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SUMMARY

Steroid hormones are known systemic regulators of multiple normal and cancerous tissues;
however, whether or how they impact the fate and function of adult stem cells is unclear. In the
Drosophila ovary, insulin signals modulate the proliferation and self-renewal of germline stem
cells (GSCs), yet despite evidence that additional systemic factors control GSC activity, these
have remained largely unknown. Here, we report that ecdysone, a steroid hormone structurally
related to mammalian sex steroids, directly regulates adult GSC proliferation and self-renewal
independently of insulin signaling. Ecdysone controls GSCs through a functional interaction with
the chromatin remodeling factors ISWI, an intrinsic epigenetic factor required for GSC fate and
activity, and Nurf301, the largest subunit of the ISWI-containing NURF chromatin remodeling
complex. Our findings support a link between systemic steroid hormones and the intrinsic
chromatin remodeling machinery as a potential mechanism to promote broad transcriptional
programs required for adult stem cell self-renewal.

INTRODUCTION

Maintenance and regeneration of many adult tissues are fueled by stem cells that self-renew
and create daughters that differentiate. Abnormal behavior of stem cells can lead to their
depletion and loss of tissue integrity or, conversely, to overproliferation. Stem cells are
therefore tightly regulated by intrinsic factors, local signals from their niche, and systemic
hormones, which couple stem cell behavior to physiological status (Drummond-Barbosa,
2008). Many studies have addressed how intrinsic and local regulators maintain stem cell
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identity and proliferative potential. In contrast, much less is known about the direct actions
of systemic hormones on stem cells, despite the therapeutic relevance of exploring this level
of regulation.

Steroid hormone levels vary with gender and physiology, and affect proliferation, survival,
and cell fate in multiple adult tissues supported by stem cells, such as the brain, mammary
epithelium, and hematopoietic system (Asselin-Labat et al., 2010; Pawluski et al., 2009; Ray
et al., 2008). In the dentate gyrus, ectopic estrogen administration increases proliferation,
while glucocorticoids suppress it (Pawluski et al., 2009); however, it is unclear whether
these steroids act directly on neural stem cells. A recent study suggests that estrogen and
progesterone stimulate mammary stem cells via an indirect mechanism (Asselin-Labat et al.,
2010). Thus, although it has been proposed that steroid hormones exert their effects directly
on adult stem cells (Ray et al., 2008), there is a paucity of conclusive experimental evidence
to support this model, and potential mechanisms are poorly understood. The link between
increased cancer risk and elevated steroid hormone levels (Eliassen and Hankinson, 2008)
underscores the importance of understanding the extent to which adult stem cells respond to
these hormones.

The Drosophila ovary is a powerful system for dissecting the control of adult stem cells
(Kirilly and Xie, 2007). Ovaries are composed of ovarioles that harbor progressively more
mature egg chambers, or follicles (Spradling, 1993). Germline stem cells (GSCs) in the
anterior of the ovariole, or germarium, reside in a specialized niche that modulates their
behavior (Figure 1A). For example, the bone morphogenetic protein (BMP) ligand
Decapentaplegic (Dpp) is a key niche signal that stimulates Punt (Put) and Thickveins (Tkv)
receptors on GSCs to promote their proliferation and self-renewal (Xie and Spradling,
1998). Asymmetric GSC division yields another GSC and a cystoblast committed to
differentiation. The cystoblast divides to ultimately give rise to a germline cyst comprised of
one oocyte and 15 nurse cells. GSCs, cystoblasts, and cysts can be easily distinguished by
the morphology of the fusome, a membranous, germline-specific organelle (de Cuevas and
Spradling, 1998). Somatic follicle cells envelop each cyst to form a follicle that progresses
through fourteen developmental stages.

Our recent studies uncovered key roles of systemic factors on GSC division and
maintenance. Insulin signals directly regulate GSC proliferation (Hsu et al., 2008; LaFever
and Drummond-Barbosa, 2005), but have a separate, indirect role in GSC self-renewal via
modulation of niche size and adhesion to GSCs (Hsu and Drummond-Barbosa, 2009).
Although insulin signals are major GSC regulators, additional unknown factors control the
GSC division cycle in response to external cues (Hsu et al., 2008).

The best characterized steroid hormone in Drosophila is ecdysone, which is similar to
human sex steroids (Mangelsdorf et al., 1995) and modulates oogenesis. Ecdysone is
required for follicle development (Carney and Bender, 2000), and regulates border cell
migration (Bai et al., 2000; Jang et al., 2009). Binding of ecdysone to the ecdysone receptor
(EcR) initiates a transcriptional cascade that triggers many cellular responses (Figure 1B)
(Riddiford et al., 2000). Among EcR downstream targets, the early-response genes E74,
E75, and broad (br) are expressed in ovarian germline and somatic cells. As for ECR
mutants, E74 or E75 germline loss-of-function results in failure of follicles to develop past
early oogenesis (Buszczak et al., 1999; Carney and Bender, 2000). It remains unclear,
however, whether GSCs themselves sense and respond to ecdysone.

Here, we demonstrate that ecdysone directly stimulates GSCs to promote their self-renewal
and activity independently of insulin signaling. We also show that ecdysone controls GSCs
through a functional interaction with the chromatin remodeling factors ISWI, intrinsically
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required for GSC fate and division, and Nurf301, the largest subunit of the ISWI-containing
NURF chromatin remodeling complex. Mutation of components of the ecdysone pathway in
GSCs leads to impaired BMP signaling, consistent with known roles of ISWI (Xi and Xie,
2005). We propose that ecdysone produced by more differentiated follicles under favorable
conditions acts on GSCs as a positive feedback mechanism. Our findings suggest a
potentially widespread mechanism whereby steroid hormones act directly on adult stem cells
via a functional interaction with their epigenetic machinery to broadly control the
transcription of genes required for stem cell self-renewal and activity. Finally, this study
offers new insights into how steroids may promote tumors, as steroid hormone signaling is
often altered in cancers thought to arise from cancer stem cells (Britt et al., 2007; Clarke and
Fuller, 2006; D'Errico and Moschetta, 2008).

