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Abstract The NR5A-family nuclear receptors are highly conserved and function within the
somatic follicle cells of the ovary to regulate folliculogenesis and ovulation in mammals; however,
their roles in Drosophila ovaries are largely unknown. Here, we discover that Ftz-f1, one of the
NRS5A nuclear receptors in Drosophila, is transiently induced in follicle cells in late stages of
oogenesis via ecdysteroid signaling. Genetic disruption of Ftz-f1 expression prevents follicle cell
differentiation into the final maturation stage, which leads to anovulation. In addition, we
demonstrate that the bHLH/PAS transcription factor Single-minded (Sim) acts as a direct target of
Ftz-f1 to promote follicle cell differentiation/maturation and that Ftz-f1's role in regulating Sim
expression and follicle cell differentiation can be replaced by its mouse homolog steroidogenic
factor 1 (mSF-1). Our work provides new insight into the regulation of follicle maturation in
Drosophila and the conserved role of NR5A nuclear receptors in regulating folliculogenesis and
ovulation.

Introduction

Female fertility, an essential half of the reproductive equation, requires proper follicle maturation
and ovulation. The NR5A family of nuclear receptors are critical for the success of these complex
ovarian processes across species (Jeyasuria et al., 2004; Meinsohn et al., 2019; Mlynarczuk et al.,
2013; Sun and Spradling, 2013; Suresh and Medhamurthy, 2012). The majority of what is known
concerning these NR5A receptors in female fertility stems from studies performed over the past two
decades in rodent models. These investigations have shown that both members of this family,
NR5A1 (steroidogenic factor-1 or SF-1) and NR5A2 (liver receptor homolog-1 or LRH-1), are
expressed in the follicle cells that encapsulate the oocyte throughout oogenesis (Falender et al.,
2003; Hinshelwood et al., 2003). Follicle-cell-specific loss of either receptor leads to drastically
impaired fertility. LRH-1 knockout in granulosa cells in either primary or more developed antral fol-
licles results in severe anovulation, which is attributed to the inhibition of —cumulus expansion,
expression of steroidal biosynthetic genes, and granulosa cell proliferation/differentiation
(Bertolin et al., 2014; Bertolin et al., 2017, Bianco et al., 2019, Duggavathi et al., 2008;
Meinsohn et al., 2018). Targeted depletion of SF-1 in granulosa cells of primary follicles has shown
to result in hypoplastic ovaries and a dramatically reduced number of developing follicles
(Pelusi et al., 2008). Much less is known about the molecular mechanism of SF-1 in these ovarian fol-
licle cells.

SF-1 was initially recognized as the mammalian homolog of the Drosophila fushi tarazu-factor 1
(ftz-f1), which was first identified as a transcription factor binding to the promoter of the pair-rule
segmentation gene fushi tarazu (ftz) during early embryogenesis (Lala et al., 1992, Ueda et al.,
1990). Drosophila ftz-f1 gene encodes two protein isoforms (aFtz-f1 and BFtz-f1), each comprised of
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elLife digest When animals reproduce, females release eggs from their ovaries which then get
fertilized by sperm from males. Each egg needs to properly mature within a collection of cells known
as follicle cells before it can be let go. As the egg matures, so do the follicle cells surrounding it,
until both are primed and ready to discharge the egg from the ovary. Mammals rely on a protein
called SF-1 to mature their follicle cells, but it is unclear how this process works.

Most animals — from humans to fruit flies — release their eggs in a very similar way, using many of
the same proteins and genes. For example, the gene for SF-1 in mammals is similar to a gene in fruit
flies which codes for another protein called Ftz-f1. Since it is more straightforward to study ovaries
in fruit flies than in humans and other mammals, investigating this protein could shed light on how
follicle cells mature. However, it remained unclear whether Ftz-f1 plays a similar role to its
mammalian counterpart.

Here, Knapp et al. show that Ftz-f1 is present in the follicle cells of fruit flies and is required for
them to properly mature. Ftz-f1 controlled this process by regulating the activity of another protein
called Sim. Further experiments found that the gene that codes for the SF-1 protein in mice was
able to compensate for the loss of Ftz-f1 and drive follicle cells to mature.

Studying how ovaries release eggs is an essential part of understanding female fertility. This work
highlights the similarities between these processes in mammals and fruit flies and may help us
understand how ovaries work in humans and other mammals. In the future, the findings of Knapp
et al. may lead to new therapies for infertility in females and other disorders that affect ovaries.

unique N-terminal sequences and common C-terminal sequences (Lavorgna et al., 1991;
Lavorgna et al., 1993). oFtz-f1 is maternally supplied and functions as a cofactor for Ftz during early
embryogenesis (Guichet et al., 1997, Yu et al., 1997). On the other hand, BFtz-f1 is only transiently
induced after each ecdysone pulse in the late embryo, larvae, and pupae, and functions as a compe-
tency factor for stage-specific responses to ecdysone pulses and progression into the next develop-
mental stages (Broadus et al., 1999; Cho et al., 2014; Lavorgna et al., 1993, Woodard et al.,
1994). In addition, BFtz-f1 precisely controls the timing of ecdysone pulses through regulating
ecdysteroid synthesis enzymes (Akagi et al., 2016; Parvy et al., 2005; Talamillo et al., 2013).
Therefore, BFtz-f1 is essential for late embryogenesis, larval molting, metamorphosis, and pupal
development (Bond et al., 2011; Boulanger et al., 2011; Sultan et al., 2014; Yamada et al., 2000).
Ftz-f1 has also been found to function as an oncogene and promote tumorigenesis and tumor inva-
siveness in Drosophila imaginal discs (Atkins et al., 2016; Kiilshammer et al., 2015; Song et al.,
2019). Even though initial studies demonstrated the potential for Ftz-f1 in adult tissues (Ueda et al.,
1990), little has been done to study what roles Ftz-f1 plays in adult flies, particularly in cogenesis.
Drosophila oogenesis is an excellent model for studying many cell biology questions in the last
few decades. Drosophila oogenesis occurs in the ovariole, ~16 of which bundle together to form an
ovary. At the anterior tip of the ovariole, germline and follicle stem cells proliferate to produce
daughter cells to form a stage-1 egg chamber (also named follicle in this paper), which develop
through 14 morphologically distinct stages into a stage-14 egg chamber [also named mature follicle;
(Spradling, 1993). Each follicle contains a layer of somatic follicle cells encasing 16 interconnected
germ cells, one of which differentiates into an oocyte, while the rest become nurse cells to support
oocyte growth and are eventually degraded in mature follicles. Somatic follicle cells proliferate at
stages 1-6 and transition into endoreplication at stages 7-10A induced by Notch signaling
(Klusza and Deng, 2011). At stage 10B, a pulse of ecdysone signaling induces follicle cell transition
from endoreplication to synchronized gene amplification via zinc-finger transcription factor Ttké69
(Sun et al., 2008). This is also accompanied by the downregulation of the zinc-finger transcription
factor Hindsight (Hnt) and the upregulation of the homeodomain transcription factor Cut in stage-
10B follicle cells. As follicles develop from stage 10B onwards, Ttk69 and Cut are diminished. By
stage 14, another critical follicle cell transition occurs, accompanied by re-upregulation of Hnt and
complete loss of Cut and Ttké9 (Knapp et al., 2019). This transition is critical for the follicle to gain
ovulatory competency via upregulation of Octopamine receptor in mushroom body (Oamb) and
Matrix metalloproteinase 2 (Mmp2) (Deady and Sun, 2015; Deady et al., 2015; Deady et al., 2017,
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Knapp et al., 2019). In addition, stage-14 follicle cells upregulate NADPH oxidase (Nox) expression,
downregulate EcR.B1 and EcR.A, and receive another ecdysteroid signaling via EcR.B2 to become
ovulatory competent (Knapp and Sun, 2017; Li et al., 2018). However, it is largely unknown how
follicle cells differentiate from stage 10B to stage 14.

In this study, we demonstrate that Ftz-f1 is transiently expressed in Drosophila follicle cells at
stages 10B-12 and this expression is induced by ecdysteroid signaling in stage-10B follicle cells,
independent of Ttk69. Loss of ftz-f1 in follicle cells after stage 10B severely inhibits follicle cell differ-
entiation into the final maturation stage, resulting in follicles incompetent for follicle rupture and
ovulation. In addition, we identify the basic helix-loop-helix/PAS (bHLH/PAS) transcription factor Sin-
gle-minded (Sim), whose functions are known in the central nervous system development
(Crews et al., 1988; Muralidhar et al., 1993; Nambu et al., 1990; Thomas et al., 1988), function-
ing downstream of Ftz-f1 for follicle cell differentiation/maturation. RNA-seq and CUT&RUN analyses
(Meers et al., 2019; Zhu et al., 2019; Skene and Henikoff, 2017) suggest that Sim is a direct target
of Ftz-f1 in follicle cells. Furthermore, we demonstrate the role of Ftz-f1 in follicle cell maturation is
functionally conserved as ectopic expression of mouse SF-1 is able to rescue Ftz-f1's function in this
process. These findings demonstrate a more conserved role of NR5A nuclear receptors in Drosophila
and mammalian reproduction and help elucidate potential mechanisms downstream of NR5A
nuclear receptor signaling required for female fertility across species.

Results

Ftz-f1 expression is induced in stage-10B follicle cells through
ecdysteroid signaling

To investigate the role of Ftz-f1 in female fertility, we first analyzed the expression of Ftz-f1 through-
out oogenesis using anti-Ftz-f1 antibody. Ftz-f1 protein is not detected in germline cells and ovarian
follicle cells from stage 1 to stage 10A (Figure 1A); however, it is drastically upregulated in all follicle
cells at stage 10B (Figure 1B), when follicle cells transition into synchronized gene amplification. Fol-
lowing stage 10B, Ftz-f1 begins to progressively decrease in follicle cells (except anterior stretch fol-
licle cells) and is no longer detectable in stage-13/14 follicle cells (Figure 1C-F). A ftz-f1::GFP.FLAG
transgene showed that the expression of Ftz-f1::GFP.FLAG tagged protein completely matches Ftz-
f1 antibody staining (Figure 1—figure supplement 1A-E). In addition, we also examined the ftz-f1
transcription using the enhancer trap line ftz-f1 #2877 'which has a P-element containing lacZ gene
inserted in the ftz-f1 gene (Karpen and Spradling, 1992). Expression of BGal is also induced in
stage-10B follicle cells and stays high in stage-13/14 follicle cells (Figure 1—figure supplement 1F-
J), which is likely a result of BGal not being subjected to endogenous protein regulation. Together,
our data suggest that both ftz-f1 mRNA and protein are transiently induced in stage-10B to 12 folli-
cle cells during Drosophila cogenesis.

The drastic upregulation of Ftz-f1 at stage 10B is concurrent to the ecdysone-induced transition
from endoreplication to gene amplification at stages 10A/10B, which is mediated by the upregula-
tion of the zinc-finger transcription factor Ttk69 (Sun et al., 2008). Therefore, we examined whether
ecdysone signaling induces ftz-f1 expression in follicle cells. Using the flip-out Gal4 system
(Pignoni and Zipursky, 1997), we disrupted the ecdysone signaling via misexpressing a dominant-
negative (DN) form of ecdysone receptor (EcRPM) (Cherbas et al., 2003). EcRPN-overexpressing folli-
cle cells showed a complete loss of Ftz-f1 in stage-10B egg chambers (Figure 1G), indicating that
Ftz-f1 expression is induced by ecdysone signaling. We also investigated whether premature activa-
tion of ecdysone signaling in follicle cells was sufficient to induce premature Ftz-f1 expression. Treat-
ing egg chambers with exogenous 20-hydroxyecdysone (20E) is able to prematurely activate the EcR
ligand sensor in follicle cells prior to stage 10 (Sun et al., 2008; Figure 1—figure supplement 2A)
but is not sufficient to induce premature expression of Ftz-f1 (Figure 1—figure supplement 2B).
Previous work also showed that Ftz-f1 is only induced during low ecdysone titer. Manipulation of
Cyp18a1, encoding a cytochrome P450 enzyme involved in lowering 20E titer, influences Ftz-f1
expression during the prepupa-to-pupa transition (Rewitz et al., 2010). In contrast, neither ectopic
expression nor knockdown of Cyp18aT1 in follicle cells was able to affect Ftz-f1 expression (Figure 1—
figure supplement 2C—F). Altogether, our data suggest that Ftz-f1 expression in stage-10B follicle
cells is induced by ecdysone signaling and seems insensitive to the ecdysone level.
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Figure 1. Ftz-f1 is induced in stage-10B follicle cells through ecdysteroid signaling. (A-F) The expression of Ftz-f1
protein in late oogenesis. Ftz-f1 protein is detected by anti-Ftz-f1 antibody shown in green. Hnt expression (shown
in red) is used to mark stage-10A (A) and stage-14 (F) follicles. The insets are higher magnification of Ftz-f1
expression (white) in outlined areas. All images from A-F are acquired using the same microscopic settings. (G-H)
Ftz-f1 protein expression (red in G-H) in stage-10B egg chambers with flip-out Gal4 clones (marked by green GFP
in G-H) overexpressing EcRPN (act >EcRPN in G) or ttk™N4 (act >ttkRNATin H). Insets show higher magnification of
Ftz-f1 expression in squared area. The clone boundary is outlined by red dashed line. (I-J) Ttké9 expression (red in
) and EdU staining (red in J) in stage-10B egg chambers with ftz-f1% mutant follicle cell clones (marked by green
GFP). Insets show the higher magnification of Ttké9 expression (I) and EdU staining (J) in squared areas with the
clone boundary marked by red dashed line. Nuclei are marked by DAPI in blue in all figures.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Expression pattern of ftz-f1::GFP.FLAG and ftz-f1-lacZ in late oogenesis.
Figure supplement 2. Ftz-f1 expression is not sensitive to the ecdysone level.

