
Muscle-derived Dpp regulates feeding
initiation via endocrine modulation of
brain dopamine biosynthesis
Maricela Robles-Murguia,1 Deepti Rao,1 David Finkelstein,2 Beisi Xu,2 Yiping Fan,2

and Fabio Demontis1

1Division of Developmental Biology, Department of Developmental Neurobiology, St. Jude Children’s Research Hospital,
Memphis, Tennessee 38105, USA; 2Department of Computational Biology, St. Jude Children’s Research Hospital, Memphis,
Tennessee 38105, USA

In animals, the brain regulates feeding behavior in response to local energy demands of peripheral tissues, which
secrete orexigenic and anorexigenic hormones. Although skeletal muscle is a key peripheral tissue, it remains un-
known whether muscle-secreted hormones regulate feeding. In Drosophila, we found that decapentaplegic (dpp),
the homolog of human bone morphogenetic proteins BMP2 and BMP4, is a muscle-secreted factor (a myokine) that
is induced by nutrient sensing and that circulates and signals to the brain. Muscle-restricted dpp RNAi promotes
foraging and feeding initiation, whereas dpp overexpression reduces it. This regulation of feeding bymuscle-derived
Dpp stems from modulation of brain tyrosine hydroxylase (TH) expression and dopamine biosynthesis. Consis-
tently, Dpp receptor signaling in dopaminergic neurons regulates TH expression and feeding initiation via the
downstream transcriptional repressor Schnurri. Moreover, pharmacologic modulation of TH activity rescues the
changes in feeding initiation due tomodulation of dpp expression inmuscle. These findings indicate thatmuscle-to-
brain endocrine signaling mediated by the myokine Dpp regulates feeding behavior.

[Keywords: endocrine signaling; feeding behavior; foraging; Dpp; myokine; skeletal muscle; dopamine; tyrosine
hydroxylase; Drosophila]
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Since their emergence from single cells, multicellular or-
ganisms have faced the challenge of monitoring the met-
abolic status of diverse tissues and organs and of
responding to specific local demands by correspondingly
adjusting feeding. In animals, peripheral tissues such as
the adipose, liver, gut, and pancreas communicate their
nutritional status by releasing hormones that signal to
the brain, which in turn regulates feeding (Lam 2010; Wil-
liams and Elmquist 2012). However, the role of other pe-
ripheral tissues in the endocrine control of feeding has
not been well explored.
Skeletal muscle comprises ∼40%of the total bodymass

and is a major determinant of systemic energy expendi-
ture during exercise and in resting conditions. However,
its role in the hormonal control of feeding behavior is
largely unknown. The observation that muscle contrac-
tion influences dietary choices and brain neurotransmit-
ter levels (de Castro and Duncan 1985; Sutoo and
Akiyama 2003; Bi et al. 2005; Waters et al. 2013; Liang
et al. 2015; Moody et al. 2015; Chen et al. 2017; Friend
et al. 2017) suggests that also skeletal muscle regulates

feeding behavior by signaling to the brain, as do other
peripheral tissues. However, the underlying mechanisms
remain largely unknown. In particular, despite the ex-
pression of secreted signaling factors (myokines) with
endocrine functions by skeletalmuscle (Pedersen and Feb-
braio 2012; Rai andDemontis 2016), it is unknownwheth-
er any of such myokines regulates feeding by signaling to
the brain.
Studies in the fruit fly Drosophila melanogaster have

identified fundamental mechanisms of physiological ho-
meostasis (Sokolowski 2001; Wangler et al. 2015). Many
of the neuronal circuits and neurotransmitters that regu-
late feeding in higher organisms play similar roles inDro-
sophila (Baker and Thummel 2007; Melcher et al. 2007;
Pool and Scott 2014). Moreover, hormones secreted by pe-
ripheral tissues act on the brain to regulate metabolic ho-
meostasis also in Drosophila, as exemplified by unpaired
2, a leptin homolog secreted by the Drosophila fat body
(Rajan and Perrimon 2012), and by other adipokines
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such as Stunted and the TNF ligand Eiger (Agrawal et al.
2016; Delanoue et al. 2016). However, as in higher organ-
isms, the role of skeletalmuscle in the neuronal control of
feeding behavior remains largely unexplored.