RESULTS

Ecdysone Promotes GSC Proliferation at G2

Ecdysone antagonizes insulin signaling to control larval growth (Colombani et al., 2005),
and insulin signals directly promote GSC proliferation (LaFever and Drummond-Barbosa,
2005). We therefore asked if ecdysone antagonizes insulin signaling in GSCs. To test if
ecdysone controls GSC division, we measured cell cycle marker frequencies in GSCs of
temperature-sensitive mutants of ecdysoneless (ecd; required for normal ecdysone levels)
and EcR (Figure 1B) at the restrictive temperature. ecd's and ECR® mutants display reduced
frequencies of GSCs positive for bromodeoxyuridine (BrdU) incorporation, an S phase
marker, or for the mitosis marker phospho-histone H3 (Figure 1C), indicating that ecdysone
normally stimulates GSC proliferation and thus that it does not antagonize insulin signaling.

We also monitored GSC fusome morphology as an indicator of cell cycle phases (Hsu et al.,
2008) (see Experimental Procedures), and found increased frequencies of “G2/M” fusomes
and decreased frequencies of “G1/S” fusomes under reduced ecdysone signaling (Figure
1C). These results suggest that ecdysone promotes GSC progression through G2, similar to
its role in histoblast proliferation during insect metamorphosis (Ninov et al., 2009).

Ecdysone Directly Stimulates GSC Proliferation

The EcR is widely expressed in the ovary (Buszczak et al., 1999); thus, multiple cells can
potentially receive the ecdysone signal. We asked whether ecdysone acts directly on GSCs
to control their proliferation, or indirectly, via intermediate cell types. Ecdysone signaling
requires ECR dimerization with its obligate co-receptor, Ultraspiracle (Usp; Figure 1B), the
Drosophila ortholog of the mammalian retinoid X receptor (Riddiford et al., 2000). To
render GSCs unable to receive the ecdysone signal, we inactivated usp specifically in GSCs
(mutant GSCs and their progeny identified by loss of a GFP marker) and measured their
proliferation relative to that of neighboring control GFP-positive GSCs (Fig. 1D). [For
technical reasons, we could not perform the equivalent experiment with ECR mutations (see
Experimental Procedures)]. Relative division rates were obtained by dividing the number of
GFP-negative cystoblasts/cysts by the number of GFP-positive cystoblasts/cysts in mosaic
germaria. In control mosaics, GSC relative division rates were close to 1.0, reflecting similar
proliferation rates of GFP-positive and -negative GSCs. In contrast, usp3 GSCs had
significantly reduced relative division rates (Figure 1E), and there was no increased death of
usp? cystoblasts/cysts (see below and Figure 2). Thus, we conclude that ecdysone is directly
received by GSCs to control their proliferation.

The EcR Co-Activator tai Is Not Intrinsically Required for GSC Proliferation

Activity of the ECR/Usp receptor can be modified by at least one co-activator, Taiman (Tai),
which is required during border cell migration (Bai et al., 2000; Jang et al., 2009). We asked
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whether tai is required for ECR/Usp activity in GSC proliferation control. The relative
division rates of tai®1G1 mutant versus control GSCs in mosaic germaria, however, were not
statistically different (Figure 1E), suggesting specificity in EcCR/Usp signaling in GSCs
versus somatic border cells.

The Ecdysone Early-Response Target E74, but not E75 or br, is Required for Proper GSC
Proliferation and Survival of Early Cysts

Among the best-characterized ecdysone early response genes are br, E75, and E74 (Figure
1B), all with known roles in later follicles (Buszczak et al., 1999; Deng and Bownes, 1997).
To determine whether a specific ecdysone pathway branch controls GSC proliferation, we
measured the relative division rates of br™P"-3, E75451 and E74PL-1 mutant GSCs in mosaics.
The relative division rates of E752%1 and br"P"-3 GSCs were not statistically different from
control rates. In contrast, the relative division rate of E74PL-1 GSCs was significantly
decreased (Figure 1E), suggesting that E74 specifically mediates the effects of ecdysone on
GSC proliferation.

E74PL-1 GSCs displayed a more pronounced decrease in relative division rate than usp3
GSCs (Figure 1E). This difference was likely due to the hypomorphic nature of usp3 because
germaria mosaic for the null usp? allele displayed stronger phenotypes than usp® mosaics
(see Figure S1), consistent with reports that usp? retains the ability to activate a subset of
downstream targets (Ghbeish et al., 2001). We also detected a significant increase in
apoptotic cysts and associated somatic cells in more posterior regions of E74PL"1 mosaic
germaria, but not in usp3 mosaics (Figure 2A-G). Consistent with increased apoptosis, there
was a decrease in E74PL-1 4- 8- and 16-cell cysts in mosaic germaria, which was not
evident in usp® mosaics (Figure 2H). This indicates that E74 is required for the viability of
cysts as they divide and associate with follicle cells. Thus, the relative division rate of
E74PL-1 GSCs is skewed lower due to increased E74PL1 cyst death.

