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Since the huge success of bone marrow transplantation technology in clinical practice, hematopoietic stem cells (HSCs) have
become the gold standard for defining the properties of adult stem cells (ASCs). Here, we describe the “self-renewal, multi-
lineage differentiation, apoptosis, rest, and trafficking” or “SMART” model, which has been developed based on data derived
from studies of HSCs as the most well-characterized stem cell type. Given the potential therapeutic applications of ASCs, we
delineate the key characteristics of HSCs using this model and speculate on the physiological relevance of stem cells identified in
other tissues. Great strides are being made in understanding the biology of ASCs, and efforts are now underway to develop safe
and effective ASC-based therapies in this emerging area.
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Introduction hematopoietic stem cells (HSCs) as one of the most ex-

It has taken several decades to understand how the re-
generative capacity of the body can be harnessed to heal or
treat tissues damaged as a result of disease or trauma (Mao
and Mooney, 2015). Researchers are now focusing on adult
stem cells (ASCs), which have the capacity for self-renewal,
thereby generating the required cell types (Clevers, 2015).
ASCs exist in various tissues, including the brain, cornea,
dental pulp, and bone marrow, and reports on ASC-con-
taining tissues are becoming increasingly common (Ali et al.,
2016). Many patients with malignant and nonmalignant he-
matopoietic disorders and/or immune dysfunction have
benefited from bone marrow transplants, thus highlighting
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tensively characterized ASC types (Dulak et al., 2015).
Advanced techniques have contributed to a greater under-
standing of the physiological features of ASCs at the single
cell level and facilitated further optimization of cellular and
molecular diagnostics (Xie et al., 2021). To better manipulate
ASCs for therapeutic purposes, an in-depth understanding of
their physiological biology is required. The key character-
istics have been concisely captured using the new “self-re-
newal, multi-lincage differentiation, apoptosis, rest, and
trafficking” or “SMART” model (Figure 1) (Cheng, 2008).

S: Self-renewal

In classical theory, ASCs have two distinct mechanisms of
self-renewal: asymmetric division and symmetric division.

life.scichina.com link.springer.com


https://doi.org/10.1007/s11427-021-1961-1
https://doi.org/10.1007/s11427-021-1961-1
http://life.scichina.com
http://link.springer.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11427-021-1961-1&amp;domain=pdf&amp;date_stamp=2021-07-19

Yuan, S, et al.

© f - N ~‘/.-§/ @
® ))Q
<

Adult Stem Cells

'-'/W:V'N' N v
N/

R

Figure 1 The hallmarks of ASCs illustrated using the “SMART” model
of HSCs. This model constitutes the gold standard for defining the prop-
erties of ASCs.

Asymmetric division generates one daughter stem cell and
one differentiated cell, whereas two daughter stem cells are
produced by symmetric division (Morrison and Kimble,
2006). Asymmetric division is an effective strategy used to
manage both self-renewal and differentiated cell production
in a single division, thus maintaining tissue homeostasis and
the stem cell pool simultaneously. Although ASCs tend to
divide asymmetrically during steady-state conditions, they
retain the ability to divide symmetrically to restore the stem
cell pool after injury, as observed in hematopoietic systems
(Cheng et al., 2019). The maintenance of HSC self-renewal
capacity depends on the regulation of the cell itself (i.e.,
intrinsic regulation), and the regulation of various compo-
nents in the hematopoietic microenvironment (i.e., extrinsic
regulation) (Lucas, 2017). Here, we discuss the mechanisms
underlying these two regulatory mechanisms in detail.

Intrinsic regulatory mechanism

The self-renewal capacity of ASCs, which is regulated by a
complex network of transcription factors and signaling
pathway molecules, correlates with the maintenance of their
quiescent state.

Classical signaling pathways and crosstalk

The focus on Wnt signaling in ASCs originates from an
observation linking canonical Wnt signaling with the main-
tenance of the ASC compartment in murine intestines
(Korinek et al., 1998). Soluble Wnt3a protein induces the
growth of highly purified human bone marrow HSCs in the
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absence of any other growth factors (Reya et al., 2003). Wnt
pathway components and target genes have been identified
as ASC markers in many other tissues. For example, leucine-
rich repeat-containing G-protein coupled receptor 5 (Lgr5) is
a Whnt target gene and Lgr5-positive (Lgr3') cells in the
stomach, kidney, and ovary were identified as stem cells
(Barker et al., 2007; de Lau et al., 2014). Furthermore, ge-
netic knockout of Flamingo (Fmi) or Frizzled (Fz) 8 induces
a decrease in the number of long-term HSC (LT-HSC), in-
dicating that noncanonical Wnt signaling mediated by Fmi
and Fz8 maintains quiescent LT-HSCs. These findings in-
dicate the different roles of canonical and noncanonical Wnt
signaling. While noncanonical Wnt signaling predominantly
maintains quiescent LT-HSCs, the canonical Wnt signaling
pathway is prominent in promoting the HSC activation and
self-renewal (Sugimura et al., 2012). Notch receptors and
ligands are widely expressed in the hematopoietic system
(Wang et al., 2015). Hairy and enhancer of split-1 (Hesl), a
classical target of the Notch signaling pathway, encodes a
strong transcriptional repressor and is regulated by Wnt/p-
catenin signaling, which is an important indication of Wnt
and Notch signaling crosstalk (Borggrefe et al., 2016).

The Smad signaling pathway is necessary for the trans-
duction of signals downstream of the transforming growth
factor-p (TGF-B) family and bone morphogenetic proteins
(BMPs). Low concentrations of TGF-f stimulate the pro-
liferation of myeloid-biased HSCs but inhibit the prolifera-
tion of lymphoid-biased HSCs (Blank and Karlsson, 2015;
Challen et al., 2010). Moreover, Hedgehog (Hh) antibodies
reduce the proliferation of uncommitted human hemato-
poietic cells. BMP inhibition using Noggin reduces Sonic
hedgehog (Shh)-induced proliferation in a manner similar to
that observed using anti-Hh, suggesting that Shh induces the
expansion of primitive cells through mechanisms related to
downstream BMP signals (Bhardwaj et al., 2001). Finally,
the importance of fibroblast growth factor (FGF) signaling in
facilitating HSC proliferation was confirmed through in vitro
culture experiments. Bone marrow HSCs from FGF receptor
1 knockout mice showed impaired proliferative ability
compared with HSCs of normal mice after 2 weeks of culture
(Zhao et al., 2012).