Recently, studies in Drosophila have uncovered unex-
pected endocrine roles of signaling factors previously
known only for their local functions during development.
For example, the lipophilic morphogen Hedgehog associ-
ates with lipoproteins and signals from the gut to the fat
body to regulate the storage and release of triacylglycerols
during developmental growth in Drosophila (Rodenfels
et al. 2014). Moreover, the morphogen decapentaplegic
(dpp), homologous to human bone morphogenetic pro-
teins BMP2 and BMP4, has been recently shown to func-
tion as an endocrine signal that regulates developmental
timing in Drosophila. Specifically, Dpp produced by pe-
ripheral tissues, such as wing imaginal discs and the gut,
reaches the prothoracic gland, where it inhibits ecdysone
biosynthesis (Setiawan et al. 2018; Denton et al. 2019).
However, it is unknown whether Dpp functions as an en-
docrine factor also in the regulation of physiological ho-
meostasis in adults.

In this study, we show that decapentaplegic (dpp) is se-
creted by skeletalmuscle and signals to the brain.Muscle-
restricted dpp RNAi promotes food searching and feeding
initiation, whereas dpp overexpression reduces it. This
feeding response results from modulation of tyrosine hy-
droxylase (TH) expression and dopamine biosynthesis in
the brain by muscle-derived Dpp. Consistently, TH ex-
pression and feeding initiation are similarly modulated
by cell-autonomous Dpp receptor signaling and TH ex-
pression in dopaminergic neurons. In summary, these
findings highlight a muscle-to-brain signaling axis that
regulates foraging and thus provide evidence for myokine
signaling in the endocrine control of feeding.

Results

Muscle-derived Dpp signals to the brain

Skeletal muscle has emerged as an important tissue for
regulatingmany systemic functions via the action ofmus-
cle-secreted factors known as myokines (Pedersen and
Febbraio 2008; Demontis et al. 2013; Karsenty and Olson
2016). Because dpp is expressed in skeletal muscle (Sup-
plemental Fig. S1) and has been recently identified as an
interorgan signal during Drosophila development (Setia-
wan et al. 2018; Denton et al. 2019), we have examined
whether Dpp is an endocrine myokine that signals to dis-
tant tissues in adults.

By analyzing the levels of endogenous GFP- and Flag-
tagged Dpp by Western blot (Fig. 1), we found that Dpp
is efficiently processed via proteolytic cleavage (Kunna-
puu et al. 2009) in adults to generate mature Dpp peptides
(Fig. 1A).

Interestingly, in addition to being detected in skeletal
muscle (thoraces) (Fig. 1A), endogenous Dpp-GFP-Flag is
found in the hemolymph, suggesting that Dpp is indeed
a circulating factor (Fig. 1A). To test whether skeletal
muscle is a major source of circulating Dpp, we targeted

dpp-GFP-Flag in skeletal muscle via GFP RNAi driven
by the skeletal muscle-specificMhc-Gal4 driver. Interest-
ingly, muscle-specific GFP RNAi led to a ∼50% decrease
in the hemolymph levels of Dpp-GFP-Flag. Together,
these findings indicate that skeletal muscle is a major
source of circulating Dpp.

To further test these findings, we next expressed a
Dpp-HA transgene in muscle. Also in this case, muscle-
expressed Dpp-HA was detected in the fly circulation
(Fig.1B). Moreover, the fluorescence of transgenic Dpp-
GFP expressed specifically in skeletal muscle (fly thorax)
withMhc-Gal4was detected throughout the body, includ-
ing regions distant from thoracic muscles (e.g., the head),
whereas the fluorescence of cytosolicGFPwas confined to
muscle (Fig. 1C). Consistently, therewas higher GFP fluo-
rescence in the brains of flies with muscle-specific dpp-
GFP overexpression, compared with GFP overexpression
controls (Fig. 1C). These findings suggest that Dpp is a
muscle-released factor (a myokine) that may signal to dis-
tant tissues including the brain.

