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Epithelial stem cells are regulated through a complex interplay of signals from
diffusible ligands, cellular interactions, and attachment to the extracellular matrix.
The development of Drosophila models of epithelial stem cells and their associated
niche has made it possible to dissect the contribution of each of these factors in vivo,
during both basal homeostasis and in response to acute damage such as infection.
Studies of Drosophila epithelial stem cells have also provided insight into the
mechanisms by which a healthy population of stem cells are maintained throughout adulthood by demonstrating, for example, that stem cells have a finite lifespan
and may be displaced by replacement cells competing for niche occupancy. Here,
we summarize the literature on each of the known Drosophila epithelial stem cells,
with a focus on the two most well-characterized types, the follicle stem cells (FSCs)
in the ovary and the intestinal stem cells (ISCs) in the posterior midgut. Several
themes have emerged from these studies, which suggest that there may be a common set of features among niches in a variety of epithelia. For example, unlike the
simpler Drosophila germline stem cell niches, both the FSC and ISC niches produce
multiple, partially redundant, niche signals, some of which activate pathways such
as Wnt/Wingless, Hedgehog, and epidermal growth factor (EGF) that also regulate
mammalian epithelial tissue renewal. Further study into these relatively new
stem cell models will be of use in understanding both the specifics of epithelial
regeneration and the diversity of mechanisms that regulate adult stem cells
in general. © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

E

pithelial stem cells are central to the physiology of
regenerative epithelia such as the intestinal lining,
epidermis, cornea, and breast. Stem cells in these
tissues divide regularly to self-renew and replenish
lost cells following normal cell turnover or tissue
damage, and are thus crucial for homeostasis and
repair. In addition, as the most upstream progenitors
of cells in the tissue, epithelial stem cells are a natural
point of regulation and an ideal target for regenerative
medicine-based therapies. Moreover, defects in stem
cell function and regulation underlie many aspects
of aging and disease. Therefore, understanding
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how epithelial stem cells behave in their natural
environment will provide insight into the fundamental
mechanisms that guide epithelial tissue biology and
medicine.
The development of invertebrate models has provided an opportunity to study the behavior and genetic
regulation of epithelial stem cells in great detail. Studies of these systems have provided a range of insights,
including the identification of signaling networks that
promote self-renewal and coordinate stem cell output
with tissue demand, the discovery of cellular interactions that ensure that a healthy population of stem cells
are maintained throughout life, and descriptions of the
structure and function of the epithelial stem cell niche.
Here, we review these findings with a focus on the
two most well-studied models, the Drosophila follicle
stem cells (FSCs) and intestinal stem cells (ISCs).
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STUDYING STEM CELLS IN VIVO IN
DROSOPHILA
Adult stem cells reside in distinct microenvironments,
or niches, that promote their self-renewal and regulate
their activity.1,2 The Drosophila male and female
germline stem cell niches have been characterized in
detail, and these studies found that the niche is both
necessary for maintaining the stem cell fate of resident
stem cells, and sufficient for inducing the stem cell fate
in nonstem cells that enter the niche.3,4 This highlights
the exquisite sensitivity of stem cells to changes in
their local environment and thus the importance of
studying stem cells in their native, in vivo, context.
In Drosophila, the relatively simple tissue architecture
and the high ratio of stem cells to surrounding nonstem
cells, combined with the wide variety of genetic tools
available, greatly facilitate the process of identifying
and genetically manipulating stem cells in vivo.
The gold standard for identifying stem cells in
vivo is lineage analysis,1 in which a stem cell lineage
is labeled with a genetically heritable marker and the
patterns of labeled cells are followed over time. In
Drosophila, lineage analysis techniques typically use
flp/FRT-mediated mitotic recombination to induce
expression of a marker such as green fluorescent
protein (GFP) or β-galactosidase (LacZ) in one half
of a dividing cell’s lineage (reviewed in Ref 5). In
addition, recently developed variations allow both
halves of a dividing cell’s lineage to be traced
with different markers or differential labeling of
subpopulations within the lineage.6–9 A variant of
lineage analysis, called mosaic analysis, is used to
genetically modify the cells within a marked clone.
Several systems for mosaic analysis are available
for different purposes, typically either causing cells
within the clone to become homozygous for an allele
of interest or to overexpress a transgene. For both
lineage analysis and mosaic analysis, spatial and
temporal control over clone induction is achieved
using tissue-specific or inducible promoters combined,
in some cases, with the upstream activating sequence
(UAS)/Gal4/Gal80 expression system common to
Drosophila studies.5

