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Abstract

Hedgehog (Hh) signaling has been shown to regulate multiple developmental processes, however,
it is unclear how it regulates lipid metabolism. Here, we demonstrate that Hh signaling exhibits
potent activity in Drosophila fat body, which is induced by both locally expressed and midgut-
derived Hh proteins. Inactivation of Hh signaling increases, whereas activation of Hh signaling
decreases lipid accumulation. The major lipase Brummer (Bmm) acts downstream of Smoothened
(Smo) in Hh signaling to promote lipolysis, therefore, the breakdown of triacylglycerol (TAG). We
identify a critical Ci binding site in brmm promoter that is responsible to mediate Bmm expression
induced by Hh signaling. Genomic mutation of the Ci binding site significantly reduces the
expression of Bmm and dramatically decreases the responsiveness to Ci overexpression. Together,
our findings provide a model for lipolysis to be regulated by Hh signaling, raising the possibility
for Hh signaling to be involved in lipid metabolic and/or lipid storage diseases.
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1. Introduction

Hh signaling is a highly conserved pathway that controls organ development and tissue
homeostasis. Dysregulation of Hh signaling is implicated in many human disorders,
including several types of cancer (Briscoe and Therond, 2013; Jiang and Hui, 2008). Smo,
an atypical G protein-coupled receptor (GPCR) family member, acts as a key regulator of
the pathway for both insects and vertebrates. Abnormal Smo activation results in basal cell
carcinoma (BCC) and medulloblastoma, therefore, Smo is an attractive therapeutic target
(Guha, 2012; Sekulic and Von Hoff, 2016) that can, however, acquire drug resistance
(resistance to GDC-0449 that was approved by FDA in 2012) through a single amino acid
mutation (Rudin et al., 2009; Yauch et al., 2009). Besides the knowledge of Hh/Smo
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signaling in cancer, little is known whether Hh/Smo signaling is involved in metabolic
disorders.

In Drosophila, the Hh signal is transduced through a reception system at the plasma
membrane, which includes the receptor complexes Patched (Ptc)-1hog and the signal
transducer Smo (Jia and Jiang, 2006; Lum and Beachy, 2004; Zheng et al., 2010). Binding
of Hh to Ptc-l1hog relieves the inhibition of Smo by Ptc and allows Smo to activate the Ci/Gli
family of Zn-finger transcription factors to induce the expression of Hh target genes,
including ptc, decapentaplegic (app), and engrailed (en) (Hooper and Scott, 2005; Jia and
Jiang, 2006). In the absence of Hh, Ptc inhibits Smo. Unphosphorylated Smo is
ubiquitinated and degraded through the proteasome and lysosome (Li et al., 2012; Xia et al.,
2012). Ci is processed into a truncated repressor form that enters into the nucleus to block
target gene expression (Hooper and Scott, 2005). Glil is a transcription factor and also a Hh
target gene in vertebrate Hh signaling (Jiang and Hui, 2008). In addition to these classical
target genes, some other genes involved in neural tube patterning and axon guidance are also
shown to be regulated by Hh signaling (Briscoe and Therond, 2013); however, it is unknown
whether Hh signaling directly regulates gene(s) from the metabolic pathways.

The Drosophila fat body has emerged as a model tissue to determine the roles of Hh
signaling in metabolism. The fat body mimics vertebrate liver and adipose tissue and
functions in metabolizing nutrients and storing glycogen and triacylglycerol (TAG), but also
in sensing nutritional conditions and responding with synthesis and release of energy
(Droujinine and Perrimon, 2016). Hh functions as an organizer of tissue morphogenesis, as
well as an endocrine hormone, circulating to the fat body to orchestrate the nutrient response
during fat body development (Pospisilik et al., 2010; Rodenfels et al., 2014). Hh signaling
inhibits fat formation and blocks adipogenesis in the fat body (Suh et al., 2006), therefore,
Hh has been shown to be a key modulator of fat body formation in Drosophila (Pospisilik et
al., 2010) and plays a key role in brown versus white adipocyte determination in mice
(Nosavanh et al., 2015; Pospisilik et al., 2010). Hh also activates Smo-AMP kinase (AMPK)
to promote a Warburg-like glycolytic metabolism and glucose uptake (Teperino et al., 2012,
2014). Consistently, Smo inactivation results in liver steatosis and significantly increases
lipid droplet accumulation (Matz-Soja et al., 2016); whereas Hh specifically activated in the
fat leads to lean mice with a severe reduction in fat tissue (Pospisilik et al., 2010). These
studies suggest a role for Hh signaling in adipogenesis regulation, however, the underlying
molecular mechanisms are unclear. In addition, it is unknown whether Hh signaling
regulates lipolysis.

In this study, we found that Hh signaling upregulated the transcription of a specific lipase
with a subsequent increase in lipolysis. We found that Hh signaling was highly activated in
fat body, demonstrated by the elevated Hh target gene expression, which was significantly
reduced by the inactivation of Smo and Ci. We further found that both Hh protein circulated
from gut and Hh protein locally expressed contributed to the high activity of Hh signaling in
fat body. We further found that the transcription of lipase Bmm, the Drosophila Adipose
Triglyceride Lipase (ATGL) (Gronke et al., 2005), was significantly inhibited by the
inactivation of Smo or Ci. Analysis of bmm promoter identified critical Ci binding sites.
Mutating a Ci binding site adjacent to transcription start significantly reduced the
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transcription and Hh responsiveness of Bmm. Finally, we found that, in Drosophila fat body,
genomic mutation of the Ci binding site in brmm promoter significantly reduced the ability
for Ci to regulate Bmm-mediated lipolysis. These findings indicate that Hh signaling
directly regulates lipolysis, raising the possibility for Hh signaling to be involved in
metabolic disease(s).

