inactivation in MeisZ~~mice led to loss of hematopoietic function (26).
Among various BM sub-populations tested, highest level of HIF-1a expression was found
in the primitive HSCs, which decreased as differentiation progressed (4). Although tissue
specific deletion of HIF-1a in MxZ;HIF-1a™ mice showed no significant hematopoietic
defect at steady state, hematopoietic stress condition resulted in loss of HSC quiescence.
Stabilization of HIF-1a via the Mx1-Cre mediated deletion of \Vhl led to increased
proportion of G cells within the primitive HSC as well as progenitor population. HIF-1a
stabilization using Phd inhibitors DMOG and FG-4497 enhanced the proportion of quiescent
HSCs (27). Importantly, HIF-1a stabilization also led to enhanced HSC function as the
animals recovered from radiation injury faster and the HSCs showed better long-term
repopulation ability. Results also showed that HIF-1a was important for mobilization of
HSCs in G-CSF or Plerixafor based regimen and treatment with FG-4497 resulted in better
mobilization (28). This was also found true in the case of xenografted human umbilical cord
blood (UCB) derived HSCs (29). Cripto/Grp78 pathway was identified as one of the critical
mediators of HIF-1a functions (30). Activation of Cripto signaling upregulated glycolytic
enzymes and HSCs expressing Cripto receptor Grp78 maintained quiescent state. These
cells were more hypoxic as confirmed using hypoxic marker pimonidazole and showed low
mitochondrial potential. Upregulation of Cripto and Grp78 expression under hypoxia, and
presence of binding site for HIF-1a on Cripto promoter, confirmed involvement of Cripto/
Grp78 pathway in hypoxia response of HSCs.
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Incidentally, hematopoietic specific loss of Hif-2a did not affect steady state or stress
hematopoiesis. Both, Vav-Hif-2a™~~and MxI-Hif-2a~~ mice showed no significant
hematopoietic defect and the HSCs displayed normal serial transplantation capacity (31).

In addition, compensation from HIF-1a was ruled out in this case as co-deletion of HIF-1a
also could not affect steady state hematopoiesis. Interestingly, the effect of stabilization of
HIF-1a in response to VVhl loss was dose dependent. While monoallelic deletion of \Vhl led
to increased engraftment capacity of HSCs, biallelic deletion led to cell cycle quiescence and
impaired transplantation capacity (4).

HIF-1a plays key role in modulating the metabolic phenotype of a cell in response to
hypoxia. For example, transcriptional levels of several of the glycolytic enzymes are under
the control of HIF-1a (32). In addition, some of its target genes inhibit the enzymes

linked to the oxidative pathways. It has been shown to mediate metabolic shift toward
exclusive anaerobic glycolysis in embryonic stem cells (ESCs) in a Warburg-like effect
(33). In support of this notion, it was demonstrated that the primitive HSCs were low O,
consuming and show high glycolytic flux (26). These cells showed lower mitochondrial
mass and upregulation of hypoxia inducible genes under normoxia. These results strongly
indicate intrinsic regulation of hypoxic pathways, perhaps independent of O levels in

the microenvironment. In a comprehensive study, Takubo et a/. analyzed the metabolic
properties of HSCs and showed that HSCs majorly depend upon anaerobic glycolysis

for their energy demands (5). For both aerobic as well as anaerobic energy production
pathways glycolysis is the first step that uses glucose as the raw material to generate
adenosine triphosphate (ATP) that is the universal energy currency in any cell. Glycolysis
results in two ATPs, two NADH and two pyruvate, which under low O, conditions gets
converted to lactate by lactate dehydrogenase (LDHA), producing NAD! that can be used in
glycolysis to produce ATPs. In the presence of abundant O, pyruvate dehydrogenase (PDH)
converts pyruvate produced from glycolysis to acetyl coenzyme A (Ac-CoA). Pyruvate
dehydrogenase kinase (PDK) that inactivates PDH by phosphorylating serine residues is the
key enzyme that regulates this process. It plays crucial role in metabolic adaptation of a

cell in response to hypoxic conditions as it is transcriptionally regulated by HIF-1a (34).
Acetyl Co-A enters the citric acid cycle that, in addition to other metabolites, generates three
NADH and an FADH> (35). Electrons from these reductants are then transferred through
the electron transport chain (ETC) with chemiosomotically coupled ATP synthesis (36).
Mitochondrial ETC has been recognized as one of the major contributors of reactive oxygen
species (ROS), which in turn is linked with pathologies of several age-related disorders
including that of the hematopoietic system (37).

