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ABSTRACT

Adult stem cells (ASCs) are tissue resident stem cells responsible for tissue
homeostasis and regeneration following injury. In uninjured tissues, ASCs
exist in a non-proliferating, reversibly cell cycle-arrested state known as
quiescence or GO. A key function of the quiescent state is to preserve
stemness in ASCs by preventing precocious differentiation, and thus main-
taining a pool of undifferentiated ASCs. Recent evidences suggest that qui-
escence is an actively maintained state and that excessive or defective qui-
escence may lead to compromised tissue regeneration or tumorigenesis.
The aim of this review is to provide an update regarding the biological
mechanisms of ASC quiescence and their role in tissue regeneration.

SIGNIFICANCE STATEMENT

Stem cell quiescence is a novel area of research within the stem cell field.
The traditional view of cell quiescence is an inactive cell state. However, this
view is changing into a more complex picture. Cellular quiescence is active
cellular state where myriad of molecular changes are taking place within the
cells and that are relevant to stem cell functions and integrity. In the present
review, we provide an updated information regarding the biological signifi-
cance of cellular quiescence and the molecular mechanisms underlying this
phenomenon as relevant to stem cell biology. Particular emphasis has been
given to hematopoietic stem cells, muscle satellite cells and mesenchymal
(stromal) stem cells. Stem Cells 2014; 00:000-000

INTRODUCTION

Quiescence is a reversible cell cycle arrested state char-
acterized by the absence of cell proliferation but unlike
terminally differentiated cells, quiescent cells maintain
the ability to re-enter cell cycle and resume prolifera-
tion. As with the cell division cycle, much of our
knowledge about quiescence has been derived from
extensive studies in cultured cells- from yeast to mam-
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malian cells and recently from in vivo studies in animal
models.

In baker’s yeast, Saccharomyces cerevisiae, quies-
cence is often described as a “Sleeping Beauty” state,
and is induced by nutrient limitation [1]. Thus, quies-
cence represents a survival mechanism that promotes
viability in adverse environmental conditions [2]. In
multicellular organisms, postnatal tissue homeostasis
and regeneration following injury are mediated by a
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small population of cells known as adult (or tissue spe-
cific) stem cells (ASCs), with the capacity to proliferate
and subsequently differentiate into lineage specific cell
types. ASCs are maintained within uninjured tissues in a
quiescent and undifferentiated state [3]. Quiescent
ASCs are activated upon tissue injury via soluble and
mechanical signals emanating from the site of injury,
leading to the production of transit amplifying progeni-
tors that in turn differentiate into functional mature
cells capable of tissue regeneration [3]. A small popula-
tion of transit amplifying ASCs exits the cell cycle and
re-enters quiescence to maintain a reserve of quiescent
ASCs that can respond to future demands [4]. From an
evolutionary perspective, quiescence may help to en-
sure a steady state number of ASCs available for tissue
regeneration, and act as a protective mechanism
against genotoxic stresses [5, 6].

In the present review, we will focus on quiescence
studies conducted in ASCs, notably mesoderm-derived
ASCs (hematopoietic stem cells, muscle satellite cells
and skeletal (mesenchymal) stem cells) that are clinical-
ly relevant for enhancing tissue regeneration. We will
discuss current methodologies employed to study the
quiescent state and the molecular mechanisms regulat-
ing quiescence. In addition, we will evaluate evidences
suggesting that quiescence is important for optimal
functioning of ASCs, and that the inability of ASCs to
maintain the quiescent state during ageing and under
pathological conditions contributes to compromised
tissue homeostasis and regeneration.

I. Defining cellular quiescence

Cellular quiescence or GO is defined as a transient state
where cells exit the cell cycle in response to either
growth-inhibiting signals or absence of growth-
promoting signals. Cellular quiescence is characterized
by an un-replicated genome or G1 DNA content, an al-
tered cellular metabolism, increased autophagy and
distinct morphological changes such as decreased cell
size and increased nucleus to cytoplasm ratio [7, 8]. Cell
cycle arrest observed during quiescence is reversible,
and thus distinct from permanent growth arrest ob-
served in terminally differentiated or senescent cells [9,
10]

At the molecular level, ASCs entering the quiescent
state in vitro exhibit altered expression of cell cycle reg-
ulatory genes, with down-regulation of positive regula-
tors of cell proliferation such as cyclins and cyclin de-
pendent kinases (CDKs), and up-regulation of negative
regulators of cell cycle such as cyclin dependent kinase
inhibitors (CDKIs) [10, 11]. While similar changes are
observed during ASC differentiation, differences have
been reported in the type of negative cell cycle regula-
tors associated with cell differentiation compared to
quiescence-related cell cycle arrest [10]. Quiescence in
ASCs is also associated with reversible suppression of
global RNA and protein synthesis [8, 10].
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Entry and exit from cell cycle

