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A matter of life and death: self-renewal in stem cells
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Howard Hughes Medical Institute, Rockefeller University, Laboratory of Mammalian Cell Biology & Development, New York,
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If Narcissus could have self-renewed even once on seeing his own
reflection, he would have died a happy man. Stem cells, on the other
hand, have an enormous capacity for self-renewal; in other words,
the ability to replicate and generate more of the same. In adult
organisms, stem cells reside in specialized niches within each tissue.
They replenish tissue cells that are lost during normal homeostasis,
and on injury they repair damaged tissue. The ability of a stem cell
to self-renew is governed by the dynamic interaction between the
intrinsic proteins it expresses and the extrinsic signals that it receives
from the niche microenvironment. Understanding the mechanisms
governing when to proliferate and when to differentiate is vital, not
only to normal stem cell biology, but also to ageing and cancer. This
review focuses on elucidating conceptually, experimentally and
mechanistically, our understanding of adult stem cell self-renewal.
We use skin as a paradigm for discussing many of the salient points
about this process, but also draw on the knowledge gained from
these and other adult stem cell systems to delineate shared under-
lying principles, as well as highlight mechanistic distinctions among
adult tissue stem cells. By doing so, we pinpoint important questions
that still await answers.
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See the Glossary for abbreviations used in this article.

Concept of stem cell self-renewal
Self-renewal is the specific cellular action that involves prolifera-
tion accompanied by maintenance of both multipotency and tissue
regenerative potential. To achieve self-renewal, two things must
happen: first, the cell must enter the cell cycle and divide, and
second, at least one of the progenies must be an undifferentiated
cell. Failure in either one of these two aspects leads to cell depletion
and eventual tissue malfunction.

Several excellent reviews have focused on self-renewal in special-
ized adult stem cells, including those of the intestine and haemato-
poietic system [1,2]. However, self-renewal is not unique to stem
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cells, as some progenitor cells can also self-renew [3]. The main dis-
tinction between progenitor cells and stem cells is whether their abil-
ity to self-renew is short term (progenitor) or long term (stem cell).
Although this distinction might sometimes seem vague, ‘long term’
typically indicates potential that is retained throughout the lifetime
of the animal. Although the lifespan of insects is markedly differ-
ent to that of humans, long-term self-renewal ability of tissue stem
cells truly represents the distinction between life and death for most
multicellular organisms.

The ability of stem cells to survive and retain their proliferative
potential throughout the lifespan of the animal does not necessarily
imply that they have an endless capacity to divide, or that they
undergo constant self-renewal. Rather, it means that the frequency
and timing of actual stem cell self-renewal divisions are tightly regu-
lated within the tissue to ensure the lifelong maintenance of the stem
cell population. If stem cells are exhausted too quickly, or if genetic
defects or damage reduce their proliferative potential, tissue atrophy
and premature ageing can arise. Conversely, mutations that promote
more frequent stem cell divisions without appropriate differentiation
balance can result in abnormal tissue development and even cancer.

In most tissues, stem cell self-renewal is coupled with tissue regen-
eration. As tissues have different developmental needs and cellular
hierarchy, the in vivo self-renewal frequencies of adult tissue stem cells
are bound to differ. However, the underlying principle is the same:
stem cells self-renew to sustain long-term tissue regeneration [4].

Several examples illustrate the differences in stem cell self-
renewal frequency. Hair follicles undergo cyclical, often synchro-
nized bouts of growth, degeneration and rest. In mice, the growth
phase lasts typically about a month, whereas the degeneration phase
lasts several days. By contrast, the resting phase can last from one day
to a couple of months, which typically increases as the mice age [5].
The hair follicle stem cells (HFSCs) that fuel the growth phase are
located in a niche called ‘the bulge’, and for much of the hair cycle
they exist in a quiescent state [6,7]. They only become activated and
self-renew within the bulge after initiation of each new cycle [5]. A
few days later, bulge HFSCs return to quiescence, suggesting that
proliferation within the bulge is aimed at replenishing the stem cells
that were used to initiate regeneration (Fig 1A; [5,8-10]).

The small intestine undergoes rapid turnover. It takes approxi-
mately 3-5 days for cells near the base of the crypt to differentiate,
move upwards and be shed from the villus tip. To sustain this con-
stant turnover, mouse intestinal stem cells (ISCs) within the crypt
base undergo nearly continuous self-renewal proliferation, dividing
on estimate at least once a day (Fig 1B; [11-13]).
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ACF7 actin cytoskeletal crosslinking factor 7

aPKC atypical protein kinase C

Bmil B-lymphoma Moloney murine leukaemia virus insertion region 1

BMP bone morphogenetic protein

CDK cyclin-dependent kinase

E2F E2 transcription factor

Ezh enhancer of zeste homologue

GSK3B  glycogen synthase kinase 3 beta

Hmga2  high mobility group AT-hook 2

Lgn Leu-Gly-Asn repeat-enriched protein

Lgr5 leucine-rich repeat containing G-protein-coupled receptor 5

Mud mushroom body defect

NuMA nuclear/mitotic apparatus protein

ple™#  tumour suppressor protein encoded by the Ink4a gene locus

PISa tumour suppressor protein encoded by the Ink4 gene locus
that uses a different reading frame from p16

Par3 partitioning defective protein 3

Pins partner of Inscuteable

PRC2 polycomb repressor complex 2

Rosa26  abroadly expressed but non-essential gene

Rb retinoblastoma

Runx1 runt-related transcription factor 1

shRNA  shorthairpin RNA

Smad TGF-p signalling transcription factors originally defined
as mutants giving small animal size

Tbx1 T-box transcription factor 1

TCF transcription cell factor

Wnt mammalian homologues of Drosophila ‘wingless’ signalling protein

YFP yellow fluorescent protein

The mouse haematopoietic system is responsible for producing
nearly a billion circulating blood cells every day [14,15]. Studies
show that there appears to be a pool of long-term haematopoietic
stem cells (HSCs) that divide about once a month to fuel the pro-
duction of blood cells during normal homeostasis, whilst a smaller
pool of dormant long-term HSCs seem to be set aside to respond
during a crisis, as they divide no more than once every four to five
months (Fig 1C; [15-17]).