To test this hypothesis, we examined whether modu-
lation of dpp levels in muscle induces transcriptional
changes in the brain. Interestingly, skeletalmuscle-specif-
ic dpp RNAi and overexpression (Supplemental Figs. S2,
S3) induced converse changes in brain mRNA levels of
Dad/Smad6 (Fig. 1D–G), a stereotypical target gene of
Dpp receptor signaling (Roy et al. 2014). Specifically,mus-
cle-specific dpp RNAi led to a decrease inDad expression
in brains (Fig. 1D,F), whereas muscle-specific dpp overex-
pression increased it (Fig. 1E,G). Importantly, the Mhc-
Gal4 and Act88GS-Gal4 drivers used for these interven-
tions are specific for thoracic skeletal muscle (Schuster
et al. 1996;Demontis and Perrimon 2010; Robles-Murguia
et al. 2019) and do not drive any transgene expression in
the brain (Supplemental Fig. S4). Taken together, these
findings indicate that Dpp is an endocrine myokine that
signals to the brain.

Muscle-derived Dpp regulates tyrosine hydroxylase
expression and dopamine biosynthesis in the brain

The brain is the central regulator of many physiological
functions and a proposed target tissue for myokines in
Drosophila and mammals (Rai and Demontis 2016; Dele-
zie and Handschin 2018). To determine the outcome of
endocrine Dpp signaling, we examined the gene expres-
sion changes induced in heads, which consist primarily
of brains.

To this purpose, RNA-seq was performed on heads
of flies with muscle-specific dpp RNAi, dpp overexpres-
sion, and controls. Compared with control flies, several
genes were consistently regulated by muscle-specific
dpp RNAi (Fig. 2A; Supplemental Table S1). Moreover, a
set of geneswas regulated conversely bymuscle-restricted
dpp overexpression compared with dpp RNAi (Fig. 2A,B).
Interestingly, these included genes involved in neuro-
transmission and chemosensory perception, such as TH/
ple and Obp57e. Specifically, Obp57e is necessary for
sucrose perception by the fly antenna (Galindo and Smith
2001), whereas tyrosine hydroxylase (TH/ple) is the rate-
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limiting enzyme in the biosynthesis of L-DOPA and dop-
amine (Friggi-Grelin et al. 2003a; Daubner et al. 2011).
Because of the evolutionary conserved importance of dop-
amine in the regulation of many physiological functions,
we next used qPCR to further assess TH/ple expression
in brains of flies withmuscle-specific dppRNAi and over-
expression. Consistent with the RNA-seq results (Fig. 2A,
B), dpp RNAi in muscle increased brain TH/ple mRNA
levels, whereas dpp overexpression elicited converse ef-
fects compared with controls (Fig. 2C,D). Similar results
were obtained by analyzing the expression of ple-RA
(Supplemental Fig. S5), a brain-specific ple isoform
(Friggi-Grelin et al. 2003b; Kumar et al. 2012). In addition
to muscle-derived Dpp, Dpp released by nonmuscle
tissues may also contribute to regulate brain TH/ple.
However, only a minimal decrease in TH/ple expression
is seen in response to dpp overexpression by the fat body
(Supplemental Fig. S6).