The cell cycle proceeds through a sequence of coordi-
nated events that are divided into phases (G1, S, G2 and
M) based on landmark events of DNA Synthesis (S) and
mitosis (M). Phase-specific cyclin-CDK complexes phos-
phorylate key targets in order to facilitate cell cycle
progression. The G1 cyclins include cyclin D (CCND) that
partners with cyclin dependent kinase-4 (CDK4) or cyclin
dependent kinase-6 (CDK6) and cyclin E (CCNE) that
partners with cyclin dependent kinase-2 (CDK2). G1 cy-
clin-CDK complexes drive cell cycle progression through
the G1 phase and play a role in G1-S transition by phos-
phorylating and inhibiting retinoblastoma protein (Rb).
In S phase, CDK2 partners with cyclin A (CCNA) and
promotes initiation of DNA replication whereas CCNA-
cyclin dependent kinase-1 (CDK1) complex regulates S-
phase to G2-phase transition. Cyclin B (CCNB)-CDK1
complex which is active in M-phase phosphorylates key
molecules mediating chromosomal condensation, spin-
dle formation, nuclear envelope disintegration and cen-
triole separation (Figure 1a).

The transition from one phase of cell cycle to the
next is regulated by cell cycle checkpoint proteins that
act as brakes when conditions are not favourable for
cell proliferation [12]. For instance, in order for cells to
transit from G1 to S-phase and initiate DNA replication,
cells must assess the availability of nutrients and en-
zymes needed for DNA replication, availability of
growth factors as well as the absence of DNA damage.
The G1 check point proteins (ataxia telangiectasia mu-
tated (ATM) and ataxia telangiectasia and rad3 related
(ATR)) ensure that these criteria are fulfilled. Chemical
agents or irradiation that cause DNA damage, result in
G1 cell cycle arrest. Cell proliferation resumes after DNA
damage is repaired. Similarly, in order to pass the G2
checkpoint, which is temporally located before the on-
set of mitosis, cells must ensure that DNA replication
has been completed without any errors [13]. Loss of
checkpoint control proteins can lead to genomic insta-
bility, as observed frequently in a variety of cancers
[14].

While the molecular mechanisms regulating cell cy-
cle progression have been extensively studied, little is
known about the mechanisms of entry into the quies-
cent state. Earlier studies suggested that a “restriction
point” (R) temporally located in late G1 phase, governs
the decision to enter S-phase [15]. Extended periods in
G1 arrest lead to quiescence or GO. The elucidation of
Rb-mediated negative control of S-phase entry provides
a molecular understanding of the restriction point, and
supported the concept that integration of extrinsic cues
with intrinsic parameters leads to quiescence. While
this framework has adequately explained the behavior
of synchronized cultured cell models, recent studies
using asynchronous populations of cells indicate that
the quiescence decision point may differ from the Rb-
regulated restriction point.

A landmark study using a sensor of CDK2 activity
coupled with quantitative live cell imaging and auto-
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mated tracking of successive cell divisions in culture has
generated a new view of the mechanisms regulating
entry into GO [16]. This study identifies a quiescence
decision point temporally located in late G2/M phase. In
a mitogen-activated cell population, the cells that fail to
achieve a threshold activity of CDK2, are committed to
enter GO arrest. This subset of cells is marked by higher
levels of p21. Loss of p21 expression causes continuous
cell proliferation even in absence of mitogenic signals
[16]. A detailed understanding of the regulation of the
p21-CDK2 axis at G2/M should reveal new players in the
quiescence decision point and the extent of its conser-
vation in vivo.

Until recently, quiescence in ASCs in vivo has been
considered to be a dormant cellular state with little
metabolic activity. However, a recent study by Rodgers
et al. [17] suggests that quiescent mammalian ASCs
cycle between two molecularly distinct states: a sleep-
ing or deeply quiescent (GO) state and a primed but still
non-dividing state (G(Alert)), induced in response to
tissue injury [17] (Figure 1b). Damage to skeletal muscle
has long been known to activate resident stem cells to
leave GO and enter G1 [18]. The study by Rodgers et al.,
showed that even quiescent muscle satellite cells
(MuSCs) in non-injured tissues respond to distant tissue
injury by transiting to an alert or primed state (G(Alert)).
Interestingly, not only MuSCs but also fibro-adipogenic
progenitors (FAPs) and HSCs enter a G(Alert) state in
response to muscle injury. Once the muscle regenera-
tion process is complete, the primed cells slowly revert
to the deeply quiescent (GO) state. In keeping with the
original observations in yeast [1], this finding provides
support for the notion of a “Quiescence Cycle” (by anal-
ogy to the cell division cycle). Furthermore, Rodgers et
al., have demonstrated that the G(Alert) state is main-
tained through the TOR pathway, first identified in
yeast as a central regulator of cell growth. The mamma-
lian target of rapamycin complex 1 (mTORC1) is known
to be sensitive to environmental and nutritional stimuli.
In damaged muscle, mTORC1 is activated via signaling
from hepatocyte growth factor/scatter factor (HGF/SF)
that is stored in the extracellular matrix and released in
an active form by the action of serum protease during
tissue injury. Once activated, HGF induces a signaling
cascade through the PI3K-Akt pathway, resulting in acti-
vation of mTORCI. Interestingly, the primed (G(Alert))
MuSCs exhibit enhanced muscle regenerative capacity
[17], strongly supporting the notion that the quiescence
cycle contributes to stem cell function.