Transcription factors

In addition to the classical signaling pathways mentioned
above, several transcription factors are also involved in the
intrinsic regulation of HSC self-renewal. Transcription fac-
tors of the forkhead box O (FoxO) family, particularly FoxO
3a, maintain the self-renewal capacity of HSCs by providing
resistance to oxidative stress and initiating protective au-
tophagy (Li et al., 2015). Several studies have highlighted
the vital importance of the Hox transcription factors in HSC
self-renewal. Homeobox B4 (HoxB4) is considered to be a
positive regulator of HSC self-renewal. HoxB4 over-
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expression significantly promotes the expansion of murine
HSCs in vitro, and the amplified HSCs maintain the capacity
for hematopoietic reconstruction in vivo. Hoxb5" HSCs
display long-term hematopoietic reconstruction capacity in
primary and secondary recipient mice after transplantation,
thus indicating that Hoxb5 serves as a marker of LT-HSCs.
The distal element RARE (DERARE), located between the
Hoxb4 and Hoxb5 genes, is a cis-regulatory element of Hoxb
cluster genes and highly enriched in LT-HSCs. Deletion of
DERARE inhibited Hoxb expression and reduced the fre-
quency and absolute number of murine bone marrow HSCs
via a methylation-dependent mechanism (Beslu et al., 2004;
Chen et al., 2016; Qian et al., 2018).

Non-coding RNAs

Non-coding RNAs have a powerful role in regulating HSC
expansion at a post-transcriptional level. Overexpression of
microRNA-125 (miR-125) in human HSCs resulted in
higher chimerism levels than in control-treated cells, con-
firming the role of miR-125 in regulating the self-renewal
potential of HSCs (Wojtowicz et al., 2016). Competitive
transplantation assays confirmed that miR-126 knockdown
promoted HSC expansion without causing exhaustion
(Lechman et al., 2012). Luo et al. identified 159 HSC-en-
riched IncRNAs (IncHSCs) by deep-sequencing of highly
purified HSCs. Moreover, IncHSC-2 knockdown hampered
the reconstitution of HSCs in secondary recipient mice, in-
dicating that IncHSC-2 contributes to HSC self-renewal (Luo
et al., 2015). The number of colony-forming units was sig-
nificantly reduced after knocking down the expression of
H19 IncRNA in CD31" cells containing HSCs. Also, the
decrease in H19 IncRNA resulted in a deficiency in fetal
HSC formation and hypermethylation of certain hemato-
poietic transcription factor promoters (Zhou et al., 2019).

Metabolic regulation

Specific modes of metabolism are required to preserve the
self-renewal capacity of HSCs. The asymmetric inheritance
of lysosomes, autophagosomes, and mitophagosomes during
autophagy and mitochondrial clearance regulates asym-
metric HSC divisions (Loeffler et al., 2019). Mitochondrial
quality is a vital factor in regulating HSC self-renewal. HSC
expansion is accompanied by mitochondrial activation and
metabolic conversion to oxidative phosphorylation. Mi-
tochondria acquire cumulative damage during cell divisions,
which activates mitochondrial autophagy, maintaining mi-
tochondrial quality control. The intracellular hypoxic con-
ditions are critical to the maintenance of HSCs. Increased
frequencies of cycling HSCs and rising levels of intracellular
reactive oxygen species (ROS) have been observed along
with accumulated DNA damage under the influence of var-
ious stressors, which lead to compromised self-renewal ca-
pacity and ultimately, to HSC exhaustion (Ito and Ito, 2018).
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Extrinsic regulatory mechanism

HSCs reside within a specialized hematopoietic micro-
environment, termed the HSC niche, which is itself a func-
tional unit of extrinsic regulation. The HSC niche is a
complex structure composed of the extracellular matrix and
different populations of niche cells, including osteoblasts,
sinusoidal endothelial cells, perivascular cells, mesenchymal
stem cells, and megakaryocytes and macrophages, which
secrete cytokines and growth factors to enhance self-renewal
of HSCs (Sugiyama et al., 2019).

Cytokines and growth factors

In addition to the cellular components, cytokines also play a
key role in regulating HSC proliferation. In vitro studies
indicated that high thrombopoietin (TPO) levels in combi-
nation with low stem cell factor (SCF) and fibronectin pro-
moted the expansion of functional murine HSCs (Wilkinson
et al., 2019). Bone marrow adipocytes promote HSC pro-
liferation by secreting growth factors, including adiponectin
and SCF (DiMascio et al., 2007; Zhou et al., 2017). Arter-
iolar endothelial and leptin receptor (Lepr)-expressing peri-
vascular stromal cells are also important SCF sources. After
deletion of SCF from endothelial and perivascular stromal
cells, the frequency and absolute number of HSCs were re-
duced in murine bone marrow (Asada et al., 2017; Ding et
al., 2012). A competitive transplantation assay showed that
endothelial cells also secreted pleiotrophin (PTN) to regulate
HSC self-renewal and maintain the HSC pool. Irradiated
mice transplanted with HSCs from PTN~~ mice showed
decreased hematopoietic reconstruction compared with mice
transplanted with HSCs from PTN™" mice (Figure 2)
(Himburg et al., 2012).

