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Summary

Stem cells are essential for the correct development and differentiation of the germline stem cells, using several
homeostasis of adult organisms, as well as having obvious signalling molecules, among them the protein DPP — a
potential therapeutic importance. Analysis of the biology of Drosophila homologue of the human bone morphogenetic
stem cells and their regulatory microenvironment in adult  proteins BMP2 and BMP4. Recent work shows thaDE-
organs has, however, been hindered by the rarity of these cadherin-mediated adhesion is used for the initial
cells in mature tissues and by the lack of positive markers recruitment and posterior anchoring of the germline-
for them. The ovary of theDrosophila melanogastefemale  derived stem cells in their niche.

is a stem cell niche in which such analyses can be

performed. The stromal cells of the microenvironment act

as a regulatory centre to control the proliferation and Key words: Stem cellE cadherin, germliné)rosophila

Introduction are rare and difficult to locate, which makes analysis of their

Stem cells are of the utmost importance for the biology o$tem cells properties and microenvironments hard. Some of the
developing and adult organisms, and have immense potentRgst-characterised niches are the hair follicles of mammalian
for therapeutic use in a variety of medical conditions (Daleyskin, the endothelial gut crypts, the bone marrow in which
2002). Adult stem cells allow patient-specific therapies to b&esenchymal and hematopoietic stem cells propagate and the
carried out without the need for cloning to avoid immunemammalian and invertebrate testes (Fuchs and Segre, 2001;
rejection, and they provide an alternative to embryonic sterylorrison et al., 1997; Spradling et al., 2001). Thesophila
cells for use in regenerative medicine. Nonetheless, there aggary constitutes another stem cell niche and is a simple, easy-
still fundamental questions that need to be answered befote-manipulate structure for studies of adult stem cells and their
we fully understand the behaviour of stem cells in livinginteraction(s) with the surrounding stroma (Jones, 2001; Xie
tissues. For instance, the molecular parameters that defingd@d Spradling, 2000). During its lifespan, tBeosophila
stem cell are not known, nor are the mechanisms that contriimale sustains a continuous production of eggs. This property
the rate of proliferation versus differentiation of stem cellgelies upon the presence of two populations of stem cells in the
(Marshak et al., 2001). Such questions are of majogvary — germline stem cells (GSCs) and somatic follicle stem
significance in stem cell research, because the characterisatieglls (King, 1970; Margolis and Spradling, 1995; Spradling et
and study of stem cells relies on our ability to identifyal., 1997). The coordinated activity of both stem cell types is
and culture them. Moreover, in order to understand theesponsible for homeostasis of the ovary, allowing the regular
mechanisms controlling the establishment and maintenance pfoduction of new egg chambers. Here, | concentrate on the
stem cell types, we need to decipher the interactions betweerigin and behaviour of the GSCs and their interaction with the
stem cells and the cellular microenvironments in which thepurrounding tissue.
are maintained — so-called stem cell niches (Morrison et al., A Drosophila ovary is composed of a series of egg-
1997; Spradling et al., 2001). producing tubes — ovarioles — each of which possesses, at its
Experimental model systems have been an invaluable toahterior tip, a conical structure called the germarium. Each
for characterising stem cell regulation. Here, | review ougermarium hosts on average two to three GSCs. These cells are
current knowledge of a specific class of adult stem cell and itecated at the anterior end of the germarium, close to a group
developmental niche: the germline stem cells present in thaf specialized somatic cells termed cap cells (Forbes et al.,
ovary of theDrosophilafemale. | focus on the signals that 1996; Spradling et al., 1997). Two other somatic cell types are
control stem cell function and on the cell biologicalalso part of the anterior end of the germarium, terminal
mechanisms involved in the cellular organisation of thdilament cells and inner sheath cells. GSCs can be recognised
microenvironment. because of their size, location and their possession of a
cytoplasmic organelle termed the spectrosome or spherical
. . ) fusome, which is located anteriorly in interphase cells, on the
The germarium: a simple niche for a few stem cells side of the GSC that contacts the cap cells (Fig. 1) (de Cuevas
Although stem cells are present in many mature tissues, theynd Spradling, 1998; Lin et al., 1994).
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When a GSC divides, one of the daughter cells alwaydownstream of it are needed in the GSCs. Upon removal of the
remains attached to the cap cells; the other ends up one ca&teptor or genes encoding any of the downstream proteins in
diameter away from the cap cells. The cell contacting the cape germline, the GSCs are lost. By contrast, overexpression of
cells stays on as a stem cell, whereas its sibling differentiatepp in the somatic cells of the germarium or hyperactivation
as a cystoblast and enters oogenesis (Lin and Spradling, 199@).the pathway in the germline leads to supernumerary GSCs
This observation, together with an earlier report showing thgiXie and Spradling, 1998). These results show that somatic
laser ablation of terminal filament cells regulates stem celiells of the germarium control the GSCs and thus form part of
division (Lin and Spradling, 1993), led to the hypothesis tha& stem cell regulatory microenvironment. Furthermore, when
the interaction between somatic cells and GSCs in thmosaic germaria containing both wild-type and germ cells that
germarium is essential for the maintenance of the stem calbnnot transduce the DPP signal are produced, the mutant
lineage and that the somatic cells surrounding the GSCs migBiSCs are efficiently replaced by wild-type germline cells that
form a niche in which GSCs are kept (Lin and Spradling, 1993;0me to lie adjacent to cap cells and that behave like stem cells.
Xie and Spradling, 1998). Indeed, Xie and SpradlingThis finding demonstrates that the somatic cells at the tip of
demonstrated that a signalling cascade involving both somatibe germarium constitute a niche for the GSCs (Xie and
and germline cells at the tip of the germarium maintains th8pradling, 2000).
stem cell lineage in the germline. The T@Ramily protein Taken together, the observations described above
DPP, a homologue of the human bone morphogenetic proteidemonstrate that the differentiated somatic cells surrounding
(BMPs) BMP2 and BMP4, is probably secreted by the somatithe GSCs in the germarium provide a molecular milieu able to
cells in the niche; the DPP receptor and the proteinsegulate, induce and support the development of new stem

