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Abstract

Tissues characterized by constant turnover contain
post-mitotic, terminally differentiated cells originating
from highly proliferative progenitors, which in turn
derive from a relatively small population of stem cells.
At the population level, self-renewal and differentiation
are the possible outcomes of stem cell proliferation;
overall, however, stem cells are quiescent if compared
with their direct progeny. The recent discovery of a
particularly quiescent, or dormant, subpopulation of
hematopoietic stem cells (HSCs) raises a number of
fundamental questions. As stem cell fate is influenced
by the signals integrated by the stem cell niche, will
dormant HSCs reside in specific dormant niches? Is
the mechanism of dormancy common to multiple
regenerating tissues or specific to the hematopoietic
system? If cancer is maintained by a few cancer stem
cells, do they also contain a subpopulation of dormant
cells, and could this be exploited for therapeutic
purposes?

Introduction

Stem cells maintain regenerating tissues such as the
epidermis, the intestinal epithelium, and the hemato-
poietic system thanks to their unique abilities to self-
renew and to generate differentiating progeny. The
balance between self-renewal and differentiation is
controlled by the interaction between stem cells and the
specific microenvironment in which they reside, the
‘stem cell niche’ [1]. Although stem cells have a high
potential to proliferate, they are rather inactive in terms
of cell cycle, most likely to prevent their own exhaustion
[2] and to protect themselves from acquiring potentially
tumorigenic mutations [3,4]. Stem cell quiescence is an
evolutionarily conserved mechanism: it was initially
demonstrated not only in mammalian epidermis [5] but
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also in the plant root apical meristem [6]. While relative
quiescence remains a hallmark of somatic stem cells
compared with non-self-renewing progenitors, mathe-
matical modeling of hematopoietic stem cell (HSC) proli-
ferative behavior identified a subpopulation of deeply
quiescent mouse HSCs, called dormant HSCs, which
divide only five times in the mouse lifetime [7,8]. In this
article, we review the latest findings on dormant HSCs;
we look at epidermis, intestinal epithelium, and neuro-
epithelium to examine whether the presence of dormant
stem cells is a recurring biological mechanism; and we
present a few initial examples of new therapeutic develop-
ments based on the discovery of dormant stem cells.

Label retention assays measure proliferative
behavior

Slow-dividing somatic stem cells have been identified for
many years by using variations of the label retention
assay (Figure 1), which is based on in vivo labeling of cell
nuclei by means of a pulse of *H-thymidine or nucleotide
analogs such as 5-bromo-2’-deoxyuridine (BrdU),
followed by a ‘chase’ period in the absence of a DNA-
labeling agent. While dividing cells rapidly dilute the
label, long-lived quiescent cells, like stem cells, retain the
label over time and can be identified as label-retaining
cells (LRCs) [5,9]. In tissues containing other types of
long-lived quiescent cells, like the bone marrow, slow-
dividing stem cells can be identified through their ability
to retain the label combined with the expression of
specific cell surface markers [10]. One of the main
concerns with the use of BrdU to identify LRCs is its
inability to be incorporated by non-dividing cells, raising
the possibility that the most quiescent cells, which are
likely not to undergo any cell division during the pulse
phase, may never be labeled. Moreover, BrdU could be
detected only on fixed samples and did not allow purifi-
cation of viable LRCs. The generation of transgenic mice
expressing the fusion protein histone 2B-green fluores-
cent protein (H2B-GFP) under the control of a tetracycline
regulatory element provided a new tool to overcome
these limitations. These mice were originally developed
to identify and purify epidermal LRCs [11] and were
crossed with mice harboring the tetracycline-regulated
transcription factor TetRVP16 (tTA) under the control of
the keratin-5 promoter, leading to double-transgenic
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Figure 1. Label retention assay. All cells within a living tissue

(white circles, left) are labeled during the pulse period (blue cells).
The labeling method can be either chemical, such as 5-bromo-2"-
deoxyuridine (BrdU), or genetic, such as histone 2B-green fluorescent
protein (H2B-GFP). During the chase period, labeling stops and

the cells dilute the dye according to the their proliferation rate.