FOLLICLE STEM CELLS
FSCs (previously called somatic stem cells) are
the progenitors of the epithelia that surround
each developing follicle in the Drosophila ovary
(see Ref 10 for review of oogenesis). Drosophila
ovaries are composed of discrete substructures called
ovarioles, and follicles are continually produced
during adulthood from a specialized structure at

the tip of each ovariole called the germarium. The
process begins with the production of a new germ
cell by a germline stem cell at the anterior tip of
the germarium. Germ cells undergo four incomplete
mitoses to become interconnected 16-cell cysts as they
migrate posteriorly through a meshwork of stromal
‘escort cells’.11,12 When the cysts reach the FSCs at the
midpoint of the germarium, they go through several
transitions within a short period of time that must
be tightly coordinated for proper follicle production.
First, the germ cells in a 16-cell cyst exit mitosis
and the oocyte enters meiosis. The remaining 15
germ cells will become polyploid nurse cells that
support oocyte development and provide organelles
and other cytoplasmic products to the egg. Following
the initiation of meiosis, the cysts widen and move into
a single file, shed their escort cell covering, and become
encapsulated by undifferentiated ’prefollicle’ cells. As
the cysts continue to move toward the posterior, the
prefollicle cells divide and differentiate gradually into
a single-layered, polarized epithelium. Little is known
about the mechanisms that orchestrate this series of
events, but it is very likely that regulation of the FSCs
and their niches is an important part of the process.
There are exactly two actively dividing FSCs
per germarium in wild-type ovaries6,13 and they can
be unambiguously identified using a combination of
criteria. First, FSCs are always one of the anteriormost labeled cells in a mature FSC clone.13 Second,
FSCs are consistently found in the same position: one
FSC is on each side of the germarium, in contact
with the basement membrane, and just posterior
to the region 2a cyst at the boundary between the
region 2a and region 2b.6 Third, when viewed in
cross-section FSCs often appear to have a distinct
triangular shape with a broad basal surface, and a
lateral surface that tapers toward the apical side of the
cell. In ideal cases, shape and position can reliably
distinguish FSCs from nearby escort cells, which
have chevron-shaped nuclei, and prefollicle cells in
the region 2b, which have broader apical domains6
(Figure 1). However, differences in shape can be subtle
and are often not sufficient to distinguish FSCs from
prefollicle cells immediately adjacent to the FSC niche.
Lastly, FSCs usually have lower levels of fasciclin III
than prefollicle cells in the region 2b;14 however,
this criterion is also unreliable on its own because
expression levels in FSCs and prefollicle cells can
vary. Moreover, the levels of fasciclin III expression in
prefollicle cells at the region 2a/region 2b boundary
and FSCs are indistinguishable.15 Thus, combining
three criteria—anterior-most position within an FSC
clone, location at the region 2a/region 2b boundary in
contact with the basement membrane, and triangular
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are somewhat common, indicating that the cyst encapsulation process is tolerant of perturbations.15

FSC Maintenance, Self-Renewal, and
Competition

FIGURE 1 | The follicle stem cell (FSC) niche. FSCs (light blue) reside
at the region 2a/region 2b border against the basement membrane
(BM; red) and in direct contact with escort cells (ECs; green) and their
immediate daughters (FC, follicle cell; dark blue). It is unclear whether
FSCs ever contact germ cells (pink). The germarium is surrounded by a
muscle sheath (MS; purple) that has no known role in FSC niche
function. Hedgehog (Hh), Wingless (Wg), and bone morphogenetic
protein (BMP) signaling are all required for FSC maintenance and the
signaling ligands are produced by either the cap cells (CCs; dark pink),
the escort cells, or both. It is not known whether signals from the
germline or follicle cells promote FSC maintenance or regulate its
activity. GSC, germline stem cell (blue); TF, terminal filaments (brown).

