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Introduction
In adult, the homeostasis is maintained by a balance

between proliferation and differentiation of stem cells.
Adult stem cells are undifferentiated and multipotent
cells, they can give rise to several types of cell when
they differentiate to replenish dying cells and
regenerate damaged tissues. These cells self-renew to
maintain a pool of undifferentiated stem cells.

Adult stem cells are localized throughout the body in
a specific microenvironnement named stem cell niche.
Although the organization of stem cell niches seem
diverse and induce different molecular interactions in
function of the tissues, their role is to maintain stem
cells in a functional state [1]. Physical and molecular
interactions between stem cells and cells of the niche
are responsible of the stem cell fate and their division
plane, which determine the identity of the daughter cell
[2]••.

Adult stem cells are very different from embryonic
stem cells. The precise origin of adult stem cells in
mature tissues is still unknown, while embryonic stem
cells (ESC) derived from the inner cell mass of the
blastocyst during embryogenesis. ESC are pluripotent,
so they can give rise to all cell types, they are also able
to divide indefinitely unlike adult stem cells whose self-
renewing is limited. 

That is why adult stem cells have a quiescent state to
maintain a pool of cells that do not divide continuously,
but may, in case of necessity, once again enter into the
cell cycle (Box 1) and self-renew. In mammals, the
niches contain quiescent and active stem cells
specifically located [1]. Stem cells pass through a
quiescent state by extrinsic signals mostly from the
niche. Once quiescence is established, intrinsic and
epigenetic molecular signals maintain this state. Stem
cells can exit the G0 stage by receiving extrinsic
molecular signals to enter into the mitotic cycle and
divide when it is necessary to reestablish tissue
homeostasis. 

This stage of quiescence allows the maintenance of
adult stem cells as well as cellular homeostasis,
essential roles to preserve the tissue functions of an

individual. In this review, we will explore what are the
molecular – cellular components such as proteins –
and epigenetic – heritable changes in gene activity
regardless of changes in the DNA sequence –
mechanisms, that regulate this quiescent state. 

Molecular regulations of the stem 
cell quiescent state

A number of molecular signals regulate and maintain
the quiescent state of adult stem cells. These signals
can be intrinsic to the cell or extrinsic, from the
microenvironment of stem cells and their interactions
with their niche. The extrinsic signals initiates the
transition from stem cells in a quiescent state. 

Extrinsic mechanisms regulating stem cell
quiescence

Figure 1. Extrinsic hematopoietic stem cell regulations.
Quiescence is established in hematopoietic stem cells by
interactions between stem cells and osteoblasts. 

Maintaining the balance between stem cell
quiescence and self-renewal is possible by signals
emanating from the stem cell niche (Figure 1) . The
niche of hematopoietic stem cells (HSC), the more 
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Adult stem cells have an essential role to maintain cellular homeostasis. Therefore the transition between
the different states of these cells are controlled. This study focuses on the maintenance of the quiescent
state, finely regulated by several molecular pathways and epigenetic phenomena. These intrinsic and
extrinsic molecular signals combine to modulate cell division depending on extracellular conditions. The
quiescent stem cells is well initiated by extracellular signals from the niche cells and maintained by
various intracellular and epigenetic events which interact. Major signaling pathways affecting cell cycle
are altered in quiescent cells in order to maintain the G0 stage. 
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Box 1. Cell-division cycle

The cell cycle consists of different stages:

• Interphase - divided into three parts: during the
G1 stage, the cell increases in size, followed by
the synthesis phase (S) where the DNA replicates
and the G2 phase where the cell continues to
grow.

•  Cell division: the mitosis (M), the mother cell
divides to give two daughter cells.

The transitions between each phase are controlled
by checkpoints, and the cycle is regulated by cyclins
and cyclin-dependent-kinases (CDKs). These
proteins form functional heterodimers with catalytic
role and activate or inactivate various target protein
by phosphorylation to allow passage into the next
phase of the cell cycle. The cyclin-dependent kinase
inhibitor proteins (CDKIs) negatively regulate the cell
cycle by inactivating CDKs [47].

During the stage of quiescence (G0), the cell
actively represses factors inducing proliferation.
Some cells do not pass through this point, others
may remain long term.

studied, is localized in the bone marrow (BM) [3]•. Adult
hematopoietic stem cells are located in BM but they
have an endothelial embryonic origin, results showed
that mice HSC were produced in the aorta in the
embryo, and then migrate into the BM. In adults, a
microenvironment of osteoblasts, bone marrow stromal,
endothelial cells and extracellular matrix surrounds the
stem cells [4]. The state of HSC quiescence appears to
depending on the location of stem cells in the niche.
Interactions between cells induce HSC quiescent state,
a retention of HSCs in their niche and a blocking of
apoptosis. The hematopoietic microenvironment
regulates HSC number and function for maintain the

homeostasis. In case of homeostasis unbalance,
expansions signals are forwarded to the stem cell so
that it auto-renewed. 