Fig. 1. The germarium, a niche
for germline stem cells. (A) A
wild-type ovariole showing the
germarium (anterior tip; bracket)
and a string of developing egg
chambers, all of which derive
from the activity of stem cells in
the germarium. The oocyte is the
cell located at the posterior of the
cysts that accumulates most of the
green staining. The dashed line
labels the anterior half of the
germarium hosting the germline
stem cells represented in B and
pictured in C and E. Red: F-actin
staining to show the shape and
arrangement of somatic and
germline cells. (B) The scheme
represents different cell types
present in a wild-type germarium.
Terminal filament cells, cap cells and inner
sheath cells are of somatic origin (tigp
gene is expressed in the cap cells); the
differentiating germline cells are the
cystoblast (daughter of a stem cell) and the
cystocytes, which form part of 2-, 4-, 8- and
16-cell cysts. The organelle in red is the
fusome, which acquires a spherical shape in
germline stem cells and in cystoblasts in
interphase, and a branched appearance in
developing cysts. (C) Wild-type germarium
. stained with F-actin to visualise the shape of
r.-:";':::::"?{f}n : somatic cells (red); germline cells are stained

) in green. The large cells in contact with the
cap cells are germline stem cells. Note the
, L apposition of both cell types. (D) Wild-type
Inner Sheiith YRR germarium showing the localisation of the
Cells , ' Armadillo protein in the junctions between

o cap cells, and between the cap cells and the

germline stem cells. This focal plane depicts
only three cap cells. (E) Wild-type germarium
showing the apical localisation of the
spherical fusome present in germline stem
cells. Asterisks label cap cells.