2. Results

2.1

Hh signaling inhibits lipid droplet accumulation in Drosophila fat body and in

cultured adipocyte

In Drosophila, during larva development, TAG and glycogen are highly accumulated as
nutrient storage in the larval fat bodies. By the stage of late 3rd instar larva, lipid droplets in
the fat body, accounting for about 30% of the larval body weight, can be metabolized to
provide energy for locomotor activity. Later during development, the fat body undergoes
morphological remodeling to provide energy for pupae and newly enclosed adults, which
raises a good model to study lipid metabolism (Nelliot et al., 2006). To determine whether
Hh signaling plays a role in regulating lipid accumulation, we examined the fat body size in
late 3rd instar larvae when Smo and Ci were either overexpressed or inactivated. We found
that RNA. of either Smo or Ci by the fat body-specific cg-Gal4 increased fat body sizes in
late 3rd instar larvae (Fig. 1B-C, compared to WT in Fig. 1A). In contrast, the
overexpression of Smodt, a constitutively active form of Smo in which Ser/Thr residues are
substituted by Asp to mimic phosphorylation (Fan et al., 2012; Jia et al., 2004), or Ci®t, a
constitutively active form of Ci with phosphorylation clusters mutated to block Ci
processing (Jia et al., 2010), dramatically reduced the fat body sizes (Fig. 1D-E). The
phenotypes in the increase or decrease of fat body size were highly penetrant, and the
change was not due to nutrition intake because no change in food content was seen upon
spectrophotometric measurement of extracts from flies grown on food with 1% Brilliant
Blue.

We further examined the lipid droplets in the fat body and found that RNAi of Smo by larval
fat body-specific ppi-Gal4 increased, whereas overexpression of Smo@t by pp/-Gald
decreased lipid droplets in the fat body (Fig. 1G-H, compared to WT in Fig. 1F). Although
the wing disc is not considered the best model to study lipid metabolism, it can be used to
examine lipid accumulation under some circumstances. We found that the overexpression of
Ciat and Smoa°t by the dorsal compartment specific ap-Gal4 reduced lipid droplet
accumulation in the wing disc (Fig. S1), which is consistent with the finding in fat body. In
another separate experiment, we found that RNAi of Smo by pp/-Gal4 in the fat body
significantly increased larval body weight (Fig. 11). We further analyzed the effect of Hh
signaling in lipid accumulation in the oenocyte, which are specialized hepatocyte-like cells
laying beneath the epidermis in apparent cell clusters (Owusu-Ansah and Perrimon, 2014).
We found that RNAi of Smo by the oenocyte-specific oer-Gal4 increased, whereas Smoact
expression by the oer~Gal4 decreased lipid accumulation in the oenocyte (Fig. 1K-L,
compared to Fig. 1J), suggesting a cell-autonomous effect of Hh signaling in lipid
accumulation.
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The increase in fat body size and the accumulation of lipid droplets are likely due to elevated
adipogenesis or blocked lipolysis, or both. We therefore analyzed lipolysis activity by
examining the levels of TAG and free fatty acid (FFA) in Drosophila, using the inducible
Gal80's system to activate or inactivate Hh signaling from the early to late 3rd instar larvae
stage. We found that the expression of Smo3t by ppiGal4 significantly decreased, whereas
Smo RNA. or Ci RNAI by the ppl-Gal4 significantly increased the levels of TAG in fat body
(Fig. 1M). Consistently, the levels of FFA were significantly increased by the expression of
Smo2°t, however decreased by RNAI of Smo or Ci (Fig. 1N). We also examined TAG levels
in adult flies and found that the expression of Smo RNAI by the adult fat body-specific yolk-
Gal4 significantly increased, whereas the expression of Smo?°t by the yo/k-Gal4
significantly decreased the levels of TAG in adult flies (Fig. S2A). Taken together, these data
suggest that Hh signaling inhibits lipid droplet accumulation through promoting lipolysis in
Drosophila late stages of development.

3T3-L1 cells recapitulate signaling events and can be differentiated into primary adipocytes
(Green and Kehinde, 1975), which have Hh signaling responsiveness. We found that, in 3T3-
L1 adipocytes, the activation Hh signaling by the treatment of either SAG (a Smo agonist) or
Shh peptide significantly reduced fluorescence intensities of BODIPY that labeled lipid in
the adipocytes (Fig. 10). In contrast, the inhibition of Hh signaling by the treatment of
GDC-0449 (a potent Smo inhibitor) significantly increased fluorescence intensities (Fig.
10). Perilipin 1 (PLIN1), an adipocyte-specific protein associated with lipid droplet (Beller
etal., 2010; Greenberg et al., 1991; Yao et al., 2018), is often used to monitor lipid droplet
accumulation. We found that the level of PLIN1 was decreased by the treatment of SAG or
Shh, indicating a decrease in lipid accumulation in these adipocytes (Fig. 1P). In contrast,
PLIN1 was increased by the treatment of GDC-0449, suggesting an increase in lipid
accumulation (Fig. 1P). Taken together, the observations in both Drosophilatissue and
cultured adipocytes suggest that Hh signaling inhibits lipid droplet accumulation by
promoting lipolysis.

2.2. Hh signaling is highly active in Drosophila fat body

The inactivation of Smo and Ci caused dramatic increase in lipid accumulation, raising the
possibility for Hh signaling to be very actively involved in lipolysis. To test this hypothesis,
we first examined the expression of pic, one of the Hh target gene, in late 3rd instar larvae
and found that RNAI of Smo or Ci by the ppltGal4 significantly reduced pfc mRNA levels
(Fig. 2A-B). In addition, RNAI of Hh by the pp/-Gal4 also reduced the level pic mRNA (Fig.
2C), which was consistent with a previous finding that RNAIi of Hh produced phenotype in
Drosophila fat body (Pospisilik et al., 2010). To further examine the activity of Hh signaling
in fat body, we generated clones using the act> CD2> Gal4 to express Smo RNA. or Ci
RNAI and monitored the reporter ptc-lacZ expression. We found that pfc-lacZ expression
was blocked in cells expressing Smo RNAi or Ci RNA. (Fig. 2D-E). Hh signaling activity
can be monitored by expression of different responsive genes, with gpp induction indicating
low level, whereas pic induction indicating high level of Hh signaling (Fan et al., 2012).
Thus, our findings suggest that Hh signaling is highly active in fat body.
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To further examine Hh signal transduction in fat body, we expressed Ptc RNAI in the same
clonal analysis using the act> CD2> Gal4 in fat body and found that RNAi of Ptc
dramatically increased the accumulation of Smo on the cell surface (Fig. 2F), a mechanism
for Smo activation in Hh signaling (Jia et al., 2004), suggesting that Hh signal is transduced
in the same fashion as that in the wing disc.

