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Abstract
The external environment influences stem cells, but this process is poorly understood. Our previous
work showed that germline stem cells (GSCs) respond to diet via neural insulin-like peptides (DILPs)
that act directly on the germ line to upregulate stem cell division and cyst growth under a protein-
rich diet in Drosophila. Here, we report that DILPs specifically control the G2 phase of the GSC cell
cycle via phosphoinositide-3 kinase (PI3K) and dFOXO, and that a separate diet mediator regulates
the G1 phase. Furthermore, GSC tumors, which escape the normal stem cell regulatory
microenvironment, or niche, still respond to diet via both mechanisms, indicating that niche signals
are not required for GSCs to sense or respond to diet. Our results document the effect of diet and
insulin-like signals on the cell cycle of stem cells within an intact organism, and demonstrate that
the response to diet requires multiple signals. Moreover, the retained ability of GSC tumors to respond
to diet parallels the long known connections between diet, insulin signaling, and cancer risk in
humans.
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INTRODUCTION
Stem cells self-renew and give rise to various differentiated cell types within many adult tissues
(Potten and Loeffler, 1990; Weissman, 2000). The maintenance of stem cell properties and the
precise regulation of their proliferation are, therefore, crucial to maintain tissue integrity and
function. Stem cells reside in a specialized microenvironment, or niche, where they receive
local signals, such as bone morphogenetic proteins (BMPs), Hedgehogs, and Wnts that regulate
their maintenance and proliferation (Li and Xie, 2005; Spradling et al., 2001). Despite the
unquestionable importance of local signals in regulating stem cells, stem cell activity is also
influenced by stimuli originating outside of the tissues in which they reside, such as diet,
hormones, or physical insults (Drummond-Barbosa, 2005; Narbonne and Roy, 2006b). By
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sensing and responding to external signals, stem cells can tailor the rate of cell production to
the ever-changing demands imposed on living organisms by their environment.

The ease of identification and manipulation of germline stem cells (GSCs) in the Drosophila
melanogaster ovary provides an ideal model system for studying GSC behavior in vivo (Wong
et al., 2005). Each Drosophila ovary is comprised of ovarioles, or strings of progressively more
developed egg chambers (Fig. 1A) (Spradling, 1993). The production of egg chambers is
maintained by small populations of stem cells located within the germarium, the anterior-most
region of the ovariole (Fig. 1B) (Kirilly and Xie, 2007). The division of a GSC produces a
cystoblast that divides four more times to form a 2-, 4-, 8-, and 16-cell cyst (Fig. 1C). One cell
becomes the oocyte; the others become nurse cells. Follicle cells derived from somatic stem
cells surround the cyst, generating an egg chamber that goes through fourteen developmental
stages to form a mature oocyte.

The effect of diet on stem cells and their descendents has been well documented in the
Drosophila ovary (Drummond-Barbosa and Spradling, 2001). On a protein-rich diet, germline
and somatic stem cells have high division rates, and their progeny also divide and grow fast.
On a protein-poor diet, these rates are reduced and vitellogenesis is blocked. The response to
diet is rapid and reversible, and it requires insulin signaling. Specifically, insulin-like peptides
(DILPs) produced in two clusters of neurosecretory cells in the brain directly regulate GSC
division, cyst growth and vitellogenesis, while follicle cells receive a secondary signal from
the germ line (LaFever and Drummond-Barbosa, 2005). Several questions regarding the direct
role of DILPs in mediating the effects of diet on GSC proliferation remain. It is unclear how
DILPs impinge on the GSC division cycle, whether DILPs alone mediate the effect of diet on
GSCs, and whether GSCs require proximity to niche cells to respond directly to neural DILPs.

The insulin/insulin-like growth factor (IGF) pathway is evolutionarily conserved and controls
many essential processes linked to nutrient sensing, such as metabolism, reproduction,
longevity and cell growth and proliferation (Goberdhan and Wilson, 2003; Hafen, 2004).
Drosophila has one homolog for each component of the insulin/IGF pathway, including one
receptor (Drosophila insulin receptor, or dinr); one exception, however, is the presence of
seven dilp genes. Stimulation of cells by insulin-like signals results in activation of the insulin
receptor substrate (encoded by the chico gene, in Drosophila) downstream of the receptor, and
activation of the Ras/MAPK and phosphoinositide-3 kinase (PI3K) branches of the insulin
pathway (Oldham and Hafen, 2003). Activation of PI3K increases the production of
phosphatidylinositol (3,4,5)-trisphosphate, which recruits Akt to the plasma membrane, where
it becomes activated and phosphorylates several downstream targets. In mammals, the Ras/
MAPK pathway is required for cell proliferation in response to IGF-1 (Lu and Campisi,
1992; Tanaka et al., 1996). In contrast, the PI3K pathway is necessary and sufficient to promote
DILP-induced growth and proliferation downstream of the insulin receptor substrate-like gene
chico during Drosophila development (Goberdhan and Wilson, 2003; Oldham and Hafen,
2003) (Fig. 1D). The requirement for specific branches of the insulin pathway during GSC
proliferation, however, has not been previously examined.