Detailed metabolic analysis of the LT-HSCs showed enhanced levels of metabolites

and enzymes required for anaerobic pathways (5). These include phosphofructokinase-1
(Pfk-1) that is involved in the rate-limiting step of glycolysis, and pyruvate kinase

(PK) phosphoenolpyruvate (PEP) that is directly involved in the ATP production step of
glycolysis. In support of this, levels of fructose-1,6-bisphosphate (F1,6BP) and pyruvate
were elevated in the primitive HSCs. Importantly, the expression of PDK was highest

in the LT-HSCs among all the sub-populations. As described earlier, PDK inhibits the
influx of glycolytic metabolites toward mitochondrial metabolic pathways. In addition, it
was shown that PDK1 attenuates mitochondrial ROS production (34), which is critical as
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increase in glycolytic flux can be associated with leakage of electrons from respiratory
chain resulting in unexpectedly elevated ROS levels. Forced expression of PDK1 mitigated
mitochondrial ROS production in HifZa™~ cells (4,34). In hematopoietic system, deletion of
Pdk2 and Pdk4 that showed best correlation with HIF-1a levels in HSCs, resulted in loss
of quiescence and affected steady state hematopoiesis significantly (5). Pak2,4 '~ HSCs
accumulated mitochondrial ROS and clearly showed diminished repopulation capacity,
while multilineage engraftment potential remained unaffected. Overexpression of Pdk2 and
Pdk4 also compensated for the loss of HIF-1a. Apart from being produced from pyruvate
via PDK action, fatty acid oxidation (FAQ) acts as an additional source of Ac-CoA. It was
shown that HIF-1a can directly suppress key enzymes involved in FAO such as medium-
chain and long-chain acyl-CoA dehydrogenase (22). However, deletion of promyelocytic
leukemia (PML)-peroxisome proliferator-activated receptor & (PPAR-6) involved in FAO,
led to loss of hematopoietic maintenance (38). While Ppara~~ HSCs showed normal
homing, their long-term repopulation potential was markedly reduced.

Regulation At The Mitochondrial Level

Lineage commitment of HSCs leads to elevation of mitochondrial pathways. Mediated

by increase in mitochondrial content and activity, it results in enhanced OCR (26).

The LT-HSCs were distinctly identified by their low mitochondrial content and activity
(measured by mitochondrial membrane potential and NADH content). CD34 expression
on the HSCs marks the loss of long-term repopulation potential, serial transplantation
efficiency and the first step of commitment down the hematopoietic hierarchy to produce
required blood cell types (39). Studies indicated that the mitochondrial mass and expression
of CD34 might be correlated (40). Lineage commitment of HSCs has been linked with
increased ROS production. Indirect evidence comes from the studies that showed ROS!©
subpopulation contained the highest self-renewal potential, which was exhausted in ROSM
cells (41). Treatment with antioxidant N-acetyl-cysteine (NAC) restored the long-term
function of ROSM cells as examined by long-term culture-initiating cell (LTC-IC) assays.
In Drosophila, basal levels of ROS were found to be crucial for differentiation into the
multipotent hematopoietic progenitors (analogous to mammalian myeloid progenitors).
However, elevation in ROS levels led to premature differentiation of the progenitor
population into mature blood cell types (42). ROS are produced chiefly by mitochondria
as a byproduct of various oxidative metabolic pathways undertaken for energy production.
Accumulation of ROS leads to oxidative damage in the cells, specially the long surviving
stem cells, causing functional decline. Cell cycle checkpoints play important role in the
cellular response to ROS accumulation. Deletion of Ataxia telangiectasia mutated (Atm)
gene, one such checkpoint regulator, leads to increased ROS accumulation in the HSCs
and start showing bone marrow failure in as early as 24 weeks (43). In these mice as

well, treatment with antioxidative agents such as NAC, decreased ROS load and restored
the repopulation capacity of the HSCs. Evidently, HSCs depend upon mechanisms that
resist oxidative stress for their long-term survival. We recently reported elevated levels of
OCR along with enhanced mitochondrial activity and ROS production in proliferative fetal
liver (FL) HSCs (44). Gene expression data clearly showed concomitant increase in the
expression of genes related to several of the DNA damage response pathways, highlighting
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the need to balance the oxidative stress in HSCs. Extensive studies have been carried out