Biochemical characteristics

ROS regulate HSC self-renewal and hematopoietic re-
construction by directly affecting the recipient micro-
environment (Hu et al., 2019). The long-term hematopoietic
reconstruction ability of murine bone marrow HSCs or hu-
man cord blood HSCs is significantly enhanced in vivo when
the cells are collected under hypoxic conditions (3% oxygen)
rather than under normoxic conditions (21% oxygen). This
phenomenon is mainly due to the increased mitochondrial
permeability caused by the non-physiological level of oxi-
dative stress under normoxic conditions, resulting in a sharp
increase in intracellular ROS content (Mantel et al., 2015).
Endosteal blood vessels mediate bone marrow HSC main-
tenance by providing a microenvironment with a low ROS
level, while the intracellular ROS levels of HSCs are in-
creased by the more permeable sinusoids through exposure
to blood plasma leading to damage of their long-term self-
renewal capacity (Itkin et al., 2016). In general, micro-
environmental regulation is an important mode of the
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Figure 2 Schematic representation of the adult bone marrow showing the various cell types and factors that directly or indirectly regulate HSC activity.

extrinsic regulation required to maintain the self-renewal
function of ASCs in the physiological state through media-
tors such as cytokines and ROS (Cheng et al., 2018).

HSC self-renewal is regulated by the elaborate interplay of
both intrinsic and extrinsic regulators. In the fetal liver, HSC
proliferation was weakened in the absence of activating
transcription factor 4 (ATF4) due to the downregulated ex-
pression of cytokines, such as angiopoietin-like protein 3 in
ATF4" stromal cells (Zhao ct al., 2015). Pleiotrophin in-
creased the expression of HES1, a mediator of Notch sig-
naling. Antagonism of Notch signaling blocked pleiotrophin-
mediated expansion of HSCs, suggesting that pleiotrophin
promoted HSC expansion via Notch signaling (Himburg et
al., 2010). SCF maintained HSCs by reducing intracellular
ROS and regulated HSC self-renewal by transcription factors
such as Slug and signal transducer and activator of tran-
scription 5 (STATS) (Itkin et al., 2012; Ludin et al., 2014;
Zhang et al., 2017).

One of the main reasons for the lack of a major break-
through in our ability to expand HSC in vitro is the difficulty
in simulating the complexity of the hematopoietic micro-
environment (Wilkinson et al., 2019). Although the barriers
to stable expansion of HSCs in vitro remain, emerging
achievements in scientific research cannot be ignored. For
example, a new culture system using polyvinyl alcohol as a
replacement for serum albumin reduces biological con-
taminants and supports huge expansion of functional murine

HSCs in vitro over a 1-month culture period. Successful
engraftment was achieved using a limited number of HSCs
derived from this albumin-free culture system without the
requirement for radiation (Wilkinson et al., 2019). With re-
gard to the expansion of human HSCs, small molecules such
as StemRegenin 1 (SR1) and UM171 have been used in
combination with cytokines to induce remarkable expansion
of cord blood stem cells in vitro. Moreover, a recent single-
arm, phase 1-2 study has suggested that HSC transplantation
using single UM171-expanded cord blood is safe and fea-
sible (Boitano et al., 2010; Cohen et al., 2020; Fares et al.,
2014). Another study showed that substantial expansion and
maintenance of long-term repopulating ability were achieved
when human HSCs derived from cord blood and bone mar-
row were expanded in a three-dimensional (3D) degradable
zwitterionic hydrogel culture system. The zwitterionic
characteristics of the hydrogel and the 3D format simulated
the HSC microenvironment and promoted HSC self-renewal,
probably by inhibiting ROS production (Bai et al., 2019). We
consider that, in the coming decade, more optimized culture
systems for human HSCs will emerge and make significant
contributions to regenerative medicine.

M: Multi-lineage differentiation

Currently, the HSC model is the best-characterized paradigm
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of ASC differentiation. Here, we discuss hematopoietic dif-
ferentiation under steady-state or stress conditions.

Differentiation during homeostasis

HSCs reside at the top of a hierarchy of the production of all
blood lineage cells. LT-HSCs are at the top of the hierarchical
model, and the downstream short-term HSCs (ST-HSCs)
differentiate into multi-potent progenitors (MPPs), which
have no long-term self-renewal ability. MPPs mainly dif-
ferentiate into common lymphoid progenitors (CLPs) with
lymphoid potential and common myeloid progenitors
(CMPs) with myeloid, erythroid, and megakaryocytic po-
tential. CLPs differentiate into T, B, natural killer (NK) cells,
and dendritic cells (DCs), while CMPs form bipotent gran-
ulocyte-macrophage (GMPs) and megakaryocyte-ery-
throcyte progenitors (MEPs), both of which mature into
various functional cell lines. Although this huge pyramid-
like differentiation model is widely used, it should be noted
that the lineage output was assessed predominantly in colony
or transplantation assays rather than in unperturbed hema-
topoiesis (Cheng et al., 2020; Laurenti and Goéttgens, 2018).

Novel experimental murine models have been established
to investigate unperturbed hematopoietic differentiation in
the steady state. Using an inducible transposon tagging ap-
proach, the Camargo team discovered that progenitor cells,
rather than HSCs, make a major contribution to steady-state
hematopoiesis, and most MPPs differentiate into the myeloid
lineage (Sun et al., 2014). However, the Reizis team reported
a major contribution of HSCs to steady-state hematopoiesis
based on genetic labeling studies (Sawai et al., 2016). These
paradoxical observations may result from differences in la-
beling specificity and efficiency. Consequently, new tech-
niques are required to resolve this controversy. Subsequently,
the Reizis team employed a combination of lineage tracing,
flow cytometry, and single-cell RNA sequencing (scRNA-
seq) to show that the megakaryocytic lineage emerged before
other lineages. HSCs became committed to the mega-
karyocytic lineage within 1 week and then differentiated
progressively to form erythroid, myeloid, and lymphoid
progenitors, illustrating the sequential multi-lineage differ-
entiation of HSCs in the steady state (Upadhaya et al., 2018).
The classical pyramid-like differentiation model is supported
by the Polylox recombination system devised by the Rode-
wald team, in which the spreading of barcodes indicated the
multi-lineage or oligolineage fates of most HSC clones (Pei
et al., 2017). An approach known as PolyloxExpress was
subsequently developed for simultaneous analysis of fate and
transcriptome profiles with HSC clones from the same fate
category projected onto the same area of the transcriptional
landscape (Pei et al., 2020). With the advances in technology
and the information provided, it is likely that more stem and
progenitor cell subtypes will be discovered, and the
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hierarchical model will be further revised (Cheng et al.,
2020).

