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SUMMARY

Identifying the signals involved in maintaining stem cells is  constitutive wg signaling causes over-proliferation and
critical to understanding stem cell biology and to using abnormal differentiation of somatic follicle cells. This work
stem cells in future regenerative medicine. In the demonstrates thatwgsignaling regulates SSC maintenance
Drosophila ovary, Hedgehog is the only known signal for and that its constitutive signaling influences follicle cell
maintaining somatic stem cells (SSCs). Here we report proliferation and differentiation. In mammals, constitutive
that Wingless (Wg) signaling is also essential for SSC [-catenin causes over-proliferation and abnormal
maintenance in theDrosophila ovary. Wg is expressed in differentiation of skin cells, resulting in skin cancer
terminal filament and cap cells, a few cells away from SSCs. formation. Possibly, mechanisms regulating proliferation
Downregulation of Wg signaling in SSCs through removal and differentiation of epithelial cells, including epithelial
of positive regulators of Wg signaling,dishevelledand  stem cells, is conserved fronDrosophilato man.

armadillo, results in rapid SSC loss. Constitutive Wg

signaling in SSCs through the removal of its negative

regulators, Axin and shaggy also causes SSC loss. Also, Key words: Somatic stem cells, OvaBrosophilg wingless

INTRODUCTION terminal filament cells. After a GSC divides, the daughter still
in contact with cap cells remains a stem cell, whereas the
Stem cells are distinguished from other cells by a unique abilit)aughter that is more distant from cap cells differentiates into
to self-renew and continuously produce one or several cystoblast. However, if both daughters remain in contact with
differentiated cell types throughout the lifetime of an organisntap cells, they both become stem cells (Xie and Spradling,
(Donovan and Gearhart, 2001; Spradling et al., 20012000). Consistent with the existence of niches, terminal
Increasing evidence shows that stem cells are controlled byfi'ament, cap cells and IGS cells express several genes that are
specialized regulatory microenvironment or ‘niche’ (Watt andmportant for GSC function (Cox et al., 1998; King and Lin,
Hogan, 2000; Spradling et al., 2001; Nishimura et al., 2002)1999; Xie and Spradling, 1998; Xie and Spradling, 2000). In
It has been demonstrated that germline stem cells (GSCs) adldition, the failure of GSCs to stay in their niches, because of
the Drosophilaovary are located in niches (Cox et al., 1998;defects in DE-cadherin-mediated cell adhesion, results in stem
King and Lin, 1999; Xie and Spradling, 1998; Cox et al., 2000¢ell loss (Song et al., 2002).
Xie and Spradling, 2000; King et al., 2001). Identification of Two or three SSCs, located in the middle of the germarium
the signals involved in the communication between stem cellgig. 1A), generate several different types of somatic follicle
and their niches is important for understanding stem cetiells in egg chambers (Margolis and Spradling, 1995; Zhang
biology and its role in future regenerative medicine. and Kalderon, 2001). These stem cells directly interact with a
The Drosophilaovary is an excellent system in which to posterior group of IGS cells that may function as the niche for
study two different stem cell types that are responsible for eg§SCs. Their immediate progeny, also known as follicle cell
production during adult life (Lin, 1998; Xie and Spradling, progenitors, can divide and generate differentiated follicle cells
2001). The adult ovary contains 12-16 ovarioles, each with #hat encapsulate germ cysts to form individual egg chambers.
germarium at the tip, in which GSCs and somatic stem cellsedgehodhh) is expressed in terminal filament and cap cells,
(SSCs) are located (Fig. 1A). Two or three GSCs, surroundezhd directly regulates SSC maintenance and proliferation
by three groups of somatic cells at the germarial tip [terminglForbes et al., 1996a; King et al., 2001; Zhang and Kalderon,
filament cells (TFs), cap cells (CPCs) and inner germarig001). Reduction dihsignaling causes stem cell loss, whereas
sheath (IGS) cells] produce all germline cells in the ovarioleconstitutivehh signaling causes SSC proliferation (Zhang and
These stem cells directly contact cap cells and are posterior k@alderon, 2001). Recentlfs(1)Ybhas been shown to regulate
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follicle cell proliferation through the regulation ofh  UAS-dsh UAS-Fz2 UAS-arn$19 wgs and w118 All Drosophila
expression in theDrosophila ovary (King et al., 2001). stocks were maintained at room temperature on standard cornmeal/
Similarly, in mice and humans, constitutive sonic hedgehogolasses/agar media. Thef¥CyO flies were grown at 1€ to
(Shh signaling can cause basal cell carcinoma (Johnson et gpbtain homozygousvg mutant females. For more severe ovarian
1996; Oro et al., 1997). These studies suggest hhas phenotypeswg homozygous mutant flies ar)d Wllq-type control flies
probably a general growth factor for regulating epithelial cellvere cultured at 3€ for a week before their ovaries were isolated.
prOlife!’ation and dlﬁerentlatlon frorDrOSOphila:tO human.s. Generating mutant somatic stem cell clones
Delta is expressed in germline cells and directly activategjones of mutant SSCs were generated by FLP-mediated mitotic
Notchin somatic follicle cells to control their proliferation and recombination. To generate the stocks dom, dsh or sgg clonal
differentiation through regulatingdecapentaplegic (dpp) analysis, FRTsa sgd"l'Y/FM7, FRTisa dshA139FM7, FRTisa
expression (Jordan et al., 2000). It remains unclear whetham?FM7, FRTiga arm®/FM7, FRTiga arm3/FM7, FRTiga
Notchor dppalso regulates SSCs in tBeosophilaovary. arm?/FM7 and FRTga + virgin females were mated with males
In mammals, increasing evidence shows that Bvoatenin ~ FRTisa armadillo-lacZ hs-FLP, respectively. To generate the stocks
signaling is important for regulating epithelial cells (Oshima efor Axn clonal analysis, FRis AxrP04423TM3 Sb and FRi2s +