Insulin/IGF-mediated growth is negatively regulated by the transcriptional factor FOXO
(Forkhead box, sub-group “O”) (Barthel et al., 2005; Puig and Tjian, 2006). Under high insulin
signaling, FOXO is phosphorylated by Akt and retained in the cytoplasm. Under low insulin
signaling, FOXO translocates from the cytoplasm to the nucleus and activates transcription of
its target genes, which have roles in the regulation of cell cycle, protein synthesis and
metabolism. In Drosophila, dFOXO mediates the decrease in imaginal disc cell proliferation
resulting from reduced insulin signaling, and overexpression of dFOXO results in a starvation-
like phenotype (Junger et al., 2003; Kramer et al., 2003; Puig et al., 2003).
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In this study, we find that at least two separate mechanisms mediate the effect of diet on the
proliferation of GSCs. DILPs regulate the G2 phase of the GSC division cycle via PI3K and
dFOXO, while a separate, DILP-independent mediator of diet regulates the G1 phase.
Intriguingly, GSC tumors, which escape the niche, still respond to diet via both mechanisms,
demonstrating that nutritional inputs modify stem cell activity via multiple signals acting
independently of niche controls.

MATERIALS AND METHODS
Drosophila strains and culture

Drosophila stocks were maintained at 22-25°C. yw was used as a wildtype control. chico1,
dinrE19, dinr339, dFOXO21, dFOXO25, and bam86 alleles have been described (Drummond-
Barbosa and Spradling, 2001; Junger et al., 2003; LaFever and Drummond-Barbosa, 2005;
McKearin and Ohlstein, 1995). chico1; dFOXO21/dFOXO25 double mutants were generated
by standard crosses. Genomic rescue constructs P{chicoWT4.2}, P{chicoDrk2.1} and P
{chicoPI3K9} have been described and are not expected to affect Chico protein stability (Oldham
et al., 2002). We also confirmed by RT-PCR that these transgenes are expressed at similar
levels. Germline-specific expression of P{UAS.p-TkvAct}, encoding a constitutively active
form of the Thickveins receptor, was used to induce GSC tumors (Casanueva and Ferguson,
2004) but, due to technical difficulties with the penetration of antibodies, cell cycle analyses
was not conducted. Instead, only bam86 tumors were analyzed. Other genetic elements are
described in Flybase (http://flybase.bio.indiana.edu). Flies were cultured in standard medium
with wet yeast paste (protein-rich diet) or in an empty vial containing a Kimwipe soaked in
5% molasses (protein-poor diet).

Generation and analysis of mosaic ovarioles
Genetic mosaics were generated as described (LaFever and Drummond-Barbosa, 2005). For
chico mosaic analyses, females of the genotype hs-FLP/+; FRT40A chico1/FRT40A arm-
lacZ or hs-FLP/; FRT40A chico1/FRT40A arm-lacZ; P{chico*}/+ were generated. (P
{chico*} represents genomic rescue constructs.) To induce FLP-mediated recombination, 0-
to 3-day old females were heat shocked for 1 h at 37°C twice a day for 3 days, and subsequently
transferred to fresh food with dry yeast daily for 10 days before dissection. chico1 homozygous
clones were identified by the absence of β-galactosidase (β-gal). GSC division and cyst growth
rates were determined as described (LaFever and Drummond-Barbosa, 2005). For dFOXO
mosaic analysis, hs-FLP/; FRT 82B dFOXO*/FRT82B arm-lacZ females were generated, heat
shocked, and cultured for 10 days as above. (dFOXO* represents wild-type or dFOXO25

alleles.) The dFOXO and control mosaics were then transferred to either rich or poor diets for
0, 2, 5, and 10 days before dissection and analysis as above. Ten days was chosen as the last
time point because by then we would expect a nearly complete turnover of the population of
cystoblasts and cysts within the germarium on either diet (Drummond-Barbosa and Spradling,
2001; LaFever and Drummond-Barbosa, 2005), which would be important for the detection
of any potential changes in the relative division rate of the GSCs (measured as the relative
number of β-gal negative and β-gal positive cystoblasts and cysts inside the germaria). Please
note that although wild-type GSC division rates are lower on a poor diet (Drummond-Barbosa
and Spradling, 2001), the relative division rate remains unchanged if both GSCs within each
germarium equally modulate their proliferation upon a dietary switch (see Fig. 2G). Results
were subjected to Chi-square analysis (for GSC relative division rates) or Student’s t-test (for
cyst growth rates).

Immunostaining and fluorescence microscopy
Ovaries were dissected in Grace’s insect medium (Cambrex), fixed for 13 min at room
temperature in Grace’s medium plus 5% formaldehyde (Ted Pella), washed and stained as
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described (de Cuevas et al., 1996). The following antibodies were used: mouse monoclonal
1B1 (1:10) (Developmental Studies Hybridoma Bank, DSHB), rabbit polyclonal α-spectrin
(de Cuevas et al., 1996) (1:100), mouse monoclonal anti-β-gal (1:500) (Promega), rabbit
polyclonal anti-β-gal (1:1000) (Cappel), mouse monoclonal anti-CycE 8B10 (Richardson et
al., 1995) (1:10), guinea pig polyclonal anti-CycE (1:1000) (T. Orr-Weaver), mouse
monoclonal anti-CycB E2F4 (1:20) (DSHB), and rabbit polyclonal anti-PHH3 (1: 250)
(Upstate Biotechnology). Alexa 488-, Alexa 568- or Alexa 633-conjugated goat anti-mouse,
anti-rabbit and anti-guinea pig secondary antibodies (1:400) (Molecular Probes) were used.
Samples were incubated in 1 μg/ml DAPI (Sigma) for 8 min. Ovaries were mounted in
Vectashield (Vector Laboratories). BrdU incorporation was performed as described (Lilly and
Spradling, 1996). Briefly, dissected ovaries were incubated with 10 μM of BrdU (Sigma) in
Grace’s medium for 1 h at room temperature, washed, and fixed with 8% formaldehyde in
Grace’s medium for 5 min. After staining with primary antibodies as above, ovaries were fixed
again with 12% formaldehyde for 20 min, denatured in 2N HCl for 30 min, and neutralized in
100 mM borax for 2 min. The ovaries were then immunostained using mouse anti-BrdU (1:20)
(Becton-Dickinson). Samples were examined using a Zeiss Axioplan 2 (images shown in Figs.
3D,F-I and 4B), or a Zeiss LSM 510 confocal microscope.