Experimental demonstration of stem cell self-renewal
Stem cells are defined by their behaviour, rather than the spe-
cific genes that they express. All stem cells give rise to both dif-
ferentiated progenies, as well as undifferentiated stem cells with
regenerative potential. So far, however, a common set of genes
has not yet been described which, by their expression alone, dis-
tinguish stem cells from non-stem cell progeny [11]. Given the
plasticity and heterogeneity of most mouse adult stem cell sys-
tems [5,16,18-20], such a singular ‘stemness identifier’ might
not exist. In its absence, researchers have resorted to other types
of experimental evidence to address whether a particular cell
population has the capacity to sustain long-term multiple rounds
of tissue regeneration in vivo whilst maintaining the pool of
undifferentiated cells.

Described over 50 years ago, HSCs were the first cells shown
to self-renew and regenerate tissue in the long term. This capacity
was assessed by showing that HSCs could replenish myeloid and
lymphoid cell lineages over many serial transplantation assays
into recipient mice, whose own HSCs had been ablated by lethally
irradiating their niche, the bone marrow [21].
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The cells displaying these defining features of stem cells rep-
resented only a small fraction of total untreated bone marrow.
They were enriched for expression of certain cell surface mark-
ers and underwent mitosis once a month to fuel the production
of blood cells during normal homeostasis (Fig 1C). However,
when challenged, this tiny subpopulation ‘packed a power-
ful punch’. Thus, on transplantation into the bone marrow of an
irradiated host recipient, the HSCs rescued and sustained the
entire blood and immune system for months. Importantly, when
re-isolated and transplanted serially into a new irradiated mouse,
the secondary HSCs again reconstituted the entire haemato-
poietic system of the recipient. This has adorned them with the
distinction of being long-term HSCs (LT-HSCs). The capacity for
serial transplantation distinguishes LT-HSCs from their early
progeny—short-term HSCs (ST-HSCs) and multipotent progenitors
(MPPs)—that have considerable but transient proliferative and
multipotent characteristics [22-24].

Across cell types, stemness cannot be defined by a specific num-
ber of cell divisions. Indeed, stem cell assignments are often relative
and based on comparative behaviours. Moreover, these hierarchi-
cal assignments are still unfolding, as evidenced by the identifica-
tion of an even longer-term HSC, which normally rests within the
bone marrow in a deeply dormant state, only to be aroused during
crisis, at which time they can repopulate the LT-HSCs and recon-
stitute the haematopoietic system [16,17]. Finally, in the realm
of stem cell biology, HSCs are the gold standard for self-renewal
capacity: neuronal stem cells would be elated with the regen-
erative potential of a downstream committed progenitor from the
haematopoietic system.

Whilst HSCs set the paradigm for stem cells and self-renewal
in vivo, epidermal stem cells set the paradigm in vitro. Pioneered
over 30 years ago as the first human adult stem cells cultured and
used in regenerative medicine, epidermal keratinocytes can be
expanded for many generations in vitro without differentiating or
losing their stemness [25]. A small skin biopsy from a badly burned
patient can be cultured to produce sheets of epidermis, which can
be grafted back onto the patient to reconstruct and sustain for many
years the epidermal barrier function of the skin [26]. Such methods
have been adapted to the corneal stem cells of the limbus, ena-
bling patients blinded in industrial accidents to see again [27,28].
Turning to mice for their power as a genetic model, researchers
have also isolated stem cells from the hair follicle bulge, cultured
the stem cells in the long term and shown that they can regenerate
hair follicles, epidermis and sebaceous glands when engrafted onto
host recipient mice [7,29,30].

Lineage-tracing assays and stem cell self-renewal

For solid adult tissues that undergo turnover, lineage tracing is
often used together with transplantation assays to document
the ability of a stem cell to both self-renew and generate tissue
in the long term [5,31-33]. In a perfect lineage-tracing experi-
ment to investigate long-term self-renewing and tissue regen-
erative ability, a single stem cell is first exclusively tagged with
a genetic marker, the expression of which will be sustained not
only in the mother stem cell, but also her progeny. In the second
step, the behaviour of the tagged stem cell is monitored long term
in vivo—ideally for the lifespan of the animal—to test directly
whether it can both sustain tissue formation and maintain the pool
of undifferentiated cells.
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Fig 1| Timing and frequency of adult stem cell self-renewal proliferation. (A) Self-renewal of mouse HFSCs. Hair follicles undergo cycles of growth (pink box),

degeneration (not shown) and rest (blue box). HFSCs are located in a niche called ‘the bulge] in which they normally exist in a quiescent state, as represented by
green cells. They only become activated just after the growth phase has begun, where they self-renew (as indicated by red cells) for a few days before returning
to quiescence. HFSCs that exit the bulge niche proliferate earlier and remain proliferative slightly longer than those in the bulge. This leads to generation of more

HFSCs that form a new bulge as the degenerative phase ends and the follicle returns to rest. (B) Self-renewal proliferation of mouse ISCs. Intestine epithelium

constantly regenerates. It takes approximately 3-5 days for cells near the base of the crypt to be shed from the villus tip. ISCs reside at the bottom of the crypt,

where they self-renew continuously, dividing once per day. (C) Activation of mouse HSCs. Most HSCs reside in the bone marrow, in two separate niches: the

endosteum and central marrow. The most quiescent HSCs retain nucleotide and/or fluorescent histone labelling and are sometimes referred to as LRCs (see text).