al., 2001; Taylor et al., 2000; Watt, 2001). Two populations o ales were mated with virgin femalgs hs-FLP FRTg2g armadillo-
”! ’ R ! ! . Z, respectively. One- or two-day-old adult non-FM7 or non-Sbh
stem cells are localized in the basal cell layer and the deep r glgnales carrying aarmadillo-lacZtransgene in trans to the mutant-

rldges. R_ecent ey@ence |ndlcates_ that long-lived Ste'_“ cel aring chromosome were heat-shocked six times°& ®F 1 hour
reside apically within the bulge region and are responsible fqg_15 hour intervals). The females were transferred to fresh food daily
re-populating matrix stem cells and replacing epidermal stem room temperature, and ovaries were removed from them one, two
cells (Oshima et al., 2001; Taylor et al., 2000). The dermajr three weeks after the last heat-shock treatment and then further
papilla seems to be a key niche component, producing signaleocessed for antibody staining. To determine stem cell maintenance,
that stimulate matrix stem cell activity. Signals such aghe percentages of the ovarioles carrying a marked SSC clone at
fioroblast growth factor (FGF)-7, Bl-integrin, bone different time points were calculated by dividing the number of
morphogenetic protein (BMP)-4 arsthhhave been shown to 9germaria carrying marked follicles by the total number of germaria
regulate different aspects of hair follicle cell proliferation angéxamined.

differentiation (Spradling et al., 2001; Watt and Hogan, 2000)o,erexpression of wg downstream components in the
Furthermore, increasing evidence shows that @vcatenin  ovary

signaling is important for regulating epithelial cells inr, construct the stocks for over-expressimgy downstream
mammals. For example, Wgtcatenin signaling is required components in the ovary, thes-Galdvirgin females were crossed

for hair follicle cells to form and for matrix-derived cells to with males carryindgJAS-Fz2 UAS-dstandUAS-arn$10 The females
differentiate into follicular rather than epidermal keratinocyteghat did not carry balancer chromosomes were heat-shocked eight
(DasGupta and Fuchs, 1999; Huelsken et al.,, 2001}imes at 37C for 1 hour (8-12 hour intervals for 4 days). The females
Constitutive activation of Wnt signaling increases hair folliclewere further cultured at room temperature for 1 day before their
and skin tumor formation in mice and humans (Chan et alovaries were isolated for analysis.

1999; Gat et al., 1998). Defective maintenance of crypts in thl%munohistochemistry

small 'lntestlnes of TCf'.A' knqckout mice Suggests th"."t erhe following antisera were used: monoclonal anti-Hts antibody 1B1
signaling also regulates intestinal stem cell activity (Korinek eE1:4)’ monoclonal anti-Fas3 antibody 7G10 (1:4), monaclonal anti-

al., 1998). . . . . Wg antibody 4D4 (1:2), rabbit polyclonal afigalactosidase (1:150;

In Drosophila Wg signal is transduced by Frizzled molecular Probes) and rabbit poly anti-Vasa (1:1000) antibodies.
receptors, Frizzled (Fz) and Frizzled 2 (Fz2), resulting in the To detect secreted Wg protein, we followed the published
phosphorylation of the cytoplasmic protein Dishevelled (Dsh)procedures (Strigini and Cohen, 2000). To detect other proteins,
inhibition of Shaggy (Sgg) and Axin (Axn), stabilization of ovaries were processed according to the published procedures (Song
Armadillo (Arm) and activation of target gene expressioret al., 2002). All micrographs were taken using a Leica SPII confocal
(reviewed by Peifer and Polakis, 200®)g is involved in  MICroscope.
regulating many different cellular processes dubngsophila
development, and it is transcribed in cells close to GSCs and
SSCs, but its role in stem cell regulation in Eresophilahas ~RESULTS
not been previously demonstrated (Forbes et al., 1996b). Here,
we report thaivg signaling directly regulates SSC maintenanceg signaling regulates the production of somatic
and that constitutiverg signaling causes over-proliferation and follicle cells during early ~ Drosophila oogenesis
improper differentiation of their progeny in thgrosophila  wgis expressed in the cap cells of @sophilaovary based
ovary. on an enhancer trap line in which the bactdae¥ gene with

a minimal basal promoter is directly inserted intowlgdocus
(Forbes et al., 1996b). To directly determine Wg protein

MATERIALS AND METHODS distribution in the germarium, wild-type ovaries were
immunostained using an anti-Wg monoclonal antibody. We
Drosophila stocks and genetics observed that Wg proteins were present in high levels at the tip