Stem cells, niches and cadherins 951

cells. Furthermore, terminal filament cells and cap cells see
to play an essential role in the niche. First, the number of ce
cells per GSC is maintained in adult germaria [2.5 ca|
cells/GSC on average (Xie and Spradling, 2000)]. Second, c:
cells expresgppmRNA, implicating them as the source of the
DPP that regulates GSC proliferation and differentiation (Xie
and Spradling, 2000). Third, other genes known to be require
for GSC survival in the ovary, such fas(1) Yh piwi and, to a
lesser extenthiedgehogare expressed in the terminal filament
and cap cells (Bhat, 1999; Cox et al., 1998; Cox et al., 200l
Forbes et al., 1996; King and Lin, 1999; King et al., 2001
Lin and Spradling, 1997; Parisi and Lin, 1999; Zhang anc
Kalderon, 2001). Although other somatic cells in the
germarium expresslpp mRNA, the spatial organisation of
terminal filament cells, cap cells and GSCs makes the termin
filament and cap cells the best candidates for a signalling cent
essential for the proper function of the niche. Decisive proa
that these specialised somatic cells indeed regulate the G¢
microenvironment awaits experiments in which they are
genetically manipulated so that they cannot produce function:
DPP or other candidate factor(s) that may play a part i
controlling the behaviour of GSCs.

The origin of the germarial niche for germline stem cells

The precursors of the GSCs in theosophilaembryo are the

pole cells, a group of cells set aside at the start c
embryogenesis that constitute the first distinct cell lineag
established in the embryo. Pole cells, which are equivalent !
primordial germ cells of vertebrate embryos, are initially
located at the posterior pole of the blastoderm embryo. At th
beginning of gastrulation, they move dorsally and are carrie
inside the embryo by posterior midgut invagination. Pole cell:
next migrate across the midgut to contact the embryoni
mesoderm and subsequently divide into two groups, whic
interact with the gonadal mesoderm to form the primitive
gonads (Starz-Gaiano and Lehmann, 2000). Each fema
embryonic gonad hosts 12 pole cells on average. Durin
embryogenesis and the larval stages, these cells proliferate
make 80-110 pole cells per larval ovary. At the end of larva
development, pole cells stop proliferating and the first signs ¢
oogenic differentiation are observed (King, 1970; Lin anc
Spradling, 1997). Concomitantly, pole cells become refractor

to hybrid dysgenesis at the larval-pupal transition, Whid}:i . 2.The generation of a niche during gonadal development.

suggests that larval and pupal germline cells possess differe(ﬁg An early pupal gonad (0-2 hours after puparium formation)

properties (Bhat and Schedl, 1997). _ _ showing the disposition of terminal filament cells and cap cells, and
The somatic cells of the gonad also proliferate during thgermline cells. This focal plane depicts five ovarioles.

larval stages, remaining relatively undifferentiated. At the engB,c) Magnification of ovarioles from 0-2 hour pupal gonads.

of the larval phase of development, they begin to differentiatéB) Germline cell in metaphase. The mitotic spindle is oriented so
ultimately subdividing the gonad into 17-20 ovarioles. At thisthat one of the daughter cells will remain in contact with the cap
stage, the terminal filament cells and a group of cells that, &glls. (C) Cystoblast dividing; the mitotic spindle of these

least on morphological grounds, look like cap cells, form théllfferentlat_lng ce_IIs is orlentgd_ randomly Wlth respect to th(_a cap
anterior structure of the germarium (Chen et al., 2001; God€!lS: In this particular case itis perpendicular to the anterior-
and Laski, 1995) (Fig. 2). In close contact with theseoosterlor axis of the ovariole. Red: tubulin staining to show cell

presumptive cap cells are two or three germline cells that miglapapes and mitotic spindles; green: membrane-bound GFP driven by

be the precursors of adult GSCs. These germline-derived ce ;rrr]réllﬂg fg?;gg:l Sﬁgg;egéﬂ;ébel germline cells; blue: phospho
behave like the stem cells in mature ovaries: they possess a

spherical fusome located apically, near the boundary with the

cap cells; and they divide so that one of the daughter celigerm cells become refractory to hybrid dysgenesis at the larval-
always remains in contact with the cap cells (J. Bolivar angupal transition, and that this coincides with the differentiation