Fast proliferating cells (top row) dilute the dye faster than slower
proliferating cells (middle row). Quiescent cells retain the dye, which
can still be detected at the end of the chase period.

progeny expressing H2B-GFP throughout the basal layer
of the epidermis. Since the expression of H2B-GFP is
independent from the initial proliferative status of the
cell, this system ensures uniform labeling of cells within
the tissue. The addition of tetracycline to the diet of the
animal inactivates TetRVP16 and switches off the expres-
sion of H2B-GFP (chase). During this time, proliferating
cells dilute H2B-GFP to undetectable levels within their
progeny, whereas quiescent cells are identified as bright
H2B-GFP* cells in histological sections and can be
isolated alive by using flow cytometry, allowing their
further functional characterization.

Alternatively, the reverse form of TetRVP16 transcrip-
tion factor (rtTA) can be used to express H2B-GFP in the
presence of tetracycline, followed by an antibiotic-free
chase phase. Several tissue-specific as well as ubiquitous
promoters have been used to drive the expression of
either tTA or rtTA, and several tissues have been exam-
ined for the presence of LRCs and therefore of a potential
stem cell reservoir [12-15].

Hematopoietic stem cells and their niche

HSCs reside in the bone marrow and give rise to erythro-
cytes, platelets, and all immune cells. Their heterogeneity
was first suggested over 50 years ago, when serial trans-
plantation studies showed that fewer than 1% of spleen
colony-forming units (CFU-S) (at the time considered the
most refined population of HSCs) possess the capacity to
reconstitute lethally irradiated recipient mice [16]. HSCs
were subsequently subdivided in long-term reconstitut-
ing HSCs (LT-HSCs), which are capable of serially
regenerating all blood cell types in transplant recipient
mice thanks to their extensive ability to self-renew, and
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short-term reconstituting HSCs (ST-HSCs), which have a
less extensive ability to self-renew. Specific molecular
markers have been used to identify and purify LT-HSCs
and ST-HSCs [17-20].

Cell cycle analysis revealed that, on average, two thirds
of LT-HSCs are in the G, phase of the cell cycle and that
G, LT-HSCs are responsible for the functional engraft-
ment of lethally irradiated recipient mice [21,22]. Analysis
of the kinetics of BrdU incorporation failed to reveal the
existence of a subpopulation of highly quiescent HSCs, as
greater than 99% of LT-HSCs incorporated BrdU after
long periods of administration. It was therefore postu-
lated that LT-HSCs regularly enter the cell cycle and
divide, on average, every 57 days. Similar conclusions
were reached in another study, based on the label reten-
tion assay, also using BrdU as a DNA-labeling agent [10].

In a recent study by Wilson and colleagues [8], mice
expressing tTA under the control of the stem cell
leukemia (SCL) gene promoter were crossed with Tet-
responsive H2B-GFP mice, leading to expression of H2B-
GEFP in HSCs and progenitor cells. Mathematical model-
ing of the results obtained from pulse-chase experiments
combined with the use of six different molecular markers
phenotypically identifying LT-HSCs (Lin-, Sca*, cKit*,
CD150%, CD48", and CD34") uncovered the existence of a
subpopulation of dormant HSCs, which represented
about one seventh of the studied population and which
were capable of retaining H2B-GFP label after several
months of chase. These HSCs divide every 145 days,
which is equivalent to five divisions per average C57/BL6
mouse lifetime. Similar results were obtained by using
transgenic mice in which the expression of H2B-GFP is
ubiquitously switched on, rather than off, by the addition
of doxycycline [7]. In both cases, serial transplantation
assays showed that dormant HSCs possess better long-
term repopulation potential in comparison with more
frequently dividing HSCs. Mobilizing agents such as
granulocyte colony-stimulating factor (G-CSF) as well as
injury signals, such as 5-fluorouracil or interferon-alpha
treatments, and even BrdU administration trigger
proliferation in dormant HSCs, suggesting that they act
as a reservoir of stem cells in emergency situations rather
than contribute to steady-state hematopoiesis [8,23].