We wondered how Hh signaling adopt a such high level of activity in the fat body. By
analyzing the relative mRNA level, we found that both Ptc and Smo mRNA exhibited very
high levels in WT fat body; however, Hh itself expression was relatively low (Fig. 2G). It is
possible that Hh signaling may also be activated by Hh protein circulated from the gut
(Rodenfels et al., 2014). To test this, we examined the levels of Hh protein in the fat body
when Hh expression is inhibited in the gut. Consistent with the previous findings (Rodenfels
et al., 2014), fasting condition increased the level of Hh protein in fat body, which was
blocked by Hh RNAI by the enterocyte cell-specific MyolA-Gal4 in the whole midgut (Fig.
2H, compare the middle to the left column). In support of our hypothesis, RNAI of Hh in the
gut decreased the level of Ptc mRNA in the fat body (Fig. 2I), suggesting the circulated Hh
protein contributes to part of the Hh signaling activity in fat body. We further analyzed the
expression of a Hf+lacZ reporter and found that the H/+lacZ was expressed at higher levels
in the gut and wing disc, compared to that in the fat body (Fig. S3). Furthermore, we found
that, consistent to the fasting induced Hh protein circulation (Fig. 2H), fasting indeed
increased the level of Ptc mMRNA in fat body (Fig. 2J). We also found that fasting condition
also increased the expression of Hh (Fig. 2J). Taken together, these findings suggest that
both the circulated Hh protein and the local expression of Hh contribute to the high level of
Hh signaling in the fat body.

Hh signaling promotes TAG production through regulating Bmm/ATGL transcription

Lipid droplet accumulation decreased by Hh signaling is possibly caused a decrease in
adipogenesis (Pospisilik et al., 2010; Suh et al., 2006), or an increase in lipolysis, or both. To
determine whether Hh signaling regulates lipolysis, we examined Bmm, a major lipase in
Drosophila. Wing disc can be used to access the activity of the lipase. We found that the
overexpression of wild type Bmm (BmmWT) by the 40-Gal4 blocked, whereas the
expression of an enzyme dead form Bmm (Bmm$384) (Gronke et al., 2005) by the ap-Gal4
failed to inhibit lipid accumulation in wing disc (Fig. 3B-C, compared to Fig. 3A),
indicating that Bmm enzymatic activity was lost by S38A mutation. Consistently, the level
of TAG was significantly decreased by the expression of BmnmWT, but not the expression of
BmmS38A, using pp/-Gal4 in the fat body (Fig. 3D). RNAI of Smo by the pol-Gal4
significantly increased the level of TAG in fat body (Figs. 1M and 3D). Interestingly, TAG
level increased by Smo RNAi was significantly decreased by the expression of BmmWT, but
not BmmS38A (Fig. 3D). Similar to the increased levels of Ptc and Smo mRNA (Fig. 2G),
fasting condition increased Bmm transcription (Fig. 3E). Interestingly, the increased Bmm
transcription was blocked by Smo RNA. (Fig. 3E), suggesting Smo is required for fasting-
induced Bmm expression. The same phenotypes were also observed in adult flies with
fasting condition in combination with Smo RNAI expression by the yolk-Gal4 (Fig. 3F).
Consistent with this finding, fasting condition significantly decreased the level of TAG in
WT adult flies but not in adult flies expressing Smo RNA. using the yo/k-Gal4 (Fig. S2B).
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The fat body-specific ppl-Gal4 expresses Gal4 starting from 1st instar larval stage to early
adult stage. By examining adult fly eclosion, we found that adult fly eclosion was
significantly decreased by Smo RNAI, which was recovered by BmmWT expression (Fig.
3G). Taken together, these data suggest that Bmm acts downstream of Smo to regulate
lipolysis.

Bmm/ATGL hydrolyzes TAG and releases the first FFA from the glycerol backbone (Fig.
4A). This enzyme exhibits high substrate specificity for TAG. Both ATGL and hormone-
sensitive lipase (HSL) can catalyze the reaction for TAG to generate FFA and diacylglycerol
(DAG). DAG is the preferred substrate for HSL, leading to the formation of FFA and
monoacylglycerol (MAG). MAG lipase (MGL) catabolizes MAG to generate fatty acid and
glycerol (Fig. 4A). We examined the expression of Bmm in larva fat body and found that
Smo RNA. or Ci RNAI by the pp/-Gal4 significantly decreased Bmm mRNA levels, but did
not change the expression of HSL (Fig. 4B), suggesting Hh signaling specifically regulates
Bmm. We further examined the expression of ATGL in 3T3-L1 adipocytes and found that
the treatment with SAG or Shh increased, whereas the treatment with cyclopamine (a Smo
antagonist) decreased the level of ATGL protein (Fig. 4C). In addition, the treatment of SAG
or Shh significantly increased the levels of ATGL mRNA (Fig. 4D). Furthermore, similar to
Bmm and Ptc expression induced by fasting condition (Figs. 2J and 3E), ATGL and Glil (a
Hh target gene in vertebrate) transcription were induced by fasting in adipocytes (Fig. 4E).
Finally, the treatment of SAG decreased the level of TAG and increased the level of glycerol
in adipocytes (Fig. 4F), which was consistent with the findings in Drosophila fat body (Fig.
1M and N). Taken together, these data suggest that Hh signaling promotes the transcription
of Bmm/ATGL in adipose tissue.

2.4. Ci promotes Bmm transcription through direct interaction with bmm promoter

Ci binding site has been very well characterized in previous studies (Alexandre et al., 1996;
Muller and Basler, 2000; Von Ohlen et al., 1997). By analyzing the bmm promoter, we
identified 9 potential Ci binding sites (Fig. 5A). To determine whether Ci regulates Bmm/
ATGL expression, we first tested Ci loss of function in regulating Bmm transcription. We
found that the levels of Bmm mRNA were significantly increased by fasting condition in a
time dependent manner in WT adult flies (Fig. 5B); however, levels of Bmm mRNA were
not changed in flies expressing Ci RNAI (Fig. 5C), suggesting that Ci is required for fasting-
induced Bmm transcription, in addition to Bmm transcriptional regulation by Ci under
normal conditions. We thus move forward to examine the activity of bmm promoter
fragments containing different Ci binding site(s) (Fig. 5A). We carried out ChIP analysis
using adult flies expressing Ci-GA2 that contained the Zn finger Ci DNA-binding domain
fused to the Gal4 activation domain (Jiang et al., 2014), in combination with fed or fasting
conditions. Fasting condition increased the interaction between Ci-GA2 and bmm promoter
regions of +141 to —46 and + 65 to —187 (Fig. S4), which contains a Ci binding site adjacent
to the 5'-UTR (Fig. 5A). We verified the binding between Ci-GA2 and the +141 to —187
fragment (named 6mmP) in a second round ChIP analysis, which consistently showed that
fasting condition increased the interaction between Ci-GA2 and bmm promoter (Fig. 5D,
left panel), which was further confirmed a quantitative analysis (Fig. 5D, right panel),

Dev Biol. Author manuscript; available in PMC 2020 June 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

2.5.