Cell cycle analyses
Two-day-old females of genotypes yw, bam86, dFOXO21/dFOXO25, and dFOXO25/+ were
maintained on a rich diet for 3 days, and transferred to rich or poor diets for 2 days. dinrE19/
dinr339, chico1, chico1; dFOXO21/dFOXO25, and controls were maintained on a rich diet for
5 days. The fusome morphology, visualized by 1B1 or α-spectrin antibodies, was used to
identify cell cycle stages (de Cuevas and Spradling, 1998) (see text). Additional markers used
were BrdU incorporation (S phase), CycB (G2 and M phases), and PHH3 (M phase). In
tumorous germaria, GSC cells were identified by their round fusome morphology, and scored
for the presence of BrdU, PHH3, or CycB. Statistical analyses were performed using the
Student’s t-test.

RESULTS
The PI3K pathway mediates the effects of insulin-like signals on GSC proliferation and cyst
growth

To disrupt activation of the PI3K or Ras/MAPK branches, we used chico genomic rescue
transgenes (Oldham et al., 2002) that carry point mutations in the predicted consensus binding
sites for either the p60 (chicoPI3K-) or Grb2/Drk (chicoDrk-) adaptor proteins, respectively. We
removed the endogenous chico function in GSCs expressing these point mutants using the
flipase (FLP)/FLP-recognition target (FRT) technique (Fig. 2A-D), and determined the ratio
of mutant to control cystoblasts and cysts within mosaic germaria as a measure of the relative
division rates of chico mutant GSCs (LaFever and Drummond-Barbosa, 2005; Xie and
Spradling, 1998) (Fig. 2E). The reduced relative division rate of chico1 mutant GSCs in the
absence of a chico transgene (chico1 control) was comparable to that of previously described
dinr mutant GSCs (LaFever and Drummond-Barbosa, 2005).

Expression of a wild-type chico transgene (chicoWT) restored the GSC relative division rate to
wild-type levels. In contrast, expression of the chicoPI3K- transgene resulted in a GSC relative
division rate indistinguishable from that of the chico1 control, indicating that activation of PI3K
downstream of chico is absolutely required for the upregulation of GSC proliferation in
response to DILPs. The activity of the chicoDrk- transgene was equivalent to that of chicoWT,
suggesting that the Ras/MAPK branch is dispensable. Similar requirements were found for
cyst growth (Fig. 2C,D,F) and progression through vitellogenesis (0% of fully mutant chico1

control [n=12] or chicoPI3K- [n=7] ovarioles showed progression into vitellogenesis instead of
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degeneration, whereas 100% of chicoWT [n=7] or chicoDrk- [n=5] ovarioles contained
vitellogenic egg chambers). These results show that the direct effect of DILPs on GSC
proliferation, cyst growth and vitellogenesis are entirely mediated by PI3K during the response
to diet. Thus, they reveal a considerable degree of similarity between the control of proliferation
by DILPs in growing larval cells and in adult GSCs.

dFOXO is not required to maintain the repressed state of GSCs under a poor diet
Although mutation of the Drosophila homolog dFOXO does not result in any overt phenotype,
dFOXO is required for the inhibitory effects of low insulin signaling on the proliferation of
larval tissues (Puig and Tjian, 2006). Thus, we asked if dFOXO is required to maintain the
repressed state of GSCs under a poor diet. We generated clones of cells homozygous for the
null dFOXO25 mutation (Junger et al., 2003), and measured the relative division rates of
dFOXO25 GSCs in mosaic females transferred to a poor diet. We reasoned that, if dFOXO
were required to inhibit GSC proliferation on a poor diet (when insulin signaling is low),
dFOXO25 GSCs would divide faster than control GSCs within mosaic germaria, resulting in
a higher relative division rate on a poor diet relative to that on a rich diet (see Materials and
Methods).

As expected, we found that on a rich diet (when dFOXO is normally off) the relative division
rate of dFOXO25 GSCs was comparable to that of wild-type GSCs (Fig. 2G). Surprisingly, the
relative division rates of dFOXO25 GSCs remained statistically unchanged after 2, 5, and 10
days on a poor diet, similarly to those of wild-type GSCs. dFOXO25 cyst growth rates and
progression through vitellogenesis were also comparable to those of the wild-type control on
both rich and poor diets (Table 1). These results indicate that dFOXO25 GSCs reduce their
proliferation rates in response to a poor diet to the same extent as wild-type GSCs and thus,
that dFOXO is not required to maintain the poor diet-induced repressed state of GSCs. It is
possible that the effects of low insulin signaling are dFOXO-independent. Alternatively, other
signals may be required to modulate GSC division in response to diet such that activation of
the insulin pathway by removal of dFOXO is not sufficient to compensate for the effects of a
poor diet.