cell shape—provides the most accurate method for
identification of FSCs.
The FSC lineage consists of eight transient
divisions downstream of the FSC division, and
encompasses all follicle cells, including subtypes such
as the stalk and polar cells, but not escort cells or
any other cell type in the ovary.13 Each FSC produces
approximately 50% of the follicle cells in the ovariole, indicating that both FSCs are equally active and,
for the majority of follicles in a wild-type ovariole,
the follicle cells are derived almost exclusively from a
single daughter cell from each FSC.15 FSC daughter
cells move away from the niche either toward the
posterior into the region 2b or laterally along the
region 2a/2b border toward the opposite FSC niche.
An individual FSC produces both posterior-migrating
cells (pmcs) and lateral cross-migrating cells (cmcs)
in roughly alternating succession,6 and the two FSCs
are usually out of phase with each other so that one
FSC daughter cell of each type colonizes each incoming cyst. This causes cells within the two lineages to
acquire different fates and presumably helps to distribute the cells across the entire surface of the cyst.15
These observations suggest that FSC output is generally coordinated both between the two FSC niches and
with demand from the germline. However, deviations
from the standard patterns of prefollicle cell migration

Although FSCs are usually long-lived, they are
occasionally lost from the niche and replaced by
a daughter of the remaining stem cell.13 The rate
of interniche replacement can be precisely measured
by generating mitotic clones in adult ovaries at low
frequency, so that most germaria have no more than
one FSC labeled, and measuring the changes in the
frequency of labeled FSCs. Interniche replacement
causes heterogeneous germaria, which start out with
one labeled FSC and one unlabeled FSC, to become
homogeneous, so the decrease in the frequency of
heterogeneous germaria over time can be related
to stem cell half-life.5 Using this method, FSCs
in wild-type tissue have an observable half-life of
approximately 12 days.6 Notably, FSCs may also
sometimes be replaced by their own genetically
identical daughter cell, but these events are not
detectable with current lineage tracing methods.
Elucidating the mechanism of FSC maintenance
is essential for understanding the workings of the FSC
niche. A study of stem cell replacement in wild-type tissue found that cmcs regularly come into contact with
the FSC on the opposite side of the germarium and are
thus the most likely source of new stem cells following
FSC loss. In addition, cmcs appear to be capable of displacing a stem cell from its niche, suggesting that cmcs
compete with resident stem cells for niche occupancy.6
Thus, while most cmcs complete their lateral migration and incorporate into the growing epithelium,
cmcs may also participate in stem cell replacement
by occupying vacated niches, and by competing with
FSCs in occupied niches, displacing those that are less
fit. Several genetic mosaic studies, summarized below,
have provided substantial insight into the mechanism
of FSC maintenance by identifying mutations that
reduce the half-life of the mutant stem cell.

Hedgehog Signaling
The Hedgehog (Hh) ligand is produced by the
germline stem cell niche cells and escort cells16,17
and diffuses to the FSC niche. Hh signaling has
several functions in FSCs and prefollicle cells. First,
Hh signaling is required for FSC maintenance, as
indicated by the observation that FSCs lacking
smoothened, a positive regulator of Hh signaling,
have a reduced half-life.18–20 Second, Hh regulates
proliferation of cells in the early part of the FSC
lineage. This was first revealed by the observation
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that global overexpression of Hh from a heat-shock
promoter results in excess prefollicle cells in the
niche region, whereas global reduction of Hh in hhts
flies shifted to the nonpermissive temperature causes
an underproduction of follicle cells.16 Subsequent
studies found that these follicle cell over- and
underproduction phenotypes could be recapitulated in
FSC clones lacking patched (a negative regulator of Hh
signaling) or smoothened, respectively.18 However, it
remains unclear whether Hh regulates proliferation
of FSCs, early prefollicle cells, or both. Third,
Hh signaling may promote competence to acquire
the stalk cell fate in early prefollicle cells because
Hh overexpression causes expanded stalks between
follicles outside the germarium.16

Wingless Signaling
Like Hh, Wingless (Wg) signaling regulates both
stem cell maintenance and proliferation in the FSC
lineage.21 FSCs that lack a positive regulator of Wg
signaling, either disheveled or armadillo, produce
fewer follicle cells, indicating a proliferation defect
in FSCs, their daughters, or both, and mutant FSCs
are very rapidly lost from the niche. In contrast,
the removal of a negative regulator of Wg signaling,
either axin or shaggy, from FSCs causes overproliferation of cells in the FSC lineage but, unexpectedly,
mutant FSCs are also prematurely lost. This may
indicate that FSC self-renewal requires a precise intermediate level of Wg signaling. Alternately, reduced
Wg signaling may cause premature FSC loss by one
mechanism, such as reduced affinity for the niche or
impaired self-renewal, while overactive Wg signaling
causes premature loss by another mechanism, such as
reduced competition for niche occupancy.