Page 7

suggesting that the binding site adjacent to the 5-UTR is critical for the recruitment of Ci to
the brmm promoter in response to fasting condition.

To further characterize the Ci binding site in brmmP, we generated luciferase reporter
constructs containing either 5mmPWT or bmmPM!t in which eight nucleotides
(AGGTGGTA) of the Ci binding site were deleted. We found that bmmPV4 had a
significant reduction in the luciferase reporter assay (Fig. 5E). We further found that bmmP
reporter activity was significantly increased by CiWT expression; however, bmmP"“ has
significant low level of luciferase activity even in the presence of CiWT (Fig. 5F, the 2nd pair
of columns). Consistently, the treatment with Hh-conditioned medium enhanced the reporter
activity of bmmpP but not bmmPM“ (Fig. 5F, the 3rd pair of columns). We further found that
the combination of CiWT and Hh treatment had potent activity to induce the highest levels of
bmmP luciferase activity but not the activity of bmmPM!! |uciferase reporter (Fig. 5F, the
last pair of columns). Finally, we constructed a brmm#P-lacZ reporter and generated
transgenic lines with this reporter construct. We found that, in fat body from late 3rd instar
larvae, the inactivation of Ci by RNAI using the act> CD2> Gal4 dramatically reduced
bmmpP-lacZ expression (Fig. 5G). Taken together, these data suggest that the Ci binding site
in bmmpP region is required for Ci to induce Bmm transcription.

Bmm mutation abolishes Ci regulation in vivo

To further characterize Bmm transcription regulated by Ci in vivo, we took advantage of the
CRISPR-Cas9 technique and generated 6mm®Pe/ and bmmM“ mutants (see Methods) that
contain genomic deletion of the whole promoter and genomic deletion of the eight
nucleotides of Ci binding site adjacent to the transcription start, respectively (Fig. 6A).
These mutants exhibited ~2 days delay in adult fly eclosion, otherwise are viable and fertile.
By analyzing late 3rd instar larvae fat bodies, we found that the levels of Bmm mRNA from
bmmPel and bmm™U |arvae were significantly decreased compared to the level of Bmm
mRNA in WT larvae (Fig. 6B). Consistently, bnm?Pe/ and bmm™ adult flies expressed
Bmm mRNA at significantly low levels (Fig. 6C). Furthermore, the levels of TAG were
significantly increased in 6mmP? and bmmM“! adult flies fed with normal food (Fig. 6D).
Although fasting condition consistently decreased the levels of TAG, bmmP¢ and bmmMut
adult flies also had much higher levels of TAG compared to WT flies under fasting
conditions (Fig. 6D), suggesting that fasting induced lipolysis relies on, at least in part of,
the Hh signaling. Finally, we found that the expression of Ci®t significantly decreased the
level of TAG in WT larvae; however, the ability for Ciat to decrease the level of TAG was
significantly interfered by smm™“ mutation (Fig. 6E), suggesting that Ci requires the
binding site in bmm promoter to promote lipolysis, and that mutating Ci binding site in brmm
promoter significantly interferes with Bmm transcription. Together with the findings above,
our observations indicate that Bmm transcription is regulated by Ci through Ci direct
interaction with the bmm promoter.

3. Discussion

Hh signaling has been shown to play critical roles in animal development and also shown to
be the driver for many types of cancer. Recent published studies have indicated that Hh
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signaling regulates adipogenesis and is likely involved in brown versus white adipocyte
determination. However, it is unknown whether Hh signaling is involved in lipolysis in order
to regulate lipid accumulation. In this study, we have uncovered two mechanisms for Hh to
regulate lipid metabolism. First, we describe that Hh signaling has potent activity in
Drosophila fat body. This high level of activity in the fat body are likely contributed by both
Hh protein locally expressed and Hh protein circulated from the gut. Second, we identified
bmm as a Hh signaling target gene directly regulated by Ci transcription factor that mediates
Hh response in adipose tissue. Using the in vivo models of Drosophilalarva, fat body,
oenocyte, gut, and adult fly, we have collected evidence to support the idea that Hh signaling
promotes the transcription of Bmm lipase (Fig. 7), uncovering the first lipolysis gene
directly regulated by Hh signaling. We found that Hh signaling possesses potent activity in
the fat body to induce lipolysis, therefore, provides energy for increased locomotor activity
in larva stage and energy needed for metamorphosis during puparium formation and adult
enclosion. The mechanisms in this study are likely conserved among species because the
observations are replicated in differentiated adipocytes.

The Hh protein locally expressed in the fat body and remotely circulated from the gut may
contribute to high levels, but might not be all parts, of the Hh signaling activation. Recent
structural studies have shown that Smo can be activated by cholesterol interaction with both
the cysteine rich and the transmembrane domains of Smo (Byrne et al., 2017; Huang et al.,
2016, 2018; Rana et al., 2013). Interestingly, extracellular sodium and the transmembrane
sodium gradient may also regulate Smo activation (Blassberg and Briscoe, 2018; Myers et
al., 2017). Lipid droplets, mainly found in adipose tissue, are composed of a neutral lipid
core consisting of TAG and cholesteryl esters and serve as a reservoir for cholesterol (Farese
and Walther, 2009; Olzmann and Carvalho, 2019), raising the possibility of Smo activation
by cholesterol in fat body, although there has not been report on whether Smo can be
activated by rich cholesterol in the fat body independent of Hh stimulation. It might also be
possible for a Smo independent activation of Ci in a noncanonical fashion (Rodenfels et al.,
2014). Taking consideration of these possibilities, the high levels of Hh signaling activity
may be contributed by various mechanisms. In support of this idea, high levels of Hh
signaling in the fat body is also evidenced by the status of Ci activation. It has been
suggested that Ci processing is blocked in the fat body (Rodenfels et al., 2014). Our
unpublished data indicate that the Ci processing component proteins, such as Slimb, are
expressed in the fat body, indicating the high level of Hh signaling activity (both canonical
and noncanonical) in the fat body is sufficient to block Ci processing.