Cyclin E is not a valid G1 cell cycle marker in GSCs because it is highly expressed during
the G2 and mitosis (M) phases

To analyze and compare changes in cell cycle parameters of GSCs in response to diet and
insulin signaling, it was necessary to identify appropriate cell cycle markers for these analyses.
Cyclin (Cyc) E is typically expressed during late G1 and turned off during early S phase
(Ekholm et al., 2001). The expression pattern of CycB, a known late S and G2 marker
(Bassermann et al., 2005), has been previously analyzed specifically in GSCs and shown to
reach its highest level during late G2, and subsequently decrease during early M phase (Wang
and Lin, 2005). The CycB pattern that we observed was entirely consistent with this earlier
description (see Fig. 4D,E). Surprisingly, however, we found that 76% of GSCs (n=1660)
expressed CycE, and that CycE was co-expressed with CycB in 68% of all GSCs (n=763)
during G2 and M phases (Fig. 3). CycE was also co-expressed with CycB in cystoblasts, but
co-expression was never observed in dividing cysts or follicle cells in 178 ovarioles analyzed.
The finding that CycE behaves in an unusual manner in GSCs indicates that CycE is not a valid
G1 marker for these cells. Thus, we took advantage instead of the well characterized cycle that
the fusome undergoes during GSC division (de Cuevas and Spradling, 1998) (see Fig. 4A).

Diet regulates both the G1 and G2 phases of the GSC division cycle, but insulin signaling
mediates only the effect on G2

Several lines of evidence suggest that diet and insulin/IGF signaling control the G1 phase of
the cell cycle both in vivo and in culture (Cameron and Cleffmann, 1964; Koga and Kimura,
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1980; Lu and Campisi, 1992). Effects on the G2 phase have also been reported (Adesanya et
al., 1999; Cameron and Cleffmann, 1964; Frederick and Wood, 2004; Fukuyama et al.,
2006). During Drosophila development, however, insulin signaling components appear to
specifically regulate the length of G1 (Goberdhan and Wilson, 2003). We thus asked how diet
affects GSC division, and whether changes in insulin signaling levels account for all of the
effects of diet on their proliferation rates. To compare the cell cycle profiles of GSCs upon
manipulation of diet or insulin receptor (dinr) activity, we identified GSCs based on their
position relative to cap cells (see Fig.1B) and on the morphology of the fusome, an early
germline-specific membranous structure (de Cuevas and Spradling, 1998), and examined the
frequency of cell cycle markers (Fig. 4A). Cells in S phase were identified by BrdU
incorporation, cells in G2 or M expressed CycB, and those in M were positive for the
phosphohistone H3 (PHH3) epitope. The fusome morphology was also used to identify cell
cycle stages (de Cuevas and Spradling, 1998). Specifically, cells in G1 or S had a fusome with
“plug”, a“fusing”, or a “bar-shaped” fusome (referred to as “G1&S” fusomes), while cells in
G2 or M had an “exclamation point” or a “round” fusome abutting the cap cells (referred to as
“G2&M” fusomes).

As expected based on the known effect of diet on GSCs (Drummond-Barbosa and Spradling,
2001), the frequencies of GSCs positive for the PHH3 marker and BrdU incorporation under
a poor diet were reduced 1.8-fold relative to those on a rich diet (Fig. 4B,C and Table 2),
reflecting the lower rates of GSC proliferation under a poor diet. In agreement with the well
documented role of DILPs in this process (Drummond-Barbosa and Spradling, 2001; LaFever
and Drummond-Barbosa, 2005), the percentages of BrdU-positive GSCs in dinr or chico
mutant females were also reduced relative to that of the wild-type. The reduction in GSC
proliferation rate in response to a poor diet or low insulin signaling suggests that GSCs must
delay cell cycle progression at either G1, G2, or both.

We next measured the relative length of time that GSCs spend in the G1 versus G2 phases of
the cell cycle. On a rich diet, approximately 30% of the GSCs exhibited “G1&S” fusome
morphology, while the percentage of GSCs displaying “G2&M” fusome morphology or
expressing CycB was 70%, indicating that GSCs normally have a relatively long G2 phase
(Fig. 4D,E and Table 2). If GSCs delayed cell cycle progression specifically during G1 or G2
in response to a poor diet, we would expect a relatively higher proportion of GSCs exhibiting
the corresponding marker relative to that on a rich diet. In contrast, we find that on a poor diet
the frequency of GSCs displaying “G1&S” fusomes remained comparable to that on a rich
diet, as did the percentage of GSCs with “G2&M” fusomes/CycB expression (Fig. 4D,E and
Table 2). When the observed decrease in the frequencies of GSCs specifically in M or S phases
(see Fig. 4B,C) is factored in, these results indicate that both G1 and G2 are lengthened in
response to a poor diet. We obtained similar results in females kept on a poor diet for 18 days
(Table 2), suggesting that progression through both G1 and G2 remain proportionately slow
over time under a poor diet.