Because TH is the rate-limiting enzyme in the dopa-
mine biosynthesis pathway (Friggi-Grelin et al. 2003a;
Daubner et al. 2011), we next tested whether Dpp-in-
duced changes in TH/ple expression lead to correspond-
ing changes in dopamine levels. To this end, head
dopamine levels were measured by UPLC/MS-MS. As
expected based on the regulation of TH, dpp overexpres-
sion in muscle reduced head dopamine levels by ∼25%,
whereas dpp RNAi increased dopamine levels by ∼20%
(Fig. 2E,F). Importantly, these changes in head dopamine
are similar to those seen in response to exercise (Sutoo
and Akiyama 1996, 2003) and other physiological stimuli
in mice (Léna et al. 2005; Ferreira et al. 2012; Drgonova
et al. 2016) and higher than the circadian variation in
dopamine levels seen in Drosophila (Gonzalo-Gomez
et al. 2012). Taken together, these findings suggest a
role for muscle-derived Dpp in modulating dopaminergic
functions.
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Figure 1. Dpp is an endocrine myokine that signals to
the brain. (A) Western blot analyses indicate that endog-
enous Dpp-GFP-Flag is efficiently cleaved to produce
mature Dpp peptides in adult flies and in skeletal mus-
cle (thoraces). Mature Dpp-GFP-Flag is detected in the
hemolymph of adult Drosophila, suggesting that it is a
circulating factor. Muscle-specific GFP RNAi driven
with Mhc-Gal4 leads to a ∼50% reduction in the levels
of Dpp-GFP-Flag present in the hemolymph, indicating
that skeletalmuscle is amajor source of circulatingDpp
in adults. Note that the inframe fusion with GFP in-
creases the molecular weight of Dpp-GFP-Flag, com-
pared with the Dpp-HA shown in B. (B) Western blot
analysis of hemolymph from flies expressing Dpp-HA
(#; Mhc>Dpp-HA) and control GFP-HA (@; Mhc>
GFP-HA) in skeletal muscle. Muscle-expressed Dpp is
found in the fly circulation (hemolymph), suggesting
that it is an endocrine myokine. (C ) In agreement with
this hypothesis, the fluorescence of muscle-produced,
GFP-tagged Dpp (red) is detected in tissues of the abdo-
men (A) and head (H) that are distant from the produc-
tion site (muscles of the fly thorax [T]). Conversely,
the fluorescence of cytosolic GFP is confined to the tho-
rax. Images of fluorescent flies and plots of fluorescence
intensity are shown in C, as well as fluorescence of
brains from flies with muscle-specific dpp-GFP or GFP
overexpression. (D,E) Muscle-specific dpp RNAi reduc-
es brainmRNA levels ofDad, a canonical Dpp/BMP tar-
get gene. Converse regulation is seen with muscle-
specific dpp overexpression, compared with controls.
(∗∗∗) P <0.001; n = 4; SEM. (F,G) Drug-induced, muscle-
restricted dpp RNAi reduces brain Dad mRNA levels,
whereas dpp overexpression increases it, compared
with uninduced controls. (∗∗∗) P <0.001; n = 4, SEM.
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Modulation of Dpp levels in muscle regulates locomotor
activity and foraging

Dopamine levels control spontaneous locomotion inDro-
sophila and mice (Zhou and Palmiter 1995; Avale et al.
2008; Riemensperger et al. 2011; Sternson et al. 2013),
which suggests thatmodulation of head dopamine biosyn-
thesis by muscle Dpp (Fig. 2) may impact this behavior.

To test this hypothesis, the spontaneous locomotion
was monitored via locomotor activity monitors, as done
before (Katewa et al. 2012). This system records the spon-
taneous locomotion of flies as assessed by the interrup-
tion of laser beams crossed by flies as they move in a
tube with fly food (Pfeiffenberger et al. 2010). As expected
based on the regulation of dopamine by muscle-derived
Dpp (Fig. 2) and the role of dopamine in spontaneous loco-
motion (Zhou and Palmiter 1995; Avale et al. 2008; Rie-
mensperger et al. 2011), we found that muscle-specific
dpp RNAi increases spontaneous locomotion, whereas
muscle-specific dpp overexpression reduces it, compared
to controls (Fig. 3). Interestingly, in addition to an overall
increase in locomotor activity, dpp RNAi promotes loco-
motion particularly in proximity to the food (Fig. 3A–C).
Conversely, the reduction in activity observed upon dpp
overexpression is most prominent in proximity to food
(Fig. 3D–I). Altogether, these findings suggest that modu-
lation of spontaneous activity by Dpp is geared toward
foraging.