In this study, we show that Hh signaling promotes lipolysis and decreases the levels of TAG
in larvae and adult flies. One might think of the possibility that the inhibition of
adipogenesis by Hh signaling might also contribute to the overall decrease in TAG; however,
we examined the fat body at relatively later stages (3rd instar larvae and adult flies) and
examined the size of the fat body and the accumulation of lipid droplets in the already
developed fat body. The late 3rd instar larva and adult fly have been shown as good models
to examine lipolysis, thus the use of these models allowed us to draw the conclusion that Hh
signaling regulates lipolysis. In addition, we monitored the levels of TAG, FFA and/or
glycerol, indicating the specificity of lipolysis regulated in vivo. Moreover, we have
identified Ci binding site responsible for Hh signaling to regulate the expression of a specific

Dev Biol. Author manuscript; available in PMC 2020 June 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 9

lipase. Finally, the use of differentiated adipocyte also allowed us to specifically examine the
lipolysis monitored at the level of TAG. All the evidence collected suggest that Hh signaling
promotes lipolysis in adipose tissue.

3.1. Experimental procedures

3.1.1. Constructs, transgenes, and Gal4 lines—The bmmpP-luciferase (brmmP-luc)
reporter construct was generated by PCR from wZ118wild-type strain genomic DNA, and
the 328bp fragment from —187 to +141 of Bmm transcription start site was inserted into
pGL4 vector by Xhol and Bglll sites. bmmPMUL|uciferase (bmmPY“luc) construct was
generated based on brmmP-luc but with deletion of nucleotides AGGTGGTA (Ci binding
site) near the Bmm transcription start site. brmmpP-lacZ was constructed by fusing lacZ into
the downstream of bmmP and inserted into attB-UASTAYAS vector, in which UAS binding
sites were deleted in the attB-UAST backbone (Fan et al., 2012). Transgenic line of brmmpP-
lacZ was made using the 75B1 attP locus. Transgenic lines of UAS-Myc-Smo’T, UAS-
Myc-Smc?et (previously named SmoSP123, a mutant form of Smo in which three clusters of
PKA and CK1 sites were mutated to Asp to mimic phosphorylation and thus the activation
of Smo) (Fan et al., 2012; Jia et al., 2004), UAS-HA-CF (previously named Ci~3P, a
mutant form of Ci in which three PKA sites were mutated to Ala to abolish PKA
phosphorylation and thus Ci processing) (Jia et al., 2010), and UAS-HA-Ci-GAZ (Jiang et
al., 2014) have been described. UAS-Bmm" T and UAS-BmmS>38A transgenic lines (gifts
from Dr. Ronald Kuhnlein) have been described (Gronke et al., 2005). UAS-PtcRNAI
(BSC#28795) and UAS-Smo*NAT (BSC#27037) were obtained from Bloomington Stock
Center (BSC). Gal80" flies were from BSC (#7017). Hh-1zcZ has been described (Jia et al.,
2005). UAS-HHRRNAI (v1402) was obtained from Vienna Drosophila Resource Center
(VDRC) and characterized in our previous study (Jiang et al., 2018). The wing dorsal-
compartment-specific g0-Gal4 have been described in our previous studies (Jiang et al.,
2018). act> CD2> Gal4-DsRed strain (gifted from Dr. Duojia Pan) has been described (Liu
et al., 2016). Other Gal4 lines are: cg-Gal4 (Ghosh et al., 2014), ppl-Gal4 (Zinke et al.,
1999), oen-Gal4 (Li et al., 2016), and yolk-Gal4 (Georgel et al., 2001). ywor w1118 strains
were used as controls.

3.1.2. Generating bmm mutants using CRISPR-Cas9—»bmmPe and bmm™Mu!
mutant flies were generated according to Fly-CRISPR Scarless Gene Editing (Gratz et al.,
2014, 2015; Li et al., 2015). See supplemental information for details.

3.1.3. Examination of lipid accumulation and ATGL expression in adipocyte
—Generation of 3T3-L1 differentiated adipocyte was performed as previously described
(Zebisch et al., 2012). Briefly, 3T3-L1 pre-adipocytes were cultured in DMEM (Sigma,
D6429) with 10% newborn calf serum. Upon reaching confluence (about 48 h after seeding),
differentiation was initiated with DMEM containing 0.5 mM iso-butylmethylxanthine
(IBMX), 0.25 uM dexamethasone, 1 pg/mL insulin and 2 uM rosiglitazone. 48 h later,
medium was changed to DMEM with 10% FBS and 1 pg/mL insulin, cells were maintained
in this medium for additional 7-14 days before testing assays. To examine lipid
accumulation, 3T3-L1 adipocytes were seeded into 96 well plate with 1 x 10° cell per well.
48 h later, cells were incubated in DMEM with desired compounds for additional 24 h. Half
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cells were then stained with BODIPY for 1 h, followed by fluorescence activity
measurement taken by Molecular Devices Spectra Max M5 with excitation at 485 nm and
emission at 538 nm, cutoff at 515 nm. For data analysis, relative fluorescence unit (RFU) of
each group was obtained by the deduction of BODIPY stained cell with unstained cell. Each
group has 8 repeats. Compounds used: SAG (Sigma, 200 nM); Vismodegib (GDC-0449,
Selleckchem, 100 nM); Shh (R&D Systems, 5 nM). For Western blot analysis, 3T3-L1
adipocytes were starved overnight in serum free medium, then treated with SAG (200 nM),
Shh (5 nM), or Cyclopamine (Selleckchem, 10 uM) for 24 h. Washed twice with PBS, cells
were lysed in lysis buffer (50 mM Tris-HCI (pH8.0), 100 mM NaCl, 1.5 mM EDTA, 10%
(v/v) glycerol, 1% (v/v) NP-40, 1 mM DTT and protease inhibitor tablet (Roche)) for 30 min
on ice. Western bolt was performed by using primary antibody rabbit anti-ATGL (Cell
Signaling, 1:1000), anti-PLIN1(Thermo Fisher, 1:2000), and anti-Actin (Cell Signaling,
1:10000).