Figure supplement 3. Ttk49 and Sim are efficiently knocked down by overexpression of tt
respectively.

RNAi

KRNA and sim ,

To determine whether Ftz-f1 is induced by Ttké9, the downstream target of ecdysone signaling,
we knocked down Ttké69 expression by overexpressing ttk®™*' in the flip-out Gal4 clones. Follicle-cell
clones with ttkRNA overexpression showed no detectable Ttké9 (Figure 1—figure supplement 3A)
but normal Ftz-f1 expression in stage-10B egg chambers (Figure 1H). To determine whether Ftz-f1
regulates Ttké9 expression, we generated ftz-f mutant clones using the MARCM system
(Wu and Luo, 2006). ftz-f1 mutant follicle cells exhibited normal expression of Ttk69 (Figure 1I). In
addition, ftz-f1 mutant follicle cells properly transitioned into the gene amplification stage according
to punctate EDU staining (Figure 1J). Our results indicate that ecdysone signaling induces both Ftz-
f1 and Ttké9 upregulation in stage-10B follicle cells; the latter one leads to the endoreplication/gene
amplification transition, while the former one does not.

1ex7

Transient expression of Ftz-f1 in late oogenesis is required for
ovulation and follicle rupture

To determine the function of Ftz-f1 in follicle cells, we knocked down ftz-f1 expression in follicle cells
using Vm26Aa-Gal4, which starts to express in all follicle cells (except anterior stretch follicle cells) at
stage 10 (Peters et al., 2013). Both ftz-f1"NA" and ftz-f1R"NAZ showed efficient knockdown of ftz-f1

Knapp et al. eLife 2020;9:€54568. DOI: https://doi.org/10.7554/eLife.54568 4 of 25


https://doi.org/10.7554/eLife.54568

ELlfe Developmental Biology | Genetics and Genomics

in stage-10B and stage-12 follicle cells when driven by Vm26Aa-Gal4, although ftz-f1"NA" is more

efficient than ftz-f1"N42 (Figure 2A-C, Figure 2—figure supplement 1A-C). Females with such
genetic manipulation (named ftz-f1"N4 females) laid significantly fewer eggs than control females
(Figure 2D and Figure 2—figure supplement 1D). In addition, ftz-f1"N"" females showed a severe
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Figure 2. Ftz-f1 is required for ovulation and follicle rupture. (A-C) Representative images show Ftz-f1 protein
expression (green in A-C) in stage-10B egg chambers of control (A), ftz-FIRNAT(B), and ftz-f1IRNA2 (C) females with
Vm26Aa-Gal4. The insets are higher magnification of Ftz-f1 expression in squared areas. (D) Quantification of egg
laying in control or ftz-f1"N females with Vm26Aa-Gal4 and Oamb-RFP. The number of females is noted above
each bar. (E) Quantification of OA-induced (light grey bars) and lonomycin-induced (dark grey bars) follicle rupture
using mature follicles isolated from control or ftz-f1"N4 females with Vm26Aa-Gal4 and Oamb-RFP. Mature
follicles were isolated according to Oamb-RFP expression. The number of mature follicles analyzed is noted above
each bar. (F-G) Representative images show Mmp2::GFP expression (green in F-G) in stage-14 egg chambers from
control (F) or ftz-f1fNAT T (G) females with Vm26Aa-Gal4. Insets show higher magnification of Mmp2::GFP
expression in posterior follicle cells in squared areas. Oocytes are outlined in cyan. (H-I) Representative images
show Oamb-RFP expression (red) in stage-14 egg chambers from control (H) and ftz-F1RNATT (1) females with
Vm26Aa-Gal4. (J-K) Quantification L-012 luminescent signal (indicating superoxide production) in stage-14 egg
chambers from control (black), ftz-f1f"N"(dark blue), and ftz-f1fNAZ (light blue) females with VM26Aa-Gal4 and
Oamb-RFP. Follicles are either stimulated with OA (J) or lonomycin (K). Nuclei are marked by DAPI in blue.
***5<0.001 (Student's t-test).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. ftz-f1 knockdown causes defects in ovulation and egg morphology.
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retention of stage-14 follicles inside their ovaries (Figure 2—figure supplement 1E), indicating an
ovulation defect.

To support this observation, we examined whether stage-14 follicles from ftz-f1"NA" females are
competent to Octopamine (OA)-induced follicle rupture (Deady and Sun, 2015; Knapp et al.,
2018). Using the 47A04-LexA driving LexAop2-6XGFP as a reporter for isolating mature follicles, we
found that mature follicles from control females had ~83% of follicles ruptured after OA stimulation,
consistent with our previous result (Deady and Sun, 2015). In contrast, mature follicles from ftz-
fIRNAT and ftz-f1RNAZ females showed 6% and 17% follicle rupture, respectively (Figure 2—figure
supplement 1F). Since hexameric GFP showed punctate GFP signal in mature follicle cells (Fig-
ure 2—figure supplement 1J-L), we also used Oamb-RFP as a reporter for isolating mature follicles
from both control and ftz-f1*"NA" females to perform OA-induced follicle rupture. We observed 67%
follicle rupture from control females, but 2% and 18% follicle rupture from ftz-f1RNA" and ftz-f1RNAZ
females, respectively (Figure 2E and Figure 2—figure supplement 1G-I). All the data suggest that
expression of Ftz-f1 in follicle cells from stage 10B to stage 12 is required for follicle rupture and
ovulation.

Our recent work has demonstrated that OA/Oamb signaling leads to calcium influx, which acti-
vates both Mmp2 and Nox to regulate follicle rupture (Deady and Sun, 2015; Li et al., 2018). To
determine what is defective in follicles from ftz-f1"NA' females, we first examined whether ionomycin,
a Ca®* ionophore, is sufficient to induce these follicles to rupture. Mature follicles from control
females showed 75% follicle rupture with ionomycin stimulation; however, mature follicles from ftz-
FIRNA females only showed ~3% follicle rupture (Figure 2E). Similar results were also found when
mature follicles were isolated according to LexAop2-6XGFP (Figure 2—figure supplement 1F). The
incompetency of ionomycin to induce follicle rupture in follicles isolated from ftz-f1"NA females sug-
gests that either components downstream of the calcium rise or ovulatory genes parallel to the cal-
cium pathway are defective in these follicles. Consistent with this, we found that Mmp2 expression
in posterior follicle cells was completely disrupted in stage-14 follicles from ftz-f1"N4 females
(Figure 2F-G). In addition, we found that these follicles were defective in OA-induced and ionomy-
cin-induced superoxide production (Figure 2J-K), indicating that Nox expression might also be dis-
rupted in mature follicles of ftz-f1"N4 females. Furthermore, we noticed that Oamb-RFP expression
became patchy in mature follicles of ftz-f1"N' females when examined in higher magnification, indi-
cating that Oamb expression is also disrupted (Figure 2H-I). Follicles from ftz-f1"N4 females also
exhibited morphological defects in overall shape and dorsal appendage formation (Figure 2—figure
supplement TM-0). Altogether, these results indicate that expression of Ftz-f1 in stage-10B-12 fol-
licle cells is essential for follicles to mature and become competent to OA-induced follicle rupture
and ovulation.

Ftz-f1 promotes follicle cell differentiation into the final maturation
stage

We have recently demonstrated that follicle cells experience a novel transition from stage 13 to 14
by downregulation of Cut and Ttké69 and upregulation of Hnt, which promotes Oamb and Mmp2
expression and follicle maturation (Deady et al., 2017; Knapp et al., 2019). Analysis of Hnt expres-
sion in stage-14 follicles from ftz-f1"N4" females revealed a patchy expression of Hnt that overlaps
with Oamb-RFP expression (Figure 3—figure supplement 1A-B). In addition, Cut and Ttk69 were
still detected in follicle cells without Oamb-RFP (Figure 3—figure supplement 1C-F), consistent
with the fact that Cut antagonizes Hnt expression in stage-14 follicle cells (Knapp et al., 2019). The
patchy nature of follicle cell markers is likely due to the incomplete knockdown of ftz-f1 using RNA..
All these data support the hypothesis that ftz-f1 is required for follicle cells to transition into the final
maturation stage.

To determine whether Ftz-f1 functions cell-autonomously in follicle cell differentiation, we gener-
ated ftz-f1 mutant follicle-cell clones. Consistent with our hypothesis, ftz-f1 mutant clones did not
upregulate Hnt expression and continued to express Cut and Ttké9 in stage-14 follicles in a cell-
autonomous fashion (Figure 3A-C). In addition, EcR.A and EcR.B1, two isoforms downregulated in
wild-type stage-14 follicle cells, were still detected at the high level in ftz-f1 mutant follicle cells
(Figure 3D-E). Furthermore, we also found that another zinc-finger transcription factor Broad-Com-
plex (Br-C; DiBello et al., 1991) was downregulated in wild-type follicle cells but remained high in
ftz-f1 mutant follicle cells (Figure 3F). Finally, ftz-f1 mutant follicle cells continue to have punctate
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Figure 3. Ftz-f1 promotes follicle cell differentiation into the final maturation stage. (A-F) Representative images
show the expression of Hnt (A), Cut (B), Ttké69 (C), EcR.A (D), EcR.B1 (E), and Br-C (F) in stage-14 egg chambers
with ftz-f19 mutant follicle cell clones (marked by green GFP). Insets show higher magnification of Hnt (A), Cut
(B), Ttké9 (C), EcR.A (D), EcR.B1 (E), and Br-C (F) in squared areas with the clone boundary marked by red dashed
line. (G) Edu staining (red in G) in stage-14 egg chambers with ftz-f1®” mutant follicle cell clones (marked by green
GFP). The inset shows the higher magnification of Edu staining. (H-I) Hnt expression (red in H-I) in stage-10B (H)
and stage-12 (I) egg chambers with ftz-f1 mutant follicle cell clones (marked by green GFP). Insets show the
higher magnification of Hnt expression (H-1). (J-K) Cut expression (red in J-K) in stage-10B (J) and stage-12 (K) egg
chambers with ftz-f1® mutant follicle cell clones (marked by green GFP). Insets show the higher magnification of
Cut expression (J-K) in squared areas with the clone boundary marked by red dashed line. Nuclei are marked by
DAPI in blue.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. ftz-f1 knockdown disrupts follicle cell transition into stage 14.
Figure supplement 2. Analysis of Cut expression in ftz-f1 mutant clones.

EDU staining, while neighboring wild-type follicle cells have already ceased gene amplification in
stage 14 (Figure 3G).

To determine which stages ftz-f1 mutant follicle cells were arrested in, we carefully examined Hnt
and Cut expression in ftz-f1 mutant clones from stage 10B to stage 13. Previous work showed that
Hnt is undetectable at the end of stage 10B, while Cut is fully upregulated (Sun et al., 2008).
Indeed, we found that Hnt was downregulated in ftz-f1 mutant clones at stage 10B; however, Hnt
expression was not fully diminished in ftz-f1 mutant clones at stage 10B or stage 12 (Figure 3H-I). In

Knapp et al. eLife 2020;9:€54568. DOI: https://doi.org/10.7554/eLife.54568 7 of 25


https://doi.org/10.7554/eLife.54568

eLife

Developmental Biology | Genetics and Genomics

addition, Cut expression was upregulated in ftz-f1 mutant clones at stage 10B, but it was not upre-
gulated as high as that in neighboring wild-type follicle cells (Figure 3J and Figure 3—figure sup-
plement 2A). This difference was undetectable at stage 12 when Cut is reduced in wild-type follicle
cells (Figure 3K and Figure 3—figure supplement 2B-D). Altogether, these data suggest that ftz-f1
mutant follicle cells were arrested at the end of stage 10B. Therefore, ecdysone-induced Ftz-f1 func-
tions cell-autonomously to promote follicle cell differentiation and progression into the final stages
of maturation.

bHLH/PAS transcription factor Sim is a direct target of Ftz-f1 in stage-
10B follicle cells

To understand how Ftz-f1 promotes follicle cell differentiation in late oogenesis, we tried to identify
the direct targets of Ftz-f1. We first performed RNA-seq analysis using hand-dissected stage-10B-12
follicles from control and ftz-f1*"N4" females with Vm26Aa-Gal4. Principle component analysis clearly
showed separation of control samples from ftz-f1"N4" samples (Figure 4A). DE-seq analysis identi-
fied 197 downregulated genes and 192 upregulated genes that had more than two-fold change in
expression level and adjusted p-value less than 0.01 (Figure 4B and Supplementary file 1). It is
worth noting that neither hnt nor cut and ttk are among the differentially expressed genes.

To profile the Ftz-f1-binding sites throughout the genome in follicle cells, we carried out
CUT&RUN experiment, an assay utilizing transcription factor-specific antibody to bring micrococcal
nuclease (MNase) to release transcription factor-bound short fragments in intact cells followed by
next-generation sequencing (Meers et al., 2019; Skene and Henikoff, 2017). We implemented the
CUT&RUNTools workflow developed by Yuan's group with minor modification (see
materials and methods; Zhu et al., 2019). With highly stringent criteria, we identified 520, 943, and
550 narrow peaks in three biological replicates, respectively. All three biological replicates showed
similar peak distribution throughout the genome (Figure 4—figure supplement 1A-C). Majority of
the peaks are located within 3 kb of transcriptional start site (TSS; Figure 4—figure supplement
1C), consistent with the idea that Ftz-f1 is a transcriptional regulator. Using MEME-chip
(Machanick and Bailey, 2011), de novo motif search with sequences flanking the peak summit iden-
tified similar motifs (CAAGGTCARV for replicate 1, CAAGGTCR for replicate 2, and
DBTCAAGGTCA for replicate 3; Figure 4C), which are also similar to the canonical Ftz-f1 binding
motif YCAAGGYCR (Murata et al., 1996; Ueda et al., 1990). Footprinting analysis for all three
motifs showed the typical pattern of a high posterior probability of cut (or cut-frequency) in the motif
flanking region and a low posterior probability of cut in the motif core (Figure 4D), presumably due
to the protection of transcription factor-bound DNA. In addition, all three motifs showed a symmet-
ric motif footprint profile (Figure 4D). Altogether, these data suggest that de novo-identified motifs
are the true Ftz-f1-binding motifs. In total, we identified 166, 505, and 389 motif sites within the nar-
row peaks in each replicate, respectively (Supplementary file 2). The nearest gene/transcript associ-
ated with each motif site were also identified using ChiPseeker (Yu et al., 2015) and listed in
Supplementary file 2.