A.G.-R., unpublished observations) (Fig. 2). Considering thadf the terminal filament and presumably cap cells, it is tempting
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to speculate that it is the apposition of cap cells and pole celBonzalez-Reyes and St Johnston, 1998). In a wild-type egg
that pushes the latter into acquiring a stem cell fate. In thishamber, a layer of follicle cells surrounds the germline cells,
model, pole cells proliferate throughout larval stages to makine oocyte and the nurse cells. Early in oogenesis, the oocyte
the pool of germline cells present in third instar larvae; onceomes to lie posterior to the nurse cells; this arrangement is
the terminal filament and cap cells of the gonad differentiatenaintained during the rest of oogenesis and is essential for
and are organised into a niche, they induce the germline celsoper polarisation of the embryo (Fig. 1) (van Eeden and St
in contact with the latter to adopt a stem cell fate. The newlyohnston, 1999). Cadherin-mediated cell sorting and adhesion
formed GSCs will then initiate asymmetric divisions to sustairplay an active role in the posterior positioning of the oocyte.
oogenesis. The oocyte possesses higher leveldDé&fcadherin than the
nurse cells; conveniently, the follicle cells at the poles of the
] ] ] egg chamber also possess higher levelBBfcadherin than
The recruitment and anchoring of germline stem the rest of the follicle cells. As in Steinberg and Takeichi's
cells to their niche is cadherin dependent experiment, the oocyte recognises the increased levelg-of
Given the significance of the microenvironment for regulatiorcadherin in the follicle cells at the posterior and adheres to
of stem cell homeostasis, it is important to understand théhem, thus achieving its posterior positioning (Godt and
mechanisms responsible for maintaining the architecture dfepass, 1998; Gonzalez-Reyes and St Johnston, 1998).
stem cell niches. For some time now, we have known that Organisation of the germline stem cell niche in the
adhesion molecules are important for the stroma—stem-cdllrosophila ovary constitutes another use of the adhesive
interactions, and recent work has demonstrated that cadheriproperties of classical cadherins during ovary development
mediated adhesion is central to such interactions. Thgong et al., 2002). Germline cells come into contact with the
cadherins are a superfamily of Talependent cell-cell specialised somatic cells that form the tip of the germarium
adhesion molecules originally classified as single-pasduring late larval development. The juxtaposition of germline
transmembrane glycoproteins responsible for adhererslls with future cap cells seems to initiate the establishment
junctions (Takeichi, 1995). ‘Classical’ cadherins are aof adherens junctions that are maintained throughout pupal
subgroup of this superfamily present throughout metazodevelopment and adult life. Indeed, germline cells lackikg
characterised by their interactions with the actin cytoskeletooadherin are incorporated at a lower frequency in the adult
through cytoplasmic catenins (Angst et al., 2001; Steinberg argermarium than are their wild-type siblings. This result
McNutt, 1999; Tepass et al., 2000). They are involved irdemonstrates that cadherin-mediated adhesion, probably in
a variety of cell biological processes that require theconcert with other factors, is necessary to recruit stem cells
establishment of adhesive connections between cells, including their developmental microenvironment. In additi®E-
neural development, maintenance of apical-basal polarity ioadherin and theDrosophila homologue of B-catenin,
epithelial cells, cell migration, cell sorting, establishmentArmadillo, are concentrated at the interface between cap cells
of tissue boundaries and tissue rearrangements durirand GSCs in the adult ovary, which supports a role for this
morphogenesis (Dumstrei et al., 2002; Godt and Tepass, 19%8jhesion system in anchoring GSCs to their niche (Fig. 1D).
Gonzalez-Reyes and St Johnston, 1998; Inoue et al., 2001; The fact that in mosaic germaria containing both wild-type and
Borgne et al., 2002; Martinek and Gaul, 1997; Murase andadherin-mutant GSCs the mutant cells leave the niche,
Schuman, 1999; Niewiadomska et al., 1999; Oda et al., 199differentiate and are replaced by their wild-type neighbours is
Price et al., 2002; Tanaka-Matakatsu et al., 1996; Tepass et @lso consistent with this idea (Song et al., 2002). However, a
2002; Tepass et al., 1996; Uemura, 1998; Uemura et al., 199&ck of DE-cadherin or Armadillo does not seem to
Classical cadherins are also implicated in cell signalling andompromise the identity or behaviour of stem cells, since the
control of cell proliferation and differentiation (Knudsen et al.,mutant stem cells persist for at least three weeks after removal
1998; Willert and Nusse, 1998). of DE-cadherin or Armadillo (Song et al., 2002). Altogether,
The generation of different structures during morphogenesihese results indicate that adhesion of GSCs to the somatic cap
relies upon the ability of cells to sort themselves into distinctells is mediated mainly HYE-cadherin. This adhesion system
cell populations. The physical segregation of kindred cell typets thus responsible for the recruitment and anchoring of GSCs
depends on differences in the relative strengths of cetb their niche. However, it is not required for GSC development
adhesions and non-directed cell motility (Garcia-Bellido,as stem cells: as long as these cells remain in the appropriate
1975; Tepass et al., 2002), as formulated by Steinberg in hésvironment, even in the absencd®&-cadherin or Armadillo
‘differential adhesion’ hypothesis (Steinberg, 1963). Steinbergroteins, they retain the self-renewal capacity and asymmetric
and Takeichi initially demonstrated the crucial role ofdivision typical of stem cells. These observations argue against
cadherins in cell sorting by in vitro experiments in which theya role for cadherin-mediated signalling in GSC development.
cultured pellets of cells expressing different amounts of P-
cadherin together. In these experiments, the different cell )
populations eventually segregated from each other to form @onclusions
sphere in which the cells that expressed higher levels of H+e identification of the molecular mechanisms that are
cadherin were concentrated in the center, whereas cells thrasponsible for organising a stem cell niche is the initial step
expressed lower levels of P-cadherin formed a layer around this understanding the biology of stem cells in vivo. Here, | have
core, a ‘sphere-within-a-sphere’ (Steinberg and Takeichiattempted to describe the evidence emerging from the analysis
1994). In vivo experiments using oogenesiDiosophilaas  of the regulatory microenvironment of adult stem cells in
an experimental system provided further evidence that classidatosophila The simplicity of the system, and its susceptibility
cadherins mediate cell sorting (Godt and Tepass, 1998 genetic manipulation, has helped enormously in elucidating
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some of the genes and molecules involved in establishing and2001). Cofilin/ADF is required for cell motility durinBrosophilaovary
maintaining adult stem cells. The stem cells present in this development and oogenesiat. Cell Biol.3, 204-209.