Ecdysone Controls GSC Proliferation Independently of Insulin Signaling

The analyses of ecdysone pathway mutants suggested that ecdysone signals directly to GSCs
via E74 to promote G2 progression. Insulin signals also directly control GSC division at G2
(Hsu et al., 2008); therefore, ecdysone signaling could either converge on the insulin
signaling pathway, or control GSC proliferation by a distinct mechanism. The G2 delay
caused by mutation of the insulin receptor (InR) gene can be suppressed by mutation of the
negative downstream effector dFOXO (Hsu et al., 2008). dFOXO removal, however, had no
effect on the relative division rate of E74PL-1 GSCs (Figure 1E). We did not expect a
complete suppression because of the contribution of early cyst death to this measurement
(see Figure 2). Nevertheless, the absence of a partial suppression indicates that loss of
dFOXO does not reverse the E74PL-1 GSC proliferation defect. Although we cannot exclude
the possibility that E74 acts downstream of dFOXO, these results suggest that ecdysone and
insulin signals control GSC G2 via separate mechanisms.

Ecdysone Signals Directly Promote Maintenance of GSCs

Systemic signals may control not only the proliferation of stem cells, but also their ability to
self-renew. Indeed, in addition to directly controlling the proliferation of GSCs, insulin
signals also control their self-renewal indirectly, via the niche (Hsu and Drummond-
Barbosa, 2009; LaFever and Drummond-Barbosa, 2005). We thus asked whether ecdysone
signals are required for GSC self-renewal. Upon switching to the restrictive temperature,
ecd™ and EcR' females showed a rapid loss of GSCs relative to heterozygous or wild-type
controls (Figure 3A and Table S1), indicating that systemic ecdysone signals are required
for GSC maintenance.
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To test if ecdysone is received directly by GSCs to control their maintenance, we inactivated
components of the ecdysone pathway in GSCs (Figure 1D; see Table S2). GSCs
homozygous for a given ecdysone pathway mutation and their descendents were recognized
by loss of GFP in mosaic germaria. In most control mosaic germaria, GFP-negative GSCs
and cystoblasts/cysts were observed (Figure 3B and F). In contrast, a significant percentage
of hypomorphic usp® mosaic germaria contained GFP-negative cystoblasts/cysts in the
absence of a GFP-negative GSC, indicating GSC loss (Figure 3C and F). The loss of null
usp? GSCs was considerably more severe than that of usp® GSCs (Figure S1). These results
indicate that GSCs directly receive the ecdysone signal for their maintenance.

The E74 Branch of the Ecdysone Pathway Predominantly Promotes GSC Maintenance

We also found evidence for specificity of EcR signaling during GSC maintenance. While
loss of taif1G1 or E754%1 GSCs was not significantly increased, E74PL"1 GSCs were lost
markedly faster relative to control GSCs in mosaic germaria, suggesting that signaling
through E74 is critical for GSC maintenance (Figure 3D-F), as is the case for their
proliferation. E74PL-1 GSC loss is likely not due to their death, as increased apoptosis in the
GSC region was not evident in E74PL-1 mosaics (see Figure 2C-G). br"P3 GSCs also have
a less severe, albeit significantly increased rate of loss (Figure 3F), suggesting that an
additional ecdysone pathway branch contributes to GSC maintenance. E74 and br have been
reported to cooperate to modulate gene expression during metamorphosis (Fletcher and
Thummel, 1995); it is thus possible that the contribution of br to the control of GSC
maintenance reflects an analogous interaction with E74. A small decrease in E754%1 GSC
loss was detected (Figure 3F), suggesting that E75 weakly inhibits GSC maintenance. This
result may reflect a negative feedback role of E75 in the ecdysone pathway, or an ecdysone-
independent role of E75. Together, these results suggest that the E74 branch of the ecdysone
pathway has a predominant role in promoting GSC self-renewal.

Ecdysone Acts Via a Functional Interaction with the Intrinsic NURF Chromatin Remodeling
Complex to Maintain GSCs