The following fly stocks were used in this study and are described ifif the germarium (including terminal filament cells and cap
Flybase: X-15-29, X-15-33, MKRS hs-FLP, FRE sgd", FRTiga cells) (Fig. 1B). We also observed that low levels of Wg
dsh’A135 FRTiga arm?, FRTiga armg, FRTiga armd, FRTiga arnt, proteins were present in the germ cells in the egg chambers
FRTiga +, FRTeos AxnS044230 FRTgop +, hs-GAL4 C587-GAL4  (data not shown). GSCs and SSCs are located in the regions of
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Fig. 1.wgsignaling regulates follicle cell
production or differentiation in the
Drosophilaovary. (A) Cross-sectional
diagram of eDrosophilagermarium. Two
or three SSCs, follicle cell progenitors a
differentiated follicle cells are located in
regions 2A, 2B and 3, respectively. The
micrographs in B-E represent one confc
cross section of the germarium or ovaric
(B) A wild-type germarium labeled for W
(red) and nuclei (blue). Terminal filamer
and cap cells in the germarium express
proteins (cap cells indicated by
arrowheads). (C) A wild-type germariun
labeled for Hts (red) and nuclei (blue)
showing 16-cell cysts (outlined). (D) A mutamgfs germarium labeled for Hts (red) and nuclei (blue) showing accumulation of extra 16-cell
cysts (outlined). (E) A mutamigts germarium labeled for Hts (red) and nuclei (blue) showing ongoing encapsulation of two cysts (outlined and
indicated by arrows) into an egg chamber. All the germaria are shown at the same scale. Scale bamin @B16ystoblast; CPC, cap cell;

DCs, developing cysts; FC, follicle cell; FS, fusome; GSCs, germline stem cells; IGS, inner germarial sheath cell; S8ge8RGCs,

somatic stem cells; TF, terminal filament cell.

the germarium that express Wg, suggesting a possible role also formed long stalks with multiple rows of cells instead of
W(g in stem cell regulation. one row in wild type. These follicle cell over-proliferation

To directly determine whethevg regulates somatic follicle phenotypes are similar to, but weaker than, those caused by
cell production, we studied the mutawg ovary using a increasinghh and Notch signaling activities (Forbes et al.,
temperature-sensitive allelegs. Thewg flies can survive to  1996b; Larkin et al., 1996; Zhang and Kalderon, 2000). These
adulthood at 18 (Bejsovec and Martinez Arias, 1991), which results raise the possibility thatg signaling modulates
allows us to examine the role wfg in the adult ovary. One somatic follicle cell production in the adudrosophilaovary.
week after the shift to a restrictive temperature®C30 the ) o
ovaries were immunostained with an anti-Huli tai shao (Htsy'sh, arm, sgg and Axn are required for maintaining
antibody. The Hts protein is present not only on spectrosomé&®matic stem cells in the adult ovary
in GSCs, cystoblasts and fusomes in early germline cysts, blihe above experiments suggest thgsignaling could regulate
also on the membranes of somatic follicle cells (Lin et al.SSC function. However, Hh has a similar expression pattern to
1994). Bothwgts and wild-type females were raised under thethat ofwg, and is known to directly regulate SSCs (Forbes et
same conditions (incubation at the restrictive temperaturel., 1996a; King et al., 2001; Zhang and Kalderon, 2001). To
30°C, for one week). Theg'S mutant germarium carried many determine whethewg signaling directly regulates SSCs, we
more germline cysts (2G:8.8; n=40) in comparison with the first tested whether removal dsh sgg Axn and arm from
wild-type one (7.21.2;n=49) (Fig. 1C,D). Sometimes, in the SSCs affects their behavior using the FLP-mediated FRT
wg's mutant germarium, two 16-cell cysts were packed into amitotic recombination technique (Xu and Rubin, 1993). Marked
egg chamber because of over-crowded germline cysts r-
defects in follicle cells (Fig. 1E). These swollen germaria coul
result from over-production of germline cysts, reduction of A
somatic follicle cell production or defects in follicle cell &
differentiation.wg signaling does not seem to directly regulate g
the maintenance or division of GSCs (Song et al., 2002) (da
not shown). This raises the possibility thag could regulate
proliferation and differentiation of follicle cells.

To further determine whethewvg signaling is capable of
regulating follicle cell production, we over-expresga@, dsh L
and activateérmin the adult ovary using transgengAS-Fz2 A IM'
UAS-dshandUAS-arn$10 These transgenes have been used t “ E .
increasevg signaling by increasing the amount of downstrean Bt
components using the GAL4-driven UAS target gene
expression system (Brand and Perrimon, 1993; Axelrod et a
1998; Cadigan et al., 1998; Pai et al., 1997). hhegald _ _ o _
transgene allows us to induce transcription of target gendd: 2-Increasingvgsignaling by over-expressivgg downstream

: : g components can promote follicle cell proliferation. The ovariole from
in the adult Drosophila ovary by heat-shock treatments. the females over-expressing (A) no genes (controlFé) (C) dsh