Bone Morphogenic Pathway Signaling
The bone morphogenetic protein (BMP) pathway is
essential for FSC maintenance, but does not seem to
regulate proliferation or differentiation in the FSC
lineage.19 FSCs mutant for one of the BMP pathway
receptors punt, thickveins, or saxophone, or for a positive pathway regulator, either mothers against dpp, or
Medea, cannot transduce a BMP signal and are prematurely lost from the niche. In contrast, FSCs overexpressing a constitutively activated form of thickveins
have a prolonged lifespan. Overexpression of activated thickveins also rescues the shortened lifespan
of disheveled−/− FSCs, restoring it to wild-type levels, but does not rescue the shortened lifespan of
smoothened−/− FSCs, suggesting that BMP signaling
may act in conjunction with Wg signaling but in
parallel to Hh signaling.

Interestingly, the loss-of-function phenotype in
FSCs for Medea differs from those of other BMP pathway components in several ways. First, FSCs mutant
for Medea have a significantly shorter lifespan than
FSCs mutant for other BMP pathway components.
Second, loss of Medea, but not other BMP pathway
components, reduces the rate of follicle cell proliferation. Lastly, overexpression of the antiapoptotic
gene, p35, partially rescues the decreased lifespan of
Medea−/− FSCs but has no effect on FSCs lacking
other BMP pathway components. This suggests that,
in addition to acting in the BMP pathway, Medea
transduces a second unknown signal that promotes
FSC survival and proliferation in the FSC lineage.

Adherens Junctions and Integrins
Two cell adhesion complexes, adherens junctions and
integrins, have been shown to be essential for FSC
maintenance within the niche. Shotgun (DE-cadherin)
and armadillo (β-catenin), which form the core of the
adherens junction complex, are both present in FSCs
and are localized to the plasma membrane.22 Discrete
foci of shotgun protein accumulates between FSCs and
escort cells, suggesting that FSCs are attached to escort
cells through adherens junctions. Like armadillo−/−
FSC clones, shotgun−/− FSC clones are lost very rapidly
after clone induction, indicating a crucial, potentially
nonredundant role for adherens junctions in FSC maintenance. Moreover, in a study of cyclinE (cycE) regulation, FSC clones mutant for cycE and overexpressing
shotgun were more frequent than those mutant for
cycE only, suggesting that high levels of cell adhesion
may be able to compensate for other defects.23
FSCs are also anchored to the basement membrane through integrins, and FSCs mutant for either
both α-integrins in the Drosophila genome (multiple
edematous wings and inflated) or the β-integrin, myospheroid, have a reduced half-life.24 Likewise, FSCs
lacking laminin A, the basement membrane ligand for
integrins, also have a reduced half-life, although less
so than FSCs lacking integrins, presumably because
laminins are deposited extracellularly, so nearby wildtype cells can partially compensate for underproduction by mutant cells in a clone. Adherens junctions and
integrins are likely important for FSC maintenance
because they anchor FSCs to the niche. However,
these cell adhesion complexes may also promote selfrenewal through their influence on the shape of the
FSC or by helping to deliver niche signals to FSCs.

Epigenetic and microRNA Regulation
Differentiation in the FSC lineage is a step-wise
process25 in which cells gradually lose their potential to acquire different cell fates. Follicle cells also
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become more epigenetically rigid with each cell
generation,26 suggesting that chromatin modifications help facilitate these developmental transitions.
Though little is known about the epigenetic differences
between FSCs and their daughters, several chromatin
remodeling factors have been found to be essential for normal FSC maintenance in the niche. FSC
clones mutant for domino,27 the Drosophila SWR1
homolog, scrawny,28 a ubiquitin-specific protease,
or the Polycomb repressors Posterior sex combs and
Suppressor of zeste 2,29 all had significantly reduced
half-lives, indicating that these genes are required for
normal FSC maintenance. FSCs mutant for both Posterior sex combs and Suppressor of zeste 2 also formed
ectopic undifferentiated tumors that extruded basally
from the germarium, which were partially suppressed
by knocking down Wg signaling. Lastly, FSC clones
mutant for dicer-1, which is required for processing
microRNA, had reduced half-lives and were smaller
than their wild-type twin spots.30 These results suggest that both chromatin modification and microRNA
function regulate FSC maintenance and development
in the FSC lineage.