The intrinsic requirement for ecdysone signaling for GSC maintenance implies that the
underlying mechanism does not involve insulin signaling because insulin-like peptides
control GSC self-renewal indirectly, via the niche (Hsu and Drummond-Barbosa, 2009).
Instead, it is conceivable that ecdysone signaling modulates intrinsic factors required for
GSC maintenance. ISWI, a member of the SWI/SNF family of chromatin remodeling
factors, is intrinsically required both for proliferation and self-renewal of ovarian GSCs (Xi
and Xie, 2005). We also found that the Nurf301 subunit of the ISWI-containing NURF
complex (Figure S2A) is required for GSC proliferation and maintenance, as nurf3013 GSCs
showed impaired proliferation and increased loss in mosaic germaria, comparable to the
defects of iswi? GSCs (Xi and Xie, 2005) (Figure S2B-G). EcR and the NURF complex
have been shown to cooperate in the induction of ecdysone-responsive genes during
metamorphosis, and also to physically interact in an ecdysone-dependent manner in vitro,
leading to the model that NURF is a co-activator of EcR (Badenhorst et al., 2005).
Intriguingly, both usp? and E74PL"1 GSCs, germline cysts, and follicle cells displayed
reduced levels of nuclear ISWI protein relative to those of control cells in mosaic germaria
(Figure 4 and Figure S3A-B). Reduced ecdysone signaling did not, however, result in
alterations in either iswi or nurf301 transcript levels in whole ovaries (Figure S3C-D),
suggesting that ecdysone signaling instead might modulate the translation or stability of
ISWI. Antibodies against other subunits of NURF were unavailable; therefore, we could not
test whether ecdysone affects the stability of the entire NURF complex. Taken together,
these results raise the possibility that a functional interaction between ecdysone signaling
and the ISWI-containing NURF complex may mediate the effects of ecdysone on GSCs.
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To specifically test this model, we examined genetic interactions between subunits of the
NURF complex and ecdysone pathway components (Figure 5 and Table 1; see Experimental
Procedures). Single heterozygous females for iswil, iswi2, nurf3013, E74DL-1 E74ne024
E75451 or br"P™3 showed very low rates of GSC loss, similar to that of age-matched wild-
type females. Double heterozygous iswiZ and nurf3013 females showed a significant
increase in GSC loss (Figure 5A and Table 1). This result was not surprising, based on the
published evidence that they function in a complex (Badenhorst et al., 2002). As a negative
control, we tested double heterozygous females for ECRV55%fS and the null InR339 allele, as
insulin-like peptides and ecdysone control GSC maintenance via distinct mechanisms (see
above). As expected, we found no significant genetic interaction between the insulin and
ecdysone pathways in controlling GSC number (Figure 5A and Table 1). Similarly, nurf3013
and InR339 did not show a genetic interaction (Table 1). In contrast, we detected increased
GSC loss in double heterozygotes for nurf3013 and ECRY®59%S or iswi2 and EcRV559fs,
relative to controls (Figure 5A and Table 1), in support of the model that ecdysone
cooperates with the ISWI-containing NURF complex to modulate GSCs. Further, we found
strong genetic interactions between iswi2 and E74PL1, or between iswi? and E74"€024
(Figure 5B and Table 1). In contrast, we detected no genetic interactions between iswi2 and
E75451 or iswi2 and br"P-3 (Figure 5B and Table 1), consistent with the weaker effects of
the E75 and br mutations on GSC maintenance (see Figure 3F). These results are consistent
with our findings that E74 predominantly mediates the effects of ecdysone on GSCs, and
they strongly suggest that ecdysone functions with the ISWI-containing NURF complex to
control GSCs.

Ecdysone signaling positively regulates BMP signaling in GSCs

Loss of iswi function in GSCs reportedly leads to aberrant BMP signaling (Xi and Xie,
2005). We thus asked whether BMP signaling was altered in ecdysone pathway mutants by
monitoring either phosphorylated Mad (pMad) or Dad-lacZ levels, both of which are well
established reporters of BMP signaling in GSCs (Kai and Spradling, 2003). pMad and Dad-
lacZ levels are experimentally variable in wildtype GSCs (Figure 6A-D). Nevertheless, we
found that BMP signaling is consistently decreased in usp3 and E74PL"1 GSCs relative to
neighboring control GFP-positive GSCs within individual mosaic genotypes (Figure 6A-D).
These results indicate that ecdysone potentiates BMP signaling in GSCs, and are consistent
both with the genetic interactions between the ecdysone pathway and NURF complex
components and with the decreased levels of ISWI in E74PL1 and usp3 GSCs (see Figures 4
and 5).

To ascertain whether decreased levels of BMP signaling observed in E74PL-1 and usp?
GSCs reflect a functional interaction between the ecdysone and BMP pathways, we
analyzed double heterozygous females carrying EcRV>%9' and either dpp87, dpp"6, or
putl33, Indeed, we observed remarkably strong genetic interactions between EcRY>%9' and
each of the BMP signaling components tested (Figure 6E and Table 1). These results
indicate that ecdysone positively regulates BMP signaling in GSCs.

DISCUSSION

Although steroid hormones are known to modulate cell proliferation in many adult tissues, it
has remained unclear how they affect stem cells. Our studies demonstrate that the steroid
hormone ecdysone directly modulates GSC maintenance and proliferation. We also provide
evidence suggesting that ecdysone and insulin-like peptides control stem cell activity
independently, and thus that stem cells can integrate multiple systemic signals to modulate
their behavior. Strikingly, our genetic interaction analyses reveal a specific functional
cooperation between ecdysone and the intrinsic chromatin remodeling machinery of GSCs,
presumably promoting BMP signaling. These results suggest that steroid hormones may
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change the epigenetic state of stem cells as a broad mechanism to control their fate and
activity, and their ability to respond to signals from the niche.

Ecdyone Regulation of GSCs May Be Part of a Positive Feedback Loop

Several lines of evidence suggest that in the adult female, older follicles are the major site of
ecdysteroid production. Ecdysone secretion can be detected in cultured Drosophila ovaries
(Schwartz, 1985), and multiple genes encoding steroidogenic enzymes are expressed in
more differentiated follicles (Huang et al., 2008). Not surprisingly, levels of circulating
ecdysone are reduced in females maintained under nutrient-poor conditions (Schwartz,
1985) and in InR mutants (Tu et al., 2002), both of which have reduced numbers of
vitellogenic stages (Drummond-Barbosa and Spradling, 2001; LaFever and Drummond-
Barbosa, 2005).

These published data, in combination with our results, suggest that ecdysone may participate
in a positive feedback loop. Under favorable physiological conditions, increased production
of steroids from older follicles would reinforce self-renewal and proliferation of GSCs
(Figure 6F). A similar positive feedback loop may be inferred from the effects of estrogen
on folliculogenesis in the mammalian ovary. Estrogen, a potent mitogen for follicular
granulosa cells, is produced by antral follicles mid-way through folliculogenesis, but is also
necessary for production of proper numbers of both primordial and primary follicles early in
follicle development (Britt et al., 2004).