HSC niches are specified by the combination of several
molecular signals that are produced by different cell types
in different locations within the bone marrow and that
control stem cell fate [24,25]. Although dormant HSCs
are likely to rely on specific signals from their niche, no
specific cell type has been unequivocally associated with
dormancy so far. Osteoblasts are known to produce
several factors able to induce HSC quiescence and there-
fore, potentially, dormancy [26-28]. It has been suggested
that N-cadherin-positive, spindle-shaped osteoblasts
might directly support HSC quiescence [25]. Wilson and
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colleagues [8] found c-Kit*, BrdU LRCs near endosteal
surfaces in the bone sections of mice after 170 days of
chase, suggesting that the endosteum could harbor dormant
HSC niches. However, a recent report indicated that
endothelium-derived angiopoietin-like 3 also induces
HSC quiescence, raising the question of whether multiple
stroma cell types could be responsible for induction of
HSC quiescence and dormancy [29].

Hair follicle stem cell niche

The epidermis is a multilayered epithelium comprising
the interfollicular epidermis and annexed structures such
as hair follicles and sebaceous and sweat glands. Hair
follicles regenerate themselves through cycles of growth
(anagen), destruction (catagen), and rest (telogen), suggest-
ing the presence of an intrinsic stem cell population.
Although epidermal stem cells exist in the interfollicular
epidermis and sebaceous glands [30], the best-charac-
terized population of epidermal stem cells resides in the
hair follicle bulge [31]. Situated just below the sebaceous
glands, the bulge marks the lower limit of the permanent
region of the hair follicles and contains slow-cycling
LRCs [11,31,32]. Bulge cells not only contribute to hair
follicle homeostasis as shown by lineage-tracing experi-
ments [11,33] but also can proliferate in response to
injury stimuli such as wounding and phorbol ester [34].

The identification of a subpopulation of bulge cells with
long-term label-retaining properties [34,35] suggests that
these infrequently dividing cells may represent the long-
term stem cell population of the tissue. Two recent
studies from the Tumbar group [36,37] identified slow-
dividing hair follicle stem cells but ruled out this
hypothesis by following the proliferation of bulge LRCs
during the first and second hair follicle cycles. Although a
fraction of slow-dividing cells (around 28% of total bulge
cells) were present, all bulge cells divided within two
subsequent hair cycles, and the majority of cells divided
three times, on average, during one hair cycle. Given that
hair follicles undergo approximately 20 hair cycles in the
lifetime of the mouse, it can be estimated that bulge cells
divide fewer than 100 times. While these observations
seem to exclude the existence of a deeply quiescent
population of hair follicle stem cells comparable to LRC-
HSCs, it is likely that the epidermal stem cell pool
harbors further complexity. Genetic lineage-tracing
experiments in adult mice have shown that bulge cells
repair the wound only transiently, raising the possibility
that long-term stem cells involved in tissue repair, like
dormant HSCs, may be present in the epidermis [35].

As hypothesized for the HSC niche, in the hair follicle
active and quiescent stem cells are found in distinct
locations. The bulge region is known to produce inhi-
bitory signals and therefore favors stem cell quiescence
[11], whereas the dermal papilla induces activation of
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stem cells in the hair germ [38]. In vivo tracking experi-
ments have shown that labeled, quiescent bulge cells
abandon the niche prior to embarking on proliferation
and differentiation [37], suggesting the existence of quies-
cent and active subniches within the bulge itself.

Intestinal stem cell niche

The intestinal epithelium, which covers the surface of the
intestinal lumen, provides a remarkable example of
highly regenerating tissue, and so the debate is open
about the existence of dormant intestinal stem cells
(ISCs). Epithelial sheets renew quickly under constant
insults such as exposure to digestive enzymes and
mechanical erosion. This constant regeneration starts in
the intestinal crypts, which harbor a population of
multipotent ISCs. The identification of the precise
localization of ISCs in the crypts has been a challenging
task for researchers over the years because of the lack of
specific markers to distinguish ISCs from other pro-
genitors. A seminal study by Potten and colleagues [39]
identified a population of cells that were capable of
retaining *H-thymidine or BrdU over several weeks and
that were localized at the base of the crypts around the
+4 position, which has been widely assumed to represent
the stem cell niche in the small intestine. Although
providing the basis for future development in the
characterization of ISCs, this study did not grant any
information on the potency or regenerating ability of
these LRCs.