Signals from the niche are necessary to mediate 
the location of HSC. 

CXCL-12 is a chemokine ligand produced by bone
marrow and guiding HSCs to a specific niche location
when bound to CXCR4 [5][6]••. In HSC, the activation
of the expression of CXCR4 is dependent on Nrf2
(nuclear factor erythroid 2-related factor 2), a global
regulator of oxidative stress response. Nrf2 binds to the
CXCR4 gene promoter to activate its expression.
Interaction between CXCL-12 and CXCR4 induced
change in HSC niche location, which facilitates the
HSC entry into quiescent state. This production of
CXCL-12 is regulated by the sympathetic nervous
system [7]••. A low level of CXCL-12 is correlated with
an HSC output of the niche, inducing their
differentiation. Therefore the expression of CXCL-12 is
necessary to the establishment and maintenance of
quiescent HSC. Moreover expression of CXCL-12 is
mediated by genes of the molecular circadian clock,
explaining the cyclical release of hematopoietic stem
cells from the niche. The sympathetic nervous system
secretes noradrenaline in the bone marrow that
interacts with a osteoblast receptor inducing a down
regulation of CXCL-12 expression [8]. Furthermore,
integrin of the HSC binds to osteoblast VCAM-1
(Vascular cell adhesion protein 1), thereby preserving
the location of the cell.

Quiescence state is possible by the presence of 
extrinsic signals. 

Once the HSC at the right location, signals induce its
quiescence. Ang-1 (Angiopoietin-1) binds to the stem
cell receptor tyrosine kinase Tie2 which activates
β-integrin and N-cadherin expressions [9]. These
proteins interact with the extracellular matrix and the
niche cells inducing HSC retention. In addition the
interaction between the thrombopotetin (thromb) and
its MPL receptor (myeloproliferative leukemia virus
oncogene) is also necessary to maintain the ideal
number of hematopoietic quiescent stem cells, as the
interaction between the osteoblast ligand SCF (Stem
Cell Factor) and KIT receptor [10]. The osteopontin
from the osteoblasts also inhibit the proliferation of the
hematopoietic stem cells in the bone marrow niche.
These various signals are anti-apoptosis, protect the
cells from differentiation signals and arrest the cell-
cycle.

Signals maintaining quiescence are in turn 
regulated.

The Wnt pathway regulates also the stem cells in the
niche. By binding to Frizzled receptor, Wnt protein
(wingless) initiates a signaling cascade inducing to stop
the β-catenin degradation. The active signal of the
β-catenin induces the stem cell quiescence. Wnt
signaling induces also an expression of p21, a CDKi,
which inhibit the cell cycling. The expression of delta-
like 1 homolog (Dlk1) from the osteoblasts inhibit the
Wnt signaling and induce a proliferation of the HSC,
cells out of their quiescent state [11, 12]. 
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Role of some signals in the quiescent state 
regulation remains uncertain. 

TGF-β and BMP signals from the osteoblasts seem
maintain the quiescent state of the hematopoietic and
neural stem cells by inhibiting the cell growth. However
the publication of conflicting results indicates that other
experiments may be necessary to understand the role
of these molecules in the quiescence regulation.

Intrinsic mechanisms regulating stem cell 
quiescence

Although extrinsic signals induce quiescence of stem
cells, the intrinsic molecular signals maintain this state.
There is a strong link between the intrinsic and
extrinsic regulation of quiescence. Extrinsic signals
from the environment induce molecular cascades in
stem cells which self-sustaining quiescence (Figure 2).
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Figure 2. Cell cycle intrinsic regulation. The molecular signals are added to maintain the state of quiescence of
hematopoietic stem cells.