Il. Identification of quiescent cells

Due to the paucity of information on quiescence-
specific events, quiescent cells have traditionally been
identified by the absence of markers associated with
proliferation. Several techniques are available to identi-
fy quiescent cells in vivo and in vitro. Proliferating cells
are identifiable by labeling of newly synthesized DNA
using nucleotide analogues such as tritiated thymidine
(*H-TdR), 5-Bromo 2’-deoxyuridine (BrdU) and 5-
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Ethynyl-2’-deoxyuridine (EdU). Once incorporated in
proliferating cells, the labeled DNA can be detected by
autoradiography (3H-TdR) or immuno-
cytochemistry/immuno-histochemistry (BrdU and EdU).
Endogenous markers of proliferating cells such as pro-
liferating cell nuclear antigen (PCNA, a DNA polymerase
accessory protein which is expressed in S-phase), Ki67
(a protein associated with ribosomal RNA transcription
and expressed in all phases except GO), minichromo-
some maintenance-2 (MCM-2, a protein that functions
in replication origins and expressed in S phase) and
phospho-histone H3 (an M-phase-specific histone modi-
fication) are extensively used to distinguish between
proliferating and quiescent cells [19, 20]. Cell cycle sta-
tus can also be identified on the basis of DNA and RNA
content, using DNA binding dyes such as propidium io-
dide (PI), DRAQ-5 and DAPI and RNA binding dyes such
as pyronin Y and SYTO dyes. Although cells in either G1
or GO phase possess an un-replicated genome (2N com-
plement of DNA), quiescent (GO) cells are transcription-
ally less active and possess lower total RNA content
[21], which together readily distinguishes GO cells from
G1 cells in flow cytometry.

In experimental organisms, the identification of qui-
escent cells in vivo is based on their ‘label retaining’
characteristics i.e., quiescent cells retain the incorpo-
rated DNA label due to infrequent cell division [22].
BrdU is most commonly used label, taken up by cells
during a period of BrdU exposure sufficient for the cell
to cycle at least once. The label is retained within quies-
cent cells, but is diluted below detectable limits in pro-
liferating cells due frequent cell divisions. Label-
retaining cells (LRCs) have been detected in most adult
mammalian tissues and have been shown to participate
in homeostatic and regenerative repair [23]. More re-
cently, lineage-tracing techniques that enable fluores-
cent tagging of a particular cell type have been used to
identify quiescent cells in transgenic mice [24]. Histones
are commonly tagged proteins as their incorporation is
replication-dependent and the fusion proteins exhibit
nuclear localization [25, 26].

Quiescent stem cells can also been identified by
eliminating the proliferating cell population. Studies in
mice showed that intravenous administration of 5-FU
eliminates cycling HSCs while sparing a small population
of quiescent HSCs that can repopulate the bone marrow
in serial transplantation studies [27]. 5-FU is a pyrimi-
dine analogue that irreversibly inhibits thymidylate syn-
thase, the enzyme required for synthesis of the nucleo-
tide thymidine monophosphate (dTMP), essential for
DNA synthesis. Once taken up by cells, 5-FU induces
apoptosis selectively in proliferating cells, while sparing
quiescent cells. Similarly, quiescent MuSCs are less sen-
sitive to a lethal dose of radiation which eliminates the
proliferating cells in skeletal muscle [28].