They divide approximately once every 4-5 months during normal homeostasis. Although not definitively shown, some researchers have proposed that the

more active HSCs divide approximately once a month and tend to localize in the central marrow, close to the vasculature, where they enter and circulate

in the bloodstream. HESC, hair follicle stem cell; HSC, haematopoietic stem cell; ISC, intestine stem cell; LRC, label retaining cell; SC, stem cell.

Although simplistic in concept, interpretations have been
clouded by tagging methods, which are often not restricted to the
stem cell population. Even when they are, it is often technically
impossible to conduct live imaging to monitor a single stem cell and
its progeny over extended time periods. That said, more sophisti-
cated lineage-tracing tools are being devised for tagging cells at
increased resolution. Such efforts continue to help in identify-
ing the true stem cells that have long-term self-renewal and tissue
regenerative ability [5,18,19,34-36].

Several studies have demonstrated the elegance of lineage-tracing
methods, as well as the caution that should be taken when inter-
preting results. By labelling slow-cycling HFSCs with nucleotide or
fluorescent histones, and then monitoring the subsequent dilution of
label as they become mobilized at the start of a new hair cycle, it was
discovered that HFSCs at the base of the bulge (hair germ) are the first
to be activated [7,9]. Although the details are still unfolding, most of
these cells form a pool of rapidly proliferating matrix cells that give
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rise to the differentiated cells of the mature follicle and its hair [5].
However, most, if not all, are short-lived (‘transit-amplifying’),
undergoing apoptosis when the regression phase ensues.

A staggered series of pulse—chase experiments and lineage trac-
ing revealed that as the new hair follicle emerges, HFSCs from
the bulge generate a trail of ‘outer root sheath’” (ORS) cells along
the outer surface of the follicle (Figs 1A, 2A). Both bulge and upper
ORS stem cells become briefly proliferative within a few days after
the new hair cycle has begun. In the mature follicle, the upper ORS
stem cells return to quiescence just after the bulge [5]. Most of these
upper ORS stem cells survive, and at the regression phase they form
a new bulge to be used in the next hair cycle [5].

In an elegant application of lineage tracing, in which the Lgr5
promoter was used to mark ISCs, it was shown that these cells can
sustain the long-term maintenance of its associated villus for at least
one year (Fig 2B; [37,38]). Similarly to the hair follicle, ISCs give rise
to a zone of transiently proliferative cells that differentiate to form
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Fig 2 | Balancing stem cell self-renewal and tissue regeneration. (A, A’) Molecular and lineage-tracing studies have demonstrated that HFSCs (green, quiescent;
red, proliferative) support follicle homeostasis and hair growth and, at the same time, maintain the pool of undifferentiated stem cells. Activation, proliferation and
fate commitment of HFSCs are achieved in part through Wnt signalling and BMP inhibition (A), which reaches a crucial threshold at the transition that mobilizes
the stem cell niche to make a new hair follicle (A). Activated HFSCs maintaining contact with the dermal papilla (brown) soon commit to form transit-amplifying
(TA) matrix progenitors (blue), and can never again be stem cells. As the follicle grows downwards and matures, BMP inhibition and Wnt signalling at the base
(hair bulb) continue to increase, and matrix cells rapidly divide several times, then terminally differentiate to produce the hair and the inner cells of the hair follicle
(A). At the end of the growth phase, HFSCs that exited the niche to the upper portion of the outer root sheath (ORS) return to form the new bulge and hair germ.
Those further along in transit between the bulge and the matrix reach a cell-fate commitment ‘point of no return. However, they too move back to the niche,

where they become the keratin 6-positive (K6*) inner bulge cells (shown in orange), which further suppress HFSC self-renewal by expressing inhibitory signals
such as BMPs [5]. (B) Lineage-tracing experiments have demonstrated that ISCs (shown in green) self-renew long term and generate all of the differentiated
progeny in the intestinal epithelium, including Paneth cells (shown in orange), which maintain self-renewal within the stem cell niche in part by expressing Wnt
signals [39]. (C) Downstream HSC progenies participate in regulating HSC activation. HSCs first generate MPPs that are similar in concept to the intermediate,
unspecified proliferative matrix cells of the hair follicle. MPPs then differentiate into one of several haematopoietic lineages. Macrophages are one of the terminally
differentiated cell types of the HSC lineage [15]. They circulate and return to the niche, where they provide inhibitory signals that restrict the number of HSCs

that become activated for circulation. Within the bone marrow, the niche for HSCs was initially thought to be the osteoblast lining of the bone, but evidence points
to a more important role for perivascular and endothelial cells in HSC maintenance [94]. BMP, bone morphogenetic protein; HFSC, hair follicle stem cell; HSC,
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haematopoietic stem cell; ISC, intestinal stem cell; MPP, multipotent progenitor; Wnt, mammalian homologue of Drosophila ‘wingless’ signalling protein.

not only Paneth cells at the base of the niche, but also the columnar
enterocytes, mucin-secreting goblet cells and enteroendocrine cells
that together form each intestinal villus. ISCs can also be maintained
in vitro, in which, under the right conditions, individual Lgr5+ stem
cells grow autonomously into crypt-like structures that can be seri-
ally propagated as self-renewing organoid cultures that recapitulate
much of the complex biology of the intestinal epithelium [39,40].
When grafted, these cells can incorporate and form the colon
epithelium of the villus. In addition, these organoid cultures led
researchers to uncover a surprising dependency of stem cells on
their differentiated Paneth cell neighbours, which act not only as
infection-fighting cells for the niche, but also as signalling centres
that maintain stem cell proliferation (Fig 2B; [39]).