3.1.4. Chromatin immunoprecipitation (ChlP)—About 50 5-7 days pp/-Gal4-HA-
Ci-GA2 adult male fasted or fed flies were fixed with DSG (Thermo Fisher Scientific) at 2
mM for 45 min at room temperature, washed 3 times with PBS, then cross-linked with 1%
(v/v) fresh prepared formaldehyde for 15 min. Reaction was stopped by 125 nM Glycine.
Flies were then homogenized in 900 pL L1 buffer containing 50 mM Tris-HCI, pH 8.0;
2mM EDTA,; 0.1% IGEPAL 630 (Sigma-Aldrich); 10% glycerol; 1 mM dithiothreitol
(DTT); supplemented with 1 x protease inhibitor cocktail (Sigma-Aldrich) and 1 mM PMSF,
for 30 min on ice. Nuclei were precipitated by centrifuged at 1200xg for 5 min and
resuspended in 500 uL SDS lysis buffer (50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 1% SDS).
Chromatin was sonicated 10 s for 8 times with 10 s break on ice (90% confluence, 50%
power). Samples were centrifuged at 5000x g for 5min. Soluble chromatin was measured by
absorbance at 260 nm by NanoDrop™ 2000/2000c¢ Spectrophotometers, and equivalent
amounts of input DNA were used for immunoprecipitation. 4 pg mouse anti-HA antibody
(Santa Cruz sc-7392) was used for precipitation of samples. PCR analysis was performed
using primers covering different regions of omm promoter. Quantitative PCR analysis was
performed to determine the percentage of 6rmmpP region precipitated with the anti-HA
antibody against PCR product from the input DNA. 1gG served as a negative control in these
experiments.

3.1.5. RT-PCR analysis—RNA from fat bodies or adult flies were isolated using
TRIzol® Reagent (Invitrogen™ #15596018). Equivalent amounts purified RNA were
reverse transcribed into cDNAs by High Capacity cDNA Reverse Transcription Kit (AB
Applied Biosystems, #4368814) according to manufacturer’s instruction. Quantitative Real-
Time PCR reactions were carried out using SYBR Green gPCR Master Mix (Thermo
Scientific), and signals were detected by QuantStudio 3 (Applied Biosystems). L32 was used
as reference gene and assays were performed with 3 repeats. Statistical analysis of the
mRNA level was obtained using the (272ACt method.

3.1.6. Immunostaining of Drosophila tissues—Wing discs were dissected in PBS
and fixed with 4% formaldehyde in PBS for 20 min at room temperature. Fat bodies were
dissected in PBS and fixed with 4% formaldehyde for 30 min at 37 °C. After
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permeabilization with PBST (PBS supplemented with 1% Triton X100), tissues were
blocked in 5% goat serum for 30 min then incubated with primary antibodies for 3 h and the
appropriate secondary antibodies for 1 h, and washed three times with PBST after each
incubation. Overexpression or RNAI clones in fat bodies were generated with the act> CD2
> Gal4 in combination with heat shock at 72 h after egg laying (AEL). Oenocytes on the
basal surface of the lateral epidermis from 3rd instar larvae with specific genotypes were
dissected and stained with the methods we described (L. et al., 2016), which was modified
from a previous study (Burns et al., 2012). Briefly, larvae were dechorionated in 80% bleach
for 8 min, rinsed with H,O twice, fixed with 8% formaldehyde/heptane for 30 min with
continuous shaking, followed by washing with heptane/methanol twice, washing with
methanol twice, washing with methanol/0.1% PBST twice, and washing with 0.2% PBST
twice. Then samples were dissected and stained desired antibody in 0.2% PBST. Primary
antibodies used were: mouse anti-SmoN (DSHB); rabbit anti-p-Gal (Cappel), anti-GFP
(Clontech); rat anti-Ci (2A1, DSHB), anti-HNF4 (gift from Dr. B. Gebelein). Affinity-
purified secondary antibodies (Jackson ImmunoResearch) for multiple labeling were used.
For lipid staining, BODIPY (493/503, Invitrogen, D3922) or Nile Red (Sigma) was used
during secondary antibody staining. Hoechst 33342 (Invitrogen) was used for nuclear
staining. Fluorescence signals were acquired on a Nikon A1* confocal microscope and
images processed with Nikon Elements software. About 15 imaginal discs, fat bodies, or
oenocytes were scored and 3-5 images were taken for each genotype. About 100% wing
discs, 80% fat bodies, and 90% oenocytes exhibited the immunostaining phenotypes.

3.1.7. TAG, glycerol, and free fatty acid measurement—Free fatty acid was
measured according to Free Fatty Acid Quantitation Assay (Sigma, # MAKO044). Briefly, 10
male and 10 female larvae were weighed and homogenized in 50 uL PBST (1 x PBS + 1%
Triton X-100), added chloroform to final volume of 30 puL/mg tissue, extracted by shaking
the vial for 5 min, then centrifuged at 13000 g for 10 min. 300 pL of organic phase (lower
phase) were collected and air dried at 50 °C, then vacuum dried for another 15 min. 200 pL
Fatty Acid Assay Buffer were added to each sample to dissolve dried lipids. 10 uL liquid
samples was mixed with 40 pL Fatty Acid Assay Buffer and 2 pL ACS Reagent, incubated
for 30 min at 37 °C. After that, 50 uL Master Reaction Mix was added into each well, then
incubated for another 30 min at 37 °C, protected from light. Measurement was taken at 570
nm by Spetra MR DYNEX Technologies. A set of gradient diluted palmitic acid was used as
standard.

TAG assay was performed according to previous described (Tennessen et al., 2014). Briefly,
10 male and 10 female larvae were homogenized in 50 uL PBST (1 x PBS + 0.05% Tween
20, filtered before use) buffer/larva, then 50 pL of each sample were subjected for protein
assay. The rests were heated at 70 °C for 10 min and 100 pL of each sample was mixed with
equal volume of triglyceride reagent, incubated at 37 °C for 60 min, centrifuged at 12000xg
for 5 min. 30 pL of each supernatant was added 100 pL Free Glycerol Reagent and
incubated at 37 °C for additional 10 min, measurement was taken at 540 nm by Spetra MR
DYNEX Technologies. Each sample was performed with 3 repeats. For glycerol assay in
3T3-L1 cells, medium samples were collected, heated at 70 °C for 10 min, centrifuged at
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12000xg for 5 min then mixed with 100 uL Free Glycerol Reagent, incubate at 37 °C for 10
min before measurement.