Two newly developed fluorescent protein-based
sensors have been used to identify quiescent cells di-
rectly. A CDK2 based sensor consisting of a fluorescent
protein tagged to the C-terminal fragment of human
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DNA helicase B (DHB) can distinguish quiescent cells
from actively proliferating cells [16]. The sub-cellular
localization of the sensor is cell cycle dependent. In qui-
escent cells, the sensor is primarily localized in the nu-
cleus due to low CDK2 activity, whereas in proliferating
cells, the sensor is progressively translocated out of the
nucleus to the cytoplasm due to phosphorylation by
CCNE-CDK2 and CCNA-CDK2 complexes. Thus, quiescent
cells can be distinguished from proliferating cells by
determining the relative distribution of the fluorescent
sensor between nucleus and cytoplasm. Similarly, Okai
et al., developed a fusion protein consisting of a defec-
tive mutant of p27 fused to a fluorescent tag [29]. The
fluorescent probe intensity is high in quiescent cells due
to p27 accumulation and is rapidly lost due to degrada-
tion as quiescent cells enter the cell cycle. The tagged
p27 probe has also been demonstrated to detect and
isolate quiescent cells from various adult tissues in mice
when expressed as transgene [29].

lll. Ex vivo induction of quiescence

Cellular quiescence can be modeled in ex vivo cell cul-
tures using a variety of approaches. Mammalian cells
can be induced to enter a quiescent state by manipulat-
ing a number of culture conditions including anchorage
deprivation, growth to confluence and contact inhibi-
tion, mitogen deprivation and nutrient/amino acid limi-
tation [30-32] (Figure 2a). A key consideration concerns
the type of growth arrest attained by the abrogation of
mitogenic signaling in different cell types. While contact
inhibition, mitogen deprivation and anchorage depriva-
tion all induce reversible quiescence in fibroblasts, ASCs
may respond differently to these culture conditions and
enter different states of permanent arrest. For example,
mitogen deprivation leads to differentiation in skeletal
myoblasts [33] (Figure 2b), and non-adherent culture
leads to anoikis (cell death) in epithelial cells [34] which
are both irreversible. Thus, alternative approaches are
required to establish reversible quiescence in ASCs. In
mesoderm-derived cells such as myoblasts and MSCs,
where attachment to a substrate is essential for cell
growth, cells are effectively triggered into quiescence
by suspension culture or culture on soft substrates in
the presence of mitogens [35, 36] or by inhibiting adhe-
sion-dependent signals using small molecule inhibitors
of cellular contractility [37]. Importantly, restoration of
surface attachment/contractility leads to a synchronous
return to the cell cycle.

IV. Analysis of quiescence in adult stem cells
(ASCs)

Cellular quiescence has been studied in several tissue-
specific ASCs and a growing body of evidence suggests
that quiescence is an intrinsic property of ASCs in vivo,
permitting these cells to persist in an undifferentiated
state for prolonged periods of time. Defects in main-
taining quiescence can lead to stem cell exhaustion and
degenerative diseases [25, 38]. Studies analyzing the
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quiescent state in different types of ASCs are presented
below.

Quiescence in hematopoietic stem cells
(HSCs)

Hematopoietic stem cells (HSCs) reside within the bone
marrow and are responsible for renewal of mature
blood cells throughout life. The quiescent nature of
HSCs was first reported during studies of resistance of
HSCs towards 5-FU-induced apoptosis [27]. In adult
mice, direct evidence for the presence of quiescent
HSCs has been provided in studies showing that contin-
uous in vivo administration of BrdU for more than 12
weeks is required for labelling HSCs [39] indicating their
slow cycling nature. On the other hand, it is possible to
isolate quiescent adult HSCs based on combinations of
cell surface markers that select primitive undifferentiat-
ed HSCs. Examples include c-Kit'Sca-1"Lin'Tie2" [5], c-
Kit*Sca-1"Lin CD150°CD48 CD34" [40] and c-Kit'Sca-1"Lin
CD48 CD150" [26]. Although these marker-defined pop-
ulations may differ subtly in their stem cell function,
they are all quiescent.

Quiescence in muscle satellite cells (MuSCs)
Muscle satellite cells (MuSCs) are stem cells located
between the plasma membrane of the muscle fibers
and the surrounding basal lamina. MuSCs are undiffer-
entiated progenitors that express the lineage determi-
nant transcription factor, Pax7 [41] but do not express
transcription factors MyoD and Myogenin [42] which
drive myogenic determination and differentiation re-
spectively. MuSCs are key mediators of muscle repair
and regeneration following muscle injury [43]. MuSCs
are quiescent in uninjured adult muscles, as demon-
strated by studies where continuous administration of
*H-thymidine in mice for 9 days failed to label the ma-
jority of MuSCs [3]. Also in mice, MuSCs identified on
the basis of cell surface markers such as SMC2.6"CD45
[11], M-cadherin® [44] and c-met® [45] exhibit a quies-
cence phenotype as evidenced by 2N DNA content, low
RNA content, no BrdU incorporation and absence of
MyoD/Mpyogenin expression. Quiescent MuSCs are re-
sistant to sub-lethal doses of irradiation that eliminate
the majority of proliferating cells [46]. Molecular profil-
ing of quiescent MuSCs revealed up-regulation of cell
cycle inhibitory genes such as Gas3, CDKN1C, CDKN1B
and Spryl as well as negative regulators of myogenic
differentiation such as BMP2, BMP4, BMP6, HEY1 and
Notch3 [11]. Interestingly, novel surface markers of
freshly isolated satellite cells including Caveolin-1, Calci-
tonin receptor and integrin alpha 7 [47] can be used to
localize and purify undifferentiated MuSCs.