To identify the direct target genes of Ftz-f1 in follicle cells, we set the following criteria: (1) the
gene must be differentially expressed according to the RNA-seq analysis; and (2) the gene must con-
tain a direct Ftz-f1 binding site, which is defined as a site containing overlapping Ftz-f1-binding
motifs appeared in at least two of the three biological replicates and with a binding log-odds
score >5. The log-odds score is a binding probability score that quantifies the similarity between the
cuts at each motif occurrence and the aggregate footprint pattern (Zhu et al., 2019). With these cri-
teria, we identified 15 genes/transcripts that were likely direct targets of Ftz-f1 (Supplementary file
3). Among these genes, 13 were downregulated genes and 2 were upregulated genes. Only two of
the genes (Eip74EF and sim) encode transcription factors. Eip74EF (Ecdysone-induced protein 74EF)
encodes a transcription factor that responds to different concentration of 20E during puparium for-
mation (Burtis et al., 1990), while sim (single-minded) encodes a bHLH/PAS-domain transcription
factor in embryonic neuronal development (Crews et al., 1988; Nambu et al., 1990; Thomas et al.,
1988).

To understand how Ftz-f1 promotes follicle cell differentiation in late oogenesis, we focused on
the bHLH/PAS transcription factor Sim for the following reasons: 1) transcription factors will make
profound changes during cell differentiation; 2) sim was identified in an ongoing genetic screen for
Drosophila ovulatory genes; and 3) only one single peak containing Ftz-f1-binding site was clearly
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Figure 4. RNA-seq and CUT&RUN analyses indicate sim as a direct target of Ftz-f1. (A) Principle component analysis of RNA-seq data. (B) A volcano

plot shows the differentially expressed genes between control and ftz-f

1RNA?7

egg chambers. The significantly upregulated and downregulated genes

were marked red and green, respectively. (C) The comparison of de novo-identified Ftz-f1-binding motifs and the canonical Ftz-f1 motif. The number of
peaks used for motif search was listed at the upper-right corner of each motif. (D) A motif footprint plot for the Ftz-f1-binding motif in replicate 2. (E)

Figure 4 continued on next page
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The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Analysis of CUT&RUN narrow peaks.

identified at the proximal promoter region (—200 bp) of one of sim’s transcripts (FBtr0334613;
Figure 4E). Most strikingly, FBtr0334613 was the only sim transcript expressed in stage-10B-12 fol-
licles and was downregulated in ftz-f1-knockdown follicles, through reanalyzing the RNA-seq data
using the HISAT-Stringtie (Figure 4F).

To test whether sim is indeed a downstream target of Ftz-f1, we performed Sim antibody staining
in wild-type follicles and follicles with ftz-f1 mutant clones. Sim was not expressed in follicle cells
before stage 10B (except in stalk follicle cells connecting two egg chambers; Figure 5A and Fig-
ure 5—figure supplement 1). Sim was drastically upregulated in stage-10B/11 follicle cells (except
anterior stretch follicle cells) and progressively downregulated to the lowest point at stage 13
(Figure 5B-E). Sim was re-upregulated at stage 14 and its function at this stage will be reported in
another manuscript (Figure 5F). Consistent with the idea that sim is a downstream target of Ftz-f1,
ftz-f1 mutant follicle cells completely lack Sim expression at stage 10B and 12 (Figure 5G-H). In

act>ttl™™ s10B

Figure 5. Ftz-f1 promotes Sim expression in stage-10B follicle cells. (A-F) The expression of Sim protein in late
oogenesis. Sim protein is detected by anti-Sim antibody shown in green. Hnt expression (shown in red) is used to
mark stage-10A (A) and stage-14 (F) follicles. The insets are higher magnification of Sim expression in squared
areas. All images from A-F are acquired using the same microscopic settings. (G-H) Sim expression (red in G,H
and white in G',H") in stage-10B (G) and stage-12 (H) egg chambers with ftzf1®” mutant clones (marked by green
GFP and outlined by dashed lines). (I) Sim expression (red in | and white in I') in stage-10B egg chambers with flip-
out Gal4 clones (marked by green GFP and outlined by dashed line) overexpressing ttk®™'. Nuclei are marked by
DAPI in blue.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Sim is detected in stalk follicle cells.
Figure supplement 2. Overexpression of ftz-f1 induces premature Sim expression at stage 10A and disrupts
follicle cell transition into stage 10B.
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contrast, ttk-knockdown follicle cells have normal expression of Sim (Figure 5I). In addition, misex-
pression of ftz-f1 is sufficient to induce premature Sim expression in stage-10A follicle cells (Fig-
ure 5—figure supplement 2A-D), which seemed to disrupt the follicle cell transition from stage
10A to stage 10B manifested by the continuous expression of Hnt and no upregulation of Cut at/
after stage 10B (Figure 5—figure supplement 2E-H). Altogether, these data suggest that Sim is a
direct target of Ftz-f1 but not Ttk69.

Sim is required for follicle cell differentiation

To determine whether Sim is required for follicle cell differentiation, we generated flip-out Gal4
clones with overexpression of sim®"*', Follicle cells with sim®“*" overexpression have no detectable
Sim expression at stage 10B, 12, or 14 (Figure 1—figure supplement 3B-D), indicating efficient
knockdown. Similar to the ftz-f1 mutant follicle cells, sim®™*_overexpressing follicle cells also failed
to fully upregulate Hnt expression at stage 14 (Figure 6A), as well as downregulate Cut, Ttké9, EcR.
A, EcR.B1, and Br-C (Figure 6B-F). In addition, occasional faint expression of Hnt was detected in
sim-knockdown follicle cells at stage 10B and 12 (Figure 6G-H), while the different level of Cut
expression in sim-knockdown and adjacent wild-type follicle cells was detected at stage 10B but not
at stage 12 (Figure 6I-J), similar to ftz-f1 mutant follicle cells. The similarity between ftz-f1 mutant
and sim-knockdown follicle cells is not due to Sim regulating Ftz-f1 expression, as Ftz-f1 is properly
upregulated in sim-knockdown follicle cells at stage 10B (Figure 6K). Our data suggest that Sim is
essential for follicle cell differentiation in late cogenesis, like Ftz-f1.

We aimed to rescue differentiation defects of ftz-f1-knockdown follicle cells with misexpression of
sim in the flip-out Gal4 system. Unfortunately, ectopic sim expression led to early follicle cell defects
manifested by the smaller nuclei starting at stage 9, continuous expression of Hnt, and no expression
of Cut from 7 to stage 14 (Figure 6—figure supplement 1A-E). Alternatively, we tested the ability
of ectopic sim to rescue ftz-f1 knockdown defects when driven by Vm26Aa-Gal4. However, ectopic
expression of sim alone or in the ftz-f1-knockdown background led to disrupted Hnt and Cut expres-
sion patterns at stage 10B/11 (Figure 6—figure supplement 2A-H). These follicles showed mild res-
cue (if any) of Hnt, Cut, and Oamb-RFP expression at stage-14, but had abnormal morphology and
no dorsal appendage formation as ftz-f1-knockdown follicles (Figure 6—figure supplement 2I-P).
These data likely suggest that the level and temporal expression of Sim is essential for proper follicle
cell differetiation. Nonetheless, the phenotypic similarity between ftz-f1 and sim mutant follicle cells
and the induction of sim expression by Ftz-f1 support the idea that Sim acts downstream of Ftz-f1 to
promote follicle cell differentiation.

Mouse SF-1 is sufficient to replace Ftz-f1's role in follicle cell

maturation

Next, we examined whether ectopic expression of ftz-f1 is sufficient to rescue ftz-f1"NA defects. As
expected, flip-out Gal4 clones with both ftz-f1 and ftz-f1"N2 showed rescue of Ftz-f1 expression in
stage-10B follicle cells, despite it is slightly weaker than that in wild-type follicle cells (Figure 7—fig-
ure supplement 1A-B). This is likely due to ftz-f1"N4 targeting not only endogenous ftz-f1 gene but
also ectopically expressed ftz-fT mRNA. We also observed complete rescue of Hnt and Cut expres-
sion (Figure 7—figure supplement 1E-H). Unlike ftz-f1 overexpression alone (Figure 5—figure sup-
plement 2C), we did not observe premature induction of Sim (Figure 7—figure supplement 1C-D),
since Ftz-f1 was not overexpressed in early stages (Figure 7—figure supplement 1A).

To determine whether Ftz-f1's role in follicle cell differentiation is conserved, we investigated the
potential of mouse SF-1 (mSF-1), the mouse homolog of Ftz-f1, to substitute for Ftz-f1 in follicle cell
maturation. We generated flip-out Gal4 clones that express either ftz-f1"NA2 ' mSF-1, or both and
examined follicle cell maturation markers. Consistent with ftz-f1 mutant follicle cells (Figure 3), ftz-
f1RNAZ_oyerexpressing follicle cells could not upregulate Hnt expression at stage 14 (Figure 7A). In
contrast, follicle cells with both ftz-f1"NA2 and mSF-1 had normal Hnt upregulation at stage 14, the
same as follicle cells with mSF-1 alone (Figure 7B-D). In addition, follicle cells with ftz-F1RNAI2
showed strong Cut expression at stage 14, while follicle cells with both ftz-f1*N42 and mSF-1 had no
Cut expression, similar to follicle cells with mSF-1 alone (Figure 7E-H). These data suggest that
mSF-1 can replace Ftz-f1's role in promoting follicle cell differentiation and maturation.
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Figure 6. Sim promotes follicle cell differentiation into the final maturation stage. (A-F) The expression of Hnt (A),
Cut (B), Ttké9 (C), EcR.A (D), EcR.B1 (E), and Br-C (F) in stage-14 egg chambers with flip-out Gal4 clones
overexpressing simf™A (marked by green GFP). Insets show higher magnification of Hnt (A), Cut (B), Ttké9 (C),
EcR.A (D), EcR.B1 (E), and Br-C (F) expression in squared areas with the clone boundary marked by red dashed
line. (G-H) Hnt expression (red in G-H) in stage-10B (G) and stage-12 (H) egg chambers with flip-out Gal4 clones
overexpressing sim™“ Insets show higher magnification of Hnt expression in squared areas with the clone
boundary marked by red dashed line. (I-J) Cut expression (red in I-J) in stage-10B (I) and stage-12 (J) egg
chambers with flip-out Gal4 clones overexpressing sim™ Insets show higher magnification of Cut expression. (K)
Ftz-f1 expression (red in K) in stage-10B egg chambers with flip-out Gal4 clones overexpressing sim™'. Insets
show higher magnification of Ftz-f1 expression in squared areas with the clone boundary marked by red dashed
line. Nuclei are marked by DAPI in blue.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Overexpression of sim disrupts earlier follicle cell differentiation.
Figure supplement 2. Rescue ftz-f1 defect with Vm26Aa-Gal4 driving sim overexpression.

Strikingly, we also noticed that ectopic mSF-1 was sufficient to promote premature differentiation
of follicle cells. In wild-type follicle cells, Hnt expression was not downregulated until stage 10B;
however, Hnt was prematurely downregulated in follicle cells with both mSF-1 and ftz-f1"N42 at
stage 10A but not in earlier stages (Figure 7I-J). In addition, Hnt was not re-upregulated until stage
14 in wild-type follicle cells but was prematurely upregulated in follicle cells with both mSF-1 and ftz-
f1RNAZ 5t stages 12/13 (Figure 7K-L). In accordance with Hnt, Cut was prematurely upregulated in
follicle cells with both mSF-1 and ftz-f1"N*2 at stage 10A and prematurely downregulated at stage
12/13 (Figure 7M-P). We consistently observed cytoplasmic staining of Cut in the clone cells,
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Figure 7. The role of Ftz-f1 in follicle cell maturation can be replaced by mSF-1. (A-H) Hnt expression (red in A-C)
and Cut expression (red in E-G) in stage-14 egg chambers with flip-out Gal4 clones (marked by green GFP)
overexpressing ftz-f1IRNAZ (A E), mSF-1;ftz-F1”NA2(B,F), or mSF-1 (C,G). The insets show higher magnification of Hnt
expression (A-C) and Cut expression (E-G) in squared areas with the clone boundary marked by red dashed line.
Quantification of clone phenotype is show in D for Hnt expression and H for Cut expression. The number of clones
analyzed is noted above each bar. (I-P) Hnt expression (red in I-L) and Cut expression (red in M-P) in stage-8 (I and
M), stage-10A (J and N), stage-12 (K, and O) and stage-13 (L and P) egg chambers with flip-out Gal4 clones
overexpressing mSF-1;ftz-f1"N2 (marked by green GFP). Insets show the higher magnification of Hnt expression
(I-L) and Cut expression (M-P) in squared areas with the clone boundary marked by red dashed line. Nuclei are
marked by DAPI in blue.

Figure 7 continued on next page
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Figure 7 continued
The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Ftz-f1 can rescue differentiation defects in ftz-fl-knockdown follicle cells.

indicating that Cut was evicted from follicle cell nuclei for degradation (Figure 70-P). These data
indicate that overexpression of mSF-1 is sufficient to promote follicle cell differentiation
prematurely.