Differentiation following non-homeostatic perturbation

Emerging technologies based on scRNA-seq offer a greater
insight into the variation in differentiation patterns under
physiological or stress conditions. A new approach known as
“FIT” has been proposed to elucidate HSC behavior fol-
lowing transplantation by combining function-based (F),
immunophenotype-based (I), and transcriptome-based (T)
methodologies (Dong et al., 2020a). In contrast to home-
ostasis, transplanted HSC:s are likely to encounter diseased or
damaged recipient microenvironments and undergo stress
induced by the urgent requirement for hematopoietic re-
construction. Studies using scRNA-seq have shown that
within 1 d after transplantation, the percentage of transcrip-
tional HSCs (tHSCs) begin to decrease gradually since
transplanted HSCs are immediately committed to differ-
entiating into transcriptional MPPs (tMPPs) and even tran-
scriptional ~ megakaryocyte-erythrocytes  (tMEs)  and
transcriptional granulocyte-monocyte-macrophages (tGMs).
The appearance of tMEs and tGMs may result from the al-
tered gene expression in tMPPs as a prelude to differentiation
into the myeloid and erythroid lineages. Moreover, trans-
planted HSCs probably differentiate directly into erythroid
and myeloid lineages even before the first cell division
(Figure 3) (Dong et al., 2020b). After transplantation into
unconditioned mice, HSC lineage commitment occurs with
an equivalent contribution from each clone during differ-
entiation. In contrast, in irradiated mice, a small subset of
transplanted HSC clones expanded faster than others, and
only a few HSC clones were involved in differentiation.
Furthermore, HSC clones expanding dominantly in the CLP-
to-B-cell step were more inclined to exhibit lymphoid bias,
whereas clones expanding dominantly in the HSC-to-MPP
step were more likely to exhibit myeloid bias or no bias in
irradiated mice. An increased number of helper cells or a
reduced radiation dose resulted in more balanced HSC
clones (Lu et al., 2019).

A: Apoptosis

The overgrowth of ASCs can be prevented by apoptosis,
which is the most widely recognized mechanism of cell death
in the physiological state. Apoptosis acts as an effective
cellular quality control mechanism by removing dysfunc-
tional and dangerous cells. The anti-apoptotic ability of
ASCs required to maintain the stem cell pool at an adequate
size is stronger than the anti-apoptotic ability of other mature
cells occupying most of the body (Bergmann and Steller,
2010). Below, we discuss the moderate capacity of ASCs for
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Figure 3 Schematic representation of hematopoietic differentiation under
steady-state or stress condition. Unlike the classical hematopoietic hier-
archical model (left panel), myeloid and erythroid differentiation is pro-
moted after transplantation, while lymphoid differentiation is inhibited
(right panel).

spontaneous apoptosis, in addition to their ability to resist
apoptosis.

Spontaneous apoptosis

p53 is a mediator of the intrinsic apoptosis pathway and is
regulated by consecutive ubiquitin-proteasome-induced de-
gradation in the steady state (Bieging et al., 2014). p53-
deficient mice showed an increased number of HSCs, in-
dicating that p53 activity negatively regulates the HSC pool
size (Wang et al., 2011; Yamashita et al., 2016). p53 induces
apoptosis of HSCs, protecting them from an accumulation of
DNA damage (Figure 4) (Milyavsky et al., 2010). PUMA, a
p53 target gene, encodes a pro-apoptotic protein with a
powerful effect on p53-mediated apoptosis following radia-
tion damage. The vast majority of Puma '~ HSCs remained
alive after lethal radiation, and in vitro experiments sug-
gested more efficient DNA repair in radiation-exposed HSCs
(Yuetal., 2010). In addition, stem cells in the gastrointestinal
tract undergo p53-dependent apoptosis in response to geno-
toxic stimulation. The susceptibility to the induction of
apoptosis via p53-dependent pathways is part of the
homeostatic regulation of ASC numbers and a genome
protective mechanism (Potten, 2001).

Anti-apoptotic ability

The tendency of ASCs to resist apoptosis, preventing ex-
haustion of ASCs in the steady state, should not be over-
looked (Mohrin et al., 2010). Telomeres, a unique chromatin
structure at the ends of chromosomes, tend to lose TG-rich
repeats during cell division, leading to incomplete replication
by conventional DNA polymerases (Flores et al., 2006).
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Gradual shortening of the telomeres may eventually trigger
chromosome instability and stimulate apoptosis. Certain
ASC compartments express high levels of telomerase, a type
of reverse transcriptase that adds telomeric repeats to the
chromosome ends (Blasco, 2005). Telomerase is encoded by
the telomerase reverse transcriptase (Tert) gene and the
telomerase RNA component (Terc) gene (Collins and
Mitchell, 2002). Mutations in the core components of Tert
and Terc result in HSC exhaustion, which was observed in
patients suffering from aplastic anemia characterized by
bone marrow failure (Maciejewski and Risitano, 2003). Data
show that murine telomere length in donor bone marrow
cells is significantly decreased after just two rounds of HSC
transplantation. Thus, it can be speculated that the role of
telomerase in HSCs is to surmount telomere shortening
during HSC division and prevent premature apoptosis
(Allsopp et al., 2001). Both telomere length and telomerase
levels have substantial impacts on ASC behavior, although
further exploration is required to elucidate their precise roles
in ASC apoptosis, such as the connection between various
signaling pathways and the telomere state (Flores et al.,
2000).