on the role of another group of transcription factors, the Forkhead Box O (FoxO) subfamily,
involved in stress resistance in hematopoietic system. FoxO3 was shown to be a key player
in maintaining the expression of Atm in HSCs. Loss of FoxO3 led to increased accumulation
of ROS, thereby causing loss of stemness (45). FoxO3a~~ mice showed deteriorated
resistance to myelotoxic stress (46). Another report demonstrated that concomitant loss of
FoxO1, FoxO3 and FoxO4 in hematopoietic system leads to expansion of myeloid lineage
and marked decrease in the lymphoid commitment as well as loss of stem cell population

in the BM (47). These mice also showed increased ROS levels in HSCs, reversible by the
use of antioxidants restoring long-term repopulation ability. The effects of ROS are mediated
by p38 MAPK that limits the lifespan of HSCs (48). Therefore, quite understandably, these
FoxO deficient mice as well as the Az~ mice showed increased phosphorylation status

of p38. In addition to the anti-oxidants, p38 MAPK inhibitors decreased the levels of ROS
and restored HSC function to a great extent (41,48). All these findings established that
accumulation of ROS, as a result of higher mitochondrial activity, leads to loss of quiescence
and activation of differentiation pathways.

Sirtuins (Sirt) are members of a highly conserved family of proteins associated with cellular
metabolism including several of the pathways that affect mitochondrial function. Sirt7 is

an epigenetic regulator, known for its function to repress the expression of mitochondrial
ribosomal proteins and transcription factors. Nrfl that acts as the master regulator of
mitochondrial gene transcription (49) was shown to mediate the binding of Sirt7 to the
promoters of several of the mitochondrial ribosomal proteins (mRPs) and translation factors
(MTFs) in HEK-293T cells. Deletion of Sirt7in HSCs resulted in increased mitochondrial
mass and ATP levels. Elevated activity of mitochondrial metabolism related enzymes in
these cells, eventually led to loss of quiescence (50). Contrary to expectations, Nrfl
inactivation in Sirt7-~ HSCs reduced mitochondrial protein folding stress and improved
quiescence showing thus that Sirt7 keeps Nrfl activity under check. Therefore, Sirt7 was
proposed to relieve the HSCs of mitochondrial protein folding stress (PFS™) through
mitochondrial unfolded protein response (UPR™!) also showing that Sirt7 and Nrfl might be
regulating different branches of UPR™!,

As mitochondria act as the leading site of ROS production, a variety of models have been
used to examine how overall mitochondrial function and specific mitochondrial metabolic
pathways affect hematopoietic system. Several other studies where genetic alterations led
to increased mitochondrial function resulted in loss of HSC quiescence. mTOR is one

of the most important regulator of mitochondrial function and controls overall oxidative
potential of the cells (51). Deletion of tuberous sclerosis complex (TSC), an inhibitor of
the mTOR pathway involved in mitochondrial function, led to increased mitochondrial
biogenesis, resulting in active cycling of HSCs losing transplantation capability (52). Loss
of hematopoietic function was thought to be the result of ROS accumulation that finally
culminated in defective functioning of HSCs. As shown in several other studies, ROS
clearing had a positive effect on HSC functioning and could show significant recovery

of loss of stemness. Inhibition of MTOR pathway along with activation of canonical Wnt
pathway ably maintained mouse as well as human LT-HSCs ex vivoin a cytokine-free
culture (53). Similar experiments wherein deletion of mitochondrial carrier homologue
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2 (MTCH2; in Vav-Mich2™ mice) led to increased mitochondrial metabolic pathways,
showed HSCs entry into cell cycle (6). Increase in the size and activity of mitochondria in
these mice decreased frequency of primitive HSCs. Inactivation of MTCH2 ligand BID in
phospho-mutant mice also resulted in a similar effect on mitochondrial mass and activity
leading to altered hematopoietic function (54). As BID plays major role in DNA damage
response (DDR), these findings indicate that the metabolic-DDR network would be key to
the maintenance of HSC quiescence and preserving function following proliferative events
during homeostatic physiology.

Is The Metabolic Status of Fetal HSCs Same as in Adults?

During mammalian development, multiple transient hematopoietic sites appear that
ultimately lead to establishment of BM as the site of blood formation for most part of the
adult life (55,56). In murine embryos, the first wave of hematopoiesis results in appearance
of primitive HSCs in the yolk sac (YS) around embryonic day (E) 7.5. This is marked