In this study, when we collect fat bodies, we do not separate male from female, because fat
bodies are thought to be identical. When we examine TAG levels in the larvae, we use half
male and half female (normally 8 for each) as a pool. When we examine adult flies, we
normally use male flies because eggs carried in female flies might cause variation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Hh signaling regulates fat body size and lipid accumulation.
(A) A 3rd instar larva expressing RFP by the fat body-specific cg-Gal4, indicating the fat

bodies marked by RFP. (B—E) A larva expressing SmoRNAI CiRNAI or the constitutively
active Smo?°t, Ciat by the cg-Gal4. Fat bodies are marked by RFP. Male and female larvae
have similar pattern in this experiment. (F) A fat body from larvae expressing the fat body-
specific ppl-Gal4 in w1118 wild-type background was immunostained for BODIPY (green)
and nuclear dye Hoechst 33342 (Nu, blue). (G-H) Fat bodies from larvae expressing
SmoRNAI or Ciact by the ppl-Gal4 were stained with BODIPY and nuclear dye. Male and
female larvae have similar pattern in this experiment. (1) Larvae from pp/-w1118 (control) or
ppl-SmoRNAT were collected and analyzed for their weight. 16 larvae (8 males and 8
females) for each group, with 15 repeats. *** indicates a p < 0.001, versus control (Student’s
ttest). (J) Oenocyte from larvae with oer-Gal4-w1118 (control) were immunostained with
BODIPY (green) and the anti-HNF4 antibody that marks the oenocyte cells (red). (K-L)
Oenocyte from larvae expressing SmoRNAI or Smo2°t by oen-Gal4 were stained with
BODIPY and HNF4. Male and female larvae exhibit similar phenotypes. (M-N) Early 3rd
instar larvae expressing Smo?ct, SmoRNAI or CiRNAI by pp/Gal4 combined with z6-Gal80's
were shifted to 29 °C (non-permissive temperature) to inhibit Gal80 expression for 16 h and
collected for the analysis of TAG and FFA. Concentration of TAG and FFA was normalized
by protein. ppl-Gal4-w1118served as control. 20 larvae (10 males and 10 females) for each
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group were collected and the assays were performed with 3 repeats. *** indicates a p <
0.001, versus control in the first column in each assay (Student’s #test). (O-P) Lipid
accumulation regulated by Hh signaling in adipocyte. 3T3-L1 adipocytes were treated with
DMSO (control), 200 nM SAG, 100 nM GDC-0449, or 5 nM Shh peptide, followed by
staining with BODIPY and subjected to fluorescence activity measurement. RFU: relative
fluorescence units. ** indicates a p < 0.01 and *** indicates a p < 0.001, versus control in
the first column in each assay (Student’s #test). 3T3-L1 adipocytes with the same set of
treatments were also analyzed by western blots with the anti-PLIN1. Western blot with the
anti-Actin antibody serves as loading control.
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Fig. 2. Fat body exhibits high levels of Hh signaling activity.
(A-C) Fat bodies were collected from late 3rd instar larvae carrying individual genotype of

pplw1118 (control), po-SmoRNAI oo CiRNAI and pp/l-HhRNAT and examined the levels of
Smo, Ci, and Hh mRNA (for RNAI efficiency), and Ptc mRNA (for Hh signaling activity).
*** indicates a p< 0.001, versus control in each assay (Student’s #test). (D—E) Fat bodies
expressing SmoRNAI or CiRNAI by the act> CD2> Gal4 were stained for pfc-lacZ and CD2.
The lack of CD2 expression marks the RNAI cells. Arrows indicate pfc-lacZ expression
down-regulated and arrowheads indicate ptc-lacZ expression in WT cells. (F) PtcRNAI was
expressed by the act> CD2> Gal4, and fat bodies were stained for Smo and GFP. GFP
expression marks the RNA. cell. Arrows indicate the accumulation of Smo on the cell
surface. (G) Fat bodies from late 3rd instar larvae of w1118 strain were analyzed for their
expression of Hh, Ptc, Smo and Act. Hh expression was at relatively low level. *** indicates
a p<0.001, versus Hh expression in the first column (Student’s #test). (H) Late 3rd instar
larvae from Myo1A-wi118or MyolA-HhRNAI were collected and grown on normal
medium or fasting on 1.0% agar for 8 h. Fat bodies were collected from each group and
subjected to Western blot for Hh (left and middle panels). Guts from larvae grown on normal
medium and subjected to Western blot for Hh to monitor the RNA.i efficiency in the gut
(right panel). Western blot with the anti-tubulin antibody serves as loading control. Asterisks
indicate a non-specific band that also serves as a loading control. Red arrows indicate Hh
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protein. (1) Fat bodies and guts from late 3rd instar larvae of MyolA-wi1118or MyolA-
HhRNAI were collected. mMRNA of each group was isolated and used for RT-PCR analysis to
examine Hh expression in the gut and Ptc expression in the fat body. *** indicates a p <
0.001, versus wi118control in each assay (Student’s #test). (J) Late 3rd instar larvae of the
w1118 strain were cultured with normal food or fasting condition with 1.0% agar for 8 h. Fat
bodies were collected and mMRNA from each group were isolated and subjected to RT-PCR
analysis for Ptc and Hh expression. *** indicates a p < 0.001, versus control (Student’s #
test).
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Fig. 3. Smo acts upstream of Bmm to regulate lipolysis.
(A) A WT wing disc was stained with Nile Red and Ci. (B—C) Wing discs expressing