Rb
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Rb hypophosphorylation blocks the cell cycle. 
The retinoblastoma (Rb) proteins family, known as

tumor suppressors, possess a binding domain of many
transcription factors, including E2F1. E2F1 is a
transcription factor and this interaction with DP1
activates necessary genes to the cell to enter S phase
in the cell cycle. It has been demonstrated that in the
neura l s tem ce l ls when the Rb prote in is
hypophosphorylated, it binds to E2F1 to repress and
thus block the entry into S phase in the cell. In G1
phase, cyclin D and cyclin E activate the cyclin-
dependent-kinases (CDK) CDK2 and CDK6 which will
induce the phosphorylation of Rb. Once Rb
phosphorylated, EF2 it releases which allows the cell
cycle progress. In quiescent cells, Rb inhibits E2F,
thereby blocking the cell cycle [13]••[14].

p53 up-regulates the quiescent state. 
The transcription factor p53, known to block the cell

cycle and induce apoptosis in case of DNA damage,
promotes the quiescent state of neural and
hematopoietic stem cells. P53 binds to promoters Gfi-1
(growth factor independent 1) and Necdin, a growth
suppressor, to activate their expression. Thereby the
expression level of Necdin is correlated with the rate of
quiescent hematopoietic stem cells. Moreover, it has
been shown in embryonic neural stem cells that Necdin
can interact with the transcription factor E2F in the
same way that the Rb family proteins, resulting in an
inhibition of proliferation by blocking the cell cycle [15].
Similarly Gfi-1, which encodes a nuclear zinc finger
protein that functions as a transcriptional repressor,
limits the proliferation of these stem cells and maintain
their integrity [16]. Interactions between Gfi-1, and
several factors of the E2F family have also been
identified, supposing that Gfi-1 regulates the cell cycle
using this way. The p53 expression seems also

modulated by the transcription factor MEF/ELF4
facilitating the entry of the hematopoietic stem cell into
the cell cycle [13]••. E2F transcription factors enable
MEF/ELF4 gene, allowing activation of MDM2, a
repressor of p53. In quiescent cells, these factors E2F
are inhibited, thereby blocking the cell cycle. 

The CDKIs maintains the quiescent state. 
The conservation of quiescent stem cells is also

possible through inhibition of CDKs by CDKIs as p21,
p27 and p57 [17]. P27 and p57 prevent the nuclear
transport of the complex Hsp70-cyclin D1 necessary to
advanced cell cycle and thus blocks the cell cycle in
the hematopoietic stem cells. P21 is also necessary to
keep the quiescent state of stem cells as it governs the
entry into the cell cycle. In the neural stem cell, p15,
p21, p16 and p27 suppress cell proliferation by
inhibiting the phosphorylation of Rb, which can thus
inhibit E2F.

Regulation of oxidative stress is necessary to 
maintain the quiescent state. 

The intracellular level of reactive oxygen species
(ROS) correlates with the proliferation of hematopoietic
stem cells. Too high levels of ROS are toxic to the cell,
but ROS is necessary to optimize the proliferation and
differentiation. Thus, if the rate of ROS is too low, the
cell enters a quiescent state. In the quiescent cell,
Forkhead box O protein family (FOXOs) are activated
in response to oxidative stress inducing an increase in
expression of genes down-regulating the oxidative
stress. ATM (ataxia telangiectasia mutated) and its
target, p16 are downstream of FOXO and also repress
the cell cycle [19, 20]. The inhibition by Rb to block the
cell cycle is also dependent on the inhibition of
oxidative stress by ATM. The AKT/PI3K, in link with a
high level of ROS, induces the mTor pathway,
responsible of cell proliferation [21]. So, for maintaining
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Box 2. Epigenetic regulations.

Epigenetics is the study of heritable traits modifying the activity of genes that are not caused by changes in
the DNA sequence. Epigenetic regulations are numerous and induce a change in the chromatin structure and
access to DNA. Epigenetic marks can be of different types [44].

The cytosines of DNA can be methylated in mammals. Methylation converts cytosine in 5-méthylcytosine1
in the CG DNA sequences inducing a change in expression or gene regulation. This mark is reversible.
Moreover DNA methylation is a major player in the establishment of irreversible parental imprinting, the
mechanism by which gene expression will depend on the parental origin.

Polycomb-group proteins are a family of proteins that can remodel chromatin by a epigenetic pathway [46].
As epigenetic modifiers, PcG complexes promote gene repression via particular chromatin modifications and
compaction, maintaining transcriptional silencing.

Histones can also be epigenetically modified on the the N-term protein chain by acetylation, methylation,
ubiquitination, phosphorylation [45]. The degree of chromatin condensation is regulated by these
modifications, so these marks regulate transcription. Acetylation of the lysines is a signal correlated with an
increase in transcriptional activity. On the contrary the effects of methylation of lysines depends on the residue
modified, inducing transcriptional activation or on the contrary, repression. The common nomenclature of
histone modifications is: first the name of the histone, followed by the single-letter amino acid abbreviation and
the amino acid position in the protein and then the type of modification (Ac: acetyl, Me: methyl, P: phosphate,
Ub: ubiquitin) and the number of modifications. Ex: For trimethylation of lysine 27 in histone 3: H3K27me3. 