by the appearance of primitive erythrocytes that carry oxygen across rapidly developing
embryo (57). This is followed by the second wave of hematopoiesis around E8.5, with the
appearance of definitive progenitors in the YS, placenta, umbilical and vitelline arteries and
para-aortic-splanchnopleura (P-Sp). Splenic colony forming units (CFU-S) start to appear
in the YS and dorsal aorta around E10 (58). This is followed by the final and most
important wave of hematopoiesis, which occurs around E10.5. This is marked by initiation
of definitive hematopoiesis and formation of hematopoietic clusters in dorsal aorta of the
embryo proper (59,60). Endothelial to hematopoietic transition takes place from specific
bipotent endothelial cells known as “hemogenic endothelium” (61). Definitive HSCs or
dHSCs are formed for the first time in these aortic clusters where Runx1 acts as a key
determinant (62). Hypoxia is known to play an important role during embryogenesis. HIFs,
the key sensors and effectors of hypoxic response regulate the formation of vasculature
and placenta (63). Spatiotemporal correlation between the ontogeny of the vascular and the
hematopoietic systems is widely reported (64). In extension, it is logical to hypothesize
that HIFs could be important in the development of hematopoietic system as well. Aortic
endothelium along with emerging hematopoietic clusters, placenta and FL stained positive
for hypoxyprobe pimonidazole (65). The study further showed that vascular endothelium
specific deletion of HIF-1a led to defects in hematopoietic emergence. However, it was
not clear if hypoxia pathway was crucial for endothelial to hematopoietic transition or
expansion of the hematopoietic cluster cells. Interestingly, the effect of HIF-1a deletion
was differential in various hematopoietic sites as yolk sac cells did not stain positive for
pimonidazole. Moreover, the cells within the aortic clusters were also unequally stained
for the hypoxyprobe (65). Role of events downstream of the HIF responses have not

been clearly elucidated in the hematopoietic system. Vegf pathway is one of the most
crucial downstream cascades that respond to HIF-1a stabilization in a variety of cell types.
Expression of Vegf seemed to coincide with the hypoxyprobe staining in E10.5 murine
embryo (66). Although a key role for Vegf in vascular development has been clearly
elucidated, its function specifically in hematopoietic development has not been delineated
yet. E9.5 embryos deficient in Hif-1 expression displayed major vascular defects and
almost no hematopoietic clusters in the dorsal aorta (67). Hematopoietic defects along with
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some vascular abnormalities in these embryos were partially recovered by Vegf treatment.
Conditional deletion of Vegf-ain the hematopoietic compartment resulted in impaired
engraftment potential of BM HSCs, showing the involvement of an autocrine regulatory
loop (68). Expression of Hif-2a in hematopoietic niche, on the other hand was shown to
be important for HSC engraftment as even the WT HSCs failed to engraft in Hif-2a™~BM
(31).

Metabolic pathways in response to oxygen levels determine glucose metabolism in a
prominent way. Anaerobic pathways for the production of ATPs consume significantly
higher amount of glucose than the oxidative pathways. On the other hand, glucose levels
also can modulate metabolic properties of a cell. Therefore, it is not surprising that the cases
of acute lymphoblastic leukaemia and type 1 diabetes were positively correlated (69). In
addition, babies born to mothers suffering from gestation induced diabetes or hypertension
were seen to have lower platelet function (70). Also, the neutrophil function and motility
of cord blood neutrophils was impaired in these cases (71). All of these observations point
to the fact that glucose metabolism induced changes in gross hematopoietic development
and function. During zebrafish development, however, it was shown that transient increase
in glucose levels resulted in increased hematopoietic function (72). Later it was shown
that these effects might have been mediated by PDGFR S pathway that acts downstream of
HIF-1a, which incidentally was stabilized in response to higher glucose levels (73).

FL is the hematopoietic site where dHSCs undergo several rounds of symmetric cell
division, which helps build the initial pool of blood cells in the embryo. This increased
proliferation poses heightened energy requirements. RNA sequencing data comparing
expression profiles of key energy metabolism pathway genes in BM and FL suggested

that mitochondrial oxidative phosphorylation pathways were highly enriched in the FL (44).
Results showed increased OCR, mitochondrial potential and ROS levels in FL derived HSCs
indicating altered metabolic pathways. Deletion of a key component of TCA, Fumarate
hydratase (Fh), in hematopoietic tissue-specific manner resulted in decrease in OCR in the
FL derived HSCs (74). While no viable Vav-Fh~- offspring were observed, E14.5 embryos
showed severe impairment in FL hematopoiesis. There was no alteration in the numbers

of HSCs in FL, but major defects were observed in lineage commitment causing fetal

or perinatal lethality. This also might indicate crucial role of ROS signaling pathways in
lineage commitment in HSCs. Although no clear studies exist that compare the level of
oxygenation in the BM and FL niches wherein HSCs reside, results indicated upregulation
of OxPhos related genes in FL-HSC niche (75). As the fetal HSCs differ majorly from their
adult counterparts, especially in terms of their proliferative potential, it is pertinent to revisit
the metabolic profile of these cells.