Normally, a row of 5-7 stalk cells link two adjacent €99and (D) an activatedrm for four days are labeled for Vasa (red) and
chambers (Fig. 2A). After four days of pulsed heat-shoclys (green). A shows normal stalk cells (arrows), whereas B-D show
treatment, over-expression B£2 dshand the activatedrm  extra stalk cells (arrows). A and D represent one confocal section,
consistently produced more follicle cells that accumulatewhereas B and C show images of multiple sections. All the germaria
between egg chambers (Fig. 2B-D). These extra follicle cellare shown at the same scale. Scale bar in Ani0
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clones homozygous for loss-of-function mutations in SSCsubjecting females of the appropriate genotype to heat-shock
were generated according to experimental procedures add examining their ovaries one week ladshA135is a strong
identified by loss of expression of taem-lacZtransgene that loss-of-function allele that severely disrupts tg signaling
is strongly expressed in all the cells within the germarium (Xigoathway (Heslip et al., 1997). In the control, marked wild-type
and Spradling, 1998; Song and Xie, 2002). This method n@&@SCs were well maintained within the three-week testing
only induces recombination events in SSCs but also in folliclperiod. It has been previously shown that wild-type SSCs have
cells, and thus marks both SSCs and follicle cells. Marked limited lifespan (Margolis and Spradling, 1995; Zhang and
follicle cell clones are only transiently present in the germariunKalderon, 2001). Our previous study demonstrated that SSCs
following their induction, and completely leave the germariumhave a half-life of approximately two weeks (Song and Xie,
one week after clone induction. Therefore, marked follicle cell2002). Consistently, this study indicates that marked wild-type
present in the germarium one week after clone inductioSSCs exhibited a similar half-life, approximately two weeks,
must surely derive from marked SSCs induced by heat-shockith only 56% of the marked SSCs observed within the first
treatments. Two or three SSCs have been mapped to the 2A/2Bek after clone induction being maintained for two more
junction of the germarium (Margolis and Spradling, 1995weeks (Fig. 3A,B, Table 1). In contrast to wild-type clones,
Zhang and Kalderon, 2001) (Fig. 1A). We consistently observechutantdsh SSC clones were lost rapidly (Table 1); 92% and
marked SSCs in the 2A/2B junction that also produced marketD0% of the marked mutadshVA135SSC clones observed one
follicle cells at the posterior part of the germarium (Fig. 3A).week after clone induction were lost two or three weeks after
Inner sheath cells in the same region as SSCs can also be labaleshe induction, respectively (Fig. 3C,D, Table 1). Consistent
by this technique but at lower rates than SSCs (Song and Xiejth the important role of Dsh in maintaining SSCs, we
2002) (X.S. and T.X., unpublished). Because IGS cells do natbserved that some ovarioles did not carry marked follicle cells
give rise to follicle cells, we differentiated between SSC andh the germarium but carried marked follicle cells in mid- or
IGS clones by the presence of marked follicle cells in thdate-stage egg chambers two or three weeks after clone
germarium. In addition, germaria carrying both IGS and SS@duction (Fig. 3D, inset). Because it only takes approximately
clones were rare, and thus IGS clones did not impact the days for newly produced follicle cells from SSCs to appear
analysis of our data. Many aspects of SSCs and their progeoy mature stage 14 eggs, those ovarioles must have carried
can be determined through this mutant clonal analysis. Losaarked mutant SSC clones during the first week after clone
rates of marked mutant SSC clones over a period of three wedksluction but lost them afterward. These results indicate that
can be compared to those of marked wild-type SSC clonaishis required to maintain SSCs in the addibsophilaovary.
to determine whether a mutation has any effect on SSC We have recently shown that DE-cadherin-mediated cell
maintenance. The effect a particular mutation has on follicle cefidhesion is essential for anchoring SSCs in their niches (Song
proliferation can be determined by analyzing the sizes of mutaand Xie, 2002). To determine whetharm is involved in
follicle cell clones in egg chambers. Finally, the mutant follicleregulating SSCs through transducingulgsignal, we used four
cells can be studied side-by-side with wild-type ones in thdifferentarmalleles:arm?, armé, arm* andarmé. armis required
same egg chamber to determine whether a mutation affedts DE-cadherin-mediated cell adhesion amg signaling in
follicle cell differentiation. Drosophila Here, two classes dairm alleles were used to
SSC clones ofistT, arnT, sgg- andAxim were generated by differentiate its role irwg signaling and cell adhesioarn? and

Fig. 3.wgdownstream components are required for SSC
maintenance. Germaria are labeledlidZ (red), Hts
(green), nuclei (blue). All the micrographs represent one
confocal cross section of the germarium. Marked wild-
type (A,B) or mutant (C-E) clones are outlined and are
identified by loss ofacZ expression. (A) A germarium
showing a one-week-old wild-type SSC clone and its
follicle cell progeny (outlined). The putative marked

SSC is indicated by an arrowhead. (B) A germarium
showing a three-week-old wild-type SSC clone in which
all follicle cells (outlined) are marked, indicating that all
the SSCs are marked. One of the putative marked SSCs
is indicated by an arrowhead. (C) A germarium showing
a one-week-old mutamish’A135SSC clone (outlined).

The putative markedshmutant SSC is indicated by an
arrowhead. (D) A germarium showing loss of a marked
mutantdsh’A135SSC clone three weeks after clone
induction indicated by absence of marked follicle cells

in the germarium but their presence in a late egg
chamber (outlined in the inset). (E) A germarium with a
marked mutansggclone three weeks after clone
induction. (F) A germarium with all SSCs mutant for
sggthree weeks after clone induction, indicated by loss
of lacZ expression in all the follicle cells. All the
germaria are shown at the same scale. Scale bar in A: 10
pm. SSCs, somatic stem cells.
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Table 1. Downstream components of therg signaling pathway are essential in maintaining SSCs in therosophilaovary

Percentage of germaria carrying Percentage of germaria carrying Percentage of germaria carrying
Genotypes a marked SSC after 1 week a marked SSC after 2 weeks a marked SSC after 3 weeks
Wild type 26.9% (145) 21.6% (268) 15.1% (218)
dshvA135 18.4% (208) 1.5% (328) 0.0% (340)
Armé 14.8% (162) 0.5% (357) 0.0% (272)
ArmP 24.3% (218) 12.7% (283) 6.0% (283)
Arm? 6.7% (150) 0.2% (416) 0.0% (461)
arm? 13.0% (192) 0.7% (282) 0.0% (282)
AxnP044230 23.6% (127) 3.7% (107) 0.5% (203)
sgg'-1 21.2% (396) 5.1% (297) 0.4% (242)