The miRNA are untranslated small interfering RNAs that repress specific complementary messenger RNAs,
this is a post transcriptional regulation [43]. 

http://www.ncbi.nlm.nih.gov/pubmed/22286106
http://www.ncbi.nlm.nih.gov/pubmed/22286106
http://www.ncbi.nlm.nih.gov/pubmed/22286106
http://www.ncbi.nlm.nih.gov/pubmed/22286106
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the quiescent state, the E3 ubiquitin ligase Fbw7 [22],
PTEN [23] and PML [24] inhibit the mTor pathway in
addition to regulating the ROS level.

Epigenetic modifications regulate
the quiescent state of stem cells

The quiescent state of adult stem cells is also
maintained by various epigenetic signals in
complement of molecular signals (Box 2). 

DNA methylation

DNA methylation of the neural stem cells is dynamic
and active during the stage of quiescence, since the
marks of DNA methylation are generally repression
signals, it is assumed that the genes methylated are
implicated in the differentiation. Inactivation of these
genes induces maintenance of quiescent stem cells. 

The pattern of imprinted gene expression, genes
expressed i n a parent-of-origin-specific manner, is
largely retained in hematopoietic stem cells, as well as
muscle and epidermal stem cells. Genes subject to
imprints as p57, or Necdin have a role in quiescence
maintaining. 

Maternal imprinting at the H19–Igf2 locus 
maintains the quiescent state. 

In the hematopoietic stem cells, the maternal H19
region of methylated DNA allows the production of
miR-675 [25]. This miR-675 limits the expression of
IGF1R (insulin-like growth factor 1 receptor), a factor in
the mTor pathway that promotes proliferation.
Therefore if miR-675 limits the proliferation by blocking
IGF1R, quiescence is maintained. 

PIAS1 maintains the quiescent state of 
hematopoietic stem cells. 

PIAS1 (Protein inhibitor of activated STAT-1), a
SUMO E3 ligase-protein inhibits DNMT3A, a DNA-
methyltransferase, and STAT1, an activator of
transcription. These inhibitions induce methylation and
inactivation of GATA1 and of many other genes to keep
the quiescent state of the hematopoietic stem cell
[26,27].

According to current studies, CpG methylation marks
seem especially differ between undifferentiated state
and differential stem cells rather than on their
quiescent or proliferation state [28]. However, it should
be noticed that quiescent stem cells have a different
expression profile for imprinted genes, therefore
dependent gene methylation. 

Small interfering RNAs

Many miRNAs regulate the quiescent stem cells by
inhibiting molecules inducing cell differentiation or
proliferation. 

MiR-489 maintains the quiescent state by 
inactivation of Dek. 

In the muscle stem cells, the rate of miRNA-489
expression is correlated with the state of the stem cells,
a high miRNA expression indicates cell quiescence [29].
The target of this miRNA is Dek, an oncogene involved

in chromatin organization to facilitate transcription and
induce a cell proliferation and regulating the exit from
quiescence. Consequently, by the inhibition of Dek, the
miRNA-489 preserve the quiescent state.

MiR-126 controls the quiescent state by the 
regulation of the PI3K–AKT signaling pathway. 

In HSC, miRNA-126 inhibits PI3K/AKT pathway and
blocks mTor downstream PI3K. Since mTor pathway
induces cell proliferation, block this signaling by miR-
126 maintains quiescence [30].

MiR-31 is present in the quiescent stem cells. 
In quiescent muscle cells, the Myogenic factor Myf5

which regulates muscle differentiation is transcribed but
not translated. In fact, the Myf5 messenger RNA
(mRNA) is sequestered and targeted by miR-31, which
silences it. When the cell is activated, Myf5 mRNA is
released in order to be transcribed and induce
differentiation or myogenesis [31]. Therefore the miR-
31 is transcribed in quiescent cells to inhibit cell
differentiation.

MiR-221 and miR-222 prevent quiescence state. 
The miR-221 and miR-222 target the p27 and p57

CDKIs to induce the transition from a quiescent cell in
the S phase of the cell cycle [32]. These miRNAs
inhibit cell cycle inhibitors, the cycle is active and the
cells divide. 

Histones modifications

Quiescent neural stem cells have a complex 
epigenetic pattern. 
They have on the same gene stimulatory (H4ac) and
inhibitory signals (H3Kme) [34]. The presence of two
types of signals suggests the necessity of a fine and
fast control. To exit the quiescent state it is necessary
to remove some inhibitory marks so that chromatin
becomes accessible to the transcriptional machinery.
H3K4me2 and H3K27me3 epigenetic marks are higher
in quiescent neural cells and reduction of these marks
is correlated with cell differentiation. So, these
epigenetic mark modifications are associated with
genes to maintain the quiescent state of the cells.
During the quiescent state, the genes required for cell
differentiation are inhibited by chromatin compaction
thanks to epigenetic histone marks.