Metabolism in Aging

DNA damage signaling and repair pathways that can be directly regulated by oxidative stress
in a cell have been linked to the aging process (76), for which stem cells might be playing

a central role. Oxidative metabolic pathways are inhibited in adult HSCs and elevation of
mitochondrial function leads to loss of quiescence. In this light, loss of quiescence in aged
HSCs has been correlated with accumulation of DNA damage due to oxidative stress (77).
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Results showing increased oxidative pathways in aged HSCs corroborated this hypothesis.
While we described that FL HSCs might be more dependent upon mitochondrial pathways
than their adult counterparts (44), elegant studies from Ho et a/. showed correlation between
functional decline in aged HSCs with elevated levels of OxPhos (78). Results clearly
showed increased mitochondrial function resulting in enhanced O, consumption, higher
OxPhos and ROS levels. Interestingly, the sub-population of aged HSCs with higher levels
of autophagy showed clearing of mitochondria leading to decreased ROS levels. Higher
ROS levels in autophagy-low aged HSCs was correlated with increased amount of DNA
damage accumulation (78). These results propose higher mitochondrial activity as one

of the major causes of functional decline in HSCs in animals with deletion of a variety

of factors. These cells exhibited impaired autophagy due to which active mitochondria
cannot be eliminated, resulting in loss of quiescence and exhaustion of the primitive stem
cell pool and impaired hematopoiesis. Variety of transgenic mouse models resulting in
escalated oxidative metabolism showed aging like phenotype of hematopoietic system;
namely, decreased repopulation potential, myeloid bias and DNA damage accumulation in
HSC population (Table 1). For example, deletion of Sirt7that led to increased mitochondrial
function resulted in loss of hematopoietic function. Interestingly, the expression of Sirt7

is significantly reduced in aged HSCs (50,80), corroborating the link between increased
mitochondrial function and aging. ROS accumulation due to increased mitochondrial
function, coupled with poor DNA damage response led to functional decline in aged HSCs,
also possibly augmenting several of the age specific hematopoietic defects and disorders. It
was also observed that aged HSCs show higher mTOR activity, underlining the importance
of mTOR regulation for HSC quiescence (81). Increase in mTOR activity following 7sc
deletion in MxZ-Tsc”~mice also led to premature aging of the hematopoietic system.
Rapamycin treatment of the old mice restored the self-renewal and repopulation potential of
HSCs, increasing their lifespan (81). Similarly, Sirt7 upregulation improved the function of
aged HSCs (50). HIF1a22 mice also show similar pattern of reduced HSC frequency and
number with age exhibiting the role of HIF1a in preserving the HSCs in quiescent stage (4).
Activation of anaerobic glycolytic pathways and inhibition of oxidative pathways ensures
lower ROS accumulation. Oxidative stress in HSCs has been shown to result in functional
decline. In addition, ROS pathway is involved in stem cell differentiation which might lead
to lineage bias in aged HSCs. For example, activation of p38MAPK pathway in response to
elevated ROS levels upregulate age related markers like p16Ink4a leading to the exhaustion
of the stem cell pool (48). Experiments have shown that quiescence of the long-surviving
HSCs might be the underlying reason why DNA damage accumulation takes place in aged
HSCs. And, the proliferative events might be one of the mechanisms by which HSCs would
activate DNA damage response pathways (82).

Balance Between Oxidative and Non-Oxidative Pathways is the Key

The discussed studies establish clearly that adult HSCs remain metabolically dormant
and disturbance of this status can lead to functional loss and spontaneous differentiation.
To a large extent, functional decline of HSCs during aging also has been attributed to
accumulation of oxidative damage. As described in the earlier sections, functional loss of
HSCs due to increased oxidative stress induced by elevated mitochondrial function can be
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reversed by using anti-oxidants or inhibition of ROS pathway. Recent reports confirmed
the importance of balancing oxidative load and proposed it as a key to hematopoietic
fitness. Most of the DNA damages are repaired by DDR pathways, specific for different
types of damages incurred. While most DNA damages are detected and result in cell