Ecdysone and Insulin Signaling in the Control of GSCs

Taken together, our data describing the effects of both ecdysone (this study) and insulin
(Hsu and Drummond-Barbosa, 2009; LaFever and Drummond-Barbosa, 2005) on GSCs
demonstrate that these endocrine signals work independently to control GSC proliferation
and self-renewal. Parallel regulation by ecdysone and insulin contrasts with studies reporting
antagonistic or cooperative relationships between steroid hormones and insulin in both
Drosophila and mammalian tissues. In the larval prothoracic gland, insulin signaling
stimulates ecdysone production, which signals cells of the larval fat body to retain dFOXO
in the nucleus, suppressing insulin-stimulated growth (Colombani et al., 2005). Studies in
mammalian neural tissue have demonstrated extensive synergistic cross-talk between
estrogen and insulin-like growth factor (Mendez et al., 2006). Nevertheless, although GSCs
receive ecdysone and insulin signals independently, production of ecdysone in older follicles
appears to be insulin-dependent. Indeed, both InR mutant females and nutrient-deprived
females have decreased ecdysone levels (Schwartz, 1985; Tu et al., 2002), and insulin can
induce ecdysteroidogenesis in mosquito ovaries (Riehle and Brown, 1999).

Ecdysone Appears to Mediate Specific Cellular Responses During Oogenesis Via a Variety
of Targets and Co-Regulators

Intriguingly, our results demonstrate that GSCs have distinct requirements for ecdysone
target genes. While E74 is critical for GSC activity, two other early response transcription
factors, E75 and br, impact only GSC maintenance, and to a much smaller degree than E74.
In contrast, germline inactivation of E74 or E75 reportedly results in similar follicle
degeneration during later stages of oogenesis (Buszczak et al., 1999), suggesting that
ecdysone regulates different oogenesis processes via distinct mechanisms. Given the
divergent properties of these three transcription factors, it is easy to conceive that they might
mediate different cell type-dependent outcomes downstream of ecdysone signaling. E75 is
itself a nuclear hormone receptor, which is activated not only downstream of ecdysteroids,
but also by carbon monoxide and nitric oxide binding to the ligand-binding domain (Marvin
etal., 2009). E74 and E75 null mutants die at different developmental stages (Bialecki et al.,
2002; Fletcher et al., 1995), suggesting that they may have distinct roles during larval and
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pupal development. Further, while genetic interactions between E74 and br are well-
documented (Fletcher and Thummel, 1995), little evidence suggests that E74 and E75
regulate similar molecular pathways.

Steroid hormone receptor activity is regulated not only by ligand binding, but also by the
interaction of the receptor with co-activators and co-repressors that refine the transcriptional
response in both the presence and absence of ligand (Privalsky, 2004; Xu, 2005). tai, a co-
activator of the ECR/Usp complex required for border cell migration (Bai et al., 2000; Jang
etal., 2009), is not required for GSC maintenance or activity, indicating specific
requirements for ecdysone signaling in GSCs. It is tempting to speculate that specificity for
the ecdysone response in GSCs is at least in part afforded by its functional interaction with
NURF, potentially via its proposed role as a co-activator of the ECR/Usp complex
(Badenhorst et al., 2005). Several co-activators and co-repressors, however, have been
identified in Drosophila (see below), and further studies will be necessary to determine
whether or not additional co-regulators play roles in GSC control by ecdysone.

Steroid Hormones and the Chromatin Modifying Machinery

To our knowledge, this study is the first report of a functional interaction between a
systemic steroid hormone and intrinsic chromatin remodeling factors in the regulation of
adult stem cell biology. Nevertheless, a wide variety of nuclear hormone receptors have
potential roles in other stem cell systems (Jeong and Mangelsdorf, 2009), and this may
represent a more general mechanism for stem cell regulation. Indeed, many steroid hormone
co-activators and co-repressors either possess chromatin-modifying enzymatic functions, or
can interact with other proteins that have these functions (Wolf et al., 2008). For example,
the EcR/Usp receptor has been reported to interact with several co-regulators, including the
co-activator Nurf301 (Badenhorst et al., 2005) and SMRTER, a co-repressor that associates
with Sin3A, known to facilitate histone deacetylation (Tsai et al., 1999). Retinoic acid
receptors recruit histone acetyltransferases and BAF proteins, subunits of the ATP-
dependent SWI/SNF family (Flajollet et al., 2007), which are thought to act in sequence to
increase the accessibility of retinoic acid-responsive promoters to general transcription
factors (Dilworth et al., 2000). A similar mechanism has been proposed for the estrogen
receptor, which is coupled to a co-activator complex with histone acetyltransferase activity
and Brahma-related gene 1, another member of the SWI/SNF family (DiRenzo et al., 2000).
Therefore, regulatory circuits involving effects of systemic steroids on the intrinsic
epigenetic machinery of stem cells may represent a broadly conserved mechanism in the
multilayered regulation of stem cells.