In contrast to what we find for wild-type GSCs under a poor diet, the percentage of GSCs with
“G1&S” fusome morphology was decreased to approximately 17% in dinr mutant females,
while the percentage of GSCs displaying “G2&M” fusome morphology was increased to 83%
(Fig. 4D,E and Table 2). Consistent with that, the percentage of CycB-positive GSCs was 87%
in dinr mutants. Similar results were obtained in chico mutant females. These data suggest that
a reduction in insulin signaling in GSCs predominantly slows down the progression through
the G2 phase of the cell cycle. Importantly, these results demonstrate that while DILPs control
the G2 phase, a separate diet-dependent signal controls G1 progression of the GSCs.
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Reduced insulin signaling lengthens the G2 phase of GSCs via dFOXO
Although our results clearly demonstrated that DILPs are not solely responsible for the
regulation of GSCs in response to diet, it remained unclear whether or not dFOXO mediates
the effects of low insulin signaling on G2 under a poor diet. We therefore asked whether
dFOXO is required for lengthening the G2 phase under low insulin signaling by comparing
the cell cycle markers in GSCs of chico versus chico; dFOXO null mutant females (Fig. 4C-
E and Table 2). Elimination of dFOXO function suppresses the extended G2 caused by reduced
insulin signaling in chico; dFOXO double mutants, as indicated by the reduced frequency of
GSCs displaying “G2&M” fusomes relative to that in chico mutants. The reduction in “G2&M”
fusome frequency is accompanied by an increase in the frequency of BrdU-positive and
“G1&S” fusome GSCs in chico; dFOXO mutants. Intriguingly, dFOXO mutation is not
sufficient to eliminate the lengthening of G2 on a poor diet, as the frequency of GSCs in G2
in dFOXO mutant females was not decreased on a poor diet relative to that of control females
(Table 2). These results demonstrate that low insulin signaling extends the G2 phase of GSCs
in a dFOXO-dependent manner, but that redundant mechanisms lengthen G2 in response to a
poor diet.

Interactions with a normal niche are not required for the dietary control of GSC proliferation
at the level of either the G1 or G2 phases of the cell cycle

The direct regulation of GSCs by DILPs suggested that it may not depend on their presence
within a normal niche (LaFever and Drummond-Barbosa, 2005); however, it was still possible
that normal niche architecture might be required for the competence of GSCs to respond to
DILPs. In addition, it was unclear whether the signal(s) mediating the effect of diet on G1 was
dependent on the niche. Dpp, a transforming growth factor-β signal produced by the niche, is
required to maintain the GSC fate via repression of the differentiation factor bam (Li and Xie,
2005). To address whether an intact niche is required for the response of GSCs to diet, we
tested this response in GSC tumors induced by the removal of bam function (Fig. 5A,B). We
found that GSC-like cells within these tumors still respond to diet (Fig. 5C,D). As in normal
GSCs, both G1 and G2 are lengthened on a poor diet, as indicated by the similar frequency of
CycB-positive tumor GSCs on rich and poor diets (Fig. 5E). These results suggest that the
presence of GSCs within an intact niche is not required for either the DILP-dependent G2
control or the G1 regulation by diet (Fig. 6).

DISCUSSION
Multiple signals mediate the response of GSCs to diet

The environment exerts tremendous pressure during the evolution of biological processes to
such a degree that many of these processes themselves can adjust to frequent, short-term
external changes. Stem cells often lie at the root of these processes due to their critical role in
maintaining the function and integrity of many adult tissues. It is, therefore, very likely that
stem cells in other systems will exhibit responses to environmental stimuli comparable to the
response of ovarian stem cells to diet in the Drosophila ovary. In fact, parallels can be drawn
between the effects of DILPs on GSCs and those of insulin/IGFs in other stem cell systems.
For example, reduced insulin signaling results in the decreased proliferation of germline
precursors in Caenorhabditis elegans during preparation for dauer diapause (Narbonne and
Roy, 2006a), while in adults it inhibits gamete production (Gems et al., 1998). In addition,
focal cerebral ischemia results in increased proliferation of adult mammalian neural progenitor
cells in the subgranular zone of the dentate gyrus and in the subventricular zone of the lateral
ventricles, and this response was shown to require IGF-1 activity in rats (Yan et al., 2006).
Similarly, IGF-2 is required for fetal liver cells to support the proliferation of hematopoietic
stem cells in culture (Zhang and Lodish, 2004). Finally, insulin normalizes delayed corneal
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wound healing in diabetic rats (Zagon et al., 2007), although it is unclear whether or not the
activity of corneal epithelial stem cells is affected.

Fast and effective responses of stem cells to complex stimuli such as diet would be expected
to result from multiple signals. Our data provide evidence that in the case of Drosophila GSCs,
in addition to DILPs regulating G2, at least one other signal mediates the effect of diet on GSCs
via G1 and possibly G2 as well (Fig. 6). It is possible that the regulation of G1 involves the
Target of Rapamycin (TOR) kinase. TOR integrates many stimuli such as amino acid levels,
metabolic status, or signaling inputs, and it has a known role in growth control (Oldham and
Hafen, 2003). In addition, it has been shown to regulate the cell cycle via the G1 phase (Chan,
2004) and appears to be required for normal ovarian function in Drosophila (Zhang et al.,
2006). Alternatively, the effects of diet on G1 may be mediated by microRNAs, which have
been reported to regulate GSC division in Drosophila (Hatfield et al., 2005). Although
Dicer-1 (Dcr-1), the gene encoding the ribonuclease III required for microRNA biogenesis,
was proposed to regulate the G1/S transition in GSCs, this conclusion was based on the
increased frequency of Dcr-1 mutant GSCs expressing CycE, also accompanied by higher
numbers of GSCs positive for the cyclin-dependent kinase inhibitor Dacapo (Hatfield et al.,
2005). Our results demonstrate that CycE is normally present during G2 and M in GSCs and,
therefore, that changes in the frequencies of CycE-positive GSCs are difficult to interpret. It
is likely that Dacapo also behaves differently in GSCs, given that CycE regulates its expression
(de Nooij et al., 2000). Thus, it remains unclear what phase of the division cycle is lengthened
in Dcr-1 mutant GSCs, and whether or not Dcr-1 may mediate the G1 effect of diet.