Mouse SF-1 is sufficient to induce Sim expression in the absence of Ftz-
1

The rescue of follicle cell maturation by mSF-1 prompted us to examine whether mSF-1 is also suffi-
cient to restore Sim expression in ftz-f1-knockdown follicle cells. Like ftz-f1 mutant clones
(Figure 5G-H), Sim is barely detected in follicle cells with ftz-F1RNAI2 overexpression at stage 14,
however, it is readily detected in follicle cells with both ftz-f1RNA2 and mSF-1 or mSF-1 alone
(Figure 8A-D). Most strikingly, ectopic mSF-1 was able to prematurely induce Sim expression in folli-
cle cells with ftz-f1"NA2 at stage 10A but not earlier stages (Figure 8E-F). In addition, Sim was also
prematurely downregulated in these follicle cells at stage 12 (Figure 8G-H). All these data are con-
sistent with the idea that ectopic mSF-1 promotes the premature differentiation of follicle cells via
Sim. In conclusion, our data suggest that ecdysone-induced Ftz-f1 promotes follicle cell differentia-
tion and maturation partly via bHLH/PAS transcription factor Sim, and this role is likely conserved
(Figure 8lI).

Discussion

Transient regulation of Ftz-f1 in adult ovarian follicle cells by
ecdysteroid signaling

Since the identification of the ftz-f1 gene almost three decades ago (Lavorgna et al., 1991;
Ueda et al., 1990), previous work has primarily focused on Ftz-f1's role in embryogenesis, larval
development, pupation, and metamorphosis. The expression and function of Ftz-f1 in adult flies, par-
ticularly in oogenesis, is largely lacking. Work in this study demonstrated for the first time that Ftz-f1
is transiently expressed in the adult ovarian follicle cells from stage 10B to stage 12 according to
three different reporters. It is worth noting that we were unable to detect Ftz-f1 expression in follicle
cells before stage 10B, unlike the work reported previously (Talamillo et al., 2013). In addition, we
didn’t observe any morphological and molecular defects in ftz-f1 mutant follicle cells before stage
10 (data not shown).

Ftz-f1 antibody used in this study is raised against BFtz-f1 protein; however, it can potentially
detect aFtz-f1 since oFtz-f1 and BFtz-f1 share common C-terminal regions (personal communication
with Dr. Ueda). Therefore, it is unknown whether follicular Ftz-f1 is aFtz-f1 or BFtz-f1. Since aFtz-f1 is
maternally supplied and only detected in early embryos, we favor the idea that it is BFtz-f1
expressed in follicle cells. This is consistent with the fact that follicular Ftz-f1 is regulated by ecdyste-
roid signaling, similar to the transient expression of BFtz-f1 after each ecdysone pulses during larval
and pupal development (Yamada et al., 2000).

It is striking that follicular Ftz-f1 is so transiently expressed, similar to transient expression of BFtz-
f1 in development. Our data showed that ecdysteroid signaling is essential for Ftz-f1 expression at
stage 10B. It seems contradictory to the fact that BFtz-f1 is inhibited by high ecdysone titer and only
induced when ecdysone titer is low during development (Broadus et al., 1999; Woodard et al.,
1994; Yamada et al., 2000). However, there's no precise measurement of ecdysone titer at each
stage of oogenesis. It is plausible that ecdysone signaling at stage 10A leads to sequential activation
of genes that are responsible for Ftz-f1 expression at stage 10B. Consistent with this idea, Cyp18a7,
encoding a cytochrome P450 enzyme involved in inactivating 20-hydroxyecdysone and inducing Ftz-
1 expression during the prepupa-to-pupa transition (Rewitz et al., 2010), is significantly enriched in
stage-10B follicles and likely required for follicle cell differentiation (Tootle et al., 2011). Unfortu-
nately, either overexpression or knockdown of Cyp18a1 did not affect Ftz-f1 expression in follicle
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Figure 8. Sim expression can be rescued by mSF-1. (A-D) Sim expression (red in A-C) in stage-14 egg chambers
with flip-out Gal4 clones (marked by green GFP) overexpressing ftz-FIRNAZ (A), mSF-1;ftz-F1"NA2(B), or mSF-1 (C).
Insets show higher magnification of Sim expression (A-C) in squared areas with the clone boundary marked by red
dashed line. Quantification of Sim expression in these clones is shown in D. The number of clones analyzed is
noted above each bar. (E-H) Sim expression (red in E-H) in stage-8 (E), stage-10A (F), stage-12 (G), and stage-13
(H) egg chambers with flip-out Gal4 clones (marked by green GFP in E-H) overexpressing mSF-1;ftz-f1"NA2 |nsets
show higher magnification of Sim expression (E-H) in squared areas with the clone boundary marked by red
dashed line. Nuclei are marked by DAPI in blue. (I) A schematic drawing shows the role of Ftz-f1 and Sim in follicle
cell differentiation in late oogenesis. At stage-10B Ftz-f1 expression is required for induction of Sim. Expression of
Cut, Ttk69, Br-C, and EcR.A/B1 are high in stage-10B follicle cells and downregulate by stage-13. Expression of
Hnt, Oamb, and Mmp2 are absent in stages 10B-13, and are then robustly upregulated in stage-14 follicle cells.
GA: gene amplification.

cells. In addition, exogenous 20E is also not sufficient to induce Ftz-f1 expression in earlier stages.
Thus, Ftz-f1 expression is precisely regulated in follicle cells and is not sensitive to the 20E level. It
will be interesting to investigate whether other ecdysone-induced genes that regulate BFtz-f1
expression during the larva-to-pupa transition, such as Blimp-1, DHR3, E75, and Nos (Akagi et al.,
2016; Caceres et al., 2011; Yamanaka and O’Connor, 2011), contribute to precise upregulation of
Ftz-f1 in stage-10B follicle cells. It is unknown what factors contribute to downregulation of Ftz-f1 at
stage 12. It is worth noting that several Ftz-f1-binding sites were identified in the ftz-f1 gene
(Supplementary file 2) and that BFtz-f1 can negatively regulates its own expression during prepupa-
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to-pupa transition (Woodard et al., 1994). A similar negative-feedback mechanism could occur in
follicle cells.

Ftz-f1 functions as a competency factor for follicle cells to progress into
final maturation

Previous work regarding follicular epithelium mostly focused on egg chambers —before stage 10, at
the stage 10A/10B transition, or at the stage 13/14 transition (Duhart et al., 2017; Klusza and
Deng, 2011; Knapp et al., 2019; Osterfield et al., 2017). Little is known about how stage-10B folli-
cle cells differentiate into final maturation. With both global knockdown and mutant clone analyses,
our work clearly demonstrated that Ftz-f1 is a key factor required for promoting stage-10B follicle
cells to differentiate into final maturation, which is essential for releasing fertilizable oocytes at the
end of oogenesis. Molecular marker analysis showed that all known stage-14 follicle cell markers,
including upregulated Hnt, Oamb, Mmp2 expression and downregulated Cut, Ttké9, Br-C, EcR.A/B1
expression (Figure 8I), are disrupted in ftz-f1 mutant follicle cells. In fact, ftz-f1 mutant follicle cells
seem to be arrested at the end of stage 10B. All these data suggest that Ftz-f1 is a master regulator
for the final differentiation of follicle cells after stage 10B. Consistent with this idea, loss of ftz-f1 also
led to disrupted dorsal appendage formation and chorion gene amplification, and likely eggshell
formation.

It is not completely understood how Ftz-f1 can have such profound influence on cell differentia-
tion. During the larva-to-pupa transition, Ftz-f1 seems to regulate ecdysteroid synthesis enzymes
and thus influence the next ecdysone pulse (Akagi et al., 2016; Parvy et al., 2005). Could the same
mechanism apply in follicle cells? Indeed, we have previously demonstrated that another pulse of
ecdysteroid signaling occurs in stage-14 follicle cells in addition to the ecdysteroid signaling at the
stage 10A/10B transition (Knapp and Sun, 2017). This is controlled by the upregulation of Shade
(Shd), the enzyme converting ecdysone to active 20-hydroxyecdysone. However, preliminary analysis
showed that Shd is continuously expressed in ftz-f1 mutant follicle cells (data not shown). Therefore,
Ftz-f1 is unlikely to regulate follicle cell differentiation through regulating the next pulse of ecdyste-
roid signaling. This is also supported by the fact that Ftz-f1 promotes follicle cell differentiation in a
cell-autonomous fashion and that Sim functions as a downstream target to promote follicle cell dif-
ferentiation (see below).

Few direct targets of Ftz-f1 have been identified. Among those, ftz, Edg84A, and Adh are best
characterized, and all of them have Ftz-f1 binding motif (YCAAGGYCR) in the promoter region
within 500 bp upstream of TSS (Ayer and Benyajati, 1992, Murata et al., 1996; Ueda et al., 1990).
With RNA-seq, we identified 389 differentially expressed genes in follicles with ftz-f1 knockdown.
GO term analysis showed that genes related to intrinsic and integral components of membrane are
most enriched among downregulated genes, while genes related to secondary active transmem-
brane transporter activity, developmental process, and chorion are most enriched among upregu-
lated genes (Supplementary file 1). Using CUT&RUN experiment, we identified Ftz-f1 binding
motifs in follicle cells that were similar to the canonical Ftz-f1 binding motif (YCAAGGYCR). More
than 250 sites could be potential Ftz-f1 direct binding sites (Supplementary file 2). Combining both
experiments, we were able to identify 15 genes/transcripts that could be potential direct targets of
Ftz-f1 in follicle cells. Among these, our data illustrated that one of sim'’s transcript (FBtr0334613) is
the only transcript expressed in follicle cells and is the direct target of Ftz-f1 (Figure 4). This is also
supported by our finding that sim3.7-Gal4, which utilizes a 3.7 kb promoter region of sim’s longest
transcript (FBtr0082711) that does not contain Ftz-f1-binding site (Xiao et al., 1996), was not
detected in follicle cells (data not shown). In the future, it will be interesting to isolate the entire pro-
moter region that is required for sim expression in follicle cells and identify all the factors regulating
its expression. In addition, future work will be focused on the other direct targets of Ftz-f1 to better
understand the molecular network of Ftz-f1 regulated follicle cell differentiation and maturation.

The transcription factor Sim functions as a novel target of Ftz-f1 for
follicle cell differentiation

Sim is a master regulator of central nervous system (CNS) midline cell development and has been
extensively studied in the development of the CNS midline, the central complex, and optic ganglia
in the last two decades (Nambu et al., 1991; Pielage et al., 2002, Umetsu et al., 2006). Its role
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outside the nervous system is sparse. Our findings here also illustrated for the first time that Sim is
upregulated in stage-10B follicle cells and is essential for follicle cell differentiation. This is consistent
with a previous report that sim mutant flies are sterile (Pielage et al., 2002). We also demonstrated
that Sim upregulation depends on Ftz-f1, not vice versa, which places Sim downstream of Ftz-f1. In
addition, phenotypic defects of sim-knockdown follicle cells are strikingly similar to those of ftz-f1
mutant follicle cells. Furthermore, mSF-1 overexpression leads to premature Sim upregulation at
stage 10A as well as premature follicle cell differentiation. All these data support the conclusion that
Sim function as the downstream effector of Ftz-f1 to promote follicle cell differentiation. Sim belongs
to the bHLH/PAS transcription factor family and dimerizes with another bHLH-PAS transcription fac-
tor Tango to activate downstream gene expression (Ohshiro and Saigo, 1997, Sonnenfeld et al.,
1997). It will be interesting to investigate whether Tango is a cofactor for Sim in follicle cells and
what are the direct targets of Sim in follicle cell differentiation in the future. It will be also interesting
to know whether Sim also acts downstream of Ftz-f1 during larval and pupal development.

Our work also illustrated the importance of precise control of Sim expression in follicle cells.
Ectopic sim expression in early-stage follicle cells seemed to disrupt the organization of the follicle-
cell monolayer (Figure 6—figure supplement 1). It also disrupts the endoreplication as follicle cell
nuclei are smaller than the adjacent wild-type cells. This is not due to the disruption of Notch signal-
ing and mitotic/endocycle transition (Sun and Deng, 2005; Sun and Deng, 2007), because Cut is
properly downregulated in these cells and the nuclei size defect is only manifested after stage 8.
Therefore, premature upregulation of Sim may also disrupt the cell differentiation program. In addi-
tion, Sim is also expressed in stalk follicle cells and its role in stalk follicle cells is completely
unknown.

Conservation of NR5A nuclear receptor signaling in ovarian follicle cells
The mammalian NR5A homolog SF-1, is expressed in somatic follicle cells of the ovary in both
rodents and humans (Hinshelwood et al., 2003; Tajima et al., 2003), and loss of this SF-1 expres-
sion in murine granulosa cells leads to a severe depletion of developing follicles and infertility
(Pelusi et al., 2008). Despite the critical role for SF-1 in female fertility, it still remains unknown how
SF-1 within these follicle cells regulates folliculogenesis. Drosophila poses as a valuable model for
the study of the function of NR5A receptors, considering the DNA binding sequence of NR5A recep-
tors is highly conserved from Drosophila to humans, with over 80% in sequence similarity
(Fayard et al., 2004). Furthermore, studies have already begun to show the functional conservation
of these NR5A receptors in both the embryo and female reproductive tract of Drosophila (Lu et al.,
2013; Sun and Spradling, 2012; Splinter et al., 2018). In this work, we demonstrated that Ftz-f1 is
also expressed in the somatic follicle cells of the ovary and plays a crucial role in female fertility, akin
to SF-1. Furthermore, our work demonstrated that Ftz-f1’s function in follicle cell differentiation is
functionally conserved, as mSF-1 is sufficient to rescue defects in follicle cell maturation caused by
loss of Ftz-f1. Our results also showed that mSF-1 is sufficient to induce expression of the Ftz-f1 tar-
get Sim. The mammalian homologs of Sim are encoded by sim1 and sim2 (Yamaki et al., 1996). The
role of Sim1 and Sim2 in female fertility have never been studied; however, Sim2 seems to be
expressed in human ovarian follicle cells (according to Human Protein Atlas). Thus, it would be inter-
esting to probe if Sim1 or Sim2 is expressed in ovarian follicle cells and whether they function down-
stream of SF-1 for follicle development. Overall, our findings could help to further elucidate the
genetic and molecular mechanisms of NR5A signaling and how it regulates follicle development and
female fertility.