Future Directions for the Study of FSCs
Taken together, genetic mosaic studies of FSCs and
their lineage have shown that a wide range of cellular
processes are important for the maintenance of an
epithelial stem cell in vivo. It will be interesting to further investigate how each of these cellular processes
contribute to FSC maintenance, whether through promoting retention of the FSC in the niche, self-renewal,
or competition for niche occupancy. Studies of the
germline stem cell niches were greatly facilitated by
descriptions of the cellular and subcellular differences between the stem cells and their immediate
daughters.31 Equivalent studies in the FSC lineage are
just beginning, and further characterization will be
necessary before some of these distinctions between
niche retention, self-renewal, and niche competition
can be made.
Much also remains to be learned about the composition and structure of the FSC niche. The genetic
mosaic studies discussed earlier suggest that escort
cells anchor the FSCs in the niche and possibly also
provide niche signals, but it has been difficult to confirm these hypotheses by genetically manipulating the
escort cells alone. Escort cells were once believed
to turn over regularly at the region 2a/region 2b
border,11 suggesting that the contribution of escort
cells to the FSC niche must be provided by multiple
transient escort cells acting in aggregate. However,
recent studies found that, while at least some escort

cells are dynamic, capable of migrating and changing shape, cell division and cell death are rare.12,32
It remains unclear, however, whether all escort cells
are equivalent or a specialized subset provides the
FSC niche function. Also unclear is whether the
escort cells contacting FSCs are static and postmitotic, like germline stem cell niche cells, or capable
of migration and occasional cell division. Further
characterization of escort cells using the newly developed long-term live-imaging techniques and mosaic
analysis will address these questions. Lastly, very little
is known about the contribution, if any, of FSC daughter cells to niche structure and function. Some FSC
maintenance genes, such as integrins and E-cadherin,
are also required for the integrity of the follicle epithelium and it will be interesting to investigate whether
part of the instability of FSC clones lacking these genes
is caused by a breakdown of the tissue architecture
downstream from the FSC niche.

INTESTINAL STEM CELLS
Approximately 800–1000 ISCs are evenly distributed
among the 10,000 cells in the posterior midgut epithelium, which extends from the stomach region to the
junction of the midgut and hindgut.33 The midgut
epithelium is a polarized, pseudostratified monolayer
attached to a basement membrane and surrounded
on the outside by visceral muscle (Figure 2). ISCs
were originally identified by lineage analysis33,34 and,

FIGURE 2 | The intestinal stem cell (ISC) niche. The ISCs (dark
green) reside throughout the posterior midgut against the basement
membrane (BM; blue) and in direct contact with enteroblasts (EBs; light
green), enterocytes (ECs; yellow) and, occasionally, enteroendocrine
(ee) cells (pink). The midgut is surrounded by a visceral muscle (VM;
red) that is a key part of the ISC niche. Wingless, epidermal growth
factor (EGF), and janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling are all required for ISC maintenance
and the signaling ligands are produced by several sources. During basal
homeostasis, the visceral muscle produces Unpaired, Wingless, and
Vein, whereas diploid epithelial cells, which are probably ISCs, produce
Spitz and Keren, and a few scattered enterocytes produce Unpaired 3.
During infection, enterocytes increase the production of JAK/STAT
ligands, which act on both ISCs and the visceral muscle to increase ISC
proliferation.
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like FSCs, were found to have a triangular shape
with a broad basal surface attached to the basement
membrane. Delta expression is a widely used, reliable
marker of the ISC fate, although a small fraction of
ISCs in wild-type tissue are Delta(−) .35 In addition, as
with any marker, Delta may be unreliable in mutant
tissues because some mutations could affect Delta
expression but not ISC fate, or vice versa.
ISCs divide regularly to produce immature
diploid daughter cells, called enteroblasts (EBs), that
differentiate without further division into either the
hormone-producing enteroendocrine cells, identified
by Prospero expression, or the nutrient-absorbing
enterocyte cells, identified by their large, polyploid
nuclei and Pdm1 expression.33,34,36 A single ISC
is capable of producing both enterocyte precursors
and enteroendocrine precursors, although enterocyte
precursors are produced much more frequently. Interestingly, enteroendocrine precursors are typically generated in pairs from two consecutive ISC divisions,
suggesting that a feedback mechanism exists to regulate enteroendocrine precursor production.35

Genetic Regulation of ISCs During
Homeostasis
Interest in ISCs has grown enormously since
they were identified in 2006 and several studies,
summarized below, have substantially improved our
understanding of ISC maintenance, proliferation, and
differentiation.