Long-term tracings, with either Lgr5 or K14 promoter tagging
strategies, have also demonstrated that HFSCs self-renew in the long
term and contribute to hair homeostasis for up to a year [8,41,42].
Moreover, by combining lineage tracing with nucleotide pulse—
chase experiments, a series of snapshots of proliferative progeny
relations were generated that, when strung together, produced a
movie of cell progression during hair growth (Fig 2A). This method,
in conjunction with molecular analyses, revealed that differentiated
progeny (K6%) cells return to the niche at the end of each hair cycle,
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and participate in regulating HFSC quiescence (Fig 2A; [5]). The
ability of lineage-specific progeny to provide inhibitory feedback
signals to their stem cell parents also seems to apply to the haemat-
opoietic system, in which macrophages generated from HSCs return
to the bone marrow where they are important for HSC retention in
the bone marrow niche (Fig 2C; [43,44]). It is interesting that the
directionality of the feedback signal—positive for ISCs and negative
for HFSCs and HSCs—correlates with the stem cells and whether
they maintain a proliferative or quiescent state.

In adult mouse interfollicular epidermis, the presence of basal
cells that can self-renew in the long term in vivo was investigated by
two separate lineage-tracing studies [34,36]. In the first study, some
basal epidermal cells from a Rosa26YFP reporter mouse were for-
tuitously marked by a cytochrome P450 promoter-driven Cre recom-
binase. When the behaviour of the clones was followed over the
coming year, the number of clones fell to 3% of the original num-
ber, whilst the remaining clones contained basal cells that expanded
at a linear rate. Mathematical modelling on the basis of these data
pointed to the existence of a single type of cell that chooses prolif-
eration or differentiation randomly, such that most divisions result in
one proliferative and one differentiating daughter [34]. This idea con-
trasted with the long-standing model that basal epidermal stem cells
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Fig 3 | Symmetrical as opposed to asymmetrical cell division to achieve
self-renewal and differentiation. (A) In asymmetrical cell divisions, cell fate
specification is coupled to mitosis and involves unequal partitioning of cellular
components to the resulting daughter cells. (B) In symmetrical cell divisions,
cellular components are equally distributed to the two daughter cells. Although
cell fate specification is not coupled to mitosis in a symmetrical division, it

can be intimately linked if one of the two daughter cells is displaced to a new
microenvironment. (C) Drosophila neuroblasts divide by asymmetrical cell
division. To partition cellular components unequally, they use a polarized Par3/
aPKC-containing apical crescent (marked in red) to establish cell polarity. As the
neuroblast enters mitosis, the apical crescent recruits additional proteins that
polarize the spindle and differentially partition Notch signalling components,
such that on completion of mitosis, the cell retaining the apical crescent remains
as a stem cell and the other becomes the differentiated GMC. (D) Drosophila
male GSCs also divide asymmetrically, but through a different mechanism.
GSCs surround the Hub cells located at the tip of the testis. They are interspersed
with somatic CySCs. GSCs attach to the niche Hub cells through adherens
junctions (marked in purple), which polarize the mother centriole (marked in
red) and align the GSC spindle in a fashion such that one daughter retains the
mother centriole and its association with the Hub, whilst the other becomes
fated to differentiate as a gonialblast. (E) Mouse embryonic basal epidermal

cells undergo asymmetrical cell divisions. These cells are polarized through
intercellular adherens junctions (marked in purple), and basement membrane-
substratum junctions (marked in blue). These features localize an apical crescent,
which serves as a platform for recruiting some of the same spindle-orienting,
asymmetrical division components as the fly neuroblast. After divisions
perpendicular to the basement membrane, one daughter probably inherits
integrins and associated growth factor receptors disproportionately, remaining
as a basal stem cell, whereas the displaced suprabasal daughter cell differentially
inherits Notch signalling. Approximately 60% of embryonic basal epidermal cells
undergo asymmetrical division whilst the remaining ones undergo symmetrical
cell division relative to the basement membrane. aPKC, atypical protein kinase C;
CySC, cyst stem cell; GMC, ganglion mother cell; GSC, germline stem cell; Par3,
partitioning defective protein 3; SC, stem cell.