Materials and methods

Drosophila genetics and clone induction

Flies were reared on standard cornmeal and molasses food at 25°C, unless noted otherwise. ftz-f
is a P-element excision line and is considered as a null allele (Yamada et al., 2000). For ftz-f1 expres-
sion analysis, ftz-f1::GFP.FLAG [Bloomington Drosophila Stock Center (BDSC), stock #38645] and
ftz-f1532877 (Karpen and Spradling, 1992) were utilized. The protein trap line Mmp2::GFP/Cyo
(Deady et al., 2015) was used for Mmp2 expression. The Vm26Aa-Gal4 (Peters et al., 2013) was
used to drive expression in follicle cells starting at stage 10. Isolation and identification of stage-14
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Knapp et al. eLife 2020;9:€54568. DOI: https://doi.org/10.7554/eLife.54568 17 of 25


https://doi.org/10.7554/eLife.54568

eLife

Developmental Biology | Genetics and Genomics

follicles for follicle rupture assay were performed using Oamb-RFP (Knapp et al., 2019) or 47A04-
LexA (BDSC, stock #54873) driving lexAop2-6XGFP (BDSC, stock #52265). sim3.7-Gal4 (Xiao et al.,
1996) was also from BDSC (stock #26784). The following transgenic lines were used to knock down
or overexpress genes in experiments: UAS-EcRPN (BDSC, stock #6872), UAS-ttk®™4 [Vienna Dro-
sophila Resource Center (VDRC), stock #101980], UAS-Cyp18al (Rewitz et al., 2010), UAS-
Cyp18a1®NAT (VDRC, stock #5602), UAS-ftz-f1RNATT (BDSC, stock #33625), UAS- ftz-f1"NAZ (VDRC,
stock #104463), UAS-ftz-f1 (Yussa et al., 2001), UAS-sim"™*" (VDRC, stock #26888), UAS-sim-3xHA
(Fly-ORF, stock #000719) and UAS-mSF1 (Yussa et al., 2001). Ecdysone sensor hsGal4”®P-EcREP,
UAS-nlacZ was a gift by Wu-Min Deng (Kozlova and Thummel, 2002). All experiments involving
RNAI lines are performed at 29°C and contain UAS-dcr2 in order to enhance the RNAI efficiency.
Control flies for all experiments were prepared by crossing Gal4 driver to Oregon-R flies.

Mosaic analysis with repressible cell marker (MARCM) was used to generate follicle cell clones
homozygous for the ftz-f1°*” allele, via crossing hsFLP, tub-Gal4, UAS-GFP; tub-Gal80, FRT2A/TM6B
to ftz-f1°/, FRT 79D/TM3, Ser. Flip-out Gal4 clones were generated using either the hsFLP;
act <CD2<Gal4, UAS-GFP/TM3 or hsFLP; act <CD2<Gal4, UAS-RFP/TM3 stock to cross to indicated
transgenes of interest. For clone induction, adult female progeny with correct genotypes were heat
shocked for 45 min at 37°C to induce FLP/FRT mediated recombination and incubated at 25°C for 2—-
4 days before dissection. For analysis of EcR ligand sensor, flies were heat shocked for 45 min at 37°
C and allowed to recover at 29°C for 16 hr before dissection. Dissected ovaries were treated with
100 nM of 20E (Cayman Chemical) in Grace's medium for five hours before fixation and antibody
staining.

Ovulation assays

Egg-laying experiments were performed as previously described (Deady and Sun, 2015). Five-day-
old females (fed with wet yeast for 1 day) were housed with Oregon-R males (five females: 10 males)
in one bottle to lay eggs on molasses plates over two days at 29°C (with removal and replacement of
plates every 22 hr). After egg laying, the ovary pairs for each female were dissected out and the
number of mature follicles within the ovary pair were quantified.

The ex vivo follicle rupture assays were performed as described previously (Knapp et al., 2018).
Ovaries from 5- to 6-day-old virgin females fed with wet yeast for 3 days were dissected out and
stage-14 follicles were isolated in Grace’s insect medium (Caisson Labs, Smithfield, UT). After isola-
tion, follicles were separated into groups ~ 30 follicles and cultured at 29°C for 3 hr in culture
medium (Grace's insect medium +10% fetal bovine serum + 1% penicillin-streptomycin) containing
20 uM OA (Sigma-Aldrich) or 2 uM ionomycin (Cayman Chemical, Ann Arbor, Ml). Each data point
represents the percentage (mean + standard deviation (SD)) of ruptured follicles per experimental

group.

Superoxide detection

Measurement of superoxide production was performed as previously described (Li et al., 2018),
with slight modifications. Five mature follicles were isolated and placed in each well of a 96-well
plate with 100 ul of Grace's insect medium containing either 20 uM OA or 2 uM ionomycin and 200
UM of L-012 (Wako Chemicals). Plates were placed in a CLARIOstar microplate reader (BMG Lab-
tech) for luminescence reading for 60 min. Eight to ten wells (technical repeats) were used in each
experiment for each genotype, and the mean =+ standard error of the mean (SEM) of the technical
repeats was calculated. Each experiment was performed at least twice.

Immunostaining, EAU detection, and microscopy

Immunostaining was performed following a standard procedure (Sun and Spradling, 2012). The fol-
lowing primary antibodies were used: mouse anti-Hnt (1G9, 1:75), anti-Cut (2B10, 1:15), anti-Br-C
(25E9.D7, 1:15), anti-EcR.A (15G1a, 1:30), and anti-EcR.B1 (AD4.4, 1:30) from the Developmental
Study Hybridoma Bank; rabbit anti-Ftz-f1 (1:50000; a gift from Dr. Hitoshi Ueda, Okayama University,
Japan), rabbit anti-Ttk69 (1:100; a gift from Dr. Wanzhong Ge, Zhejiang University, China), rabbit
anti-GFP (1:4000; Invitrogen), mouse anti-GFP (1:1000; Invitrogen), rabbit anti-RFP (1:2000, MBL
international), Chicken anti-B-Gal (ab%9361, 1:500; Abcam), and guinea pig anti-Sim (1:1000; a gift
from Dr. Stephen Crews, University of North Carolina at Chapel Hill School of Medicine, Chapel Hill,
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USA). Alexa Fluor 488 and Alexa Flour 568 goat secondary antibody (1:1000; Invitrogen) were used
as secondary antibodies.

EdU detection was performed as previously described (Alexander et al., 2015). Ovaries were dis-
sected out in room temperature Grace's insect medium and incubated in 50 uM EdU for 30 min.
Ovaries were then fixed in 4% EM-grade paraformaldehyde for 13 min and permeabilized in PBX
(0.1% TritonX in PBS) for 30 min. For detection of EdU, the Invitrogen’s Click-iT EAU Alexa Fluor 555
Imaging Kit was utilized following the manufacturer’s instructions.

Images were acquired using a Leica TCS SP8 confocal microscope or Leica MZ10F fluorescent ste-
reoscope with a sSCOMS camera (PCO.Edge) and assembled using Photoshop software (Adobe) and
ImageJ.

RNA-Seq and data analysis

Around 60 stage-10B-12 egg chambers from 7 to 10 flies were isolated in Grace’'s medium (Caisson
labs) and grounded in 300 ul of TRIzol (Life Technologies, 15596018) directly. Total RNAs were
extracted using Direct-zol RNA MicroPrep Kit (Zymo Research, Irvine, CA). mRNA libraries were pre-
pared using lllumina TruSeq Stranded mRNA Sample Preparation kit following the manufacturer’s
protocol (lllumina, San Diego, CA) and were then sequenced on an lllumina NextSeq 550 sequencer
to achieve single-end 75 bp reads in UConn’s Center for Genome Innovation. Three biological repli-
cates were prepared for each genotype.

Raw reads from RNA-seq were trimmed with Sickle (-q 30 | 50). Trimmed reads were mapped to
Drosophila melanogaster genome (dmé) with HISAT2 (Kim et al., 2015). The counts were generated
against the features with HTSeqg-count (Anders et al., 2015). Principal component analysis (PCA)
was used to test the reproducibility between the replicates. One ftz-f1-knockdown sample was an
outlier due to unknown reason and was dropped from the analysis. The differential expression of
genes between conditions were evaluated using DESeq2 (Love et al., 2014). In DESeq2, genes
showing less than 10 cumulative counts across the compared samples were dropped from the analy-
sis. Genes with (a) base mean counts >10, (b) a False discovery Rate (FDR) < 0.01, and (c) absolute
value of log2FoldChange > 1 were considered to be significant and used in the downstream analysis.
For transcript level expression, HISAT, Stringtie and Ballgown method was used (Pertea et al.,
2016). Stringtie was used to estimate FPKM for each transcript.

CUT&RUN and data analysis

The sample preparation for CUT&RUN followed the previous protocol with slight modification
(Skene et al., 2018). In short, approximately 200 stage-10B-13 egg chambers from ~15 ftz-f1::GFP.
FLAG females were isolated in 1xPBS. These egg chambers were equally separated into two halves,
quickly spun and washed three times with wash buffer (20 mM HEPES-NaOH pH 7.5, 150 mM NaCl,
0.5 mM Spermidine, with 1x protease inhibitor EDTA free), and incubated in primary antibody at 4°C
overnight. Samples were washed twice in dig-wash buffer and incubated for 1 hr at 4°C with protein-
AG MNase (1:800) expressed and purified in house with the plasmid from Addgene (#123461). For
chromatin digestion and release, high Ca®*/low salt option was chosen and performed as in
Meers et al., 2019. For library preparation, NEBNext Ultra Il DNA Library Prep Kit (NEB) was per-
formed as described in Liu et al., 2018. For amplification, after the addition of indexes, 14 cycles of
98°C, 20 s; 65°C, 10 s were run. A 1.2x SPRI bead cleanup was performed (Agencourt Ampure XP,
Beckman). Libraries were sequenced on an Illlumina NextSeq 500 sequencer to achieve pair-end 75
bp reads. The following primary antibody were used: mouse anti-FLAG M2 (1:250; Sigma F1804;
experimental antibody) and mouse IgG1 (1:125; Sigma MABC002, control antibody). Three biologi-
cal replicates were performed for each experimental antibody and control antibody.

For the data analysis, we followed the CUT&RUNTools workflow with the following modification
(Zhu et al., 2019). In short, trimmed pair-end reads were mapped to Drosophila melanogaster
genome (dmé) using Bowtie2 (option —-dovetail -local -very-sensitive-local -no-
unal -no-mixed -no-discordant) (Langmead and Salzberg, 2012). Fragments < 120 bp from
experimental and control samples were used in MACS2 (Zhang et al., 2008) for identifying the nar-
row peaks (macs2 callpeak -t experiment.bam -c control.bam -g dm -f BAMPE -
n outprefix -outdir outdir -g 0.01 -B -SPMR -keep-dup all). de novo motif search
and motif footprint analysis were exactly followed in Zhu et al., 2019. Chipseeker was used to
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analyze the peak distribution and motif sites relevant to nearest genes (Yu et al., 2015). All sequenc-
ing data are deposited in NCBI Sequence Read Archive (SRA) with BioProject ID PRINA624186.

Statistical analysis
Statistical tests were performed using Prism 7 (GraphPad, San Diego, CA).

Quantification results are presented as mean + SD or mean + SEM as indicated. Statistical analysis
was conducted using Student’s t-test.

Acknowledgements

We thank Drs. Celeste Berg, Stephen Crews, Wu-Min Deng, Jean-Maurice Dura, Wanzhong Ge,
Leslie Pick, Allan Spradling, Mike O'Connor and Hitoshi Ueda for sharing reagents and fly lines;
Bloomington Drosophila Stock Center and Vienna Drosophila Resource Center for fly stocks; and
Developmental Studies Hybridoma Bank for antibodies. Special thanks go to Drs. Steven Henikoff,
Michael Meers, and Guo-Cheng Yuan for addressing questions related to CUT&RUN experiment.
We thank Lylah Deady, Yuping Huang, and Rebecca Oramas in Sun’s laboratory for technical support
and discussion and UConn Center for Genome Innovation for providing sequencing service. We
appreciate constructive comments from anonymous reviewers. The Leica SP8 confocal microscope is
supported by an NIH Award (S100D016435) to Akiko Nishiyama. JS is supported by the University
of Connecticut Start-Up Fund, NIH/National Institute of Child Health and Human Development
Grants (RO1-HD086175 and R01-HD097206), and the Bill and Melinda Gates Foundation
(Opp1160858 and Opp1203047).