The percentage of germaria carrying a marked SSC at a given time point=the number of germaria carrying a marked SSCitotalageimaek100.
Total germaria examined for each genotype at that time point are give in parentheses.

arme are defective invg signaling but have no obvious effect on cell proliferation, we examined mutaaigh arm, sggand Axn
DE-cadherin-mediated cell adhesion (Llimargas, 2000)follicle cell clone size. During follicle epithelial development,
whereasarm?® andarm? are defective in botlvg signaling and a marked early progenitor proliferates and generates a
DE-cadherin-mediated adhesion (Peifer et al., 1993). Consistepbpulation of follicle cells that stay together throughout
with dshclonal analysis results, mutaatm? SSC clones were development. Thus, the sizes of follicle cell clones mutant for
also lost faster than wild type (Table 1). Comparecant?  a particular gene can be used to determine whether its function
mutant SSCsarm® mutant SSCs were lost at a slower rate.is required for the proliferation of follicle cells. Follicle cell
Supporting the idea that DE-cadherin-mediated cell adhesion ¢dones mutant for eithearrm or dshformed big patches similar
also required for maintaining SSCs, mutamt® SSCs were lost  to those formed by marked wild-type clones (Fig. 4A-C). The
more quickly thanarm?. Along with the mutandsh clonal mutant arm? and arm® follicle cell clones had normal
analysis, these results demonstrate wWipsignaling is required morphology in comparison with neighboring wild-type follicle
for maintaining SSCs in thBrosophilaovary. cells (Fig. 4A). The mutanarm?® or arms follicle cells lost
Unlike dshandarm, Axnandsggare downstream negative wild-type regular columnar shape, and there was abnormal
regulators ofvg signaling, and removal of their function from accumulation of Hts proteins on apical membranes instead of
SSCs can cause constitutiveg signaling. AxnS044230js a  on lateral membranes in wild type (Fig. 4B). These results
transposon-induced loss-of-function allele in which a Pindicate that DE-cadherin-mediated cell adhesion, butugot
element is inserted in the first exon, 135bp downstream of thegnaling, is very important for maintaining the integrity of
transcription start site (Hamada et al., 198g)1-1is a strong follicle cell epithelia. Consistent with the idea thatsignaling
loss-of-function allele (Heslip et al., 1997). Surprisingly,does not affect morphology of follicle cells, mutaisi/A13>
mutantsggandAxnSSC clones were also lost much faster tharfollicle cells had normal morphology and expression of Hts in
the marked wild-type SSC clones. Three weeks after cloneir apical membranes and normal sizes of mutsinor arm
induction, 98% of mutanAxns944230and sgd1-1 SSC clones clones in the germarium (Fig. 4C). To further determine
were lost, in contrast to the 44% loss of marked wild-typevhetherdshis required for proliferation of follicle cells in egg
control clones (Table 1). These results indicate that constitutivehambers, we generated twin clones derived from the same
wg signaling also shortens the SSC lifespan. follicle cell during the follicle cell development. Because the
In the germaria carrying both wild-type and mutant SSCswin clones were produced at the same time, sizes of
marked laczZ-negative) mutantAxn or sgg follicle cells homozygous mutant clones and corresponding wild-type twin
appeared more in number than wild-tyjecZ-positive) ones clones could be used to demonstrate the requirement of a
(Fig. 3E), indicating that mutaAxnor sggSSCs and/or follicle  particular gene in cell proliferatiodshmutant clones and their
progenitor cells are over-proliferative. In other germariacorresponding wild-type twin clones had similar sizes (Fig.
carrying onlylacZ-negative mutansgg or Axn follicle cells  4D), supporting thatwg signaling does not regulate the
(Fig. 3F), which is because of the natural lostacZ-positive  proliferation of follicle cells in egg chambers. These results
wild-type SSCs, more mutant follicle cells accumulateddemonstrate thatwg signaling is not essential for the
Interestingly, mutantsgg or Axn follicle cells appeared to proliferation of follicle cells in egg chambers.
express higher levels of Hts than wild-type follicle cells. In the In contrast todsh or arm mutant follicle cells, the mutant
germaria, where most or all follicle cells were mutantsigy ~ Axn or sggfollicle cells could not properly integrate into egg
or Axn, germline cysts could not undergo normal morphologicathambers, accumulating instead as a disorganized cell mass
changes from ball-like structures in region 2a to lens-shapeetween egg chambers. The mutant follicle cells also expressed
cysts in region 2b, and thus still remained in ball-like structurekigher levels of Hts proteins on their membranes (Fig. 5A-D).
in region 2b (Fig. 3E,F). These results indicate that constitutiv€he mutantAxn or sgg mutant follicle cells appeared to be
wg signaling can modulate proliferation and differentiation ofover-produced. As mentioned earlier, the wild-type cysts

SSCs and/or follicle cell progenitors. surrounded by mutanfxn or sgg follicle cells could not
undergo normal shape changes, and thus, we often observed

sgg and Axn mutant follicle cells over-proliferate that wild-type germline cysts were broken into clusters by

and accumulate between egg chambers mutantAxn or sggfollicle cells, with less than 16 germ cells

To further investigate whethevg signaling regulates follicle per cluster (Fig. 5B). This phenotype may be attributed to