give rise to transit-amplifying progenitors, which then progress to
differentiate terminally into the stratified layers of the epidermis [45].
Whilst provocative, the conclusions from the Clayton study
relied on the assumption that the cytochrome P450-Cre sporadically
marked all basal cells equally. A study suggests that this might not
have been the case. Thus, when basal epidermal cells were clon-
ally tagged by using an inducible K74 promoter [46], many of the
marked clones survived for up to a year and showed only modest
expansion [36]. This time, mathematical modelling of the data fit
the behaviour of a stem cell with the ability to self-renew and, at the
same time, give rise to lineage-committed progeny. Moreover, when
a subset of basal cells were marked by using an inducible promoter
(Inv-CreER) for the early differentiation marker involucrin [47], more
than 90% of clones were progressively lost within the year, whilst
the remaining clones expanded linearly within the basal layer, sug-
gesting that the K14-marked cells are bona fide stem cells, whereas
the Inv-CreER cells are the transit-amplifying committed progeni-
tors. Moreover, the modelling predicted that most of the stem cells
and transit-amplifying cells divided to yield asymmetrical cell fates,
whilst approximately 10% of the cells divided symmetrically [36].
Together, these lineage-tracing studies provide compelling sup-
port for the existence of a basal epidermal layer replete with long-
term stem cells, as well as short-term progenitors, which maintain
the differentiated layers of the stratified epithelium. These two
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studies serve to both highlight the power as well as the potential
pitfalls involved in lineage-tracing studies.

Other cases seem simpler. In the mammary and sweat glands,
unipotent stem cells are responsible for sustaining long-term
homeostasis of the myoepithelial and luminal epithelial layers of
the gland [31,48,49]. Despite similarities in architecture and uni-
potency, the frequency of use of stem cells varies markedly for these
two adult glandular structures. Mammary glands respond to hor-
monal stimuli by undergoing massive tissue expansion to fulfil the
need for milk [50,51]. By contrast, sweat glands respond to neuronal
stimuli by cranking out more sweat per gland with little, if any, tissue
expansion [52]. Thus, mammary gland stem cells are mobilized with
every pregnancy, whereas sweat gland stem cells are only aroused
when tissue is damaged, and otherwise remain largely dormant. This
difference in stem cell activity probably explains why breast cancers
occur so frequently and sweat gland cancers are so rare [31].

Another intriguing feature of stem cells that was revealed by line-
age tracing is that when challenged to undergo de novo tissue regen-
eration, they can often expand their repertoire of differentiation fates.
Such behaviour is illustrated by the myoepithelial stem cells of sweat
and mammary glands. Whilst normally acting as unipotent progeni-
tors, purified myoepithelial cells can unleash multipotent behav-
iour when engrafted, generating glands de novo that are repleted
with both myoepithelial and luminal epithelial cells [31,48,50,51].
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Similar behaviour is shown by HFSCs, which normally only make
hair follicles, but can generate sebaceous glands and epidermis
on grafting [30,53]. Such stem cell features capture the fascination
of both biologist and clinician alike, as it forms the crux of what is
needed for the advance of regenerative medicine.

Balancing stem cell self-renewal and differentiation

The ability of stem cells to self-renew in the long term and differenti-
ate are their defining features. Two distinct models can explain how
these universal features maintain tissue balance. In the asymmetri-
cal division model, polarization and disproportionate segregation
of cell-fate-defining components occurs during mitosis (Fig 3A). At
the end of anaphase, one daughter has received an excess of stem
cell factors and remains undifferentiated, whereas the second daugh-
ter receives an excess of lineage commitment factors and embarks
on a differentiation programme. In the symmetrical division model,
DNA, proteins, RNAs and other cellular components are distributed
equally between the two daughter cells. In this scenario, cell fate
specification or differentiation occurs after completion of mitosis and
is not obligatorily coupled with cell division (Fig 3B).

Distinctions between asymmetrical and symmetrical divisions
are frequently difficult to make even with genetic and biochemical
evidence. Confounding these ambiguities, no single cell division
mechanism has been found that applies to all stem cells. Even for
a specific stem cell type and its proliferative progeny, it is often not
clear whether they divide exclusively in an asymmetrical or sym-
metrical mode. Indeed, given the impact that the microenvironment
has on cell behaviour and fate specification, it seems plausible to
expect that stem cells and their proliferative progenitors use different
division mechanisms to fulfil their role in tissue morphogenesis and
wound repair.

Some stem cells or progenitors clearly achieve self-renewal and
differentiation through mitosis-coupled asymmetrical partition-
ing of their cellular components. The best-studied examples are in
lower eukaryotes, in which the power of genetics has unravelled
many of the mechanistic details involved (Fig 3C; [54-56]). To gen-
erate one neuroblast and one neuron, mitotic Drosophila neuro-
blasts use a polarized Par3—aPKC cortical complex to recruit several
conserved asymmetrical cell division proteins—Inscuteable, Pins
and Mud—which, in turn, perpendicularly orient the spindle and
differentially partition Notch signalling. Moreover, the process
is activated through a mitosis-specific kinase, and several of the
key proteins involved are stabilized and localized asymmetrically
in early prophase, after nuclear envelope breakdown [55-57].
Interestingly, for the early Caenorhabditis elegans embryo, the first
cell division is asymmetrical and involves a mechanism similar to
that of the fly neuroblast [58].