Quiescence in skeletal stem cells

Skeletal stem cells or mesenchymal stem cells (MSCs)
were originally isolated from bone marrow [48], but
MSC-like cells have been isolated from the stromal
compartment of several tissues including fat, lung, mus-
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cle, kidney and skin [49]. Although some studies suggest
that MSCs are quiescent in their niche, limited infor-
mation is available regarding their quiescence pheno-
type, primarily because specific markers of quiescent
MSCs have not been identified [50, 51]. Early studies of
bone regeneration identified the presence of non-
hematopoietic, label-retaining cells within bone mar-
row, suggesting the presence of quiescent MSCs capa-
ble of responding to bone injury and contributing to
bone regeneration. For example, label-retaining MSCs
were detected within bone marrow after injecting *H-
TdR label in rat, from day 9 of pregnancy till birth [52].
In addition, label-retaining MSCs within murine bone
marrow could be enriched by 5-FU treatment [53].
MSCs purified from humans as well as from rodent
bone marrow by employing a combination of cell sur-
face markers: PDGFRa’Sca-1'CD45TER119™ [50] and
STRO1'VCAM1® [51], contain a non-cycling quiescent
subpopulation as assessed by DNA and RNA content
analysis. A recent lineage-tracing study in mice reports
that MSC-like cells in the intestine are slow cycling, but
quiescent bone marrow MSCs have not been described
[54].

V. Molecular mechanisms of adult stem cell

quiescence

Given that quiescent ASCs display a distinct transcrip-
tome and surface marker profile, it is evident that the
quiescent state is not merely a consequence of reduced
metabolism, but is actively achieved and maintained.
Both cell intrinsic and cell extrinsic factors have been
demonstrated to play a role in regulating ASCs quies-
cence [6, 41, 55]. Mechanisms regulating entry, mainte-
nance and exit from the quiescent state are best de-
scribed in yeast [56]. In mammalian cells, the molecular
mechanisms of quiescence have been studied exten-
sively in ex vivo cell culture models of quiescence. Re-
cent studies in genetically modified animals have
demonstrated the relevance of these mechanisms for
tissue regeneration under physiological conditions.

(A) Cell intrinsic mechanisms regulating qui-
escence

Tumor suppressor genes (TSGs) inhibit cell division and
loss of function of TSGs leads to uncontrolled cell prolif-
eration. TSGs function either directly or indirectly by
suppressing genes required for cell cycle progression
[57]. In ASCs, quiescence is associated with induction of
TSGs and transgenic animal models deficient for TSGs
exhibit impaired self-renewal of ASCs compartment and
compromised tissue regeneration [38, 58]. Evidence for
TSG association with quiescent ASCs is discussed below.

Retinoblastoma Family

The Rb or pocket protein family consists of three mem-
bers: Rb (retinoblastoma protein), p107 (retinoblastoma
like protein-1) and p130 (retinoblastoma like protein-2).
The founding member of this family, Rb acts as the gate
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keeper of the G1/S transition and is a key target for the
CCND-CDK4/6 pathway [59]. Rb restrains cell cycle pro-
gression via control of S-phase transcriptional activa-
tors-particularly the E2F transcription factor family [59].

In HSCs, all three Rb family proteins are expressed
and loss of an individual Rb family protein does not per-
turb quiescence in these cells [60]. However in mice,
deficient for all three Rb family proteins, the HSC com-
partment is severely defective and mutant HSCs exhibit
enhanced proliferation and impaired marrow repopula-
tion ability upon serial transplantation [61, 62]. This
phenotype is consistent with the loss of ability of pocket
protein-deficient HSCs to maintain quiescence. By con-
trast, mice deficient for Rb alone exhibit an increased
number of myoblasts within uninjured muscles as com-
pared to wild type animals. When cultured in vitro, my-
oblasts from Rb-deficient mice exhibit accelerated cell
cycle entry, loss of myogenic differentiation as well as
increased cell death and autophagy [63, 64]. Thus, Rb is
essential for maintaining MuSC quiescence in vivo as
well as cell survival during myogenic differentiation.
Interestingly, p130 is highly expressed in quiescent
MuSCs and over-expression of p130 in proliferating my-
oblasts leads to cell cycle arrest. Also, p130 inhibits my-
ogenic differentiation by suppressing myogenic genes
[65]. Thus, p130 maintains MuSCs quiescence by a dual
mechanism: blocking cell cycle progression and sup-
pressing the myogenic differentiation program.

