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Abstract

Intestinal epithelia are maintained by intestinal stem cells (ISCs) that divide to replace dying absorptive
and secretory cells that make up this tissue. Lineage labeling studies, both in vertebrates and
Drosophila, have revealed the relationships between ISCs and their progeny. In addition, a number of
signaling pathways involved in ISC proliferation and differentiation have been identified. Further
studies will clarify the signals originating from the ISC niche and determine the processes that control
the number and uniform distribution of niches throughout the epithelium.

Introduction and context

The intestine is a tissue that undergoes extensive turnover
as epithelial cells shed continuously into the lumen.
Although much of what is known about intestinal stem
cells (ISCs) has come from studies of the mammalian
intestine [1], the recent discovery of Drosophila ISCs [2,3]
has revealed a remarkable conservation in the function of
ISCs and in the molecular pathways that regulate their
self-renewal, division, and differentiation [1]. By build-
ing on the strengths of both mammalian and Drosophila
systems, investigators can now clarify the precise
mechanisms underlying ISC behavior.

Mammalian ISCs are found within the folds of the
monostratified intestinal epithelium, inside regions
called crypts, which are located at the base of each
intestinal villus [1,4] (Figure 1a). Each mammalian crypt
is thought to house several stem cells, and multiple
crypts contribute to each villus. A single ISC produces a
lineage of cells stretching from the crypt upward into the
villus, where it intermingles with adjacent ISC lineages.
Two populations of ISCs - a fast-dividing group, marked
by the wingless int-1 (Wnt) pathway target gene Lgr5
(leucine-rich repeat-containing G protein-coupled recep-
tor 5), and a slow-dividing group, marked by the DNA

remodeling protein Bmil (Bmil polycomb ring finger
oncogene) - are thought to replace cells during home-
ostasis and regeneration, respectively [4]. Clonal lineage-
tracing experiments in mice have shown that all of the
different cells of the intestine can be produced by either a
single multipotent Lgr5(+) ISC or a Bmil(+) ISC [5-7].
Ongoing research is addressing the relationships
between these fast- and slow-dividing populations in
order to understand how these ISCs respond to maintain
a constant number of absorptive and secretory intestinal
cells in the digestive tract [4].

Lineage-tracing experiments in Drosophila have similarly
revealed the presence of clones arising from ISCs [3]
(Figure 1b). As in mice, such clones contain all of the
different cells of the intestine; however, Drosophila clones
are more discrete; only one stem cell is associated with
each clone, and these appear to remain more or less
separated from one another. This may be due to
structural differences as there are no crypts in the
Drosophila gut epithelium nor are there villi. Despite
these superficial differences, clones from both Drosophila
and mice persist for long periods of time, indicating that
a self-renewing stem cell is the clone founder. Indeed, the
similarity between these systems goes beyond the
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Figure |. Intestinal stem cells (ISCs) in mammals and Drosophila
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In these schematics of cross-sections of intestinal epithelia, the ISCs are
located basally, adjacent to the surrounding muscle or mesenchyme, and the
lumen is located at the top. (a) The mammalian crypt houses both Bmil™
(red) and Lgr5" (orange) ISC populations at its base. Clones of cells arising
from each ISC intermingle within the epithelium. After ISC division, one
daughter will differentiate into a transit-amplifying progenitor (yellow),
which will divide as it moves upward from the crypt and toward the villus.
Differentiation of the amplified progeny continues as cells leave the crypt to
take up residence in the villi. (b) Drosophila 1SCs are also located basally
(red). An ISC clone will contain all of the cell types present in the gut
epithelium. Similar to mammalian ISCs, Drosophila ISCs divide and one
daughter undergoes differentiation into an enteroblast (yellow). Unlike
mammalian ISCs, transit-amplifying progenitors are not produced and the
enteroblast differentiates directly into an enteroendocrine cell (green) or an
enterocyte (beige). Bmil, Bmil polycomb ring finger oncogene; Lgr5,
leucine-rich repeat-containing G protein-coupled receptor 5.

cellular level because in both organisms ISC proliferation
and differentiation are regulated by Wnt and Notch
signaling, respectively [1,2,8,9].