Drosophila male germline stem cells (GSCs) undergo asymmetri-
cal divisions, but use a different pathway. Through DE-cadherin/
Armadillo (B-catenin)/adenomatous polyposis coli (APC)-mediated
intercellular junctions (adherens junctions) with a central niche of
Hub cells, GSCs form a single layer of polarized cells that are inter-
spersed with cyst stem cells (CySCs) around the Hub (Fig 3D). These
Hub-GSC adherens junctions also polarize the mother centriole of
each GSC, and on entry into mitosis, the spindle becomes perpen-
dicularly aligned to the Hub [59,60]. The daughter that is displaced
from the Hub niche becomes fated to differentiate, whilst the one
maintaining contact inherits the mother centriole and other, as yet
undetermined, cellular components to maintain its stemness.
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The embryonic mouse epidermis seems to draw on each of
these mechanisms to assemble its own pathway to asymmetrical
division. The embryonic epidermal progenitors reside in a single
layer, in which they adhere through integrins to an underly-
ing basement membrane rich in extracellular matrix (ECM) and
growth factors. They adhere to each other through intercellu-
lar adherens junctions. Together, these cellular junctions confer
polarity to the basal cells, which enables them to polarize apically
the Par3-aPKC cortical complex and centrosome. Early in embry-
onic development, epidermal mitoses are mainly symmetrically
relative to the underlying basement membrane, and seem to gen-
erate two undifferentiated progenitors. At a stage when the embryo
is growing rapidly, and the epidermis begins to differentiate, more
than 60% of mitotic basal cells display a shift in spindle orienta-
tion concomitant with apical co-localization of Inscuteable, Pins/
Lgn and Mud/NuMA (Fig 3E; [61]). As these cells complete ana-
phase, one daughter remains attached to the basement membrane
and presumably inherits most of the basally localized integrins
and tyrosine kinase growth factor receptors, whilst the displaced
suprabasal daughter differentially inherits Notch signalling associ-
ated with epidermal differentiation [62]. Defects in Lgn, NuMA,
B1-integrin, a-catenin and cortical actin all result in altera-
tions in the balance between growth and differentiation within
the epidermis [61-63].

Although the mechanistic details vary, one feature common
to Drosophila neuroblasts, GSCs and embryonic epidermal pro-
genitors is that their asymmetrical cell divisions result in two geo-
graphically segregated daughter cells with different identities.
Additionally, the stem cell is typically the one that stays in place,
and the differentiating daughter is the one displaced from the niche.
Despite the naturally attractive aspects of coupling topographical
changes in niche proximity to asymmetrical cell divisions, the link
does not seem as apparent in adult tissues, leading to speculation as
to whether it is obligatory.

In the adult mammalian brain, progenitor divisions are asym-
metrical and governed by Inscuteable/Lgn/Par3/aPKC as in the
Drosophila neuroblast [64]. Although the mitotic spindle of most
progenitor divisions is parallel to the ventricular ECM surface, some
progenitors in developing neocortex reorient their spindle and
divide in oblique orientations [65,66]. Gain- and loss-of-function
studies have revealed that this decision is not only governed by
Inscuteable, but is also essential for generating the correct number
of neurons in all cortical layers [66,67].

For adult mouse tissues, it is not yet clear whether a unified
cell division model will eventually be unveiled to explain tissue
homeostasis, or whether, as it seems from the data at hand, many
mechanisms are tailored to suit each particular tissue architecture
and stem cell or progenitor flux [68,69]. In the adult epidermis,
depending on the developmental stage, divisions can be either
parallel or perpendicular to the basement membrane [36]. It
has been proposed that about 80% of basal progenitors undergo
asymmetrical cell divisions by asymmetrical partitioning of
Notch/Numb and integrins to the resulting daughters [34,36].
If so, the mechanism of using the growth-factor/ECM-rich
basement membrane to sequester tyrosine kinase receptors,
integrins and other growth components within the stem cell
daughter must be substituted by other, as yet unidentified, mecha-
nisms that could similarly achieve asymmetrical partitioning of
fate components.
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For the intestine, the constant flux of cells is thought to be sup-
ported by a single, equipotent stem cell population that sustains
homeostasis by symmetrical division, followed by random exiting of
the niche and then lineage specification and differentiation [12,38].
Thus, when individual ISCs within each crypt are randomly labelled
by different inheritable fluorescent markers—each intestinal unit is
initially multicoloured—they become single-coloured over time.
This idea, referred to as ‘neutral drift’, suggests that most individual
stem cells have a finite lifetime, which is considerably shorter than
the life of the animal, and that randomly over time, the ISC niche
becomes replenished by freshly made ISCs. Despite the attractive-
ness of this model, there are still issues to resolve. ISCs are inter-
spersed between Paneth cells in a 1:1 ratio, and it is not clear how
they maintain this balance in the absence of asymmetrical division
or a change in the niche environment.

The hair follicle adds yet another dimension to these models.
Shortly after the start of each hair cycle, bulge cells seem to
divide symmetrically to self-renew and maintain a single layer of
HFSCs [5,8]. Thus, the K6* inner bulge layer is derived not from the
bulge HFSCs directly, but rather from differentiating progeny out-
side the niche [5]. By contrast, shorter-term proliferative progenitors
within the hair germ and matrix seem to divide asymmetrically rela-
tive to the basement membrane, and in so doing, couple cell division
to environmentally induced progression to differentiate [70,71].

In all of these cases involving adult epithelial stem cells and
their progenitors, genetic evidence is still lacking to unequivo-
cally resolve which divisions, if any, result in asymmetrical parti-
tioning of protein components to generate one stem cell and one
committed daughter. Moreover, as cell fate switches and prolif-
eration are both intricately coupled to specific signal transduc-
tion pathways emanating from the niche microenvironment, it
will be interesting in the future to see how these signals intersect
with the mechanisms of cell divisions. Is signalling always down-
stream from spindle orientation and asymmetrical cell division, as
it seems to be with Notch signalling, or could upstream signalling
dictate these processes?