Functional ISCs were identified by using the molecular
marker Lgr5, a gene coding for a G protein-coupled
receptor, expressed below the +4 position at the base of
the crypts [27]. Mice expressing a tamoxifen-inducible
Cre knock-in allele into the LgrS5 locus were crossed with
the Cre-activatable R26R-LacZ reporter strain to perform
lineage-tracing experiments marking the progeny of
Lgr5+ cells. Sixty days after tamoxifen injection, entire
crypts were positive for LacZ, indicating that Lgr5* cells
are capable of generating all intestinal lineages. More
recently, similar experiments identified Bmil, a
chromatin remodeling protein of the polycomb family, as
a marker of ISCs at the +4 position of intestinal crypts
[40]. Because in this study the labeling of the entire crypt
was achieved only 12 months after tamoxifen induction,
it can be inferred that Bmli* and Lgr5* cells generate
progeny with different kinetics. More recently, mouse
telomerase reverse transcriptase was shown to mark
relatively quiescent, crypt-regenerating cells located in
various positions near the bottom of the intestinal crypt
[41]. The presence of stem cells with different prolifera-
tion profiles in distinct locations of the crypt points to
the existence of a complex array of signaling molecules
that are produced in different places within the same
niche and that are able to control cell fate through
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inhibition or promotion of quiescence. Interestingly,
highly quiescent stem cells that are able to proliferate in
response to injury while retaining their potential were
identified in the Drosophila hindgut [42]. These obser-
vations raise the possibility that, similarly to the hemato-
poietic system and the hair follicles, different populations
of stem cells with different cycling kinetics could coexist,
possibly within the same niche, and be responsible for
homeostatic and injury-triggered regeneration. The
combination of newly identified molecular markers for
ISCs with the H2B-GFP-labeling strategy could be the
next step in investigating the existence of a population of
dormant stem cells in the mammalian small intestine.

Neuroepithelium of the adult mammalian

brain

The subgranular zone of the hippocampal dentate gyrus
(DG) represents one of the main reservoirs of neural
stem cells (NSCs) in the adult mammalian brain. NSCs in
this region of the brain are characterized by the expres-
sion of the transcription factor Sox2 and divide in-
frequently. In transgenic mice harboring GFP under the
control of the Sox2 promoter, fewer than 10% of the GFP*
cells colocalize with cell proliferation markers [43]. A
recent study suggests that bone morphogenetic protein
(BMP) signaling is an important switch between the
quiescent and the proliferative status of these cells [44].
Administration of the BMP antagonist Noggin to mice
treated with BrdU increased the proliferation of Sox2*
cells in the hippocampus by recruiting quiescent cells
into the cell cycle [44]. Analysis of the DG in mice
expressing GFP under the control of Hes5, one of the
main targets of Notch signaling, suggested that the vast
majority of Sox2* cells with both radial and horizontal
morphology also express Hes5 [45]. Similarly to what was
reported for Sox2 transgenics, the administration of
BrdU to these mice allowed the labeling of only a small
fraction of NSCs, further supporting the notion that they
are highly quiescent. When BrdU was administered for
15 days followed by a chase period of 30 days, only a few
GFP* BrdU" cells were found in the DG and some of
them were positive for PCNA (proliferating cell nuclear
antigen), indicating that NSCs shuttle between a
mitotically active and a quiescent state. Interestingly,
different stimuli triggered the activation of different
subsets of GFP* cells; physical activity recruited radial
quiescent cells into the cell cycle, whereas seizure
induced by the administration of kainic acid resulted in
the proliferation of horizontal GFP* cells. Although the
existence of quiescent NSCs in the DG has been well
documented, further experiments are still needed to
determine their kinetics of cell division and establish
whether these quiescent cells are in a dormant state
similar to the one described for HSCs.
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Dormancy and cancer stem cells: therapeutic
implications