Cyclin Dependent Kinase Inhibitors (CKls)

CKls regulate quiescence through inhibition of cyclin
dependent kinases. p21"*, p27* and p57" inhibit
CDK2, CDK4 and CDK6 blocking cell cycle progression
[66]. Loss of CKls abolishes the ability of ASCs to main-
tain cellular quiescence. Targeted ablation of p21 in
mice is associated with increased HSC proliferation,
greater susceptibility to cell cycle-specific myelotoxic
injury and poor bone marrow reconstitution ability dur-
ing serial transplantation, suggesting that increased
proliferation is associated with compromised stemness
[38]. Similarly, p57-deficient mice exhibit reduced num-
bers of quiescent HSCs within bone marrow as well as
reduced HSC self-renewal [58]. Furthermore, HSCs defi-
cient for both, p57 and p27 exhibit higher proliferative
capacity and lower bone marrow reconstitution ability
[67]. Similarly, MuSCs deficient for both p21 and p57,
display increased proliferation in vivo and fail to under-
go myogenic differentiation [68]. While CKIs would be
expected to participate in slowing the cell cycle, it ap-
pears that distinct constellations of cell cycle inhibitors
distinguish reversibly quiescent myoblasts from perma-
nently arrested myotubes [10]. Thus, the precise net-
works governed by the individual CKlIs in different qui-
escent cell types remain to be uncovered.
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(B) Cell extrinsic factors regulating quiescence
The local microenvironment of ASCs known as the stem
cell ‘niche’ plays an important role in regulating quies-
cence. The dynamic interaction between ASCs and their
niche which includes different cell types, blood vessels,
extracellular matrix (ECM) proteins and nerve fibers, is
critical for optimal stem cell function [5, 69, 70]. Com-
munication between cells within the niche is mediated
through secreted paracrine factors and their cognate
receptors, cell-cell and cell-extracellular matrix (ECM)
interactions that stimulate key signaling pathways in
ASCs, particularly Wnt, Notch and FGF pathways. (Table
1)

Wht signaling is known to play a context-dependent
role in ASCs. In HSCs, inhibition of Wnt signaling by ec-
topic expression of the secreted Wnt inhibitor Dkk1
results in loss of HSC quiescence and self-renewal abil-
ity, whereas over-expression of a constitutively active
form of B-catenin (the transcriptional mediator of ca-
nonical Wnt signaling) increases self-renewal of HSCs
while blocking their differentiation [69, 71]. Wnt signal-
ing appears to regulate HSC fate through regulation of
p21 [71]. In the HSC niche, the Wnt pathway is regulat-
ed by osteoblastic cells that are in close contact with
HSCs [69]. In MuSCs, levels of Wnt signaling mark dif-
ferent cellular states: moderate levels of Wnt signaling
is required for the quiescent state [10], as either en-
hancing or inhibiting Wnt signaling alters the quies-
cence program.

The Notch pathway plays a critical role in cell fate
decision and stem cell homeostasis [72]. Notch signaling
is commonly associated with inhibition of differentia-
tion and maintenance of a self-renewing state. In adult
murine HSCs, ectopic expression of activated Notch
(Notch Intracellular Domain -NICD) enhances self-
renewal and proliferation in vitro [73]. Conversely, loss
of Notch signaling leads to increased HSCs differentia-
tion in vitro and HSC depletion in vivo [74]. Thus, Notch
signaling induces expansion of HSCs but preserves self-
renewal ability. Unlike the soluble Wnt ligands, Notch
ligands are often cell-surface molecules and mediate
signaling via direct cell-cell interaction. Interestingly,
like Wnt signaling, Notch signaling in HSCs is also regu-
lated by osteoblastic cells [75, 76]. In MuSCs, Notch
signaling maintains cellular quiescence [55, 77]. Over-
expression of NICD in mouse MuSCs, suppresses prolif-
eration and preserves self-renewal ability while inhibit-
ing myogenic differentiation in vitro [78], whereas loss
of RBP-J, a downstream transcriptional effector of
Notch, leads to loss of quiescence and induction of pre-
cocious differentiation [6, 79].