In this regard, evidence suggests that during telophase of an
asymmetrical division in C. elegans, extrinsic Wnt signalling
modulates spindle structures through APC, which localizes asym-
metrically along the cortex, establishing asymmetrical distribution
of astral microtubules [72]. Moreover, direct manipulation of this
spindle asymmetry by laser irradiation altered the asymmetrical
distribution of nuclear B-catenin, and in turn, laser manipulation of
the spindles rescued defects in nuclear p-catenin/TCF asymmetry
in Wnt mutants. This finding is particularly intriguing in the light
of another study on Wnt signalling, which focuses on a different
downstream effector from Whnt signalling, namely the silencing of
GSK3p kinase [73]. In mouse hair follicles, if Wnt signalling comes
from the base of the niche, stem cells regrow the hair follicle; if it
comes from above the niche, stem cells migrate upwards towards
the wound site [53]. Through localized Wnt-induced silencing of
GSK3p, the cortex facing the wound edge becomes a polarizing
centre for the recruitment of Par3/aPKC, APC and a functional
APC relative, ACF7 [74]. Importantly, in the absence of GSK3p
phosphorylation, ACF7 binds to and stabilizes microtubules—the
outcome is the polarization of the microtubule—cortical complex
towards the wound edge [73]. Functional studies show that this
mechanism is essential for facilitating directional cell migration in
a wound response.

©2013 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

review

Hmga2, p63
HDAC1/2

ik

Bmi1 (PRC1) —] p16/p19 |— Ezh1/2 (PRC2)

€O

Cell cycle

Self-renewal
proliferation
%Qifferentaton

Fig 4 | Intrinsic factors regulating stem cell self-renewal. (A) p16™*isa
potent inhibitor of the G1- to S-phase transition in the cell cycle. To allow cell
cycle entry, p16"™“ must be repressed. Many factors have been reported to
silence p16™* gene expression in adult stem cells including Bmil, Hmga2,
p63, Ezh1/2 and HDAC1/2. (B) Some self-renewal factors seem to be tailored
to suit the context-dependent needs of a stem cell niche. One example is
HFSC-enriched factor Tbx1, which suppresses BMP signalling to allow HESC
self-renewal in the BMP-high microenvironment of the bulge niche. Bmil,
B-lymphoma Moloney murine leukaemia virus insertion region 1; BMP, bone
morphogenetic protein; Ezh1/2, enhancer of zeste homologue 1/2; HDAC1/2,
histone deacetylase 1/2; HFSC, hair follicle stem cell; Hmga2, high mobility

group AT-hook 2; p16", tumour suppressor protein encoded by the Ink4a
gene locus; Tbx1, T-box transcription factor 1.

Given the tantalizing similarities between the Wnt-induced mech-
anisms involved in asymmetrical polarization of microtubule—cortical
complexes, in spindle orientations in the early C. elegans embryo, and
in wound-related directional cell migration in mouse skin, it seems
probable that the Wnt-induced activation of mouse hair follicle stem
cells that occurs at the base of the bulge niche is also responsible for
the asymmetrical spindle reorientation and cell fate switch that ensues
at the start of the normal hair cycle [9,71]. Moreover, when consid-
ering first the diversity of ways in which Wnt signalling mechanisms
are involved in regulating stem cell proliferation and cell fate commit-
ments, and second the diversity of stem cell niches in different tissues,
these factors could together explain why some stem cells divide sym-
metrically and why others divide asymmetrically. This combination
of regulatory factors could also readily explain how stem cells might
switch between asymmetrical and symmetrical divisions, depend-
ing on changes that occur within the niche microenvironment, in
response to the demands for tissue regeneration.

Self-renewal: in it for the long haul

Similarly with any cell division, stem cell self-renewal operates
through the principle cell cycle machinery [75]. The p16nk—
CDK4/6-Rb-E2F pathway is one of the main regulators of the

EMBO reports VOL 14 | NO 1 | 2013 45



46 EMBO reports

review

Sidebar A | in need of answers

(i)  Canastem cell really choose between symmetrical and asymmetrical
divisions, and if so, what is the constellation of environmental signals
that has an impact on such a choice?

(ii) How is the self-renewal timing and frequency determined in different
tissues? What are the start and stop signals?

(iii) Is there a specific clock that ticks off cell divisions for stem cells and
defines the distinction between stemness and their transit-amplifying
progeny? If so, how does it work?

G1- to S-phase transition. As a potent cell cycle inhibitor, p16™«®
can bind to and inactivate the cyclin D-CDK4/6 complex [76]. In
young mice (10 weeks old), p16"™4 is not expressed by HSCs [77].
Deletion of its locus, alone or together with another cell cycle
inhibitor p19**—generated as an alternative reading frame of the
p16ink4alocus—results in, at best, a modest advantage in the serial
transplantation efficiency of young HSCs [77,78]. However, p16mk
expression is often increased in old (approximately 2 years old)
mouse stem cells, including HSCs and neuronal progenitors in the
subventricular zone [77,79,80].

The decline in self-renewal capacity with age is partly because
of increased expression of the tumour suppressor p16!™4. One of
the major p76"* suppressors in adult stem cells and progenitors is
Bmi1, a component of the polycomb repressor complex 1 (PRCT;
Fig 4A; [81-84]). Loss of Bmil leads to stem cell self-renewal
defects that can be partly rescued by deletion of p764{79,85,86].
Additional p76"™# suppressors include Ezh1/2 (the H3K27me3
methylases required for PRC2-mediated chromatin repression),
HDAC1/2 (histone deacetylases 1/2 promoting transcriptional
repression) and the p53 relative p63. In mouse skin, their loss results
in severe defects including elevated p16™# and diminished prolif-
eration [87,88], and Ezh1/2-deficient HFSCs can be partly rescued
by repressing the Ink4 locus [87].