As cancer stem cells (CSCs) are able to give rise to the
bulk of the tumor, they share some characteristic traits of
normal stem cells. Thus, CSCs represent the population
with tumor propagation potential within the tumor itself.
The resistance of CSCs to radiotherapy and chemo-
therapy has been proposed to account for relapse and
metastasis formation after initial successful treatments.
Several mechanisms, such as relatively efficient DNA
repair and expression of transporter pumps able to expel
drugs out of the cell, have been proposed to explain such
resistance [46]. Recent studies led to the hypothesis that
deep quiescence could protect LSCs from the effect of
anti-proliferative agents. For example, non-cycling AML
stem cells have been shown to reside in the bone marrow
endosteal region [47], and cultured CD34* chronic
myeloid leukemia (CML) stem cells isolated from patients
with CML contain a fraction of highly quiescent cells
resistant to imatinib mesylate (IM), a tyrosine kinase
inhibitor used for the treatment of CML [48].

The similarities between LSCs and HSCs and the
association between dormancy and residence in the niche
led to a number of studies exploring the use of G-CSF to
activate and mobilize LSCs in order to sensitize them to
chemotherapy. Indeed, the exposure of CD34* CML stem
cells to G-CSF before IM treatment resulted in activation
of quiescent cells, enhancing the effects of IM on these
otherwise-resistant cells [48]. Treatment with G-CSF of a
xenograft model, generated by transplanting purified LSCs
from patients with acute myeloid leukemia (AML) in
immunocompromised mice, resulted in the activation of
AML stem cells. Interestingly, these activated cells could
be partially eliminated by treatment with the chemo-
therapeutic agent cytarabine [47]. Even though the mice in
this study could not be completely cured of leukemia,
these data suggest that activation of LSCs combined with
chemotherapy could represent the first step toward a
successful treatment of the disease. Pandolfi and colleagues
[49] recently showed that combined treatment of a CML
mouse model with As O, and Ara-C resulted in the
complete eradication of the disease. As,O,, which targets
the tumor suppressor PML for degradation, inhibits
quiescence of LSCs and therefore sensitizes them to the
pro-apoptotic effect of the chemotherapeutic drug Ara-C.

As CSCs have also been identified in several solid
tumors, approaches similar to those developed for leukemia
treatment could lead to better eradication of several types
of tumors in addition to hematological malignancies.
Inactivation of the oncogene MYC was associated with
tumor dormancy in a model of hepatocellular carcinoma
[50], suggesting that targeting of specific molecules in
solid tumors could also represent a powerful therapeutic
intervention to break the dormancy of CSCs.
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Conclusions

The availability of a number of specific cell surface markers
allowed the isolation, purification, and functional
characterization of HSCs in vitro and in vivo, leading to
the recent identification of a population of highly
quiescent, injury-responsive, dormant HSCs. As the full
nature of the HSC niche remains elusive, the challenge
now is to understand whether dormant and homeostatic
HSCs segregate in specific niches or coexist in sub-
sections of the same niche. The comparison of the
hematopoietic system with other tissues characterized by
high turnover, such as the epidermis and the intestinal
epithelium, leads to an emerging pattern of allocation of
duties between somatic stem cell subpopulations, with
some of them being responsible for day-to-day mainte-
nance and others being set aside for prompt repair of
injury, and a similar pattern is emerging even for organs
characterized by very slow turnover, such as the brain.
While histological analysis and whole-mount prepara-
tions provide excellent tools for performing detailed label
retention and lineage-tracing analysis in the epidermis
and the intestine [42,45], it is likely that further develop-
ments in three-dimensional live imaging technology will
be needed in order to generate a clear picture of the
localization and behavior of dormant and homeostatic
somatic stem cells [51]. The combination of the different
experimental approaches currently used for each tissue
will likely solve the debate on the prescence of dormant
stem cells and their niches.

The discovery of dormant stem cells brings the new
challenge of understanding the molecular signals control-
ling maintenance of, exit from, and return to dormancy.
If dormant stem cells are indeed able to respond to injury
and revert to dormancy unaltered, harnessing their
potential will provide insights on how to prevent aging
and how to enhance regeneration following disease. At
the same time, a better understanding of the molecular
regulation of CSC quiescence is starting to provide new
avenues for the development of improved therapeutic
interventions.

This article is part of a review series on Stem cell niche.
Other articles in the series can be found online at
http://stemcellres.com/series/stemcellniche
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