Extracellular signal regulated kinase (ERK) signaling
is involved in regulating quiescence via multiple recep-
tors. Receptor tyrosine kinases (RTKs) are cell surface
receptors which upon extracellular ligand binding in-
duce kinase activity in their cytoplasmic domains. Se-
creted growth factors such as HGF, IGF, PDGF and FGF
are potent activators of receptor tyrosine kinases [80].
Quiescent MuSCs express tyrosine kinase receptors for
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such ligands. However, several intracellular inhibitors
that bind to and inactivate specific growth factors sig-
naling molecules are highly expressed in quiescent
MuSCs. Quiescent MuSCs express Sproutyl (Spryl), an
inhibitor of RTKs, which binds and inhibits the kinase
activity of these receptors even in the presence of their
cognate ligands. Spryl expression is lost in activated
MuSCs, and re-expressed in their progeny re-entering
quiescence. Targeted deletion of Spry1 in mice leads to
enhanced ERK signaling and failure of MuSCs to re-enter
quiescence after repair of injury [4]. Similarly, sustained
FGF2 signaling is shown to disrupt MuSCs quiescence in
vivo [25].

The downstream effectors of ERK pathways are mi-
togen-activated protein kinases (MAPK) such as p38a/8
MAPK. In MuSCs, p38a/8 MAPK induces myogenic de-
termination factor MyoD and subsequent proliferation.
In transgenic mice, constitutively active p38a/8 MAPK
leads to precocious myoblast differentiation [81, 82].
Some evidence exists for asymmetric division as a con-
tributor to quiescence in MuSCs, wherein one daughter
cell commits to proliferation and eventual differentia-
tion while the other daughter cell retains the stem cell
characteristics [83].  During activation of MuSCs,
p38a/8 MAPK is shown to localize asymmetrically in
one of the daughter cell that becomes the transit ampli-
fying progenitor whereas the other daughter cell con-
tributes toward replenishment of quiescent cells [84].
The upstream regulators of this asymmetric distribution
of p38a/8 MAPK are Partitioning Defective 3 (PAR-3)
and Protein Kinase C (PKC) [84].

VI. Role of quiescence in ASC function

Loss of quiescence is associated with defective ASC
function. Quiescence in HSCs preserves the stem cell
compartment and a balance between proliferation, qui-
escence and differentiation ensures persistence of re-
generative cells throughout life [5, 69]. Reconstitution
of bone marrow after lethal irradiation or other myelo-
toxic injury is dependent on stem cell quiescence, as
this process is impaired when quiescence in HSCs is
abolished through ablation of Rb proteins [61, 70]. As
mentioned above, disruption of quiescence regulators
such as p21 or p57 also decreases bone marrow recon-
stitution ability of HSC [38, 85]. Targeted deletion of the
chromatin remodeler Satb1 leads to loss of quiescence
in HSCs in vivo, causing over-proliferation and preco-
cious differentiation resulting in gradual depletion of
functional stem cells [86]. Thus in HSCs, quiescence
helps maintaining the stem cell phenotype and pre-
serves self-renewal ability.

Disruption of quiescence in MuSCs leads to im-
paired muscle regeneration and repair. In mice MuSCs,
loss of quiescence regulators such as Spryl (down-
stream of RTKs) and RBPJ (downstream of Notch) leads
to depletion of MuSCs due to over-proliferation and
precocious differentiation. Age-dependent changes in
the muscle micro-environment affect MuSCs function
by disrupting quiescence. For example, increased FGF2
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expression in aged muscles leads to the persistent acti-
vation of MuSCs and prevents the restoration of the
quiescent compartment leading to impaired muscle
regeneration [25]. Victor et al., found that continuous
expression of p16 in aged MuSCs causes a shift from
quiescence-associated to senescence-associated cell
cycle arrest. MuSCs from aged mice thus undergo se-
nescence upon injury induced activation signals [87].
The translational machinery also regulates quiescence
in MuSCs. Compromising the RNAi pathway by targeted
inactivation of Dicer in mice disrupts quiescence in my-
oblasts, and leads to loss of muscle regeneration [88].
As a corollary, transplantation of quiescent MuSCs have
an enhanced muscle regeneration capacity as compared
to culture expanded MuSCs [89]

Finally, cellular quiescence appears to protect ASCs
from oxidative stress. Reactive oxygen species (ROS)
encompass a variety of partially reduced metabolites of
oxygen (e.g., superoxide anions, hydrogen peroxide,
and hydroxyl radicals) that are generated intracellularly.
At high and/or sustained levels, ROS can cause severe
damage to DNA, protein, and lipids. Recent studies sug-
gest that quiescent ASCs are protected from ROS,
through upregulation of genes that mitigate the toxic
effect of free radicals. For example, genes implicated in
response to oxidative stress such as glutathione peroxi-
dase 3 (GPX3), sulfiredoxin (SRXN) and thioredoxin re-
ductase 1 (TXNRD1) are highly expressed in quiescent
ASCs [90]. Also, cell surface transporters Abcbla, Abcas
and Abcc9 that mediate efflux of toxic substances from
the cell, are upregulated in quiescent stem cells [90].
Quiescent HSCs also possess mechanisms enhancing cell
survival under adverse conditions such as hypoxia. Un-
der hypoxic conditions, HIF1a is up-regulated in quies-
cent HSCs, translocates to the nucleus where it binds
with HIF18 and transcriptionally regulates pro-survival
genes [91].