BmmWT or BmmS38A by the dorsal compartment-specific ao-Gal4 were stained with Nile
Red and GFP. GFP indicates the Gal4 expression domain. (D) Late 3rd instar larvae
expressing individual or in combination of BmmWT, BmmS38A and SmoRNAI by pplGald
were collected and subjected for TAG analysis, which was normalized by protein. pp/-Gal4-
wi118served as control. 16 larvae (8 males and 8 females) for each group were collected
and the assays were performed with 3 repeats. *** indicates a p< 0.001 (Student’s #test).
(E) Fat bodies from late 3rd instar larvae expressing SmoRNAI by the ppl-Gal4 were treated
under fed or fasting conditions, followed by RT-PCR to examine the expression of Bmm.
ppl-Gald-wi118served as control. (F) 15-day female adults expressing SmoRNAI by the
yolk-Gal4 (yolk-Gal4 is specifically expressed in adult female fat body) were treated with
normal fed or fasting conditions, followed by RT-PCR to examine the levels of Bmm
MRNA. yolk-Gal4d-w1118females served as control. 16 female adults were collected from
each group and the assay was performed with 3 repeats. (G) Rate of adult eclosion were
examined for the indicated genotypes and pp/-Gal4 were used to drive SmoRNAi and
BmmWT expression. ppiGal4-wi118served as control. In Figure E-G, ** indicates a p <
0.01, and *** indicates a p< 0.001 (Student’s ~test).
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Fig. 4. Hh signaling upregulates Bmm/ATGL transcription.
(A) Scheme of the conversion of TAG, DAG, and MAG in the lipolytic pathway, with FFA

and glycerol (G) indicated. Critical enzymes for these reactions are indicated in bold. (B) Fat
bodies from late 3rd instar larvae expressing HhRNAI or SmoRNAI by the pp/lGald were
collected and mRNA was extracted for RT-PCR analysis to monitor the levels of gene
transcription. Fat bodies from pp/Gal4-wi1118served as control. The right two groups of
columns indicate the RNAI efficiency. ** indicates a p < 0.01, and *** indicates a p < 0.001,
versus control in the first column in each assay (Student’s #test). (C) Differentiated 3T3-L1
adipocytes were treated with SAG (200 nM), cyclopamine (10 uM), or Shh (5 nM). Cell
lysates were collected and subjected to Western blot with the anti-ATGL antibody. Western
blots with the anti-Actin antibody served as loading control. (D) Differentiated 3T3-L1
adipocytes were treated with SAG (200 nM) or Shh (5 nM) and mRNA was isolated for RT-
PCR assay to examine the level of ATGL expression. ** indicates a p< 0.01, and ***
indicates a p < 0.001, versus control in the first column. (E) RT-PCR assay to examine the
transcription of ATGL and Glil in differentiated 3T3-L1 adipocytes cultured with either
fasting medium containing normal glucose and 1% FBS or control regular medium for 12 h
* indicates a p < 0.05, versus control in the first column of each group. (F) Differentiated
3T3-L1 adipocytes were treated with SAG or DMSO (control) and analyzed for their levels
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of TAG in the cell and secreted free glycerol in the medium. ** indicates a p< 0.01, and ***
indicates a p < 0.001, versus control in the first column of each panel.
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Fig. 5. Characterization of Ci binding sitesin bmm promoter.
(A) A schematic drawing of the bmm promoter region with Ci binding sites indicated. (B—-C)

Adult male flies from pp/-Gal4- w1118 or ppl-Gal4-CiRNAI were cultured in either normal
food (Fed) or 1% agar (Fasting) for 8 or 24 h. RT-PCR with samples of adult whole bodies
were performed to examine the levels of Bmm mRNA. ** indicates a p< 0.01, and ***
indicates a p < 0.001, versus fed flies in the first column. (D) Shown here is a ChlP analysis
using adult flies expressing Ci-GA2 driven by pp/-Gal4 in fat body in combination with the
primers covering the bmmP region indicated in A. For the ChIP analysis, male adults
expressing HA-Ci-GAZ2 by the pplFGal4 were cultured in fed or fasting conditions for 24 h.
Flies were collected, lysed, and immunoprecipitated with the anti-HA antibody, followed by
PCR with primers covering fragments in 6mm promoter. Only the primer combinations
covering the potential Ci binding site adjacent to the 5"-UTR gave rise to elevated signals by
fasting (See Fig. S4). IgG served as a negative control in these experiments. A Quantitative
PCR analysis was performed and shown in the right panel. (E) bmmpP-luc or bmmPM“|luc
reporter construct was transfected into S2 cells in combination with fz6-Ci followed by
luciferase reporter activity analysis. ** indicates a p < 0.01. (F) S2 cells were transfected
with fub-Ci and bmmpP-luc or bmmPM“|uc construct, in combination with Flag-CiWWT, Hh,
or both, and analyzed for luciferase reporter activity. ** indicates a p < 0.01, and ***
indicates a p < 0.001. (G) A fat body from late 3rd instar larvae expressing CiRNAI by the act
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> CD2> Gal4 was immunostained for DsRed and brmmpP-lacZ. Arrow indicates the
decreased bmmpP-lacZ expression in a cell expressing CiRNAI. Arrowheads indicate bmmpP-
lacZ expression in WT cells.
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Fig. 6. Analysis of bmm mutants generated by CRISPR.
(A) A schematic drawing of the brmm promoter region, with Ci binding sites and genomic

deletions, bmmP¢ and bmmM“t indicated. AGGTGGTA Ci-binding nucleotides were
deleted in the genome of bmmM“L. (B-C) RT-PCR analysis was performed using fat bodies
from late 3rd instar larvae or using whole bodies from 7-day old male adults to examine
Bmm mRNA levels in 6mmP? and bmmM“. yw strain was used as control because both
bmmP¢! and bmmM“ were back-crossed to yw strain. *** indicates a p < 0.001, versus
control in the first column. (D) 5-7 days male adult flies from the indicated genotypes were
fed with normal food or fasted in 1% agar for 16 h, followed by the examination of TAG. yw
strain was used as control. Each group had 20 flies and the experiment was performed with 3
repeats. *** indicates a p < 0.001, versus control in the first column, for both fed and fasting
groups. (E) Ci®t was expressed by yolk-Gal4 in either WT or bmmM“! homozygous
background. 7 days adult females were examined for the levels of TAG. 7 days adult females
of the yolk-Gal4 flies under the same condition were used as control. *** indicates a p <
0.001.
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Fig. 7. A model of Hh signaling and its connection with lipolysis.
In the absence of Hh, Ptc inhibits Smo. Smo undergoes endocytosis that is mediated by

ubiquitination. Ci/Gli is processed into a truncated repressor form that enters into the
nucleus to block the expression of target genes, such as gpp and ptc. In the presence of Hh,
the Ptc inhibition on Smo is relieved, causing increased Smo phosphorylation and
accumulation on the cell surface. Phosphorylation and sumoylation counteracts
ubiquitination to activate Smo. Upon Hh stimulation, full-length Ci is activated to turn on
target gene expression. In this study, Bmm is identified as a direct target of Hh signaling. Hh
signaling promotes lipolysis through Ci binding to the bmm promoter, therefore, elevates
Bmm transcription.
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