The control of proliferation by DILPs shows similarities and differences between GSCs and
larval somatic cells

The G2-specific effect of insulin signaling in GSCs is in contrast to other findings in
Drosophila. For example, in haemocyte-derived Drosophila cell lines, insulin independently
stimulates G1/S progression and inhibits G2/M progression (Wu et al., 2007). Similarly,
overexpression of the catalytic subunit of PI3K increases the rate of progression through G1
in wing imaginal discs (Weinkove et al., 1999). Loss of the PTEN tumor suppressor, a negative
regulator of PI3K, also shortens the G1 phase of the division cycle of wing imaginal disc cells
(Gao et al., 2000). It is possible that the G2 regulation of GSCs by DILPs may reflect specific
properties of these stem cells (see below). Interestingly, germline precursors undergo G2 arrest
in C. elegans insulin receptor mutants or hatchlings deprived of food, and this arrest is bypassed
by loss of PTEN (Fukuyama et al., 2006; Narbonne and Roy, 2006a). IGF-1 is also required
for G2/M progression in oligodendrocyte progenitor cells in culture (Frederick and Wood,
2004).

The apparently exclusive role that we find for the PI3K branch of the insulin pathway in
mediating the effects of DILPs on GSC proliferation and cyst growth has also been
demonstrated in proliferating larval cells (Goberdhan and Wilson, 2003; Oldham and Hafen,
2003). The fact that disruption in the insulin receptor substrate Chico of the predicted consensus
binding site for Grb2/Drk, the adaptor protein in the Ras/MAPK branch, results in no obvious
phenotype in this or other studies (Oldham et al., 2002) raises the concern that perhaps it does
not completely abolish Ras/MAPK activation downstream of insulin receptor activation.
Indeed, the cytoplasmic region of the Drosophila insulin receptor can induce both PI3K and
MAPK activation in the absence of the insulin receptor substrate in cultured 32D cells, although
it still requires the insulin receptor substrate for mitogenesis (Yenush et al., 1996).
Nevertheless, it is worth noting that disruption of the consensus binding site for p60, the PI3K
adaptor, leads to phenotypes indistinguishable from those resulting from the complete
elimination of chico function. Furthermore, the Grb2/Drk binding site is conserved in
Drosophila, suggesting that Ras/MAPK activation via Chico in response to DILPs may have
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a minor or, perhaps, context-specific role undetectable in our experiments. In fact, Ras has
been shown to activate PI3K in Drosophila and mammals (Prober and Edgar, 2002; Rodriguez-
Viciana et al., 1996) and, although Ras-mediated regulation of PI3K is dispensable for viability,
it is required for maximal PI3K signaling in specific biological contexts (Orme et al., 2006).
It remains unclear, however, whether an optimal effect of Ras requires the presence of an intact
Grb2/Drk binding site in Chico.

We also demonstrate that the PI3K pathway regulates GSC division via dFOXO downstream
of insulin receptor signaling. These results are similar to the earlier finding that dFOXO
function is required to mediate the reduction in cell proliferation under low insulin signaling
levels during development (Junger et al., 2003). Also, analogously to the reduced wing size
reported in dFOXO mutants (Junger et al., 2003), we also find that dFOXO mutants appear to
have a reduced rate of GSC division on a rich diet (see Table 2). This is probably due to either
non-cell autonomous effects or to strain background differences, given that the rates of
proliferation of dFOXO mutant GSCs are comparable to those of wild type GSCs in mosaic
germaria (see Fig. 2G). Interestingly, elimination of dFOXO function is not sufficient to
compensate for the effects of a poor diet on G2, suggesting further redundancy in the poor diet-
induced repression of GSC division. These results are reminiscent of the reported starvation-
induced G2 arrest of C. elegans germline precursors, which also does not require FOXO
function (Fukuyama et al., 2006).

GSCs spend a large proportion of their division cycle in the G2 phase
The relatively long G2 phase in female Drosophila GSCs could conceivably represent an
adaptation to their function. One speculative possibility is that new fusome components are
synthesized in GSCs during G2, taking advantage of their doubled DNA content, for
incorporation into new fusome structures that are assembled, fused to old fusome material, and
partitioned between the GSC and newly formed cystoblast beginning early in the G1 phase of
the next division cycle (see Fig. 4A) (see de Cuevas and Spradling, 1998). Although the fusome
represents a developmental modification of the endoplasmic reticulum (Snapp et al., 2004), it
is a very large structure that establishes intercellular connections and has a highly specialized
function (Lin et al., 1994); thus, synthesis of all the components necessary to assemble it may
potentially be a time-demanding process. Indeed, other instances exist in which long G2 phases
allow for completion of time-consuming processes. In the fission yeast Schizosaccharomyces
pombe, which normally has a very short G1 phase perhaps to minimize DNA damage during
a stage when only one copy of its haploid genome is present, a long G2 phase allows for the
increase in cell mass prior to M (Nasmyth et al., 1991). In fertilized Xenopus eggs, a prolonged
G2 phase in the first mitotic cell cycle is thought to allow karyogamy to be successfully
completed (Walter et al., 2000).