FMS-like tyrosine kinase 3 (F1t3) is uniformly expressed
in human HSCs in both the bone marrow and the cord blood.
An intact F1t3 signaling pathway is required to prevent HSCs
from spontaneous apoptosis. FIt3 can upregulate myeloid
cell leukemia-1 protein, which is a pro-survival member of
the B-cell lymphoma-2 (BCL-2) protein family and an in-
dispensable survival factor for hematopoiesis (Kikushige et
al., 2008). The BCL-2 family is composed of intrinsic
apoptosis pathway regulatory proteins with either pro-
apoptotic or pro-survival functions that induce apoptosis or
inhibit apoptosis, respectively (Edlich, 2018). BCL-2 upre-
gulation is mediated by telomerase, which is abundantly
expressed in HSCs and leads to their increased survival
(Nitta et al., 2011). These findings suggest that HSCs have
multiple interactive pro-survival mechanisms to cope with
apoptosis stimulation and avoid unnecessary cell death
(Yamashita et al., 2016).

There are still many problems to be resolved in this area.
The currently available techniques for detecting apoptosis
include labeling with activated caspase 3 antibody. More
sensitive techniques for detecting apoptosis are in demand
(Garcia-Lavandeira et al., 2015). Although studies showed
that the BCL-2 overexpression increased HSC numbers in a
transgenic model, it is still unclear whether or not BCL-2 acts
by directly suppressing apoptosis since BCL-2 also alters
HSC cycling (Domen et al., 2000). DNA-damaged HSCs
exhibit stronger p53 activation than downstream progenitors,
although the activation mechanism is still unclear (Yama-
shita et al., 2015). Above all, apoptosis should not be con-
sidered merely as a process of cell death since it plays a
pivotal role in ASC homeostasis (Codispoti et al., 2019).
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Figure 4 Schematic diagram of the precise mode of cell cycle regulation that is essential for HSC maintenance.

R: Rest (quiescence)

ASCs are considered resistant to various stimuli because
they undergo prolonged periods of quiescence, referred as a
state of reversible cell cycle arrest (Cheng, 2008). Quiescent
ASCs have exited the cell cycle and entered G, but can re-
enter the cell cycle in response to certain stimuli, while
terminally differentiated cells in G, are irreversibly arrested
(van Velthoven and Rando, 2019). Recent studies have
shown that the balance between quiescence and proliferation
is strictly regulated by collaborative interactions between
intrinsic and extrinsic signals to avoid excessive cell growth
and exhaustion (Cho et al., 2019). Here, we highlight the
regulatory mechanism by which ASCs remain quiescent and
re-enter the cell cycle.

Cell cycle regulation

HSCs are relatively quiescent as they do not respond to many
growth factors that affect hematopoietic progenitor cell po-
pulations (Cheng and Scadden, 2002). It is estimated that
dormant murine HSCs divide only five times during their
lifetime (Wilson et al., 2008). Such restriction of cell cycle
progression is a vital part of the maintenance of cellular
quiescence. Among the cyclin-dependent kinase inhibitors
(CKlIs) that control the G; phase, p18 and p27 are the only
negative regulators of HSC self-renewal, and p18 is a more
potent inhibitor than p27 in murine models. A p18 deficiency
promotes HSC expansion in long-term culture, and deleting
the p18 gene induces self-renewing division of HSCs in vitro
(Gao et al., 2015; Hao et al., 2016). Retinoblastoma protein
(RB), a suppressor of the E2F transcription factor, is in-
volved in the highly conserved RB-E2F signaling pathway
and plays a key role in mediating the G,/S transition.
Knockout of RB proteins not only induced excessive pro-
liferation of HSCs, but also impaired their long-term capa-
city to reconstruct the hematopoietic system (Viatour et al.,

2008). p57 is the most abundant member of the CKI family
in quiescent HSCs, and p57-deficient HSCs showed a re-
duction in the proportion of cells in G, phase. Maintenance
of quiescence was defective in p57-deficient HSCs due to a
decrease in phosphorylated RB protein (Matsumoto et al.,
2011). The tumor suppressor protein p53 activates the ex-
pression of p21, which is a key event in cell cycle arrest at the
G,/S checkpoint in response to DNA damage (Figure 4).
Depletion of p53 in HSCs promotes exit from the quiescent
state and entry into the cell cycle, suggesting that p53 is
essential for maintaining HSCs in the resting state (Liu et al.,
2009).

Metabolic regulation

Quiescent HSCs share similarly altered metabolic require-
ments, such as reduced protein synthesis and mRNA levels.
Deletion of phosphatase and tensin homolog deleted on
chromosome ten (PTEN) in HSCs increased protein synth-
esis rates and forced HSCs to exit quiescence, ultimately
leading to depletion of the stem cell pool (Signer et al.,
2014). The energy consumption of quiescent stem cells is
reduced by maintaining protein synthesis, which is an en-
ergy-consuming process, at a minimum level to meet their
metabolic requirements (Buttgereit and Brand, 1995).
Quiescent HSCs tend to use glycolysis and fatty acid energy
metabolism to satisfy their energy demands, while their ac-
tivated counterparts rely on oxidative phosphorylation
(Simsek et al., 2010). Mitochondrial respiration rates in
quiescent cells depend on the transport of fatty acids to mi-
tochondria for B-oxidation (Wei et al., 2018). A possible
reason why quiescent HSCs undergo preferential mi-
tochondrial fatty acid B-oxidation is that this process gen-
erates predominantly reduced nicotinamide adenine
nucleotide phosphate (NADPH), which is crucial for sus-
taining the homeostasis of cellular oxidation-reduction re-
actions via the glutathione reductase system (Mohammad et
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al., 2019). The reliance on glycolysis shields quiescent HSCs
from ROS in a hypoxic environment. High ROS levels lead
to HSC exhaustion and their exit from quiescence (Itkin et
al., 2016). The metabolic preference for glycolysis in
quiescent HSCs appears to protect HSCs from ROS pro-
duction and has also been observed in other ASCs. This
reliance on glycolysis implies the existence of an important
but unexplained role for this metabolic pathway in quiescent
ASCs (Coller, 2019).