Steroids, Insulin, and Cancer

One model of tumor development suggests that tumors are fueled by cancer stem cells
derived from adult stem cells that acquired genetic mutations or epigenetic changes
conferring altered sensitivity to their microenvironment (Clarke and Fuller, 2006). Similar to
normal adult stem cells, cancer stem cells are self-renewing and can give rise to a range of
differentiated and proliferative cell types. Many cancer stem cells are likely to be steroid-
responsive. For example, the majority of primary breast cancers express both estrogen and
progesterone receptors, suggesting that mammary cancer stem cells may arise from a
steroid-responsive cell and/or themselves be responsive to steroid signaling (Britt et al.,
2007). There is a strong epidemiological correlation between breast cancer risk and
prolonged ovarian steroid exposure (Britt et al., 2007; Eliassen and Hankinson, 2008), and
obese individuals have increased cancer risk, likely due to alterations in sex hormone levels
and to chronic hyperinsulinemia (Fair and Montgomery, 2009). The extensive molecular
cross-talk between steroid and insulin/insulin-like growth factors (Lanzino et al., 2008), and
perturbations in the epigenetic landscape associated with altered steroid hormone signaling

Cell Stem Cell. Author manuscript; available in PMC 2012 March 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ables and Drummond-Barbosa Page 9

found commonly in cancers (Thorne et al., 2009), suggest striking parallels between how
cancer stem cells and Drosophila GSCs respond to their systemic environments. We further
speculate that misregulation of steroid signaling may be part of the mechanism by which
normal stem cells become cancer stem cells, thereby augmenting the response of these cells
to physiological stimuli.

EXPERIMENTAL PROCEDURES

Drosophila Strains and Culture Conditions

Drosophila stocks were maintained at 22—-25°C on standard medium containing cornmeal,
molasses, yeast, and agar. A nutrient-rich diet, consisting of the standard medium
supplemented with wet yeast paste, was used for all experiments described. For GSC
analyses in flies defective for ecdysone signaling, we used the following mutant
combinations: ecd! (Garen et al., 1977) in trans to Df(3L)R-G7, which uncovers the ecd
locus; and the temperature-sensitive ECRA483T in trans to either null EcRV>%9' or null
EcRMS54fs (Carney and Bender, 2000). These temperature-sensitive genotypes, referred to as
ecd™ and EcR®, respectively, were analyzed in parallel to y w wild-type or heterozygous
controls after incubation at the restrictive temperature of 29°C as described below.

For genetic mosaic analyses, we obtained the following alleles previously recombined onto
FRT chromosomes: usp® FRT19A (Lee et al., 2000); br"P™-3 FRT19A (Schubiger et al.,
2005); taif1G1 FRT40A (Bai et al., 2000); and FRT42B iswi? (Deuring et al., 2000). We also
recombined the following alleles individually onto the FRT19A or FRT80B chromosome
using standard crosses: usp? (Ghbeish et al., 2001), E74PL-1 (Fletcher et al., 1995); E75451
(Bialecki et al., 2002); and nurf3013 (Badenhorst et al., 2002). The above FRT alleles were
analyzed in trans to the corresponding wild-type FRT chromosomes containing the
ubiquitously expressed Ubi-GFP or arm-lacZ markers (www.flybase.org). For generation of
E74 genetic mosaics in the dFOX021/dFOX02° (Hsu et al., 2008) background,
E74PL-1FRT80B recombined with dFOXO?! was analyzed in trans to the Ubi-GFP FRT80B
dFOX02° recombinant chromosome. To monitor BMP signaling in E74 mutant GSCs,
E74PL-1 FRT80B was also recombined with Dad-lacZ (Kai and Spradling, 2003) and
analyzed in trans to Ubi-GFP FRT80B.

For genetic interaction analyses, the following alleles were used: E74PL-1 (Fletcher et al.,
1995), E74M€024 (Fletcher et al., 1995), E754%1 (Bialecki et al., 2002); iswil (Deuring et al.,
2000); iswi2 (Deuring et al., 2000); nurf3013 (Badenhorst et al., 2002); put!3> (Xie and
Spradling, 1998); dpp"™6 (Xie and Spradling, 1998); dppE87 (Irish and Gelbart, 1987); and
InR339 (LaFever and Drummond-Barbosa, 2005). Controls (single heterozygotes carrying a
balancer) were compared to double heterozygotes. hs-FLP strains, balancer chromosomes
and other genetic tools are described in FlyBase (www.flybase.org).

Generation of Genetically Mosaic Germaria and GSC Analyses

To measure GSC loss in ecd® and EcR™ mutants, two- or three-day old experimental and
control females raised at the permissive temperature (18—-22°C) were incubated at the
restrictive temperature (29°C) for three, five, or seven days. GSCs were identified based on
their juxtaposition to cap cells (recognized by laminC labeling of their nuclear envelopes)
and on the morphology and location of their anteriorly anchored fusomes (visualized by 1B1
labeling), as described (Hsu and Drummond-Barbosa, 2009; Hsu et al., 2008). Results were
subjected to Student’s t-test. Analysis of fusome morphology as an indicator of GSC cell
cycle stage has been previously described (Hsu et al., 2008), and data are displayed as the
average of six independent experiments subjected to Student’s t-test.
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Genetic mosaics were generated by FLP/FRT-mediated mitotic recombination (Xu and
Rubin, 1993) as described (LaFever and Drummond-Barbosa, 2005). Briefly, two- or three-
day old females carrying a mutant allele on an FRT chromosome arm in trans to a wild-type
allele linked to a Ubi-GFP or arm-lacZ marker on the homologous FRT arm (Figure 1D)
were heat-shocked for one hour at 37°C twice daily for three consecutive days. Ovaries were
dissected six or 10 days after the last heat shock (AHS) to ensure that non-stem cell clones
had exited the germaria (Margolis and Spradling, 1995) and were excluded from our
analyses. Unmarked wild-type FRT chromosomes were used for generation of control
clones. FLP/FRT-mediated recombination could not be used to create ECR null clones, as the
EcR locus lies between the centromere and the FRT42 insertion. GSC relative division rate
and maintenance were quantified as previously described (Hsu and Drummond-Barbosa,
2009; LaFever and Drummond-Barbosa, 2005; Xie and Spradling, 1998).