cycle arrest or apoptosis, some lesions are bypassed via DNA translesion synthesis that
appoints specialized DNA polymerases, wherein Rev1 acts as a core factor. Deletion of
Rev1 in hematopoietic system led to loss of engraftment potential of HSCs with functional
loss starting as early as in the E14 fetal liver (79). These results clearly emphasize the
importance of DDR pathways and predict the effects of DNA damage accumulations.
Simultaneous deletion of Xpc, a key nucleotide excise repair gene should exacerbate the
generation of DNA lesions. Indeed, the effects of co-deletion of Revl and Xpc were rather
severe and embryos were born in sub-Mendelian ratios and double knockout littermates
showed shortened lifespan of around 3.5 months with major hematopoietic defects. In

line with a number of reports that showed restorage of hematopoietic function following
anti-oxidant treatment, recent results showed high levels of ascorbate in human as well as
mouse HSCs (83). Ascorbate (along with its transporter S/c23a2) was the most enriched
metabolite in HSCs and multipotent progenitors (MPPs) as compared with more restricted
progenitor populations. Contrary to expectations, depletion of ascorbate led to increase in
the number and function of HSCs. However, these effects were mediated by Tet2 function
and no effects on ROS accumulation were observed. Interestingly, ascorbate depletion
promoted leukemogenesis from F/t3/70: Tet2/* cells, resulting in shorter lifespan of the
recipients with lacking ascorbate synthesis. The suppressive effects of ascorbate might
have been the result of its function as a cofactor for prolyl hydroxylases that degrade

HIFs and some other enzymes linked with mitochondrial metabolism. It can be said that a
balance between the oxidative and non-oxidative pathways maintains homeostatic function
in HSCs, and imbalance will create functional disturbance. For instance, it was observed that
overactivation of mitophagy led to hematopoietic defects.

Increased mitophagy resulted from the deletion of AAA1-ATPase Atad3 in adult
hematopoietic cells led to poor survival of Atad3a™":Mx1Cre mice (84). The hematopoietic
defects were correlated with decrease in mitochondrial mass and OCR. However,
mitochondrial membrane potential was increased in the MxI,Atad3a~~ HSCs. These
changes affected lineage differentiation in major way, however, resulting in increase in

the frequency as well as absolute number of stem cell sub-populations due to increased
proliferation. In fact, recent results demonstrated that mitochondrial respiration was key to
the differentiation process in HSCs (85). Deletion of Rieske iron-sulfur protein (RISP), a
complex 111 subunit led to major fall in mitochondrial respiration and OCR and caused major
defects in FL hematopoiesis. While there was no loss of absolute number of HSCs in E15.5
FL tissues, differentiation into MPPs was blocked, resulting in severe loss of differentiated
progeny. These results strongly suggested a crucial role of mitochondrial pathways, lineage
commitment being integral component of stemness. While anaerobic glycolytic pathways
play important role in maintaining quiescence, especially in the case of adult BM HSCs,
mitochondrial pathways make sure optimum number of MPPs are produced. Therefore,

a fine balance between anaerobic and aerobic arms of respiration should be balanced to
achieve homeostasis.
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Conclusion

Currently, there is a lot of interest in understanding how a variety of metabolic pathways
regulate HSC function. Physiological status of a cell type would affect the metabolic
pathways employed. Recent studies confirm that an altered metabolic state in a variety

of cell types could influence their function. In the case of adult HSCs, it has been shown
that for energy production, they largely depend upon anaerobic pathways. It was also
proposed that these metabolic pathways are influenced by the oxygenation status of the
niche wherein the HSCs reside. How the cells switch between these pathways in the wake of
change in physiological status is not clear. Different developmental stages present differently
functioning HSCs. Initial studies have pointed toward altered metabolic status of HSCs
across developmental stages that would ultimately define the functional uniqueness of HSCs
at that stage. Studies are aimed at modulating key pathways to achieve efficient expansion or
directed differentiation into specific hematopoietic populations in order to address specific
clinical demands. It has been found that HSC metabolism shows plasticity, which helps
them adapt to diverse cell fates. Lineage commitment within the stem cell compartment
leads to metabolic fluctuations. However, if the metabolic properties of different HSC sub-
populations are regulated by distinct micro-niches that these cells take within the BM, is not
very clear. HSCs emerging in the aorta and homed near the arterioles in BM heavily depend
upon hypoxic pathways. Whether it depends, at least in part, on the intrinsic regulation is
not understood well. Studies are warranted to work out the role of intrinsic versus extrinsic
factors that would result in a preferred metabolic pathway. That, hypoxic niche is crucial in
maintaining anaerobic respiration in adult HSCs is the most accepted view currently. What
are the differences in absolute O, levels in these sites remains to be seen. Importantly, how
functionally distinct HSC subsets locate themselves in accordance to the O levels is to

be examined. Using modern imaging tools aided by a deeper knowledge on HSC markers,
have been able to demonstrate that these subsets might be differently located within the