Gene expression profiling

Transcriptional profile analysis of quiescent HSCs has re-
vealed common gene expression characteristics. Compared
with activated stem cells, genes involved in proliferation,
mitochondrial function, and cell cycle progression were
downregulated in quiescent HSCs. In contrast, genes in-
volved in autophagy pathways, such as PTEN-induced pu-
tative kinase 1 (PINKI1) and wvarious transcriptional
regulators, with known functions in stem cell fate determi-
nation, were upregulated in quiescent HSCs (Cho et al.,
2019). Since undivided quiescent cells cannot dilute the ef-
fects of unwanted cell fragments and the accumulation of
harmful or dysfunctional cellular components through the
process of cell division, autophagy is critical to the main-
tenance of this population. In addition, autophagy in HSCs
regulates ROS levels and limits oxidative damage by re-
moving abnormal mitochondria (Guan et al., 2013; Mor-
tensen et al., 2011). Aged HSCs exhibit a decline in
autophagy and show epigenetic alterations leading to loss of
quiescence and myeloid-biased differentiation (Ho et al.,
2017). Furthermore, knockdown of CCCTC-binding factor
restrained LT-HSCs from exiting quiescence, indicating that
the transition of human HSCs from quiescence to the acti-
vated state is regulated by dynamic 3D genome rearrange-
ments (Takayama et al., 2021).

Niche factors

Niche components also influence the cell cycle status of
HSCs (Cheung and Rando, 2013). There are two proposed
niches in the bone marrow, namely the endosteal niche and
the perivascular niche. Quiescent HSCs were once thought to
be located in the endosteal niche, although this has been
disproved with the development of new techniques. Bone
marrow imaging revealed the heterogeneity of perivascular
niches, including sinusoidal niches with Lepr’ stromal cells
and arteriolar niches with NG2' pericytes. Depletion of
NG2" periarteriolar cells forced HSCs into cell cycle, de-
monstrating that cycling HSCs are preferentially located near
the sinusoidal niches, whereas arteriolar niches are vital to
the maintenance of HSC quiescence (Kunisaki et al., 2013;
Szade et al., 2018). Sinusoidal and arteriolar niches differ in
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their permeability to plasma, which affects the ROS levels of
neighboring HSCs. Quiescent HSCs localize adjacent to the
less permeable arterioles with lower ROS levels, whereas
active HSCs located near the more permeable sinusoids have
higher ROS levels and increased differentiation (Pinho and
Frenette, 2019). Schwann cells of autonomic nerves also
contribute to the maintenance of HSC quiescence and their
loss increases cycling HSCs by activating latent TGF-B
(Figure 2) (Blank and Karlsson, 2015).

Re-entry into the cell cycle

Although quiescent stem cells are transcriptionally and me-
tabolically less active than other activated stem cells and
downstream progenitors, various mechanisms allow their
rapid entry into the cell cycle in response to different stimuli
(van Velthoven and Rando, 2019). The balance of epigenetic
DNA modifications can either activate or repress gene ex-
pression. HSC chromatin domains display both the re-
pressive H3K27me3 marker and the permissive H3K4me3
marker. Genes in quiescent HSCs can be activated by re-
moving the repressive H3K27me3 or silenced by removing
the activating H3K4me3, resulting in changes in gene ex-
pression during lineage commitment (Cui et al., 2009). These
results suggest that chromatin methylation plays a vital role
in restricting differentiation and maintaining stem cells in the
quiescent state (Cho et al., 2019). Furthermore, the presence
of lineage-restricted transcripts in quiescent stem cells along
with the absence of their corresponding protein products
indicate that post-transcriptional regulatory mechanisms,
such as that mediated by microRNAs, also play a key role in
maintaining quiescence (Carrelha et al., 2018).

ASCs have evolved a complicated network to regulate
quiescence entry, maintenance, and exit. Although quiescent
ASCs avoid accumulation of mutations by evading mitosis,
the diverse biological impacts of quiescence should not be
disregarded (Sagot and Laporte, 2019). Quiescent HSCs
express low levels of DNA damage repair genes, and accu-
mulated DNA damage is repaired more efficiently after en-
tering the cell cycle. DNA double-strand breaks in quiescent
HSCs are repaired by non-homologous end joining (NHEJ)
rather than homologous recombination (HR), which only
occurs in proliferating cells. However, NHEJ is more prone
to error and probably causes insertions and deletions (IN-
DELs), thus reducing the ability of quiescent stem cells to
maintain genomic integrity (Mohrin et al., 2010). Our ability
to understand how the numerous mechanisms integrate to
regulate quiescence is limited by the currently available
culture systems that do not maintain ASCs in the quiescent
state indefinitely. /n vitro studies of ASCs are not considered
to be optimal as the cells have to be removed from their niche
and subsequently undergo alterations in response to changes
in the environmental conditions (Calvi and Link, 2015).
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Therefore, isolated cells do not reflect the authentic state of
resting ASCs in vivo (van Velthoven and Rando, 2019).
Several strategies have been developed to avoid isolation-
induced cellular changes, such as photoconversion cell la-
beling (Table 1).

T: Trafficking

Cellular trafficking capacity seems to be gradually acquired
during embryonic development and is retained in some po-
pulations of ASCs, such as HSCs, neural stem cells (NSCs),
and primordial germ cells (PGCs) (Magnon et al., 2011).
Under homeostatic conditions, HSCs constitutively move
out of the bone marrow niche toward the bloodstream in a
circadian manner (Golan et al., 2018; Golan and Lapidot,
2019). Conversely, circulating HSCs can migrate into the
bone marrow after intravascular injection through a process
called homing, which is the first step in achieving long-term
hematopoietic reconstruction in clinical transplantation
(Dong et al., 2020a). Here, we explain how molecular and
biochemical signals regulate HSC mobilization for home-
ostasis in adulthood.