5 Arai F, Hirao A, Ohmura M et al.

VII. CONCLUDING REMARKS AND FUTURE PROSPECTS

Cellular quiescence is emerging as an actively main-
tained state playing an important role in regulating ASC
functions. The quiescent state protects ASCs from pro-
liferation-associated genotoxic stresses as well as from
damaging environmental conditions. Thus, quiescent
ASCs exhibit better survival ability under adverse condi-
tions of tissue injury. In addition, there is accumulating
evidence that loss of quiescence in ASCs leads to com-
promised tissue regeneration. It is plausible that stem
cell therapies using quiescent ASCs might prove benefi-
cial over current approaches that focus on transplanting
proliferating cells following ex-vivo expansion. With the
establishment of new quiescence culture models as well
as the introduction of valuable new reagents based on
quiescence sensors in vivo, a more detailed understand-
ing of the biological role of cellular quiescence will be
uncovered. Integrating global studies of quiescence-
specific transcriptomes, epigenomes, proteomes and
secretomes will establish a detailed description of the
biology of quiescent state, with the hope of specifically
targeting quiescent stem cells in vivo to enhance tissue
regeneration.
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Figure 1(a). The cell cycle and the quiescence cycle.

The cell cycle is divided into specific phases- G1, S, G2 and M phase. Each phase is regulated by a specific cyclin (CCN)-
cyclin dependent kinase (CDK) complex (CCNA- Cyclin A; CCNB- Cyclin B; CCND- Cyclin D; CCNE- Cyclin E). The window
of particular CCN-CDK activity is depicted as colored arcs within cell cycle. The restriction point (R) in late G1 phase
depicts the point of commitment; once cell crosses the restriction point, mitogenic signals are no more required by
the cell to complete the cell cycle. The “quiescence cycle” is a current working model. Molecular mechanisms regulat-
ing entry into quiescence (GO entry) and exit from quiescence (GO exit) are poorly described. p27, p130 and CDK2 can

be used as markers of quiescent state and based on recent data p21 regulates GO entry.

1(b). Quiescence cycle in adult stem cells (ASCs).

ASCs oscillates between “deep” quiescent (GO) and quiescent “alert” (G(Alert)) states. Quiescent ASCs within unin-
jured tissues respond to distant tissue injury by transiting to a quiescent “alert” state with increased propensity for
cell proliferation and tissue regeneration. The transition from GO to G(Alert) state is under the control of mTORC1
(mammalian target of rapamcin complex 1) signaling. Downstream effectors of mTORC1 signaling in G(Alert) state is

shown to be group of genes regulating mitochondrial metabolism.
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Figure 2(a). /n vitro methods to induce quiescence (GO state) in cultured mammalian cells.

An illustration of current methods for inducing cellular quiescence in ex vivo cell cultures. The effector proteins and
signaling pathways are mentioned. FAK-Focal adhesion kinase; ERK- Extracellular signal regulated kinases; PTPR- Pro-
tein tyrosine phosphatase, receptor type; MAPK- Mitogen activated protein kinases; IP3- Inositol triphosphate.

2(b). Different types of cell cycle arrest identified in mammalian cells.

Different types of cell cycle arrests known in mammalian cells: quiescence, differentiation, senescence and apoptosis.
The effector molecules and signaling pathways mentioned refer to studies conducted mainly in myoblast cell cultures.
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Figure 2(b)
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Table 1: Niche components involved in regulating quiescence associated signaling pathways in ASCs.

Signaling Pathways associated
with ASC quiescence

Niche components that affect
signaling in ASCs

References

ERK signaling

Osteoblastic cells in bone mar-
row niche and perivascular and
interstitial cells within muscles
regulate ERK signaling in HSCs and
MuSCs respectively through se-
creted ligands.

[5,92]

Whnt signaling

Osteoblastic cells in bone mar-
row niche and endothelial cells
within muscles regulate Wnt sig-
naling in HSCs and MuSCs respec-
tively.

[69, 93-95]

Notch signaling

Jagged 1 expressing osteo-
blastic cells that are in close con-
tact with HSCs regulate Notch sig-
naling in HSCs.

[76]

FGF signaling

Over expression of FGF2 in
aged muscle induces proliferation
in mouse MuSCs and prevents es-
tablishment of quiescent MuSCs.

[25]

HGF signaling

HGF present in the extracellu-
lar matrix of various tissues is
shown to regulate quiescence in
ASCs.

[17, 96]
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