3264 X.Song and T. Xie

Fig. 4.wgsignaling is not required for the
proliferation of follicle cells on egg chambers. ¢
egg chambers are labeled facZ (red), Hts
(green) and nuclei (blue). The micrographs in
and B represent one confocal cross section of
egg chamber, whereas the micrograph in C is
confocal section along the surface of an egg
chamber. Marked mutant follicle cell clones are
identified by loss ofacZ expression (outlined in
panels A-D). (A) A stage-8 egg chamber carryi
marked mutanarn? follicle cell clones. Tharm?
mutant follicle cells have normal accumulation
Hts in lateral membranes. (B) A stage-6 egg
chamber carrying mutaarn? follicle cell clones
in which Hts accumulates abnormally on apica
membranes. In this egg chamber the oocyte is
mislocalized to the anterior end because of a
defect in DE-cadherin-mediated cell adhesion.
However, the mutant follicle cell clones appear
have a normal size. (C) A stage-10 egg chamt _.
showing a mutandsh’A135follicle cell clone. The mutant clone appears to have a normal size and normal expression of Hts on lateral
membranes. (D) A stage-9 egg chamber carrying twin follicle cell clones. The misitdmiticle cell clone, which is identified by loss lafcZ
expression and highlighted by broken lines, appears to proliferate normally in comparison with the corresponding wildelgres twine
wild-type clone (highlighted by a solid line) carries two copies ofabZ gene and thus shows stronggaZ expression than the restlatz-
positive follicle cells (carrying one copy of tteeZ gene). The mutant clone appears to have a normal size and normal expression of Hts on
lateral membranes. Scale barspho.

differentiation defects of mutarggg or Axn follicle cells  the germarium. Usually, stalk cells (one row of somatic cells
because the germline cysts were wild type. The megomor  that link two adjacent egg chambers) are not mitotically active.
Axnfollicle cells in egg chambers still maintained higher levelsTo determine whether mutasggor Axnfollicle cells that exit
of Hts on their membranes with abnormal morphologies (e.ghe germarium are still capable of dividing, we examined
smaller and irregular) (Fig. 5C,D). This phenotype is restricteghosphorylated histone H3 (pH3) expression in mugggbor
only to mutant follicle cells, but neighboring wild-type cells Axnfollicle cell clones. The presence of pH3 indicates a cell
had normal expression of Hts and normal morphology (Fign the mitotic phase of the cell cycle (Hendzel et al., 1997).
5C,D), suggesting thasgg and Axn function in a cell- MutantAxnfollicle cells in the germarium and in egg chambers
autonomous manner. were pH3-positive, indicating that they are capable of dividing
The extra mutargggor Axnfollicle cells that accumulated (Fig. 6A). However, we did not observe pH3-positive cells
between egg chambers could be derived from ovewhen they accumulated between egg chambers (Fig. 6B),
proliferation of follicle cells in the germarium or from suggesting that they are not actively dividing. Observations of
continuous proliferation of mutant follicle cells after exiting mutantsggfollicle cells were similar (data not shown). These

Fig. 5. Constitutivewg signaling causes
follicle cell over-proliferation and
abnormal accumulation of Hts protein
the membranes of follicle cells. All eg¢
chambers and ovarioles are labeled fc
lacZ (red), Hts (green) and nuclei (blue
The micrographs in A-C represent one
confocal cross section of an ovariole ¢
an egg chamber, whereas the microgt
in D is one confocal section along the
surface of an egg chamber. Marked
mutant follicle cell clones are identifiet
by loss oflacZ expression (outlined in
A,C,D). (A) An ovariole showing
abnormal accumulation of extra mutar
Axnsomatic cells (outlined) between €
chambers that also express higher lev
of Hts than wild-type ones. (B) An
ovariole carrying only marked mutant
sgd"1-1follicle cells. Extra mutansgg
follicle cells accumulate abnormally
between egg chambers and break germline cysts into small clusters (arrows). (C) Egg chambers whbkmfioltanié cell clones that
express higher levels of Hts (outlined). (D) A stage-8 egg chamber with a sggafdne in which mutant follicle cells have abnormal
morphology and higher levels of Hts expression. Scale baggnl0
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abnormal morphology associated with mutant
Axn or sgg follicle cells, we used different
molecular markers to investigate whether
mutant follicle cells had defects in
differentiation. Because mutaisgg or Axn
follicle cells often accumulated between egg
chambers and were not mitotically active, we
investigated whether mutant follicle cells
adopted the same cell fates as stalk cells using
lamin C antibodies. Lamin C is highly
expressed in nuclear membranes of cap cells
and stalk cells (Fig. 6C) (Xie and Spradling,
2000) (this study). Mutanéxn follicle cells
that were integrated into egg chambers did not
express Lamin C similar to their wild-type
counterparts (Figs 6C,D). All the follicle cells
that accumulated outside egg chambers
expressed Lamin C just like normal stalk cells
(Fig. 6D). Mutantsgg follicle cells behaved
exactly like mutanfAxnfollicle cells in terms
of Lamin C expression (data not shown),
suggesting that the extra mutaktn or sgg
follicle cells in-between egg chambers adopt
some stalk cell characteristics. However,
mutantAxn or sggstalk cells were organized
differently to wild-type stalk cells. Normally,
a row of 5-7 stalk cells is organized into a
chain-like structure. The excessive muté&rn
or sggfollicle cells were often organized into
a chain-like structure but with multiple rows
in contrast to one row in wild type (Fig. 5A),
and they were sometimes completely
disorganized (Fig. 5B).