Homing and mobilization

The process of HSC homing is initiated by the tethering and
rolling of HSCs on bone marrow sinusoidal vessels resulting
in their adherence to the endothelium (Magnon et al., 2011).
LT-HSC homing is inhibited by an antibody that blocks the
function of the laminin receptor integrin a6 chain, which is
highly expressed in HSCs. Similar inhibition of LT-HSC
homing is mediated by a function-blocking antibody against
a4 integrin (Qian et al., 2006). HSC migration toward the
bone marrow is also guided by chemoattractant signals, such
as the chemokine C-X-C motif chemokine ligand 12
(CXCL12) and its receptor C-X-C motif chemokine receptor
4 (CXCR4). The binding of integrin a4p1 to its receptor,
vascular cell adhesion molecule 1 (VCAM-1), is regulated
by CXCL12 expression on the surface of endothelial cells

Table 1 Strategies to study quiescent stem cells for in vivo analysis
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and HSC homing is obstructed by blocking the a4p1/
VCAM-1 or CXCR4/CXCL12 interactions (Papayanno-
poulou et al., 1995). CD26, a cell surface peptidase also
known as dipeptidyl peptidase IV (DPPIV), is expressed on
various cell types and cleaves the amino-terminal dipeptide
of some chemokines, including CXCL12. Transplantation of
CD26 " donor cells into lethally irradiated recipients made a
greater contribution to the leukocytes in peripheral blood
compared with transplantation of normal cells, indicating
that endogenous CD26 expression on donor cells negatively
regulates HSC homing (Figure 2) (Christopherson et al.,
2004). These findings elucidate the cooperative roles of
various cell adhesion molecules and chemoattractant signals
in regulating the interactions between HSCs and the bone
marrow vasculature. Furthermore, HSC homing is regulated
by anchoring to PTN on sinusoidal endothelial cells, and
PTN also modulates HSC retention in this niche (Himburg et
al., 2012).

Despite retention signals from the bone marrow, a sig-
nificant fraction of HSCs migrate to the blood circulatory
system in a process known as mobilization. Circadian reg-
ulation of HSC egress from the bone marrow is controlled by
a local and cyclical release of noradrenaline from local
sympathetic nerve terminals. Rhythmic secretion of nora-
drenaline acts on the B3 adrenergic receptor (Adrp3), which
is expressed on stromal cells, leading to the degradation of
transcription factor Spl and downregulation of CXCL12
(Golan et al., 2018; Magnon and Frenette, 2008). Certain
drugs have been exploited to enhance HSC mobilization for
clinical transplantation. Various cytokines, such as granulo-
cyte colony-stimulating factor (G-CSF) and chemokines,
including IL-8, have been used to mobilize HSCs. For clin-
ical purposes, HSCs are generally collected after mobiliza-
tion into the circulation by G-CSF treatment rather than
harvesting them directly from the bone marrow (Pa-
payannopoulou and Scadden, 2008). In mouse models, a
novel HSC mobilization regimen consisting of treatment
with the CXCR2 agonist GROB, and the CXCR4 antagonist
AMD3100, results in peak mobilization within 15 min,
which is equal to the effect of the G-CSF regimen used

Strategies Acquired information

Inadequacies References

Photoconversion cell labeling Gene expression profiles

4-Thiouracil (4tU) labeling Dynamics of RNA synthesis

Ribosome profiling MRNAs
Stable isotope labeling of amino acids
in mammals (SILAM)

Proximity-dependent biotinylation
coupled to mass spectrometry (PDB-
MS)

Protein turnover and lifetimes

Proximity among proteins and protein-
nucleic acid interactions

Inaccurate native profiles in the ab-
Large proportion of unwanted labeled

Number and location of ribosomes on Interpretation complicated by some
nucleases with sequence specificities

sence of optimized protocols (Morrison et al., 2015)

nascent rRNA transcripts (van Velthoven et al., 2017)

(McGlincy and Ingolia, 2017)

High cost of isotopically labeled

mouse food (Alevra et al., 2019)

Uncertainty relating to whether pro-
teins are physically interacting or
simply localized to the same area

(Samavarchi-Tehrani et al., 2020)
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clinically in terms of the numbers of HSCs mobilized.
Moreover, this new regimen has been used to achieve higher
engraftment efficiency and more rapid hematopoietic re-
covery than the regimen of mobilization by G-CSF, sug-
gesting a new potential clinical program for rapid HSC
mobilization (Hoggatt et al., 2018). Nociceptor neurons
promote G-CSF-induced HSC mobilization. In mouse
models the ingestion of food containing capsaicin enhances
the mobilization of HSCs dramatically via activation of no-
ciceptive neurons, thus indicating the therapeutic potential of
drugs targeting the nociceptive nervous system for HSC
mobilization (Figure 2) (Gao et al., 2021). HSC mobilization
is also regulated by hormones, such as pituitary glucocorti-
coids, which impair HSC mobilization in response to G-CSF
(Pierce et al., 2017). Furthermore, studies in zebrafish and
mouse models have shown that prostaglandins mobilize
HSCs from the bone marrow to the circulation, where HSCs
can be collected for transplantation (Hoggatt et al., 2013;
North et al., 2007).