particular niche are germline cells and have therefore a highfy?*: D.» €hao, A., Baker, J., Chang, L., Qiao, D. and Lin, H(1998). A
novel class of evolutionary conserved genes definepivyare essential

restricted developmental potential, because they ultimately ¢y siem cell self-renewaGenes Devi2 3715-3727.

give rise to a single differentiated cell type, the gametecox, D., Chao, A. and Lin, H.(2000).piwi encodes a nucleoplasmic factor
However, at least some aspects of the stroma—stem-cellwhose activity modulates the number and division rate of germline stem

interactions in theDrosophila germarium appear to be _ cells.Developmenti27, 503-514. _ N
conserved in other stem cell niches Cumano, A. and Godin, I. (2001). Pluripotent hematopoietic stem cell

. development during embryogenesiirr. Opin. Immunol13, 166-171.
_T_he success of stem cell trans_p|amat|0ns depends on tBgiey, G.(2002). Prospects for stem cell therapeutics: myths and medicines.
ability of these cells to interact with stromal cells and to re- Curr. Opin. Genet. De\i2, 607-613.
populate the empty niches, a property of stem cells known &g Cuevas, M. and Spradling, A(1998). Morphogenesis of ttigrosophila

homing. Perhaps the best-studied experimental model in this‘(zusé’mze ggd its implications for oocyte specificatibrevelopmentl25
781-2799.

reg"f‘rd ,'S _the hemat0p0|§t|9 system, Where stem Ceu§umstrei, K., Wang, F., Shy, D., Tepass, U. and Hartenstein, Y2002).
originating n the he'mat0p0|efuc organs migrate between Qndlnteraction between EGFR signaling amE-cadherin during nervous
populate different niches during development and adult life system morphogenesiBevelopment 29, 3983-3994. _
(Orkin, 2001). Under experimental conditions and uporforbes, A, Lin, H., Ingham, P. and Spradling, A. C(1996). hedgehogs
transplantation, infused stem cells can re-populate the boneﬁ%ﬂ'igdeg L*;gﬂggﬁiﬁtﬁgtﬁﬂdﬁﬁﬁggﬁ?ﬁ%”ei’faféfﬁgrn’fzozm ffggolmlc?ig cete
marrow in two phases: first, they can engraft the bone marro,chs, E. and Segre, 12001). Stem cells: a new lease on Il 100, 143-
stroma transiently and sustain hematopoiesis for up to fouri1ss.
weeks; subsequently, they interact with the stromal cells arfélarcia-Ber:IIido, t/)\- (1973)- Genetic control of wing disc development in
i ; _ ; Drosophila Ciba Found. Sym®9, 161-183.