Notch Signaling
Notch signaling promotes asymmetric division by
inducing differentiation in one of the two daughters of
an ISC division. The Notch ligand Delta is segregated
to both daughter cells during mitosis, but is significantly downregulated in the nonstem cell daughter by
the time cytokinesis completes.35 Both daughter cells
express Notch but, because Delta is enriched in the
ISC, only the nonstem cell daughter receives enough
Notch signal to acquire the EB fate. This asymmetry
is reinforced by the Notch repressor, hairless, which
attenuates Notch signaling in the ISC.37 Interestingly,
ISCs that have recently produced an enterocyte invariably express higher levels of Delta than ISCs that have
recently produced an enteroendocrine cell, suggesting that the level of Notch signaling received by the
EB at the ISC division determines its ultimate fate.35
This model is supported by clonal analysis studies
which found that ISCs overexpressing Delta almost
exclusively produce enterocytes, whereas those lacking either Delta or Notch produce tumors that are
mosaic for enteroendocrine and ISC-like cells.34,35

Wingless Signaling
Wg, EGF, and JAK/STAT are ISC niche signals that
function with partial redundancy to promote ISC
proliferation and maintenance.38,39 The Wg ligand
is produced by the surrounding visceral muscle and
acts directly on ISCs to promote proliferation and selfrenewal.40 ISC clones mutant for positive regulators of
Wg signaling, armadillo or dishevelled, have a reduced
half-life, indicating that Wg signaling is required in
ISCs for maintenance in the niche. In addition, ISCs
mutant for armadillo or disheveled have a reduced
rate of cell division, whereas those mutant for a
negative regulator, either shaggy40 or adenomatous
polyposis coli (APC),36 form tumors, indicating
that Wg regulates ISC proliferation. However,
armadillo−/− and disheveled−/− ISCs still produce
both enterocytes and enteroendocrine cells, indicating
that Wg signaling is dispensable for differentiation in
the ISC lineage.39

JAK/STAT Signaling
During basal homeostasis, JAK/STAT ligands are produced by at least two sources. Unpaired is expressed by
the visceral muscle38 and Unpaired 3 is expressed by
a few scattered enterocytes.41 The JAK/STAT receptor, Domeless, is expressed in the visceral muscle,
ISCs, and EBs but not in enteroendocrine cells or
enterocytes.38 Like Wg signaling, JAK/STAT signaling
is required in ISCs for maintenance, as indicated by the
observation that domeless−/− ISCs are lost from the
tissue more rapidly than wild-type ISCs.38 JAK/STAT
also acts in conjunction with Wg to promote basal
ISC proliferation. However, unlike Wg, JAK/STAT
is also required for proper EB differentiation.38,41,42
Specifically, high levels of JAK/STAT promote the
enteroendocrine fate, whereas low levels promote the
enterocyte fate.

EGF Signaling
EGF ligands come from different sources and have
overlapping function. The EGF ligand, Vein, is produced by the visceral muscle and diffuses across the
basement membrane to the ISCs, whereas the EGF ligands, Spitz and Keren, are produced by basal diploid
epithelial cells that, based on their position, are likely
to be ISCs.39,43 Like JAK/STAT and Wg signaling,
reducing EGF signaling in ISCs, either by downregulating the production of one or more ligands
or by eliminating epidermal growth factor receptor
(EGFR) or other pathway components from ISCs,
causes both reduced proliferation and ISC loss.39,43
EGFR is expressed only in the ISCs and EBs, and ISC
clones mutant for Egfr or ras, a positive regulator of
EGF signaling, can contain both enteroendocrine cells
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and enterocytes, indicating that EGF signaling is not
essential for differentiation.39
Taken together, these studies indicate that Wg,
JAK/STAT, and EGF signaling have partially overlapping roles in promoting ISC maintenance and
proliferation during basal homeostasis. The ligands
for these signaling pathways come from both the
postmitotic visceral muscle cells as well as the much
more dynamic cells of the intestinal epithelium. This
suggests that the ISC niche is not a single immutable
structure in the tissue but is instead a composite of
several different cell types and extracellular structures.
Moreover, as described below, both the composition
of the niche and the relative importance of each niche
component may change during basal homeostasis or
in response to damage.