Clones containing multiple cell types demonstrate that
both Drosophila and mammalian ISCs produce different
types of daughter cells. This has been well documented
in the fly, in which one ISC founder produces an ISC
daughter, which self-renews, and an enteroblast (Eb)
daughter, which differentiates directly into an
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enteroendocrine or enterocyte cell [3]. Thus, ISC clones
in Drosophila are thought to contain only one ISC and a
mixture of other gut cell types. It is not yet clear whether
the division of ISCs is asymmetric, as in dividing
neuroblasts [10], or whether it is initially symmetric
but then one daughter differentiates according to its
position, as occurs in germline stem cells (GSCs) [11].
One candidate protein that determines cell division
symmetry, the Notch signaling inhibitor Numb [10], has
been tested and does not appear to play a role in ISCs
[12]. Further studies will be needed to clarify whether
ISCs divide symmetrically or asymmetrically.

The divisions of mammalian ISCs are likely to be similar
to those in Drosophila, albeit producing a transit-
amplifying progenitor rather than an undividing Eb.
Human ISCs have also been shown to undergo mono-
clonal conversion or niche succession, the expansion of a
single ISC to overtake the entire crypt, and fission, the
division of one crypt into two — meaning that these cells
possess the ability to divide symmetrically to produce
two ISC daughters [13,14]. In the mouse, the loss of
adenomatous polyposis coli [15], a negative regulator of
the Wnt pathway, or PTEN (phosphatase and tensin
homolog), a member of the PI3K-Akt (phosphatidyli-
nositol 3-kinase-Akt) signaling pathway that negatively
regulates the Wnt pathway in ISCs [16], increases crypt
fission. These studies suggest that there are mechanisms
whereby mammalian ISCs can undergo expansion by
symmetric division and a subsequent duplication of the
crypt itself. Although to date there have been no reports
that Drosophila 1SCs divide symmetrically, it is possible
that ISC clone expansion could occur in Drosophila 1ISCs
also or in their Eb progeny.

Major recent advances

In both Drosophila and mammals, ISCs produce a clone
of cells containing one or more ISCs, progenitors, and
differentiated cells. In both cases, ISCs lie at the origin of
what can be thought of as a proliferative unit, which is a
region (in the tissue) where the production of differ-
entiated intestinal cells occurs. The even distribution of
Drosophila clones or mammalian crypts throughout the
gut epithelium suggests that some mechanism deter-
mines the uniformity of such proliferative units in this
tissue. In addition, it is not clear what governs the
localization of mammalian ISCs to the base of crypts
[6,7] or the basal localization of Drosophila ISCs in their
pseudostratified epithelium [3].

The answer to these questions seems to lie in the concept
of a stem cell niche - a locale (within a tissue) where
stem cells reside - because it contains the correct
concentrations of cell signaling ligands that are taken
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up by stem cells to activate proliferation and/or
inactivate differentiation processes [17]. Without their
niches, stem cells would be lost, as has been aptly
demonstrated in GSCs [11,18]. In GSCs, the niche is
large enough to support only two or three GSCs and this
explains both the position and the upper limit of the
GSC pool in the germline. Similarly, an understanding of
the number and position of ISC proliferative units will
emerge from the study of the localization and distribu-
tion of niches in the midgut.