Alternatively, the extended G2 phase of GSCs may maximize the accuracy of the genetic
information to be passed on to the next generation by compensating for potential decatenation
checkpoint shortcomings. It has been reported that the decatenation checkpoint, which
normally delays entry into mitosis until chromosomes have been fully disentangled, is highly
inefficient in several stem and progenitor cells (Damelin et al., 2005). This may also be the
case in GSCs. Yet another possibility is that the relatively long G2 of GSCs, coupled to its
regulation by DILPs, allows for more immediate, post DNA synthesis changes in the rate of
production of new daughter cells, similar to what has been proposed for wound repair in the
transitional epithelium of the rat urinary bladder (Kaneko et al., 1984).

The unusual pattern of cyclin E expression in GSCs may contribute to their “stemness”
In most proliferating cells, CycE expression starts in late G1 phase, reaches its maximum at
S-phase entrance, and then undergoes ubiquitin-mediated proteolysis (Moroy and Geisen,
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2004). In Drosophila GSCs, however, we show that CycE is also expressed at high levels
during most of G2 and M, suggesting potential differences in the cell cycle regulation of GSCs.
It is possible, for example, that the short G1 phase of GSCs is a consequence of the overall
high levels of CycE throughout most of their cell cycle, including in the preceding M phase.
In mammalian cultured cells, overexpression of CycE shortens G1 phase, suggesting that cyclin
levels are rate-limiting for the transition from G1 to S (Ohtsubo and Roberts, 1993).
Interestingly, mammalian embryonic stem cells also have a very short G1 phase (Becker et al.,
2006; Fluckiger et al., 2006; Savatier et al., 1994; Stead et al., 2002) and constitutive expression
of CycE throughout the cell cycle (Fluckiger et al., 2006; Stead et al., 2002). Given that the
length of the G1 phase corresponds to a window of increased sensitivity to differentiation
signals (Dehay and Kennedy, 2007), it is conceivable that shortening the G1 phase might
contribute to the maintenance of the undifferentiated state of GSCs, as previously proposed
for mammalian embryonic stem cells (Burdon et al., 2002).

Stem cells and tumors share the ability to respond to diet
GSC tumors respond to diet as normal GSCs do and have a similar pattern of CycE expression.
Many human cancer cell lines also exhibit abnormal regulation of CycE expression
(Darzynkiewicz et al., 1996; Juan and Cordon-Cardo, 2001; Keyomarsi et al., 1995). Our
finding that tumorous and normal GSCs respond to diet similarly is interesting in light of the
well documented influence of dietary factors on the incidence and prognosis of cancer (Uauy
and Solomons, 2005), the connection between cancer risk and elevated levels of circulating
insulin and IGF-1 (Voskuil et al., 2005), and the growing evidence suggesting that cancer stem
cells are essential for tumor formation and maintenance (Clarke and Fuller, 2006).
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Figure 1. Stem cells support oogenesis throughout adult life in the Drosophila ovary and the insulin
pathway is required for their response to diet
(A) Each Drosophila ovariole contains a string of egg chambers formed in the germarium as
16-cell germline cysts are enveloped by follicle cells. One germline cell becomes the oocyte,
while the others become nurse cells. Each egg chamber goes through fourteen developmental
stages to form a mature oocyte, with vitellogenesis beginning at stage 8. (B) In the germarium,
GSCs occupy a niche composed of somatic cap cells, terminal filament cells, and escort stem
cells (not shown). Cystoblasts are GSC daughters that give rise to germline cysts. After the
cysts are surrounded by somatic follicle cells, they leave the germarium as newly formed egg
chambers. (C) Each cystoblast or cyst within the germarium corresponds to a single GSC
division. Thus, the number of germline products from a given GSC serves as a direct measure
of their division rate. (D) The insulin pathway, which is required for the ovarian response to
diet, has known roles in cell growth and proliferation in Drosophila.
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Figure 2. DILPs control the rates of GSC division and cyst growth via the PI3K pathway
(A) FLP/FRT technique used to generate chico1 null clones recognized by the absence of β-
gal and expressing chico transgenes. (B) A mosaic germarium used for analysis of GSCs
(dashed ovals). Arrowhead, β-gal negative GSC. (C) A mosaic ovariole showing delayed
chicoPI3K- mutant cysts (arrowheads). (D) Example of chicoDrk- mutant cysts (arrowheads).
(E) The relative division rate of chicoPI3K- GSCs is significantly lower than that of chicoWT