Follicle cell clones mutant fqratched(ptc)
or protein kinase A(pka, two negative
regulators of thehh pathway, have similar
mutant phenotypes to those of mutémh or
sgg follicle cells in the Drosophila ovary
(Forbes et al.,, 1996a; Zhang and Kalderon,
2001). Some mutargtc or pka follicle cells

Fig. 6. Constitutivewg signaling blocks normal differentiation pathways of follicle can adopt polar cell fates. Normally, one pair
cells. The micrograph in A represents a confocal section along the surface ofan ~ Of polar cells situates at each end of an egg
ovariole, whereas the rest are one confocal cross section of an egg chamber or an chamber and expresses high levels of Fas3.
ovariole. (A,B) Parts of two ovarioles labeled kacZ (red) and pH3 (green) showing  Polar cells play an important role in regulating
marked mutan@xnfollicle cell clones (outlined). (C,D) Parts of two ovarioles labeled egg chamber budding and generating different
for lacZ (red) and Lamin C (green), showing marked mugadatfollicle cell clones follicle cell types by expressing important
(outlined) and normal (C, arrowhead) or mutant (D, arrowhAad}talk cells. Slgnallng molecules such ampaired (Xi et
(E-J) Parts of ovarioles labeled facZ (red) and Fas3 (green) showing (E,G,) marked , 2003). To investigate whether mutdxin
;nutantAxn (outlined) or (F,H,Jsggfollicle cell clones (outlined). The mutaAkn orsggfollicle cells in egg chambers can adopt
ollicle cells between egg chambers express high levels of Fas3, but those that are

Jnglar cell fates, we examined Fas3 expression

integrated into egg follicle epithelium fail to express Fas3 at high levels. Arrows in |
J indicate wild-type polar cells. Scale barspho. In"mutantAxn or sgg follicle clones. Mutant
Axn or sgg follicle cells expressed higher

levels of Fas3 than wild-type ones in the
results suggest that the extra follicle cells lying between eggermaria and stage 2 chambers (Fig. 6E,F). Extra mAtant
chambers are generated directly from over-proliferation obr sggfollicle cells that accumulated between egg chambers
SSCs and/or follicle progenitor cells induced by hyperactivalso continuously expressed high levels of Fas3 (Fig. 6G,H).

wg signaling. In this respect, the mutant follicle cells do not behave like stalk
_ cells because stalk cells do not normally express high levels of

Mutant sgg and Axn follicle cell clones have defects Fas3. However, mutamxn or sgg follicle cells that were

in differentiation integrated into late egg chambers did not express high levels

Because we observed defects in egg chamber budding aofiFas3, similar to their neighboring wild-type follicle cells



3266 X.Song and T. Xie

(Fig. 6H-J). Only two pairs of polar cells located at both endsdhesion between SSCs and their niches. In additiorgrour
of an egg chamber continuously expressed high levels of Fag3utant clonal analysis strongly argues tatsignaling must
(Fig. 61,J). Interestingly, in some cases a few mutant folliclalso directly regulate SSC self-renewal and/or surviaath?
cells adjacent to wild-type polar cells expressed slightly highemutant SSC clones are lost very quickly over time in comparison
levels of Fas3 than wild-type follicle cells neighboring polarwith wild-type SSC clones, and then? mutation primarily
cells (Fig. 61), suggesting that mutafkn follicle cells on  affectswgsignaling but does not disrupt DE-cadherin-mediated
egg chambers also do not differentiate normally. All theseell adhesion. Therefore,wg signaling controls SSC
results indicate that mutamtxn or sgg follicle cells have maintenance through regulating SSC self-renewal/survival
differentiation defects. and/or cell adhesion between SSCs and their niche cells. The
temperature-sensitive allelewwfj gives very mild phenotypes in
follicle cell production, however, removal @fg downstream
DISCUSSION components has a dramatic impact on SSC maintenance. In
Drosophilg there are six othevgrelated genes. This raises an
Stem cells have been thought to be maintained by signals froimteresting possibility that otherg-like molecules could also be
niches in which they reside. Identifying these signals is criticahvolved in regulating SSC maintenance.
for understanding how stem cell maintenance, differentiation In addition towg signaling,hh signaling is also essential for
and division are controlled. Here we report thgtsignaling SSC maintenance and proliferation. Hyperachifesignaling
directly regulates SSC maintenance and follicle celcauses follicle cell over-proliferation and abnormal
differentiation in theDrosophila ovary. The Wg protein is differentiation of follicle cells (Forbes et al., 1996a; Zhang and
expressed in terminal filament and cap cells, a few cells awd¢alderon, 2000). Disruptingh signaling in SSCs by removing
from SSCs. Elimination of thegsignaling cascade from SSCs the function ofhh downstream components suchsasoothen
results in rapid SSC loss; whereas, its constitutive signalingnd Cubitus interruptugesults in rapid SSC loss (Zhang and
also destabilizes them, also causing their loss. Constitugve Kalderon, 2001). Similarly, reduction or elimination wfy
signaling in follicle progenitors causes over-proliferationsignaling also causes rapid SSC loss. Removahktthed a
and abnormal differentiation of follicle cells. This study negative regulator of thish pathway, stabilizes SSCs (Zhang
demonstrates thatg signaling regulates SSC maintenance andcand Kalderon, 2001). However, SSCs mutant for negative
constitutivewg signaling disrupts follicle cell differentiation in regulators for thevg pathway,sggand Axn, are destabilized.
the Drosophilaovary. All the evidence indicates thatg and hh may use different
Similarly, constitutively active-catenin in mice and mechanisms to regulate SSCs in Bresophilaovary.
humans disrupts hair follicle differentiation, resulting in the o ) ) ) _
formation of skin cancers (DasGupta and Fuchs, 199dconstitutive wg signaling causes over-proliferation
Huelsken et al., 2001). No Wnt-like molecules have beeAnd abnormal differentiation of follicle cells
directly implicated in hair follicle stem cell regulation. BecauseConstitutivewg signaling increases the division rates of early
several aspects of epithelial cell regulation have beefollicle cell progenitors in the germarium. Whéiz2, dsh
conserved fromDrosophilato humans (Jordan et al.,, 2000; and activatedarm are over-expressed, extra follicle cells
Zhang and Kalderon, 2001), our study suggests that the abiligccumulate in the ovarioles, suggesting that hyper-activation of
of Wnt-like signaling to regulate maintenance of epitheliawg signaling causes over-proliferation of follicle cells.
stem cells and the differentiation of their progeny may bé-urthermoresggor Axnmutations cause over-proliferation of