H4K20me2 and H4K20me3 are associate with the
quiescent state. 

H4K20 methylation is the mark most significantly
enriched in chromatin of quiescent stem cells. The
methylation decrease at this histone site is correlated
with cell proliferation. The methylation of H4K20 plays
on the compaction of DNA, therefore more this lysine is
methylated, more the DNA is compact and thus
impossible to transcribe [34].

Polycomb group 

The polycomb complex PRC1 is a marker of 
active state. 

In the neural stem cells in culture, the polycomb
repressive complex 1 (PRC1) component Bmi1 repress
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p21, the CDKI p16 and p19. However these CDKIs are
required to maintain the quiescent state of stem cells.
The regulation of Polycomb group therefore appears to
induce in the neural stem cells an activation and
differentiation of stem cells. In HSC the PRC1 inhibit
the Ink4/Arf locus, which encodes cell cycle inhibitors
p16 and p19. Since inhibitors cycle are inhibited, cell
proliferation is induced. Bmi1 prevents their
differentiation so the stem cells can self-renew and
proliferate [35,36].

EZH2 influences the self-renewal and 
proliferation of the stem cells. 

EZH2, a subunit of the Polycomb repressive complex
2, is not expressed in quiescent cells. However, the
presence of EZH2 in the stem cells is correlated with
the activation of this stem cells. So EZH2 appears
required to reactivate the cell cycle [37,38]. EZH2 also
plays an important role in the proliferation and
differentiation but their functions are not yet clear,
further studies would be necessary to better
understand this regulatory mechanism.

The various polycomb complexes appear to be
characteristic of active stem cells because they induce
the inhibition of factors maintaining the quiescent stem
cell state.

The epigenetic regulation is a combination
of this different marks 

By the example of epigenetic regulation inducing
senescence of cancerous stem cells can be seen that
all regulation phenomena are dependent [39]•. The
inhibition of DNA methyltransferases (DNMT) by small
interfering RNA in the active cells can induce a
modification on histone marks and a decrease of
methylation in CpG islands in the promoters of p16 and
p21. Inhibition of DNMT also induces an increase in
miRNA targeting polycomb complex, and therefore a
reduction of complexes, including Bmi1 and EZH2,
which methyl the H3K9 and H3K27 on the promoters of
p16 and p21. There is therefore a reactivation of these
CDKIs, which will block the cell cycle in G1 phase
inducing cell senescence. 

Although molecular actors appear identical between
the phenomenon of senescence and quiescence, the
cellular senescence regulatory varies because is not
reversible unlike quiescence. Over a senescent cell is
a damaged cell, while the cell quiescence is a stage
that can be intermediate, wherein the cell is not
dividing. 

Discussion
The mechanisms establishing the quiescent stem

cells are extracellular and dependents of the niche.
Soon as the cell is in a state of quiescence, many
molecular and epigenetic factors maintain this state.
The cells appear to leave the quiescent state only by
restimulation from the cells of the niche. The regulation
of quiescence is accomplished in the microenvironment
of stem cells but also by more distant signals from the
nervous system to maintain cellular homeostasis.

Many diseases are associated with stem cell
dysregulations and therefore results in a disequilibrium
of tissue homeostasis. A modification of expression of
factors that regulate the cell cycle induces changes in
cel l pro l i fe rat ion rate, jeopardiz ing cel lu lar
homeostasis. Many factors known to be tumor
suppressors or oncogenes are involved in the
regulation of the quiescent state, if these factors are
not tightly regulated, an excessive cell proliferation may
develop and cause cancer. It has been shown that
problems of cell proliferation regulation may induce
cancers such as leukemia if it is the hematopoietic
stem cells that are affected [40], or melanoma for
epithelial stem cells [41]. Control quiescence is one of
the tracks in the development of new cancer
treatments. Indeed, mutated stem cells entering into
quiescence are not affected by current chemotherapy
treatments and are a pool of cells able to create new
tumors if they emerge from their quiescence [42].

Understanding the regulation of stem cells is also
essential to succeed the implementation of cell-based
therapies aimed at restoring a tissue or organ by
grafting new cells. Moreover, the transformation of
adult stem cells in induced pluripotent cells also
requires a perfect understanding of the mechanisms
regulating these cells.
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