BM. However, these locations are still to be linked with respective O, levels that might
contribute in the regulation of metabolic pathways in HSCs and hence, their function. It

is yet to be established if there is any correlation between specific micro-niches taken

by specific stem cell sub-population based on their metabolic requirements. Deciphering
metabolic networks underlying HSC functional regulation might be the final conquest
leading to the HSC becoming amenable to modulation of their function ex vivo. The
pluripotent stem cells can provide renewable source of HSCs. However, current methods
have proven to be not sufficiently efficient in creating functional HSCs that could be used
for transplantations. Better understanding of the metabolic players that could lead to further
maturation of the hematopoietic precursors generated via directed differentiation would be

a highly sought after step. Overall, this field presents exciting opportunities with immense
potential in not only creating better understanding of the developmental and physiological
hematopoietic processes but also devising improved methods of HSC expansion and directed
differentiation.
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Fig 1.

Er?ergy production pathways depend upon oxygen levels. A variety of metabolic pathways
ensure supply of sufficient energy for a cell to perform its function. In case of stem

cells thence, these pathways can regulate their self-renewal and differentiation potential.
Glucose being the most common raw material for energy production pathways enters

the cells through glucose transporters. Glucose is first converted into pyruvate through
glycolysis following which metabolic pathways are selected on the basis of availability of
O,. Lactate dehydrogenase (LDH) that responds to hypoxia pathways converts pyruvate into
lactate in low O, conditions. Another important metabolic enzyme pyruvate dehydrogenase
kinase (PDK) inhibits the activity of pyruvate dehydrogenase (PDH) that generates acetyl-
coenzyme A (acetyl co-A) under abundant O, levels. Under normoxic conditions most

of the ATP synthesis depends upon mitochondrial pathways driven by electron transport
chain and subsequently ATP synthase activity. These oxidative pathways, however, produce
reactive oxygen species (ROS) that leads to oxidative damage in cellular components and
affects function negatively. At the same time, ROS signaling events lead to activation of
differentiation pathways.
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H3poxic pathways regulate quiescence of adult hematopoietic stem cells. In adult BM,
HSCs have been shown to reside in hypoxic niches. This has been considered as the

key factor that determines energy production pathways employed by these cells. O, levels
are sensed by the cells through activity of prolyl hydroxylase domain-containing proteins
(PHDs), which degrade HIF1a through VHL ubiquitination pathway. As a consequence of
hypoxic niche, HIF-1a gets stabilized causing transcriptional activation of several regulators
of anaerobic energy production pathways. HIF target Ldha leads to increased lactate
production, which is reflected in elevated extracellular acidification rate in primitive HSCs.
In addition, hypoxic response of the cells inhibits several of the pathways key for oxidative
mitochondrial pathways such as acetyl co-A production via fatty acid oxidation or by PDH
activity. Through multiple mechanisms, including activation of key enzymes, Akt pathway
enables glycolytic pathways in HSCs.

IUBMB Life. Author manuscript; available in PMC 2022 July 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Roy et al. Page 20

BOR MMP
OxPhos
pathways ROS Aged

DNA damage

. ' \ ‘:m
Oxidative damage
—Lew e’ /
Oxidative

respiration
Autophagy

L B—&

Fig 3.

Mitochondrial activity is associated with decline in stemness. Quiescent BM HSCs show
low mitochondrial potential to avoid oxidative stress. Increased oxidative respiratory
pathways lead to ROS accumulation leading to decreased stemness and spontaneous
differentiation. Accumulation of DNA damage in aged HSCs also has been correlated with
increased ROS production. HSCs employ several pathways that ensure glycolytic pathways
prevail instead of oxidative means of ATP production. At the same time, DNA damage
responses that become insufficient in aged HSCs resulting in accumulation of DNA damage
and functional decline. In young HSCs, DDR pathways are activated by Atm kinase through
Foxo3, which also keeps mitochondrial activity low. Sirtuins have also been shown to