conserved. follicle cells, resulting in the formation of extra follicle cells
that accumulate outside egg chambers. These cells are not

wg signaling regulates the maintenance of somatic mitotically active and usually assume some stalk cell

stem cells characteristics. These results suggest that production of extra

W(g produced from terminal filament and cap cells may reacfollicle cells by excessivevg signaling is because of higher
SSCs at a distance of a few cells by either diffusion or activanitotic activities of progenitors and/or SSCs in the germarium.
transport, and then directly controls SSC maintenancet is important to note thatggmutations are more potent than
Furthermore, correct intermediate levelsvgfsignaling seem to  Axnin stimulating the proliferation of follicle cell progenitors.

be important for maintaining SSCs in theosophilaovary. We  The different potencies may be because of differences in how
show that reduction ofvg signaling in SSCs by removal of these mutations affeetg signaling. Alternatively, becausgg
positive regulators such asm anddshcauses rapid SSC loss, negatively regulatebh signaling (Jia et al., 20023gg could

as does constitutiveg signaling in SSCs by removal of negative be involved in negatively regulating bdth andwg signaling
regulators such a&xn andsgg wg signaling maintains SSCs in the ovary. It has been demonstrated that exceddive
through several possible mechanisms. Rvgtsignaling could  signaling causes extra follicle cells to accumulate outside egg
be required for SSC self-renewal and/or survival. Second, ¢hambers (Forbes et al., 1996a; King et al., 2001; Zhang and
could maintain the association of SSCs with IGS cells. FinallyKalderon, 2001). Therefore, it might be probable 8gdis

both mechanisms could work simultaneously. DE-cadherininvolved in regulating botlhh andwg signaling pathways in
mediated cell adhesion has been shown to be important fégllicle cells of theDrosophilaovary.

keeping SSCs in their niche (Song and Xie, 2002), and also This study also demonstrates that constitutigesignaling
sharesarm as a common component witig signaling (Peifer  disrupts the normal differentiation of somatic follicle cells.
and Polakis, 2000yvg signaling is known to regulate levels of MutantAxn or sggfollicle cells in and outside the germarium
arm, which are also important for DE-cadherin-mediated celexpress higher levels of Hts in their membranes and tend to
adhesion. Thus, it is possible thad) signaling regulates cell accumulate between egg chambers. In ovarioles that contain a
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majority of mutant follicle cells, germline cysts fail to undergoBejsovec, A. and Martinez Arias, A(1991). Roles of wingless in patterning

normal morpho|ogica| Changes necessary for proper the larval epidermis dDrosophila Developmenfi13 471-485.

; ; ; Brand, A. H. and Perrimon, N.(1993). Targeted gene expression as a means
encapsulation by follicle cells, although they are wild type, of altering cell fates and generating dominant phenoty@mslopment 18

suggesting that the mutant follicle cells are defective in their 441415
interactions with germ cells. Although some of them arecadigan, K. M., Fish, M. P., Rulifson, E. J. and Nusse, R1998). Wingless
recruited to egg chambers, these mutant follicle cells haverepression ofDrosophila frizzled 2expression shapes the Wingless
abnormal morphologies (e.g. smaller and irregular sizes). ThEprgzrgogeggtraglemcﬂith%thn%ﬂ(ljgpsl];?s?_égégg) A common human
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may prevent follicle cells from shape changes and growth. Thes 410-413.
extra mutant follicle cells accumulating outside egg chambersox, D. N., Chao, A., Baker, J., Chang, L., Qiao, D. and Lin, H1998). A
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; ; for stem cell self-renewalGenes Devl2, 3715-3727.

g_ovylever, %n“ke Sta"; (I:IeHIS' thﬁy.exﬁress hlgh. levelr']s of Fas?:ox, D. N., Chao, A. and Lin, H(2000).piwi encodes a nucleoplasmic factor
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high levels of Hts. Unlike the follicle cells in the germarium, DasGupta, R. and Fuchs, E(1999). Multiple roles for activated LEF/TCF
the cells fail to express high levels of Fas3. These resultstranscription complexes during hair follicle development and differentiation.
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indicate that constitutiverg signaling in follicle cells disrupts Donovan, P. J. and Gearhart, J.(2001). The end of the beginning for

proper follicle cell differentiation. pluripotent stem celldNature414, 92-97.
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cells and skin cancers . . . . Forbes, A. J., Spradling, A. C., Ingham, P. W. and Lin, H(1996b). The
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