Additional information

Funding
Funder Grant reference number  Author
Eunice Kennedy Shriver Na- RO1-HDO086175 Jianjun Sun

tional Institute of Child Health
and Human Development

Bill and Melinda Gates Foun-  Opp1160858 Jianjun Sun
dation
Bill and Melinda Gates Foun-  Opp1203047 Jianjun Sun
dation
Eunice Kennedy Shriver Na- RO1-HDO097206 Jianjun Sun

tional Institute of Child Health
and Human Development

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Elizabeth M Knapp, Data curation, Formal analysis, Investigation, Methodology, Writing - original
draft; Wei Li, Methodology, Performed library preparation for RNA-seq and CUT&RUN; Vijender
Singh, Methodology, facilitate the analysis of RNA-seq and CUT&RUN data; Jianjun Sun, Conceptu-
alization, Supervision, Funding acquisition, Investigation, Methodology, Project administration, Writ-
ing - review and editing

Author ORCIDs

Elizabeth M Knapp (@ https://orcid.org/0000-0002-3524-9389
Wei Li @ http://orcid.org/0000-0001-8699-5325

Jianjun Sun (& https://orcid.org/0000-0002-6015-738X

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.54568.sa

Knapp et al. eLife 2020;9:€54568. DOI: https://doi.org/10.7554/eLife.54568 20 of 25


https://orcid.org/0000-0002-3524-9389
http://orcid.org/0000-0001-8699-5325
https://orcid.org/0000-0002-6015-738X
https://doi.org/10.7554/eLife.54568.sa1
https://doi.org/10.7554/eLife.54568

e Llfe Research article

Developmental Biology | Genetics and Genomics

Author response https://doi.org/10.7554/eLife.54568.5a2

Additional files

Supplementary files
 Supplementary file 1. Table of differentially expressed genes.

« Supplementary file 2. Table of motif site analysis.
 Supplementary file 3. Table of direct targets of Ftz-f1.
 Supplementary file 4. Key Resources Table.

« Transparent reporting form

Data availability

All data generated or analysed during this study are included in the manuscript and supporting files.
Sequencing data have been deposited in SRA under BioProject ID PRINA624186.

The following dataset was generated:

Database and

Author(s) Year Dataset title Dataset URL Identifier

Knapp EM, LiW, 2020 Direct targets of Ftz-f1 in http://www.ncbi.nim.nih.  NCBI BioProject,

Singh V, SunJ Drosophila follicle cells gov/bioproject/?term= PRINA624186
PRINA624186

References

Akagi K, Sarhan M, Sultan AR, Nishida H, Koie A, Nakayama T, Ueda H. 2016. A biological timer in the fat body
comprising Blimp-1, BFtz-f1 and shade regulates pupation timing in Drosophila melanogaster. Development
143:2410-2416. DOI: https://doi.org/10.1242/dev.133595, PMID: 27226323

Alexander JL, Barrasa MI, Orr-Weaver TL. 2015. Replication fork progression during re-replication requires the
DNA damage checkpoint and double-strand break repair. Current Biology 25:1654-1660. DOI: https://doi.org/
10.1016/j.cub.2015.04.058, PMID: 26051888

Anders S, Pyl PT, Huber W. 2015. HTSeg-a Python framework to work with high-throughput sequencing data.
Bioinformatics 31:166-169. DOI: https://doi.org/10.1093/bioinformatics/btué38, PMID: 25260700

Atkins M, Potier D, Romanelli L, Jacobs J, Mach J, Hamaratoglu F, Aerts S, Halder G. 2016. An ectopic network
of transcription factors regulated by hippo signaling drives growth and invasion of a malignant tumor model.
Current Biology 26:2101-2113. DOI: https://doi.org/10.1016/}.cub.2016.06.035, PMID: 27476594

Ayer S, Benyajati C. 1992. The binding site of a steroid hormone receptor-like protein within the Drosophila adh
adult enhancer is required for high levels of tissue-specific alcohol dehydrogenase expression. Molecular and
Cellular Biology 12:661-673. DOI: https://doi.org/10.1128/MCB.12.2.661

Bertolin K, Gossen J, Schoonjans K, Murphy BD. 2014. The orphan nuclear receptor Nr5a2 is essential for
luteinization in the female mouse ovary. Endocrinology 155:1931-1943. DOI: https://doi.org/10.1210/en.2013-
1765, PMID: 24552399

Bertolin K, Meinsohn MC, Suzuki J, Gossen J, Schoonjans K, Duggavathi R, Murphy BD. 2017. Ovary-specific
depletion of the nuclear receptor Nr5a2 compromises expansion of the cumulus oophorus but not fertilization
by intracytoplasmic sperm injection. Biology of Reproduction 96:1231-1243. DOI: https://doi.org/10.1093/
biolre/iox045, PMID: 28520915

Bianco S, Bellefleur AM, Beaulieu E, Beauparlant CJ, Bertolin K, Droit A, Schoonjans K, Murphy BD, Gévry N.
2019. The ovulatory signal precipitates LRH-1 transcriptional switching mediated by differential chromatin
accessibility. Cell Reports 28:2443-2454. DOI: https://doi.org/10.1016/j.celrep.2019.07.088, PMID: 31461657

Bond ND, Nelliot A, Bernardo MK, Ayerh MA, Gorski KA, Hoshizaki DK, Woodard CT. 2011. BFTZ-F1 and matrix
metalloproteinase 2 are required for fat-body remodeling in Drosophila. Developmental Biology 360:286-296.
DOI: https://doi.org/10.1016/j.ydbio.2011.09.015, PMID: 21978772

Boulanger A, Clouet-Redt C, Farge M, Flandre A, Guignard T, Fernando C, Juge F, Dura JM. 2011. ftz-f1 and
Hr39 opposing roles on EcR expression during Drosophila mushroom body neuron remodeling. Nature
Neuroscience 14:37-44. DOI: https://doi.org/10.1038/nn.2700, PMID: 21131955

Knapp et al. eLife 2020;9:€54568. DOI: https://doi.org/10.7554/eLife.54568 21 of 25


https://doi.org/10.7554/eLife.54568.sa2
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA624186
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA624186
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA624186
https://doi.org/10.1242/dev.133595
http://www.ncbi.nlm.nih.gov/pubmed/27226323
https://doi.org/10.1016/j.cub.2015.04.058
https://doi.org/10.1016/j.cub.2015.04.058
http://www.ncbi.nlm.nih.gov/pubmed/26051888
https://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
https://doi.org/10.1016/j.cub.2016.06.035
http://www.ncbi.nlm.nih.gov/pubmed/27476594
https://doi.org/10.1128/MCB.12.2.661
https://doi.org/10.1210/en.2013-1765
https://doi.org/10.1210/en.2013-1765
http://www.ncbi.nlm.nih.gov/pubmed/24552399
https://doi.org/10.1093/biolre/iox045
https://doi.org/10.1093/biolre/iox045
http://www.ncbi.nlm.nih.gov/pubmed/28520915
https://doi.org/10.1016/j.celrep.2019.07.088
http://www.ncbi.nlm.nih.gov/pubmed/31461657
https://doi.org/10.1016/j.ydbio.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/21978772
https://doi.org/10.1038/nn.2700
http://www.ncbi.nlm.nih.gov/pubmed/21131955
https://doi.org/10.7554/eLife.54568

e Llfe Research article

Developmental Biology | Genetics and Genomics

Broadus J, McCabe JR, Endrizzi B, Thummel CS, Woodard CT. 1999. The Drosophila beta FTZ-F1 orphan nuclear
receptor provides competence for stage-specific responses to the steroid hormone ecdysone. Molecular Cell 3:
143-149. DOI: https://doi.org/10.1016/51097-2765(00)80305-6, PMID: 10078197

Burtis KC, Thummel CS, Jones CW, Karim FD, Hogness DS. 1990. The Drosophila 74ef early puff contains E74, a
complex ecdysone-inducible gene that encodes two ets-related proteins. Cell 61:85-99. DOI: https://doi.org/
10.1016/0092-8674(90)90217-3, PMID: 2107982

Caceres L, Necakov AS, Schwartz C, Kimber S, Roberts IJ, Krause HM. 2011. Nitric oxide coordinates
metabolism, growth, and development via the nuclear receptor E75. Genes & Development 25:1476-1485.
DOI: https://doi.org/10.1101/gad.2064111, PMID: 21715559

Cherbas L, Hu X, Zhimulev |, Belyaeva E, Cherbas P. 2003. EcR isoforms in Drosophila: testing tissue-specific
requirements by targeted blockade and rescue. Development 130:271-284. DOI: https://doi.org/10.1242/dev.
00205, PMID: 12466195

Cho K-H, Daubnerova |, Park Y, Zitnan D, Adams ME. 2014. Secretory competence in a gateway endocrine cell
conferred by the nuclear receptor BFTZ-F1 enables stage-specific ecdysone responses throughout
development in Drosophila . Dev Biol 385:253-262. DOI: https://doi.org/10.1016/j.ydbio.2013.11.003

Crews ST, Thomas JB, Goodman CS. 1988. The Drosophila single-minded gene encodes a nuclear protein with
sequence similarity to the per gene product. Cell 52:143-151. DOI: https://doi.org/10.1016/0092-8674(88)
90538-7, PMID: 3345560

Deady LD, Shen W, Mosure SA, Spradling AC, Sun J. 2015. Matrix metalloproteinase 2 is required for ovulation
and corpus luteum formation in Drosophila. PLOS Genetics 11:e1004989. DOI: https://doi.org/10.1371/journal.
pgen.1004989, PMID: 25695427

Deady LD, Li W, Sun J. 2017. The zinc-finger transcription factor Hindsight regulates ovulation competency of
Drosophila follicles. eLife 6:€29887. DOI: https://doi.org/10.7554/elife.29887, PMID: 29256860

Deady LD, Sun J. 2015. A follicle rupture assay reveals an essential role for follicular adrenergic signaling in
Drosophila ovulation. PLOS Genetics 11:1005604. DOI: https://doi.org/10.1371/journal.pgen.1005604,

PMID: 26473732

DiBello PR, Withers DA, Bayer CA, Fristrom JW, Guild GM. 1991. TheDrosophilaBroad-Complex encodes a
family of related proteins containing zinc fingers. Genetics 129:385-397. PMID: 1743483

Duggavathi R, Volle DH, Mataki C, Antal MC, Messaddeq N, Auwerx J, Murphy BD, Schoonjans K. 2008. Liver
receptor homolog 1 is essential for ovulation. Genes & Development 22:1871-1876. DOI: https://doi.org/10.
1101/gad.472008, PMID: 18628394

Duhart JC, Parsons TT, Raftery LA. 2017. The repertoire of epithelial morphogenesis on display: progressive
elaboration of Drosophila egg structure. Mechanisms of Development 148:18-39. DOI: https://doi.org/10.
1016/j.m0d.2017.04.002, PMID: 28433748

Falender AE, Lanz R, Malenfant D, Belanger L, Richards JS. 2003. Differential expression of steroidogenic factor-
1 and FTF/LRH-1 in the rodent ovary. Endocrinology 144:3598-3610. DOI: https://doi.org/10.1210/en.2002-
0137, PMID: 12865342

Fayard E, Auwerx J, Schoonjans K. 2004. LRH-1: an orphan nuclear receptor involved in development,
metabolism and steroidogenesis. Trends in Cell Biology 14:250-260. DOI: https://doi.org/10.1016/j.tcb.2004.
03.008, PMID: 15130581

Guichet A, Copeland JW, Erdélyi M, Hlousek D, Zavorszky P, Ho J, Brown S, Percival-Smith A, Krause HM,
Ephrussi A. 1997. The nuclear receptor homologue Ftz-F1 and the homeodomain protein ftz are mutually
dependent cofactors. Nature 385:548-552. DOI: https://doi.org/10.1038/385548a0, PMID: 9020363

Hinshelwood MM, Repa JJ, Shelton JM, Richardson JA, Mangelsdorf DJ, Mendelson CR. 2003. Expression of
LRH-1 and SF-1 in the mouse ovary: localization in different cell types correlates with differing function.
Molecular and Cellular Endocrinology 207:39-45. DOI: https://doi.org/10.1016/S0303-7207(03)00257-0,

PMID: 12972182

Jeyasuria P, lkeda Y, Jamin SP, Zhao L, De Rooij DG, Themmen AP, Behringer RR, Parker KL. 2004. Cell-specific
knockout of steroidogenic factor 1 reveals its essential roles in gonadal function. Molecular Endocrinology 18:
1610-1619. DOI: https://doi.org/10.1210/me.2003-0404, PMID: 15118069

Karpen GH, Spradling AC. 1992. Analysis of subtelomeric heterochromatin in theDrosophilaMinichromosome
Dp1187 by single P element insertional mutagenesis. Genetics 132:737-753. PMID: 1334894

Kim D, Langmead B, Salzberg SL. 2015. HISAT: a fast spliced aligner with low memory requirements. Nature
Methods 12:357-360. DOI: https://doi.org/10.1038/nmeth.3317, PMID: 25751142

Klusza S, Deng W-M. 2011. At the crossroads of differentiation and proliferation: precise control of cell-cycle
changes by multiple signaling pathways in Drosophila follicle cells. BioEssays 33:124-134. DOI: https://doi.org/
10.1002/bies.201000089

Knapp E, Deady L, Sun J. 2018. Ex vivo follicle rupture and in situ zymography in Drosophila. Bio-Protocol 8:
€2846. DOI: https://doi.org/10.21769/BioProtoc.2846

Knapp EM, Li W, Sun J. 2019. Downregulation of homeodomain protein cut is essential for Drosophila follicle
maturation and ovulation. Development 146:dev179002. DOI: https://doi.org/10.1242/dev.179002,

PMID: 31444217

Knapp E, Sun J. 2017. Steroid signaling in mature follicles is important for Drosophila ovulation. PNAS 114:699—
704. DOI: https://doi.org/10.1073/pnas. 1614383114, PMID: 28069934

Kozlova T, Thummel CS. 2002. Spatial patterns of ecdysteroid receptor activation during the onset
ofDrosophilametamorphosis. Development 129:1739-1750. PMID: 11923209