Besides Bmil, few genes have been shown to be involved in
long-term self-renewal of stem cells. Chromatin regulator Hmga2 is
one of these, which is highly expressed in fetal neural stem cells but
then declines with age (Fig 4A; [89]). This decrease is partly caused
by the increasing expression of let-7b microRNA, which is known
to target HMGA2 protein expression and also repress p16™4* and
p19*. Hmga2-deficient mice show reduced stem cell numbers
and self-renewal throughout the central and peripheral nervous
systems of fetal and young-adult mice, and deletion of p16™ and
p194 partly restores self-renewal capacity.

We set up an RNA interference screen to identify genes involved
in hair follicle stem cell self-renewal [10]. Taking advantage of the
differential expression of about 400 genes in long-term HFSCs, but
not their short-lived proliferative progeny, we infected HFSCs with
a pool of lentiviruses encoding shRNAs corresponding to these
genes. We reasoned that if one of the 400 genes is essential for
long-term self-renewal, its repression would cripple the ability
of the HFSC to survive after many passages in culture, but would
not interfere with short-term proliferation. In comparing the hair-
pins lost in the culture after long-term but not short-term passag-
ing, we unearthed a small set of candidate self-renewal genes, one
of which was Hmga2 [10]. Another was RunxT, the loss of which
in adult HFSCs has previously been shown to cause proliferation
defects due to elevation of p21, another cell cycle inhibitor [90].
Analogous to studies of p16™4 with Bmi1, suppression of p21 can
rescue the proliferation defects in Runx1-deficient mice.
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Among the new candidates surfacing in our self-renewal screen,
the transcription factor Thx1 was particularly intriguing. It is
expressed by HFSCs in vivo and in vitro, downregulated in early pro-
genitors and absent from transient-amplifying and terminally differ-
entiated hair cells [10]. Loss of function studies further suggested its
importance for long-term self-renewal. Without Thx1, bulge niches
became depleted of HFSCs, gradually extinguishing hair follicle
regeneration on repetitive stimulation.

In contrast to Bmi1, Hmga2 and Runx1, Thx1 does not seem to
repress cell cycle inhibitors directly, but rather enables self-renewal
in the niche by lowering intrinsic BMP signalling, which otherwise
keeps HFSCs in a quiescent state. Inhibiting BMP signalling in the
Thx1-deficient HFSC niche can partly rescue the proliferation defect
(Fig 4B). Tbx1 is also important for heart progenitor proliferation, in
which it similarly functions by affecting BMP signalling [91,92]. That
said, interfollicular basal epidermal stem cells do not express Tbx1,
nor do they reside in an environment as rich in BMP as HFSCs. As they
do undergo long-term renewal, this suggests that context depend-
ency of this self-renewal protein is important. In the future, as more
details unfold regarding the genes involved in stem cell self-renewal,
it will be interesting to see whether, when and how stem cells couple
self-renewal to asymmetrical as well as symmetrical cell divisions.

Open questions and future directions

The two main aspects of achieving stem cell self-renewal are entry
into the cell cycle and maintenance of the undifferentiated state in
at least one of the two daughters. The ability of stem cells to do both
in the long term is what defines them and enables them to regen-
erate life-long tissues. Increasing evidence suggests that differences
in stem cell niche architecture, environment and signalling confer
tissue-specific constraints on when stem cells divide, how frequently
and in response to what signals. These factors also seem to have an
impact on whether and when stem cells divide symmetrically or
asymmetrically. As researchers have dug deeper into the underly-
ing mechanisms involved in stem cell self-renewal, it has become
increasingly clear that no single rule or set of molecules applies to
every stem cell. But, because of shared underlying principles, there
are several common players that can exert the same effect on a
variety of adult stem cells, as we have discussed here.

Although the picture of stem cell self-renewal is certainly much
more vivid than a decade ago, there are still many details and ques-
tions that remain to be addressed (see Sidebar A). Can a stem cell
really choose between symmetrical and asymmetrical divisions, and
if so, what is the constellation of environmental signals that have
an impact on such a choice? What determines whether one or both
daughter cells will remain undifferentiated, and what are the under-
lying mechanisms involved? Although beyond the scope of the pre-
sent review, research over the past several years has begun to solidify
the view that stem cell maintenance is dependent on stem-cell-type-
specific master transcriptional regulators, and that signalling-induced
transcription factors such as p-catenin/TCF and pSmad2/Smad4 can
change the status of the key genes that master regulator control [93].
Although tantalizing, many of the crucial details are still lacking and
await future studies.

There are additional important questions. How is the self-renewal
timing and frequency determined in different tissues? What are the
start and stop signals? In many adult tissues, such as the haemato-
poietic system and the hair follicle, stem cells are quiescent and
used sparingly, sometimes going for long periods at a time without
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self-renewal proliferation. But for other tissues, such as the small
intestine, stem cells proliferate continuously and are supported by
an active niche environment. Whether frequent or cycling slowly,
the perpetual ability of stem cells to crank out tissue has led to the
long-held view that stem cells have an endless capacity to self-
renew. However, studies on the intestine and the hair follicle suggest
that most individual stem cells might have a more finite lifetime than
initially thought. Is there a specific clock that ticks off cell divisions
for the stem cells? For their transit-amplifying progeny? If so, how
does it work? The answers to these fascinating questions lie ahead of
us. However, the foundation laid during the past decade of research
provides us with a clearer glimpse into the depths of the crystal ball
of stem cell self-renewal and tissue homeostasis.
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