ISC Regulation in Response to Infection
and Repair
One of the primary functions of the intestinal
epithelium is to provide protection against pathogens
and other damaging agents ingested by the fly.
In Drosophila, commensal yeast and bacteria are
managed in healthy intestinal mucosa by a sensing
mechanism that modulates reactive oxygen species
(ROS) production in enterocytes through regulation
of the NADPH oxidase enzyme, Duox.44,45 Enteric
infection by gram-negative pathogenic bacteria such
as Erwinia and Pseudomonas dramatically upregulate
this system, causing a burst of ROS that, in addition
to fighting the infection directly, initiates the innate
immune response and increases the rate of cell
turnover in the ISC lineage.46 The primary effector
of the innate immune response in the intestine is the
Imd pathway, which activates production of specific
antimicrobial peptides,47 whereas the signals that
increase cell turnover during infection are the same ISC
niche signals that regulate basal homeostasis. Infected
enterocytes produce all three unpaired ligands, which
act both directly on ISCs to stimulate proliferation41
and indirectly, by stimulating the production of EGF
ligands by the muscle,48 which then stimulate ISC
proliferation. In addition to upregulation of these
niche signals, activation of the c-Jun N-terminal kinase
(JNK) pathway, which has little function in basal
homeostasis, helps to further amplify the stress signal
produced by infection.41,49
While we have focused on the response to
infection here, other studies have found that ROS,
JNK, and other signals, such as PDGF- and VEGFreceptor related (PVR), also mediate the stress
response to physical damage and aging.50–54 In
addition, several recent studies have investigated the

mechanism by which the stress response system is
coordinated with basal homeostasis so that it can
be rapidly activated in response to infection or
injury and then downregulated when the stress is
removed. The activator protein-1 (AP-1) transcription
factor FOS, which integrates homeostatic EGF
signaling with stress-responsive JNK signaling, is
one point of coregulation.55 Another layer of
regulation is provided by Yorkie, a transcription
factor in the Hippo pathway, that is repressed in
ISCs during basal homeostasis. Upon infection or
injury, damage-response signals such as JNK derepress
Yorkie, allowing it to upregulate niche signals such
as Unpaired and activate additional genes that
promote proliferation and survival.56–59 These studies
demonstrate how the complex interplay of damage
response and homeostatic signaling provides flexibility
for the ISC niche.