Knapp et al. eLife 2020;9:€54568. DOI: https://doi.org/10.7554/eLife.54568 22 of 25


https://doi.org/10.1016/S1097-2765(00)80305-6
http://www.ncbi.nlm.nih.gov/pubmed/10078197
https://doi.org/10.1016/0092-8674(90)90217-3
https://doi.org/10.1016/0092-8674(90)90217-3
http://www.ncbi.nlm.nih.gov/pubmed/2107982
https://doi.org/10.1101/gad.2064111
http://www.ncbi.nlm.nih.gov/pubmed/21715559
https://doi.org/10.1242/dev.00205
https://doi.org/10.1242/dev.00205
http://www.ncbi.nlm.nih.gov/pubmed/12466195
https://doi.org/10.1016/j.ydbio.2013.11.003
https://doi.org/10.1016/0092-8674(88)90538-7
https://doi.org/10.1016/0092-8674(88)90538-7
http://www.ncbi.nlm.nih.gov/pubmed/3345560
https://doi.org/10.1371/journal.pgen.1004989
https://doi.org/10.1371/journal.pgen.1004989
http://www.ncbi.nlm.nih.gov/pubmed/25695427
https://doi.org/10.7554/eLife.29887
http://www.ncbi.nlm.nih.gov/pubmed/29256860
https://doi.org/10.1371/journal.pgen.1005604
http://www.ncbi.nlm.nih.gov/pubmed/26473732
http://www.ncbi.nlm.nih.gov/pubmed/1743483
https://doi.org/10.1101/gad.472008
https://doi.org/10.1101/gad.472008
http://www.ncbi.nlm.nih.gov/pubmed/18628394
https://doi.org/10.1016/j.mod.2017.04.002
https://doi.org/10.1016/j.mod.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28433748
https://doi.org/10.1210/en.2002-0137
https://doi.org/10.1210/en.2002-0137
http://www.ncbi.nlm.nih.gov/pubmed/12865342
https://doi.org/10.1016/j.tcb.2004.03.008
https://doi.org/10.1016/j.tcb.2004.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15130581
https://doi.org/10.1038/385548a0
http://www.ncbi.nlm.nih.gov/pubmed/9020363
https://doi.org/10.1016/S0303-7207(03)00257-0
http://www.ncbi.nlm.nih.gov/pubmed/12972182
https://doi.org/10.1210/me.2003-0404
http://www.ncbi.nlm.nih.gov/pubmed/15118069
http://www.ncbi.nlm.nih.gov/pubmed/1334894
https://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1002/bies.201000089
https://doi.org/10.1002/bies.201000089
https://doi.org/10.21769/BioProtoc.2846
https://doi.org/10.1242/dev.179002
http://www.ncbi.nlm.nih.gov/pubmed/31444217
https://doi.org/10.1073/pnas.1614383114
http://www.ncbi.nlm.nih.gov/pubmed/28069934
http://www.ncbi.nlm.nih.gov/pubmed/11923209
https://doi.org/10.7554/eLife.54568

e Llfe Research article

Developmental Biology | Genetics and Genomics

Kiilshammer E, Mundorf J, Kilinc M, Frommolt P, Wagle P, Uhlirova M. 2015. Interplay among Drosophila
transcription factors Ets21c, Fos and Ftz-F1 drives JNK-mediated tumor malignancy . Disease Models &
Mechanisms 8:1279-1293. DOI: https://doi.org/10.1242/dmm.020719

Lala DS, Rice DA, Parker KL. 1992. Steroidogenic factor |, a key regulator of steroidogenic enzyme expression, is
the mouse homolog of fushi tarazu-factor I. Molecular Endocrinology 6:1249-1258. DOI: https://doi.org/10.
1210/mend.6.8.1406703, PMID: 1406703

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with bowtie 2. Nature Methods 9:357-359.

DOI: https://doi.org/10.1038/nmeth.1923, PMID: 22388286

Lavorgna G, Ueda H, Clos J, Wu C. 1991. FTZ-F1, a steroid hormone receptor-like protein implicated in the
activation of fushi tarazu. Science 252:848-851. DOI: https://doi.org/10.1126/science.1709303, PMID: 1709303

Lavorgna G, Karim FD, Thummel CS, Wu C. 1993. Potential role for a FTZ-F1 steroid receptor superfamily
member in the control of Drosophila metamorphosis. PNAS 90:3004-3008. DOI: https://doi.org/10.1073/pnas.
90.7.3004, PMID: 8096644

Li W, Young JF, Sun J. 2018. NADPH oxidase-generated reactive oxygen species in mature follicles are essential
for Drosophila ovulation. PNAS 115:7765-7770. DOI: https://doi.org/10.1073/pnas.1800115115, PMID: 2
9987037

Liu N, Hargreaves VV, Zhu Q, Kurland JV, Hong J, Kim W, Sher F, Macias-Trevino C, Rogers JM, Kurita R,
Nakamura Y, Yuan GC, Bauer DE, Xu J, Bulyk ML, Orkin SH. 2018. Direct promoter repression by BCL11A
controls the fetal to adult hemoglobin switch. Cell 173:430-442. DOI: https://doi.org/10.1016/].cell.2018.03.
016, PMID: 29606353

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for RNA-seq data with
DESeq2. Genome Biology 15:550. DOI: https://doi.org/10.1186/s13059-014-0550-8, PMID: 25516281

Lu Y, Anderson WR, Zhang H, Feng S, Pick L. 2013. Functional conservation of Drosophila FTZ-F1 and its
mammalian homologs suggests ligand-independent regulation of NR5A family transcriptional activity.
Development Genes and Evolution 223:199-205. DOI: https://doi.org/10.1007/s00427-012-0435-3,

PMID: 23340581

Machanick P, Bailey TL. 2011. MEME-ChIP: motif analysis of large DNA datasets. Bioinformatics 27:1696-1697.
DOI: https://doi.org/10.1093/biocinformatics/btr189, PMID: 21486936

McCloy RA, Rogers S, Caldon CE, Lorca T, Castro A, Burgess A. 2014. Partial inhibition of Cdk1 in G 2 phase
overrides the SAC and decouples mitotic events. Cell Cycle 13:1400-1412. DOI: https://doi.org/10.4161/cc.
28401, PMID: 24626186

Meers MP, Bryson TD, Henikoff JG, Henikoff S. 2019. Improved CUT&RUN chromatin profiling tools. eLife 8:
e46314. DOI: https://doi.org/10.7554/eLife.46314, PMID: 31232687

Meinsohn MC, Morin F, Bertolin K, Duggavathi R, Schoonjans K, Murphy BD. 2018. The orphan nuclear receptor
liver homolog Receptor-1 (Nr5a2) Regulates ovarian granulosa cell proliferation. Journal of the Endocrine
Society 2:24-41. DOI: https://doi.org/10.1210/js.2017-00329, PMID: 29379893

Meinsohn MC, Smith OE, Bertolin K, Murphy BD. 2019. The orphan nuclear receptors steroidogenic Factor-1 and
liver receptor Homolog-1: structure, regulation, and essential roles in mammalian reproduction. Physiological
Reviews 99:1249-1279. DOI: https://doi.org/10.1152/physrev.00019.2018, PMID: 30810078

Mlynarczuk J, Wrobel MH, Rekawiecki R, Kotwica J. 2013. The expression of steroidogenic Factor-1 and its role
in bovine steroidogenic ovarian cells during the estrus cycle and first trimester of pregnancy. Animal
Reproduction Science 138:74-81. DOI: https://doi.org/10.1016/].anireprosci.2013.01.008, PMID: 23481593

Muralidhar MG, Callahan CA, Thomas JB. 1993. Single-minded regulation of genes in the embryonic midline of
the Drosophila central nervous system. Mechanisms of Development 41:129-138. DOI: https://doi.org/10.
1016/0925-4773(93)90043-W, PMID: 8518191

Murata T, Kageyama Y, Hirose S, Ueda H. 1996. Regulation of the EDG84A gene by FTZ-F1 during
metamorphosis in Drosophila Melanogaster. Molecular and Cellular Biology 16:6509-6515. DOI: https://doi.
org/10.1128/MCB.16.11.6509, PMID: 8887679

Nambu JR, Franks RG, Hu S, Crews ST. 1990. The single-minded gene of Drosophila is required for the
expression of genes important for the development of CNS midline cells. Cell 63:63-75. DOI: https://doi.org/
10.1016/0092-8674(90)90288-P, PMID: 2242162

Nambu JR, Lewis JO, Wharton KA, Crews ST. 1991. The Drosophila single-minded gene encodes a helix-loop-
helix protein that acts as a master regulator of CNS midline development. Cell 67:1157-1167. DOI: https://doi.
org/10.1016/0092-8674(91)20292-7, PMID: 1760843

Ohshiro T, Saigo K. 1997. Transcriptional regulation of breathless FGF receptor gene by binding of
TRACHEALESS/dARNT heterodimers to three central midline elements inDrosophiladeveloping Trachea.
Development 124:3975-3986. PMID: 9374395

Osterfield M, Berg CA, Shvartsman SY. 2017. Epithelial patterning, Morphogenesis, and evolution: drosophila
eggshell as a model. Developmental Cell 41:337-348. DOI: https://doi.org/10.1016/j.devcel.2017.02.018,
PMID: 28535370

Parvy J-P, Blais C, Bernard F, Warren JT, Petryk A, Gilbert LI, O'Connor MB, Dauphin-Villemant C. 2005. A role
for BFTZ-F1 in regulating ecdysteroid titers during post-embryonic development in Drosophila Melanogaster.
Developmental Biology 282:84-94. DOI: https://doi.org/10.1016/j.ydbio.2005.02.028

Pelusi C, Ikeda Y, Zubair M, Parker KL. 2008. Impaired follicle development and infertility in female mice lacking
steroidogenic factor 1 in ovarian granulosa cells. Biology of Reproduction 79:1074-1083. DOI: https://doi.org/
10.1095/biolreprod.108.069435, PMID: 18703422

Knapp et al. eLife 2020;9:€54568. DOI: https://doi.org/10.7554/eLife.54568 23 of 25


https://doi.org/10.1242/dmm.020719
https://doi.org/10.1210/mend.6.8.1406703
https://doi.org/10.1210/mend.6.8.1406703
http://www.ncbi.nlm.nih.gov/pubmed/1406703
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1126/science.1709303
http://www.ncbi.nlm.nih.gov/pubmed/1709303
https://doi.org/10.1073/pnas.90.7.3004
https://doi.org/10.1073/pnas.90.7.3004
http://www.ncbi.nlm.nih.gov/pubmed/8096644
https://doi.org/10.1073/pnas.1800115115
http://www.ncbi.nlm.nih.gov/pubmed/29987037
http://www.ncbi.nlm.nih.gov/pubmed/29987037
https://doi.org/10.1016/j.cell.2018.03.016
https://doi.org/10.1016/j.cell.2018.03.016
http://www.ncbi.nlm.nih.gov/pubmed/29606353
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1007/s00427-012-0435-3
http://www.ncbi.nlm.nih.gov/pubmed/23340581
https://doi.org/10.1093/bioinformatics/btr189
http://www.ncbi.nlm.nih.gov/pubmed/21486936
https://doi.org/10.4161/cc.28401
https://doi.org/10.4161/cc.28401
http://www.ncbi.nlm.nih.gov/pubmed/24626186
https://doi.org/10.7554/eLife.46314
http://www.ncbi.nlm.nih.gov/pubmed/31232687
https://doi.org/10.1210/js.2017-00329
http://www.ncbi.nlm.nih.gov/pubmed/29379893
https://doi.org/10.1152/physrev.00019.2018
http://www.ncbi.nlm.nih.gov/pubmed/30810078
https://doi.org/10.1016/j.anireprosci.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23481593
https://doi.org/10.1016/0925-4773(93)90043-W
https://doi.org/10.1016/0925-4773(93)90043-W
http://www.ncbi.nlm.nih.gov/pubmed/8518191
https://doi.org/10.1128/MCB.16.11.6509
https://doi.org/10.1128/MCB.16.11.6509
http://www.ncbi.nlm.nih.gov/pubmed/8887679
https://doi.org/10.1016/0092-8674(90)90288-P
https://doi.org/10.1016/0092-8674(90)90288-P
http://www.ncbi.nlm.nih.gov/pubmed/2242162
https://doi.org/10.1016/0092-8674(91)90292-7
https://doi.org/10.1016/0092-8674(91)90292-7
http://www.ncbi.nlm.nih.gov/pubmed/1760843
http://www.ncbi.nlm.nih.gov/pubmed/9374395
https://doi.org/10.1016/j.devcel.2017.02.018
http://www.ncbi.nlm.nih.gov/pubmed/28535370
https://doi.org/10.1016/j.ydbio.2005.02.028
https://doi.org/10.1095/biolreprod.108.069435
https://doi.org/10.1095/biolreprod.108.069435
http://www.ncbi.nlm.nih.gov/pubmed/18703422
https://doi.org/10.7554/eLife.54568

e Llfe Research article

Developmental Biology | Genetics and Genomics

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. 2016. Transcript-level expression analysis of RNA-seq
experiments with HISAT, StringTie and ballgown. Nature Protocols 11:1650-1667. DOI: https://doi.org/10.
1038/nprot.2016.095, PMID: 27560171

Peters NC, Thayer NH, Kerr SA, Tompa M, Berg CA. 2013. Following the "tracks’: Tramtracké9 regulates
epithelial tube expansion in the Drosophila ovary through Paxillin, Dynamin, and the homeobox protein Mirror.
Developmental Biology 378:154-169. DOI: https://doi.org/10.1016/j.ydbio.2013.03.017, PMID: 23545328

Pielage J, Steffes G, Lau DC, Parente BA, Crews ST, Strauss R, Kldmbt C. 2002. Novel behavioral and
developmental defects associated with Drosophila single-minded. Developmental Biology 249:283-299.