Tissue Preparation, Immunofluorescence, and Microscopy

Ovaries were dissected and ovarioles teased apart in Grace’s medium (BioWhittaker), fixed
for 13 minutes at room temperature in 5.3% formaldehyde (Ted Pella) in Grace’s medium
(one part 16% formaldehyde to two parts Grace’s), and washed extensively in phosphate
buffered saline (PBS, pH 7.0) with 0.1% Triton X-100 (Sigma). Ovaries were blocked in 5%
bovine serum albumin (BSA; Sigma), 5% normal goat serum (NGS; Jackson
ImmunoResearch), and 0.1% Tween-20 (Sigma) in PBS for three hours at room temperature
or overnight at 4°C. The following primary antibodies were incubated in blocking solution
overnight at 4°C: mouse anti-Hts (1B1) (DSHB; 1:10), mouse anti-laminC (LC28.26)
(DSHB; 1:100 or 1:400), rabbit anti-GFP (Torrey Pines, 1:2500), mouse anti-B-galactosidase
(Promega, 1:500), rat anti-BrdU (Accurate Biochemicals, 1:500), rabbit anti-phosphohistone
H3 (Upstate Biotechnology/Millipore, 1:250), rabbit anti-pMad (Smad 3, #1880)
(Epitomics, 1:100), rabbit anti-cleaved Caspase 3 (#9661S) (Cell Signaling Technology,
1:50), and rabbit anti-ISWI (a gift of John Tamkun, 1:400). AlexaFluor 448-, 568-, or 633-
conjugated goat species-specific secondary antibodies (Molecular Probes/Invitrogen, 1:200)
were incubated for two hours at room temperature in blocking solution, and counterstained
with 0.5 pg/mL DAPI (Sigma, 1:1000 in PBS) to visualize nuclei. Ovaries were mounted in
either Vectashield (Vector Labs) or 90% glycerol containing 20.0 pug/mL N-propyl gallate
(Sigma). Data were collected using a Zeiss Axioplan-2 or Axiolmager-A2 fluorescence
microscope, or a Zeiss LSM510, LSM510Meta, or LSM700 confocal microscope.
Fluorescence intensity in confocal sections was measured using ImageJ or AxioVision
(Zeiss) by manually demarcating individual GSC nuclei and measuring densitometric mean
(gray value/pixel) at the largest nuclear diameter. Due to slight variations in pixel intensity
among stain sets, an average value was obtained from two to five independent experiments.
Statistical analysis was performed using the Student’s t-test.

Apoptosis Assay

To measure the incidence of apoptosis, the ApopTag (Chemicon/Millipore) fluorescein
direct in situ detection kit was used as described (Drummond-Barbosa and Spradling, 2001).
Briefly, ovaries were dissected, fixed, and washed as described above. Ovaries were then
washed twice for five minutes in equilibration buffer, and incubated for one hour at 37°C in
terminal deoxynucleotidyl transferase (TdT) solution with occasional mixing. The TdT
reaction was quenched by washing for five minutes in stop/wash solution, and ovaries were
washed and immunolabeled as described above. Results were subjected to Chi-square
analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ecdysone acts directly on GSCs to control GSC proliferation at the level of the G2 cell
cycle phase
(A) Drosophila germarium. GSCs are identifiable by their typical fusome (red) and

attachment to the niche (cap cells, orange; terminal filament cells, gray), and associate with
a subset of inner germarial sheath cells (yellow). GSC division produces one self-renewing
daughter and one cystoblast that divides to form a 16-cell germline cyst encapsulated by
somatic follicle cells (green). (B) Diagram of ecdysone pathway showing components
relevant to this study. (C) Frequencies of GSCs in S phase (measured by BrdU
incorporation), mitosis (measured by phospho-histone H3 labeling, p-Histone H3), or
displaying G1/S or G2/M fusome morphologies in temperature-sensitive ecd'/Df(3L)R-G7
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(ecd's) and ECRMS541s/ECRA483T (ECR!S) mutants versus heterozygous controls at 29°C for
five days. The number of GSCs analyzed is shown inside bars. Error bars, mean = s.e.m. (D)
FLP/FRT technique used to generate genetic mosaics. Mitotic recombination is mediated by
heat shock-induced expression of flipase (hsFLP). Homozygous mutant (mut) GSCs are
identified by the absence of a GFP marker, which is linked to the wild-type allele. (E)
Relative GSC division rates (normalized ratio between GFP-negative and -positive progeny)
in wild-type control, usp?, br"Pr-3 E75451 E74DL-1 and tai%1G1 mosaic germaria. E74PL1
mosaic germaria were also analyzed in the dFOX02L/dFOX0?2® mutant background (dFoxo
bkgd). The number of germline cystoblasts/cysts analyzed is shown inside bars. *p < 0.005,
**p < 0.001. (See also Figure S1 and Table S2.)
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Figure 2. E74PL1 put not usp3, mosaic germaria display increased cell death of germline cysts
in posterior regions of germarium

(A-D) usp? (A and B) and E74PL-1 (C and D) mosaic germaria labeled with GFP (green),
cleaved Caspase 3 (red, apoptotic cells), 1B1 (blue, fusome) and laminC (blue, nuclear
envelope of cap cells) at six days after heat shock (AHS). GSCs (outlined) are identified by
their fusome morphology and attachment to cap cells. (E) E74PL-1 mosaic germaria labeled
with ApopTag (green, apoptotic cells), B-galactosidase (red), 1B1 (blue) and laminC (blue)
at six days AHS. In (A-E), mutant clones are recognized by the absence of GFP (A-D) or B-
galactosidase (E) expression in GSCs (asterisks). Arrows indicate apoptotic cells. Scale bar
represents 10 um (A-E) or 5 um (inset in E, showing GSCs from same germarium in