A recent report addressed the establishment of ISC clones
in the developing midgut. During Drosophila develop-
ment, adult midgut progenitors (AMPs) originate from
the embryonic endoderm, disperse, and divide to expand
the midgut during the larval stage [19]. Surrounding
visceral muscle cells secrete ligands to activate epidermal
growth factor signaling in AMPs, causing them to divide
to fill the developing tissue. This close relationship
between the gut epithelium and its surrounding muscle
niche continues into adulthood, during which the
surrounding muscle serves as the source of Wg (wingless)
and Upd (unpaired) ligands in order to activate Wnt and
JAK/STAT (janus kinase/signal transducer and activator
of transcription) signaling in ISCs, respectively [9,20].
The dependence of ISCs on signals emanating from the
surrounding muscle cells explains in part why ISCs are
located basally in the epithelium.

The relationship of the AMPs to bona fide 1SCs is unclear
as only a subset of these AMPs becomes ISCs in the adult.
A provocative report has shed light on this question by
showing that during early development, the first AMP
division is asymmetric in order to generate an AMP
daughter and a peripheral cell (PC) daughter [21]. This
division is crucial because subsequently the PC daughter
becomes the niche, whose short-range secretion of bone
morphogenetic protein (BMP) ligand is necessary to
prevent the AMPs from differentiating. AMPs that lose
contact with the PC differentiate, presumably because of
loss of BMP signaling, and thus ISCs are formed in an
ISC/PC ratio of 1:1. The notion of surrounding cells
signaling to stem cells is a common theme. During
adulthood, the progeny of ISCs again signal to ISCs, this
time through the JAK/STAT pathway during homeostasis
[20,22,23], to activate these cells during regeneration
[24]. These data reveal the complexity of the ISC niche,
where both the surrounding muscle cells and the
progeny of ISCs themselves cooperate to maintain or
regulate the ISCs at that position.

In mammals, the niche is less well defined, and the Wnt,
Notch, and BMP signaling pathway ligands are known to
regulate ISCs, from either the surrounding mesenchymal
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tissue or the adjacent paneth cells in the crypt [17,25]. It
was found recently that single isolated ISCs produce
crypt-like structures ex situ [26], suggesting that, like the
Drosophila AMP-PC niche, cells comprising the mamma-
lian ISC niche can be produced by ISCs themselves.
These results may also mean that, unlike Drosophila ISCs,
mammalian ISCs do not require signals from surround-
ing non-gut cells.

Future directions

ISCs and the niche are interrelated: the disruption of
signaling in the niche results in rapid differentiation and
ISC loss. There are many unanswered questions about
the biology of ISCs and their niche:

1. Signals originating from the ISC niche. It is clear that the
Wnt, Notch, BMP, and JAK/STAT signaling pathways are
involved in the regulation of ISC division and in the
differentiation of their progeny. Other pathways may
operate in these cells as well and future research will seek
to understand the source of these signals and how they
are integrated in the ISC to produce a response. In
particular, the role of adhesion molecules, such as
integrins that play a role in maintaining GSCs, remains
to be characterized.

2. Mechanisms underlying the number of ISCs. Why 1SC
number sometimes increases and results in an expansion
of ISC proliferative units complete with their own niches
is unclear. Whereas, to date, Drosophila ISCs have not
been shown to undergo expansionary symmetric divi-
sions, mammalian ISCs have been; ISCs can overtake the
entire crypt niche, and crypts can expand by fission or
budding. It will be interesting to see how these
duplications involve the ISC niche. For example, does
niche expansion occur before or after ISC expansion?

3. Processes that control the number and uniform distribution
of ISC niches throughout the epithelium. Although ISCs
seem to produce their own niches during development, it
is unclear why some AMPs produce PC niche cells but
others do not. The means by which ISCs remain
associated with their niche cells is also not yet clear;
adhesion proteins may be important both in keeping
ISCs associated with their niche and perhaps in transdu-
cing contact-dependent signals from niche cells to ISCs.
It is likely that the contact of ISCs with the surrounding
muscle, or mesenchymal tissue, or their progeny under-
lies the answers to this question.

Just as the niche is intertwined with ISCs, these questions
are intertwined with one another. One thing is clear: ISC
biologists can now take advantage of both mammalian
and Drosophila systems to address these questions.
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