DOI: https://doi.org/10.1006/dbio.2002.0770, PMID: 12221007

Pignoni F, Zipursky SL. 1997. Induction ofDrosophilaeye development by decapentaplegic. Development 124:
271-278. PMID: 9053304

Rewitz KF, Yamanaka N, O’Connor MB. 2010. Steroid hormone inactivation is required during the juvenile-adult
transition in Drosophila. Developmental Cell 19:895-902. DOI: https://doi.org/10.1016/j.devcel.2010.10.021,
PMID: 21145504

Skene PJ, Henikoff JG, Henikoff S. 2018. Targeted in situ genome-wide profiling with high efficiency for low cell
numbers. Nature Protocols 13:1006-1019. DOI: https://doi.org/10.1038/nprot.2018.015, PMID: 29651053

Skene PJ, Henikoff S. 2017. An efficient targeted nuclease strategy for high-resolution mapping of DNA binding
sites. elLife 6:e21856. DOI: https://doi.org/10.7554/eLife.21856, PMID: 28079019

Song S, Andrejeva D, Freitas FCP, Cohen SM, Herranz H. 2019. dTcf/Pangolin suppresses growth and tumor
formation in Drosophila. PNAS 116:14055-14064. DOI: https://doi.org/10.1073/pnas. 1816981116,

PMID: 31235567

Sonnenfeld M, Ward M, Nystrom G, Mosher J, Stahl S, Crews S. 1997. TheDrosophilatango gene encodes a
bHLH-PAS protein that is orthologous to mammalian arnt and controls CNS midline and tracheal development.
Development 124:4571-4582. PMID: 9409674

Splinter K, Adams DR, Bacino CA, Bellen HJ, Bernstein JA, Cheatle-Jarvela AM, Eng CM, Esteves C, Gahl WA,
Hamid R, Jacob HJ, Kikani B, Koeller DM, Kohane IS, Lee BH, Loscalzo J, Luo X, McCray AT, Metz TO, Mulvihill
JJ, et al. 2018. Effect of genetic diagnosis on patients with previously undiagnosed disease. New England
Journal of Medicine 379:2131-2139. DOI: https://doi.org/10.1056/NEJMoa1714458, PMID: 30304647

Spradling A. 1993. Developmental genetics of oogenesis. In: Bate M, Arias A. M (Eds). The Development of
Drosophila melanogaster. Cold Spring Harbor Laboratory Press. p. 1-70.

Sultan AR, Oish Y, Ueda H. 2014. Function of the nuclear receptor FTZ-F1 during the pupal stage in Drosophila
Melanogaster. Development, Growth & Differentiation 56:245-253. DOI: https://doi.org/10.1111/dgd.12125,
PMID: 24611773

Sun J, Smith L, Armento A, Deng WM. 2008. Regulation of the endocycle/gene amplification switch by notch and
ecdysone signaling. Journal of Cell Biology 182:885-896. DOI: https://doi.org/10.1083/jcb.200802084, PMID: 1
8779369

Sun J, Deng WM. 2005. Notch-dependent downregulation of the homeodomain gene cut is required for the
mitotic cycle/endocycle switch and cell differentiation in Drosophila follicle cells. Development 132:4299-4308.
DOI: https://doi.org/10.1242/dev.02015, PMID: 16141223

Sun J, Deng W-M. 2007. Hindsight mediates the role of notch in suppressing hedgehog signaling and cell
proliferation. Developmental Cell 12:431-442. DOI: https://doi.org/10.1016/j.devcel.2007.02.003

Sun J, Spradling AC. 2012. NR5A nuclear receptor Hr39 controls Three-Cell secretory unit formation in
Drosophila female reproductive glands. Current Biology 22:862-871. DOI: https://doi.org/10.1016/].cub.2012.
03.059

Sun J, Spradling AC. 2013. Ovulation in Drosophila is controlled by secretory cells of the female reproductive
tract. eLife 2:e00415. DOI: https://doi.org/10.7554/eLife.00415, PMID: 23599892

Suresh PS, Medhamurthy R. 2012. Luteinizing hormone regulates inhibin-a subunit expression through multiple
signaling pathways involving steroidogenic factor-1 and beta-catenin in the macaque corpus luteum. Growth
Factors 30:192-206. DOI: https://doi.org/10.3109/08977194.2012.678844, PMID: 22607396

Tajima K, Dantes A, Yao Z, Sorokina K, Kotsuji F, Seger R, Amsterdam A. 2003. Down-regulation of
steroidogenic response to gonadotropins in human and rat preovulatory granulosa cells involves mitogen-
activated protein kinase activation and modulation of DAX-1 and steroidogenic factor-1. The Journal of Clinical
Endocrinology & Metabolism 88:2288-2299. DOI: https://doi.org/10.1210/jc.2002-020913, PMID: 12727988

Talamillo A, Herboso L, Pirone L, Pérez C, Gonzélez M, Sanchez J, Mayor U, Lopitz-Otsoa F, Rodriguez MS,
Sutherland JD, Barrio R. 2013. Scavenger receptors mediate the role of SUMO and Ftz-f1 in Drosophila
steroidogenesis. PLOS Genetics 9:e1003473. DOI: https://doi.org/10.1371/journal.pgen.1003473,

PMID: 23637637

Thomas JB, Crews ST, Goodman CS. 1988. Molecular genetics of the single-minded locus: a gene involved in the
development of the Drosophila nervous system. Cell 52:133-141. DOI: https://doi.org/10.1016/0092-8674(88)
90537-5, PMID: 3345559

Tootle TL, Williams D, Hubb A, Frederick R, Spradling A. 2011. Drosophila eggshell production: identification of
new genes and coordination by pxt. PLOS ONE 6:€19943. DOI: https://doi.org/10.1371/journal.pone.0019943

Ueda H, Sonoda S, Brown JL, Scott MP, Wu C. 1990. A sequence-specific DNA-binding protein that activates
fushi tarazu segmentation gene expression. Genes & Development 4:624-635. DOI: https://doi.org/10.1101/
gad.4.4.624, PMID: 2113881

Knapp et al. eLife 2020;9:€54568. DOI: https://doi.org/10.7554/eLife.54568 24 of 25


https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1038/nprot.2016.095
http://www.ncbi.nlm.nih.gov/pubmed/27560171
https://doi.org/10.1016/j.ydbio.2013.03.017
http://www.ncbi.nlm.nih.gov/pubmed/23545328
https://doi.org/10.1006/dbio.2002.0770
http://www.ncbi.nlm.nih.gov/pubmed/12221007
http://www.ncbi.nlm.nih.gov/pubmed/9053304
https://doi.org/10.1016/j.devcel.2010.10.021
http://www.ncbi.nlm.nih.gov/pubmed/21145504
https://doi.org/10.1038/nprot.2018.015
http://www.ncbi.nlm.nih.gov/pubmed/29651053
https://doi.org/10.7554/eLife.21856
http://www.ncbi.nlm.nih.gov/pubmed/28079019
https://doi.org/10.1073/pnas.1816981116
http://www.ncbi.nlm.nih.gov/pubmed/31235567
http://www.ncbi.nlm.nih.gov/pubmed/9409674
https://doi.org/10.1056/NEJMoa1714458
http://www.ncbi.nlm.nih.gov/pubmed/30304647
https://doi.org/10.1111/dgd.12125
http://www.ncbi.nlm.nih.gov/pubmed/24611773
https://doi.org/10.1083/jcb.200802084
http://www.ncbi.nlm.nih.gov/pubmed/18779369
http://www.ncbi.nlm.nih.gov/pubmed/18779369
https://doi.org/10.1242/dev.02015
http://www.ncbi.nlm.nih.gov/pubmed/16141223
https://doi.org/10.1016/j.devcel.2007.02.003
https://doi.org/10.1016/j.cub.2012.03.059
https://doi.org/10.1016/j.cub.2012.03.059
https://doi.org/10.7554/eLife.00415
http://www.ncbi.nlm.nih.gov/pubmed/23599892
https://doi.org/10.3109/08977194.2012.678844
http://www.ncbi.nlm.nih.gov/pubmed/22607396
https://doi.org/10.1210/jc.2002-020913
http://www.ncbi.nlm.nih.gov/pubmed/12727988
https://doi.org/10.1371/journal.pgen.1003473
http://www.ncbi.nlm.nih.gov/pubmed/23637637
https://doi.org/10.1016/0092-8674(88)90537-5
https://doi.org/10.1016/0092-8674(88)90537-5
http://www.ncbi.nlm.nih.gov/pubmed/3345559
https://doi.org/10.1371/journal.pone.0019943
https://doi.org/10.1101/gad.4.4.624
https://doi.org/10.1101/gad.4.4.624
http://www.ncbi.nlm.nih.gov/pubmed/2113881
https://doi.org/10.7554/eLife.54568

e Llfe Research article

Developmental Biology | Genetics and Genomics

Umetsu D, Murakami S, Sato M, Tabata T. 2006. The highly ordered assembly of retinal axons and their synaptic
partners is regulated by hedgehog/Single-minded in the Drosophila visual system. Development 133:791-800.
DOI: https://doi.org/10.1242/dev.02253, PMID: 16439478

Woodard CT, Baehrecke EH, Thummel CS. 1994. A molecular mechanism for the stage specificity of the
Drosophila prepupal genetic response to ecdysone. Cell 79:607-615. DOI: https://doi.org/10.1016/0092-8674
(94)90546-0, PMID: 7954827

Wu JS, Luo L. 2006. A protocol for mosaic analysis with a repressible cell marker (MARCM) in Drosophila. Nature
Protocols 1:2583-2589. DOI: https://doi.org/10.1038/nprot.2006.320, PMID: 17406512

Xiao H, Hrdlicka LA, Nambu JR. 1996. Alternate functions of the single-minded and rhomboid genes in
development of the Drosophila ventral neuroectoderm. Mechanisms of Development 58:65-74. DOI: https://
doi.org/10.1016/50925-4773(96)00559-X, PMID: 8887317

Yamada M, Murata T, Hirose S, Lavorgna G, Suzuki E, Ueda H. 2000. Temporally restricted expression of
transcription factor betaFTZ-F1: significance for embryogenesis, molting and metamorphosis inDrosophila
melanogaster. Development 127:5083-5092. PMID: 11060234

Yamaki A, Noda S, Kudoh J, Shindoh N, Maeda H, Minoshima S, Kawasaki K, Shimizu Y, Shimizu N. 1996. The
mammalian single-minded (SIM) gene: mouse cDNA structure and diencephalic expression indicate a candidate
gene for down syndrome. Genomics 35:136-143. DOI: https://doi.org/10.1006/geno.1996.0332, PMID:
8661114

Yamanaka N, O'Connor MB. 2011. Nitric oxide directly regulates gene expression during Drosophila
development: need some gas to drive into metamorphosis? Genes & Development 25:1459-1463.

DOI: https://doi.org/10.1101/gad.2080411, PMID: 21764850

YuY, LiW, SuK, Yussa M, Han W, Perrimon N, Pick L. 1997. The nuclear hormone receptor Ftz-F1 is a cofactor
for the Drosophila homeodomain protein ftz. Nature 385:552-555. DOI: https://doi.org/10.1038/385552a0,
PMID: 9020364

Yu G, Wang LG, He QY. 2015. ChIPseeker: an R/Bioconductor package for ChIP peak annotation, comparison
and visualization. Bioinformatics 31:2382-2383. DOI: https://doi.org/10.1093/bioinformatics/btv145,

PMID: 25765347

Yussa M, Lohr U, Su K, Pick L. 2001. The nuclear receptor Ftz-F1 and homeodomain protein ftz interact through
evolutionarily conserved protein domains. Mechanisms of Development 107:39-53. DOI: https://doi.org/10.
1016/50925-4773(01)00448-8, PMID: 11520662

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum C, Myers RM, Brown M, Li W, Liu
XS. 2008. Model-based analysis of ChIP-Seq (MACS). Genome Biology 9:R137. DOI: https://doi.org/10.1186/
gb-2008-9-9-r137, PMID: 18798982

Zhu Q, Liu N, Orkin SH, Yuan GC. 2019. CUT&RUNTools: a flexible pipeline for CUT&RUN processing and
footprint analysis. Genome Biology 20:192. DOI: https://doi.org/10.1186/s13059-019-1802-4, PMID: 31500663

Knapp et al. eLife 2020;9:€54568. DOI: https://doi.org/10.7554/eLife.54568 25 of 25


https://doi.org/10.1242/dev.02253
http://www.ncbi.nlm.nih.gov/pubmed/16439478
https://doi.org/10.1016/0092-8674(94)90546-0
https://doi.org/10.1016/0092-8674(94)90546-0
http://www.ncbi.nlm.nih.gov/pubmed/7954827
https://doi.org/10.1038/nprot.2006.320
http://www.ncbi.nlm.nih.gov/pubmed/17406512
https://doi.org/10.1016/S0925-4773(96)00559-X
https://doi.org/10.1016/S0925-4773(96)00559-X
http://www.ncbi.nlm.nih.gov/pubmed/8887317
http://www.ncbi.nlm.nih.gov/pubmed/11060234
https://doi.org/10.1006/geno.1996.0332
http://www.ncbi.nlm.nih.gov/pubmed/8661114
https://doi.org/10.1101/gad.2080411
http://www.ncbi.nlm.nih.gov/pubmed/21764850
https://doi.org/10.1038/385552a0
http://www.ncbi.nlm.nih.gov/pubmed/9020364
https://doi.org/10.1093/bioinformatics/btv145
http://www.ncbi.nlm.nih.gov/pubmed/25765347
https://doi.org/10.1016/S0925-4773(01)00448-8
https://doi.org/10.1016/S0925-4773(01)00448-8
http://www.ncbi.nlm.nih.gov/pubmed/11520662
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1186/gb-2008-9-9-r137
http://www.ncbi.nlm.nih.gov/pubmed/18798982
https://doi.org/10.1186/s13059-019-1802-4
http://www.ncbi.nlm.nih.gov/pubmed/31500663
https://doi.org/10.7554/eLife.54568