occupy the empty niches to provide long-term protectio \ :
(Cumano and Godin, 2001; Whetton and Graham, 1990f1c: & 200 (0t BCC0) e o e enuarement of brc
Despite its importance, the mechanisms regulating stem cella brac.Development21, 173-178.
homing are not fully understood. Signalling molecules such aSodt, D. and Tepass, U(1998).Drosophilacocyte localization is mediated
chemokines and growth factors are known to be involved, by differential cadherin-based adhesidlature 395 387-391. .
and local secretion of proteases by stromal cells and tHgonzaléz-Reyes, A. and St Johnston, L998). TheDrosophilaAP axis is

. . . . olarised by the cadherin-mediated positioning of the ooBygeelopment
concomitant release of stem-cell cytokinesis is an essential ste;ﬂj25 3635-3644.
contributing to the mobilisation of stem cells (Heissig et al.Heissig, B., Hattori, K., Dias, S., Friedrich, M., Ferris, B., Hackett, N.,
2002; Whetton and Graham, 1999). Cell adhesion moleculesCrystal, R., Besmer, P., Lyden, D., Moore, M. et al2002). Recruitment
have also been proposed to mediate the interaction betweerf Sdt?T gndlpfc’ger‘f‘t@: :?e”sgﬂ'l‘“lggeé)zcg‘%s”;a"ow niche requires MMP-9
stem cells and stromal cells in vitro. For instance, epitheligl, o Tanaks T Takoich M. Chisaka 0. Nakamura. S. and Osumi
cadherin is present in huma_n bone marrow stroma and_tD34 N. (2001). Role of cadherins in maintaining the compartment boundary
bone marrow stem cells, which suggests that, like the situationbetween the cortex and striatum during developm@atelopmentl28
in the Drosophilaovary, this molecule is involved in stem cell = 561-569. . o _
adhesion in vertebrates (Turel and Rao, 1998). Other adhesié?i‘es' L.(2001). Stem cells: So what's in a nicl@&dr. Biol. 11, R484-RA86.

. . - . L ing, R. (1970). Ovarian development iDrosophila melanogasterNew

molecules important in this context include mucin-like "\ | ondon: Academic Press.
m0|eCU|?S, such as CD164, aﬂd mteg(lns (Te!deO etal., 199%ing, F. and Lin, H. (1999). Somatic signaling mediated Bs(1)Ybis
Zannettino et al., 1998). It might be interesting to test these essential for germline stem cell maintenance duBirgsophilacogenesis.
candidates in an experimental in vivo system such as theDevelopmeni26 1833-1844.

: : - King, F., Szakmary, A., Cox, D. and Lin, H.(2001). Yb modulates the
Drosoph|laovary. In the future, advances in our understandin divisions of both germline and somatic stem cells through piwi- and hh-

of the signalling pathways used by stromal cap cells t0 yegiated mechanisms in tBeosophilaovary. Mol. Cell 7, 497-508.
influence the behaviour of germline stem cells should helgnudsen, K., Frankowski, C., Johnson, K. and Wheelock, M. J1998). A
broaden our comprehension of the bio|ogy of other stem cell ;(?Llelfgg (:1a7%herins in cellular signaling and differentiatidnCell Biochem.
type_s a.nd shed |Ight on the deveIOpment of therapeu“Ee Borgne, R., Bellaiche, Y. and Schweisguth, £2002). Drosophila E-
appllcatlons for stem cell research. cadherin regulates the orientation of asymmetric cell division in the sensory
. . . organ lineageCurr. Biol. 12, 95-104.
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