play critical role in keeping mitochondrial activation level under check. While still under
investigation, a role of mitophagy in maintaining the content of healthy mitochondria in
HSCs is emerging.
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Agross development energy production pathways play important role in regulating
hematopoietic function. Across developmental stages, HSCs are known to function in a
variety of niches. Several of these niches such as AGM, where definitive HSCs emerge in
the embryo, and placenta are hypoxic in nature. In the case of FL HSCs, mitochondrial
content and activity has been shown to be elevated. Disruption of ETC blocks the lineage
commitment in FL HSCs and they fail to create lineage-committed progenitors. HSCs from
most other hematopoietic stages largely depend upon anaerobic energy production pathways.
Hematopoietic emergence in AGM within the embryo proper is closely associated with
vascular system where hemogenic endothelium gives rise to hematopoietic progenitors.
VEGF pathways, one of the most important targets of hypoxia pathway, have been
implicated in some of the events leading to hematopoietic emergence. At the same time,
importance of anaerobic metabolic pathways in adult BM HSCs is widely accepted.
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El?evated levels of oxidative pathways result in loss of HSC quiescence. Hematopoietic
system is organized in a hierarchical manner with the most primitive HSCs on top and
terminally differentiated blood cells at the bottom of the pyramid. The most primitive HSCs
depend on anaerobic glycolytic pathways to meet their energy requirements while oxidative
pathways become important for more committed progenitors and differentiated cells.
However, mitochondrial pathways play important role in creation of the pool of multipotent
progenitors from stem cells and further differentiation. A balance between anaerobic and
aerobic respiratory pathways is critical for maintaining steady state hematopoietic processes.
However, in the case of adult BM HSCs, the balanced state involves production of energy
from glycolytic pathways significantly more than mitochondrial oxidative pathways.
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Bglance in glycolytic and mitochondrial respiration pathway is the key to hematopoietic
fitness. Various studies discussed in this review point toward the importance of anaerobic
respiratory pathways in maintenance of quiescence in adult HSCs. In primitive BM HSCs,
activation of oxidative pathways resulted in cell cycle entry, also leading to spontaneous
differentiation mediated by ROS signaling. Mitochondrial biogenesis and mitophagy provide
critical balance in the overall mitochondrial pathways being undertaken by HSCs in the
wake of occasional proliferative events. A variety of physiological states might pose
requirement for higher rates of oxidative respiration, in which case DNA damage response
pathways ably rescue the cells from oxidative stress to the genome. These factors play
crucial role in maintaining functional integrity of HSCs.
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Transgenic mouse models with increased mitochondrial function with concomitant loss of
stemness in hematopoietic system

In vitro

In vivo

Reference

Model Lethality

Mx- -

Cre*,Fox01/3/4"

FoxO3a™"~ -

At~ By 24
weeks, post
BM failure

Mx1- -

Cre,Pdk2,4~~

Mx-1-Cre; Tsc"" -

Sirt77"~ -

Vavi-Cre;Mich2™  —

MxI1-Cre;HIF1a™ -

Germline Revi~~ Lifespan
shorter than
WT
littermates

Defective HSC and CLP
colony forming activity

Mild reduction in HSC
clonogenic capacity

Increase in intracellular
H,0, in LSK

Decrease in the number
of LSK cells /n vitro

Reduction in LT-HSC
fraction /n vitro

Increase in the size
and number of
erythroid, macrophage,
megakaryocyte and
granulocyte colonies

Increase in percentage
of apoptotic cells in the
aforesaid colonies

Not mentioned

Decreased CFU-C
potential in HSCs

CFU-Cs from cKO
mice less sensitive to
radiation damage

RevlHSC
clonogenicity reduced

Expansion of myeloid lineage and
decrease in lymphoid commitment

Loss of stem cell population in
bone marrow

Increased ROS levels in HSCs

Deteriorated resistance to
myelotoxic stress

Increased HSC cycling

Increased ROS accumulation

BM failure as early as 24 weeks

Loss of quiescence in HSCs
and steady state hematopoiesis
affected

Accumulated mitochondrial ROS
and diminished repopulation
capacity

Multilineage engraftment capacity
remained unaffected

Increased mitochondrial
biogenesis, increased
mitochondrial DNA expression,
increased ROS

Active cycling of HSCs and loss
of transplantation potential

Premature aging of the
hematopoietic system

Increased mitochondrial mass and
ATP levels in HSC, increased
mitochondrial function

Loss of hematopoietic function

Increased mitochondrial pathways
in HSCs, increase in size and
activity of mitochondria

Increased HSC entry into cell
cycle, decreased frequency of
primitive HSCs

Reduced HSC frequency and
number with age

Loss of engraftment potential of
HSCs
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Phenotype
Model Lethality In vitro In vivo Reference
. Functional loss of HSCs starting
asearly as E14 FL
Revi~- ch-/- ~3.5 - . Embryos born in sub-Mendelian 79
months ratios
. Smaller embryos than WT or
single deficient littermates
. Major hematopoietic defects; very
less HSC numbers starting as
early as E14 FL
. Increased HSC cycling
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