GSCs. (F) chicoPI3K- cysts are severely delayed while chicoDrk- cysts are comparable to
chicoWT cysts. (G) The relative division rates of dFOXO25 GSCs are not significantly different
from those of wild-type GSCs on rich or poor diets. α-spectrin (green) highlights cell
membranes and fusomes, whereas β-gal (red) labels control cysts. Ovarioles in C, D are shown
at the same magnification. n, number of cystoblasts and cysts counted (E,G) or of β-gal-
negative cysts analyzed (F). Scale bars, 10 μm. Asterisks, P<0.001.
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Figure 3. CycE is co-expressed with CycB during G2 and M in GSCs and cystoblasts, but not in
dividing cysts or follicle cells
(A-C) Example of a germarium demonstrating the specificity of the anti-CycE antibodies we
used. Guinea pig anti-CycE antibodies (green, from T. Orr-Weaver) (A) and mouse anti-CycE
antibodies (red, from H. Richardson) (B) show the same staining pattern, as shown in the
merged image (C). We found that 76% of 1,660 GSCs analyzed expressed CycE. (D) CycB
(red) and CycE (green) are co-expressed in wild-type (WT) GSCs and cystoblasts, but this was
never observed in dividing cysts or follicle cells. (E) Similar CycB and CycE co-expression is
observed in bam86 GSC tumors. (F-I) Example of mitotic GSC expressing CycE (G). 1B1 (F)
labels the fusome, and DAPI (H) is a DNA dye. Arrows in A-D indicate GSCs. Arrowhead in
H indicates a GSC mitotic figure. Merged image is shown in I. (J) Diagram summarizing the
expression profile of CycB and CycE in GSCs. Expression of CycB (red line) initiates at the
end of S phase, and is turned off during M phase. CycE (green line) overlaps with CycB during
G2 and M phases. We have also confirmed that CycE is expressed during S phase by double
labeling with BrdU (not shown), but we have not directly examined whether or not it is
expressed during G1 (dashed green line) in GSCs. Images in A-C are shown at the same
magnification. Images in F-I are also shown at the same magnification. Scale bars, 10 μm in
A, D and E; 5 μm in F.
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Figure 4. Diet controls the rate of GSC division via both the G1 and G2 phases of the cell cycle, but
the insulin pathway specifically affects G2
(A) Cell cycle markers and fusome morphology used to analyze the cell cycle of GSCs. PHH3
and BrdU incorporation are markers for the M and S phases, respectively. CycB is a G2 and
M marker. GSC fusomes are juxtaposed to cap cells and change their morphology during the
cell cycle (de Cuevas and Spradling, 1998). During M, the GSC fusome has a “round”
morphology. After M, the newly formed cystoblast remains attached to the GSC by a ring
canal. During G1 and S phases of the next division cycle, the GSC fusome changes its
morphology to “plug”, “fusing” and “bar” as a new fusome structure or plug is assembled,
fused to the old fusome and partitioned between the GSC and connected cystoblast (CB).
During early G2, the GSC fusome has an “exclamation point” morphology, as the connection
between the GSC and the cystoblast is severed. Later in G2, the GSC fusome becomes “round”
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again. (B) The frequency of GSCs in M, detected by the presence of PHH3 (green), is lower
on a poor diet compared to that on a rich diet. PHH3 label co-localizes with DAPI-labeled
DNA (blue), and 1B1 (red) labels fusomes. (C) The percentage of GSCs in S phase, which are
labeled with BrdU (green), is also reduced under a poor diet or low insulin signaling. In chico;
dFOXO double mutants, the frequency of BrdU-positive GSCs is significantly increased
relative to that of chico mutants. α-spectrin (red) labels fusomes. (D) The percentage of GSCs
with a “G1&S” fusome morphology is similar in wild-type females under rich and poor diets,
but it is reduced in dinr and chico mutant flies. This reduction is reversed in chico; dFOXO
double mutants. (E) The percentage of GSCs displaying “G2&M” fusome morphology or CycB
expression does not change in response to diet, but is higher in dinr and chico mutants. This
increase is reversed in chico; dFOXO double mutants. In D, E, CycB (green) and α-spectrin
(red) are shown. CycB-negative and -positive GSCs are shown in D and E, respectively. GSCs
are outlined by dashed ovals. All images are shown at the same magnification. Scale bar, 5
μm. Bars in graphs show standard deviation. Single asterisks, P<0.05. Double asterisk,
P<0.001.

Hsu et al. Page 18

Dev Biol. Author manuscript; available in PMC 2009 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Tumor GSCs can respond to diet similarly to normal GSCs
(A) bam86 germarium labeled with BrdU (red), PHH3 (green) and α-spectrin (green, fusome).
Examples of BrdU positive (arrowhead) and PHH3-positive (arrow) GSCs are shown below
at a higher magnification. (B) bam86 germarium stained for CycB (green) and α-spectrin (blue,
fusome). Examples of CycB-positive (arrowhead) and -negative (arrow) GSCs are shown
below at a higher magnification. (C,D) GSCs within bam86 tumors downregulate their
proliferation under a poor diet, as shown by the decreased percentage of PHH3-positive (C)
and BrdU-positive (D) GSCs. (E) The frequency of CycB-positive GSCs remains unchanged
during the response of bam86 tumors to diet, indicating the both G1 and G2 are lengthened
under a poor diet (see text). Scale bars, 5 μm. Bars in graphs show standard deviation. Asterisks,
P<0.05.
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Figure 6. A model describing how diet regulates GSC division in parallel to niche signals
Multiple signals act in parallel and independently of the niche to regulate the response of GSCs
to diet. (A) On a rich diet, neural DILPs directly activate the insulin receptor on GSCs to
stimulate PI3K activity, repression of dFOXO, and faster progression through G2, while
another diet-controlled signal(s) regulates G1 progression. (B) On a poor diet, reduced insulin
signaling results in dFOXO activation, which in turn represses progression through the G2
phase. In addition, regulation by redundant diet-dependent signals ensures that cell cycle
progression through both G1 and G2 remains slow when nutritional inputs are limited.
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