OTHER DROSOPHILA MODELS OF
EPITHELIAL REGENERATION
Several other Drosophila models have emerged
recently that provide an opportunity to further understand the range of possible strategies for epithelial
tissue renewal. For example, the hindgut is an attractive model for the study of facultative epithelial
stem cells.60 Unlike the ovarian and posterior midgut
epithelia, the hindgut epithelium does not turn over
regularly during basal homeostasis. However, a small
population of cells in a ring at the anterior edge of
the tissue are capable of dividing in response to severe
tissue damage. Further study of this phenomenon will
provide insight into how epithelial progenitors transition between quiescent and proliferative states and
how acute damage responses compare to constitutive homeostatic renewal. In addition, recent studies
have suggested that both the gastric region of the
intestine61 and the Malpighian tubules,62 which provide a kidney-like function, are maintained by stem
cells and that daughters are capable of long and complex migrations. Further study of these systems may
elucidate additional mechanisms for epithelial regeneration. Lastly, developmental studies have identified
mechanisms for the establishment and maintenance
of the stem/progenitor cell fate. In the developing tracheal epithelium, differentiated epithelial cells undergo
a programmed dedifferentiation to facilitate branching and further growth,63 whereas in the developing
intestine, a novel type of transient niche forms to
preserve the undifferentiated state of the future adult
stem cells.64
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BOX 1
THE MECHANISM OF STEM CELL
REPLACEMENT
Several different Drosophila stem cell types,
including germline stem cells and FSCs, turn over
regularly during adulthood.1 Studies of stem cell
replacement found that partially labeled stem
cell populations tend toward homogeneity over
time, even as the overall numbers of stem cells
per unit tissue remain unchanged, indicating
that stem cells can be lost and replaced by the
daughter of a remaining stem cell. In theory,
stem cell replacement could be either a stochastic process, in which stem cells are occasionally
lost at random from the niche, or it could be
genetically dependent, in which stem cell loss
is caused by a mutation, most likely arising in
either the stem cell or the replacement cell.
While the early studies could not distinguish between these possibilities, subsequent studies identified mutations that caused
homozygous mutant stem cells to be lost more
rapidly.65 This indicated that stem cell loss could
be genetically dependent and suggested that at
least some of the stem cell turnover in wild-type
tissue was due to spontaneous mutations that
altered stem cell half-life. Moreover, several of
the mutations that were identified are in genes
that control stem cell retention in the niche or
self-renewal, suggesting that stem cells bearing
these mutations were lost more rapidly because
of a cell-autonomous defect. In these cases, it is
likely that the mutant stem cell would vacate the
niche regardless of whether a replacement cell
was available to take its place.
However, other replacement events may
be nonautonomous, occurring only because a
fitter replacement cell is present and outcompetes the resident stem cell for niche occupancy.
This form of replacement was first suggested by
observations of FSC clonal patterns,6 and was
subsequently observed and proven to be genetically dependent in the female66 and male67,68
germline stem cell niches. Thus, it is likely that,
in Drosophila niches, stochastic loss as well as
genetically dependent autonomous and nonautonomous loss all occur during basal homeostasis and are part of a strategy to preserve the
health of the stem cell population. Further studies that compare the half-life of mutant stem
cells in wild-type and various mutant contexts
will elucidate the relative importance of each of
these forms of replacement. Notably, a recent
study found that mammalian ISCs also regularly

undergo replacement, and the authors demonstrated that the pattern of replacement in wildtype tissue is consistent with stochastic loss.69 It
will be interesting to see whether genetic mosaic
studies reveal that replacement in this system can
also be genetically dependent.

CONCLUSION
The tremendous advances provided by the characterization of the male and female germline stem cell niches
established the value of Drosophila as a model for
studying adult stem cells. The more recent development of epithelial stem cell models demonstrates not
only that there is more diversity of niche architecture
than was previously appreciated but also the versatility
of Drosophila as a model system for investigating this
diversity. Germline stem cells are found in prominent,
immobile niches, whereas epithelial stem cells reside
among fluid and strikingly uniform cell populations.
In addition, differentiation in epithelial lineages often
occurs slowly, over the course of several divisions, and
thus the differences between stem cell and daughter are
very subtle. Yet, despite this uniformity, ISC and FSC
divisions still regularly produce asymmetric outcomes.
It is currently unclear how stem cell fate is preserved
while daughter cell fates diverge in these contexts and
this central question of niche biology will have to be
solved again for the epithelial niche.
As Drosophila and mammalian epithelial stem
cells are becoming more well understood, a set of
features is emerging that is common among epithelial
stem cells and their niches and may be important for
the process of self-renewal. First, intrinsic differences,
such as cell shape, may differentiate FSCs from their
daughters, allowing them to respond differently to
essentially the same microenvironment. Specifically,
both FSCs and ISCs, but not their daughters, have
a triangular shape with a broad basal surface and a
narrow apical surface. Interestingly, mammalian ISCs
also seem to have a very similar basal-to-apical triangular morphology, suggesting that this feature may
be conserved.70 Second, studies of both Drosophila
epithelia, as discussed earlier, and mammalian epithelia such as the interfollicular epithelium71 and the
hair follicle72 indicate that broad contact with the
basement membrane correlates with the stem cell
state, although this feature alone does not seem to
be sufficient for asymmetric segregation of cell fates.
Third, unlike the germline stem cell niches, which
are simpler, epithelial niches use multiple signals that
have partially overlapping function and are derived
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from multiple sources. This redundancy may add
a robustness and flexibility that allows epithelial
tissues to rapidly adapt to physiological and environmental changes. Further studies into the fascinating

class of epithelial-type niches will expand our understanding of adult stem cell biology and provide a
foundation for the rational design of therapeutics and
diagnostics.
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