Cell Stem Cell. Author manuscript; available in PMC 2012 March 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ables and Drummond-Barbosa Page 17

different focal plane). (F and G) Percentages of control, usp3, and E74PL-1 mosaic germaria
containing cleaved Caspase 3-positive (F) or ApopTag-positive (G) cells in either region 1
(anterior-most region, containing GSCs, cystoblasts, and dividing cysts) or region 2 and 3
(containing 16-cell cysts and associated follicle cells). Number of germaria (F) or number of
germaria with a p-galactosidase-negative clone (G) is shown inside bars. *p < 0.05, **p <
0.005. (H) Distribution of the average number of control (GFP-positive) or mutant (GFP-
negative) cystoblasts/2-cell cysts, 4-, 8-, and 16-cell cysts (CB & 2 cc, 4 cc, 8 cc, and 16 cc,
respectively) per corresponding GSC in E74PL-1 or usp® mosaic germaria. The number of
germaria analyzed is shown inside bars. **p < 0.001 for 4-cell, 8-cell, and 16-cell cysts.
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Figure 3. Ecdysone directly controls GSC maintenance predominantly via E74
(A) Frequencies of germaria containing zero, one, two, or three or more GSCs (left Y-axis),
and average number of GSCs per germarium (right Y-axis) in ecd® and EcR® mutant versus
wild-type females one week after incubation at the restrictive temperature. See Table S1 for
heterozygous controls. The number of germaria analyzed is shown inside bars. Error bars,
mean + s.e.m. (B-E) Control, usp3, E74PL-1 and E75451 mosaic germaria labeled with GFP
(green), 1B1 (red, fusome) and laminC (red, nuclear envelope of cap cells) at 10 days AHS
(outlines indicate GSCs). Control and mutant clones are recognized by the absence of GFP
expression in GSCs (asterisks) and their progeny (B and E) or just in their progeny (arrows),
if the GSC has been lost from the niche (C and D). Scale bar represents 10 um (B-E) or 5
pm (inset in D, showing GSCs from same germarium in different focal plane). (F)
Frequencies of germaria with control, usp3, br"Pr-3 E75451 E74PL-1 and tai®161 mosaic
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germline showing GSC loss at 10 days AHS. Number of germaria with mosaic germline

analyzed is shown inside or above bars. *p < 0.05, **p < 0.001. (See also Figure S1 and
Tables S1 and S2.)
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Figure 4. Ecdysone signaling affects nuclear ISWI protein levels

(A-C) Control (A), usp® (B), and E74PL-1 (C) mosaic germaria analyzed six days AHS and
labeled with GFP (green), ISWI (red), 1B1 (blue, fusomes) and laminC (in B, blue, nuclear
envelope of cap cells). Control and mutant GSCs (outlined) are recognized by the absence of
GFP expression (GFP-negative GSCs, white arrows), while cells that did not undergo
mitotic recombination are GFP-positive (GFP-positive GSCs, green arrows). Scale bar
represents 5 um. (D) Quantification of nuclear ISWI protein levels in control and mutant
GSCs. The number of GSCs analyzed is shown inside bars. Error bars, mean + s.e.m. *p <
0.05, **p < 0.001. (See also Figure S3.)
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Figure 5. Ecdysone signaling functionally interacts with iswi and nurf301 to control the
maintenance of GSCs

(A and B) Frequencies of germaria containing zero, one, two, or three or more GSCs (left Y-
axis), and average number of GSCs per germarium (right Y-axis) in seven-day old wild-type
females versus single heterozygotes (ctrl) or double heterozygotes (expt) for mutations in
iswi, nurf301, EcR, and InR (A), and iswi, E75, E74, and br (B). The same wild-type data
are shown in (A) and (B). Additional results are shown in Table 1. The number of germaria
analyzed is shown inside bars. Error bars, mean £ s.e.m. **p < 0.001. (See also Figure S2.)
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Figure 6. The ecdysone pathway affects BMP signaling levels in GSCs and genetically interacts
with dpp and put to control GSC maintenance

(A-C) Control (A), usp® (B), and E74PL-1 (C) mosaic germaria analyzed six days AHS and

labeled with GFP (green), pMad (red), 1B1 (blue, fusomes) and laminC (blue, nuclear

envelope of cap cells). Control and mutant GSCs (outlined) are recognized by the absence of
GFP expression (GFP-negative GSCs indicated by white arrows), while cells that did not
undergo mitotic recombination are GFP-positive (GFP-positive GSCs indicated by green
arrows). Scale bar represents 5 um. (D) Quantification of nuclear pMad protein levels in
control, usp® and E74PL-1 GSCs (left) and nuclear Dad-lacZ levels in E74PL-1 GSCs (right).
The number of GSCs analyzed is shown inside bars. (E) Frequencies of germaria containing
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zero, one, two, or three or more GSCs (left Y-axis), and average number of GSCs per
germarium (right Y-axis) in seven-day old wild-type females versus single heterozygotes
(ctrl) or double heterozygotes (expt) for mutations in EcR, dpp, and put. Wild-type data are
the same shown in Figure 5. Additional results are shown in Table 1. The number of
germaria analyzed is shown inside bars. Error bars, mean £ s.e.m. *p < 0.005, **p < 0.001.
(F) Proposed model for how a GSC (blue) within its niche (orange) is controlled by an
interaction between the steroid hormone ecdysone and the intrinsic epigenetic machinery
(see text for details).
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