The cellular offspring of HSCs, namely leukocytes, impact
HSC trafficking and related regulatory mechanisms. Many of
the pathways that regulate HSC trafficking to the circulation,
such as CXCL12 signaling, also regulate leukocyte traf-
ficking (Lucas, 2019). The Hidalgo team found that the
egress of HSCs into the circulation was reduced when neu-
trophils were depleted, and CXCR4 deletion interrupted the
recruitment of aged neutrophils to the bone marrow (Casa-
nova-Acebes et al., 2013). The Lin team showed that donor
HSCs persisted in recipients for 30 d after allogeneic trans-
plantation of HLA-mismatched HSCs in the absence of im-
munosuppression, indicating that the bone marrow niche was
immune privileged. Furthermore, image analyses showed
that the donor HSCs were surrounded by forkhead box-P3"
(Foxp3") regulatory T cells (Tregs) (Fujisaki et al., 2011).
The CD39 cell surface ectoenzyme on niche Tregs generates
extracellular adenosine. In transplanted mice, both CD39
deletion and adenosine receptor antagonist treatment de-
crease allogeneic HSC engraftment, suggesting that the
function of nice Tregs is adenosine-dependent. Transfer of
niche Tregs in a murine model significantly increased allo-
genic HSC engraftment (Hirata et al., 2018). The Levesque
team reported that G-CSF treatment for HSC mobilization
caused the loss of a population of macrophages intimately
associated with endosteal cells in a process that correlated
with CXCL12 downregulation by the endosteal stromal
cells. Crosstalk between macrophages and niche components
controls the generation of CXCL12, which maintains HSCs
in their niches (Ludin et al., 2012; Winkler et al., 2010).
Murine bone marrow DCs are perivascular, and ablation of
conventional DCs enhances the ability of G-CSF to mobilize
HSCs. Bone marrow DCs regulate HSC trafficking partially
through the regulation of vascular permeability and sinu-
soidal CXCR?2 signaling (Zhang et al., 2019).
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Studies have demonstrated that ASC trafficking is also
regulated by mechanical signals. Low shear stress (0.2 Pa)
induces trafficking of mesenchymal stem cells (MSCs)
through mitogen-activated protein kinase (MAPK) signaling
pathways. Furthermore, shear stress upregulates the secre-
tion of CXCL12, which stimulates the expression of its re-
ceptor CXCR4 in MSCs (Yuan et al., 2013). Cell trafficking
through tissue depends on a balance between cell deform-
ability and physical tissue constraints. HSC mobilization
from the niche involves stromal upregulation of proteolytic
enzymes, such as matrix metalloproteinase 9 (MMP-9) and
cysteine protease cathepsin K (Cat K), resulting in proteo-
lytic segmentation of CXCL12 and VCAM-1 and loosening
of the adhesion between stromal cells (Heissig et al., 2002;
Kollet et al., 2006). Ptpn21 knockout dramatically increased
the number of HSCs in the peripheral blood and the spleen
and enhanced G-CSF-induced HSC mobilization through
reduction in the intracellular tension and cell stiffness,
leading to the impaired retention of HSCs (Ni et al., 2019).

Trafficking within the bone marrow

In addition to movement in and out, HSCs also migrate
within the bone marrow (Tokoyoda et al., 2004). Most
quiescent HSCs tend to reside in the endosteal region of the
bone marrow, where osteoblasts may provide essential
growth factors and regulatory signals (Calvi et al., 2003;
Mazo et al., 2011). Osteoblasts and osteoclasts form unique
units associated with a local increase in free calcium ions.
HSCs respond to variations in extracellular calcium ion
concentration through the calcium ion receptor (CaR), and
HSC engraftment is defective in following transplantation in
the absence of the CaR (Adams et al., 2006). After matura-
tion, HSC quiescence is gradually lost after maturation and
the cells migrate toward the center of the bone marrow to
begin proliferating (Heissig et al., 2002). The migration of
HSCs toward specialized niches during differentiation may
account for the distinct distribution of myeloid and lymphoid
populations in the bone marrow (Mazo et al., 2011).

Trafficking in other tissues

HSCs can also migrate into and out of peripheral tissues.
Tissue damage facilitates HSC migration into sites of injury.
After myocardial infarction (MI), the activated sympathetic
nervous system triggers HSC trafficking from the bone
marrow to the spleen, inducing enhanced extramedullary
myelopoiesis. Studies have also shown that the mRNA level
of C-C chemokine ligand 2 (CCL2) is elevated in endothelial
cells following MI, suggesting that CCL2 binds to the
functional receptor C-C chemokine receptor type 2 (CCR2)
to mobilize CCR2" HSCs from their niche (Dutta et al.,
2015). In experimental murine models of acute myeloid
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leukemia, spleen volume and splenic HSC numbers increase
with disease progression. This extramedullary hematopoiesis
aligns with the increased numbers of splenic endothelial
cells, which probably support the formation of the vascular
niche to maintain HSCs in their relocation to the spleen
(Duarte et al., 2018). However, the pathways regulating the
egress of HSCs from tissues have not yet been fully eluci-
dated. HSCs arrive at peripheral organs via the bloodstream
and leave in the lymphatic circulation (Laird et al., 2008).
The egress of HSCs from peripheral tissues is related to their
exit from secondary lymphoid organs into the lymph, which
depends on a signaling pathway involving sphingosine-1
phosphate (S1P) and S1P receptors (Massberg and von An-
drian, 2006). S1P levels are high in the lymph, but low in
tissues due to degradation by S1P lyase, thus forming a
distinct gradient along which the HSCs leave peripheral or-
gans. Stress signals induced by the administration of a toll-
like receptor 4 (TLR4) agonist reduce S1P receptor 1 ex-
pression on HSCs, leading to prolonged retention in per-
ipheral organs (Mazo et al., 2011).

The steady recirculation of HSCs is vital for homeostasis;
however, many aspects of this process remain to be clarified.
The mechanisms that control HSC trafficking in the bone
marrow parenchyma remain unclear. Analysis of HSC mi-
gration in vivo usually requires large numbers of cells, which
are difficult to obtain; therefore, it is hard to distinguish
between HSCs and hematopoietic progenitor cells when
studying trafficking. New techniques are needed to dissect
the mechanisms of this process and identify new stem cell
targeted therapies.

Concluding remarks

Research into ASCs is showing great promise for the treat-
ment of various diseases with the development of innovative
medical products and the advancement of personalized
medicine. The principal biological features of this fascinat-
ing cell type constitute an interesting “SMART” model and
require further investigation to facilitate precise manipula-
tion of stem cells for the treatment of a broader spectrum of
diseases. Due to their scarcity in the tissues, considerable
efforts are required to identify and purify ASCs. It is un-
deniable that many scientific hurdles remain to be overcome
before therapeutic applications of ASCs reach their full po-
tential. Single cell multi-omics sequencing technologies
combined with analytical techniques and other high-
throughput technologies can serve as powerful tools, and
these developing methods provide the opportunity to profile
the molecular state of various adult stem cells in health and
disease. Identification of the cell state will contribute to the
classification of disease mechanisms as well as the devel-
opment of novel diagnostic and therapeutic strategies. What
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lies ahead for the use of ASCs is inspiring, and a better
understanding of the SMART features will allow the devel-
opment of more effective and much safer therapeutic pro-
ducts in this promising area. While there is still a great deal to
learn regarding the biology of this SMART model, we may
also exploit the five SMART features to develop measurable
parameters to ensure the quality of stem cells for therapeutic
purposes.
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