Muscle-derived Dpp regulates feeding initiation

Because muscle-derived Dpp regulates head dopamine
biosynthesis (Fig. 2) and foraging (Fig. 3) and because of
the known roles of dopaminergic neurons in feeding initi-
ation in Drosophila (Inagaki et al. 2012; Marella et al.
2012; Kain and Dahanukar 2015; Landayan et al. 2018),
we next asked whether muscle-derived Dpp regulates
feeding. To this purpose, PER assays were used, whereby
flies are stimulated on their labellum (a primary taste or-
gan near the mouth) with a sucrose solution and the oc-
currence of a proboscis extension response (PER) is
scored. PER reflects the gustatory perception and accep-
tance of dietary sugar by the neuronal circuits that modu-
late feeding (Shiraiwa and Carlson 2007; Marella et al.
2012; Itskov and Ribeiro 2013): A higher chance of PER
is typically observed in flies that are starved or when flies
are presented with increasingly higher sucrose concentra-
tions, whereas the chance of PER is lower in optimally fed
flies and in mutants that are defective in sugar chemosen-
sation (Galindo and Smith 2001; Swarup et al. 2014).

In agreement with a role of muscle-derived Dpp in feed-
ing initiation, we found that muscle-restricted dpp RNAi
increases the probability of PER (Fig. 4A), whereas mus-
cle-restricted dpp overexpression reduces it, compared
with controls (Fig. 4B).

Previous studies have shown that initiation of feeding
on sucrose is strongly influenced by its concentration
(Galindo and Smith 2001; Marella et al. 2012). Therefore,
we next tested whether muscle-derived Dpp affects the
chance of PER in flies that are given increasing sucrose
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Figure 2. Muscle-derivedDpp regulates brain ple/TH expression
and dopamine biosynthesis. (A) RNA-seq from heads of flies with
muscle-specific dpp RNAi, dpp overexpression (OE), and controls
(n = 3/genotype). The y-axis shows the difference in expression
(logratio) of dpp RNAi versus GFP RNAi (mock), and the x-axis
shows the logratio of dpp overexpression (Mhc>DppOE) versus
control (Mhc/+). Genes that are significantly regulated (P <0.05)
in converse manner by dpp RNAi and dpp overexpression, which
include genes involved in neurotransmission and chemosensory
perception, are highlighted in green. (B) Among these, ple/TH
and Obp57e have been previously implicated in foraging. Ple/
TH is the rate-limiting enzyme for L-DOPA and dopamine bio-
synthesis. (C,D) qRT-PCR from fly brains confirms that muscle-
specific dpp RNAi increases ple/TH expression, whereas dpp
overexpression has converse effects comparedwith controls. Sim-
ilar results are obtained with bothMhc-Gal4 and the drug-induc-
ible Act88-GS-Gal4. (∗∗∗) P <0.001; n = 4; SEM. (E,F ) UPLC/MS-
MS reveals that muscle-specific dpp RNAi increases brain dopa-
mine, whereas dpp overexpression reduces it compared with con-
trols. Similar results are obtained with both Mhc-Gal4 and the
drug-inducible Act88-GS-Gal4 driver. (∗) P <0.05; (∗∗) P <0.01;
(∗∗∗) P< 0.001; n[batch of 30 heads] = 5–17. SD.
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concentrations. For these studies, the drug-inducible
Act88GS-Gal4 driver (Robles-Murguia et al. 2019) was
used to drive transgene expression in the indirect flight
muscles of adult flies in response to the drug RU486. Im-
portantly, drug-induced expression of a controlGFPRNAi
in muscle did not significantly affect PER compared with
the uninduced control, indicating that the RU486 drug

used to induce transgene expression is not responsible
for changes in PER (Fig. 4C).
Interestingly, the chance of PER was higher in drug-in-

duced dpp RNAi expression than in uninduced controls,
even at low sucrose concentrations, whereas GFP RNAi
did not significantly induce PER (Fig. 4C). Conversely,
whereas an increase in the chance of PER was typically
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Figure 3. Regulation of locomotor activity
and foraging by muscle-derived Dpp. (A,B)
Muscle-specific dpp RNAi increases spon-
taneous locomotion (A), compared with
controls (B). (C ) In addition to an overall in-
crease in spontaneous activity (sum of all
monitors), dpp RNAi increases activity par-
ticularly in proximity to the food (monitor
#1), compared with whiteRNAi and trans-
gene-alone controls. Mean values are
shown in A and B, and the corresponding
bar graphs with mean± SEM are shown in
C, with n[Mhc>whiteRNAi] = 12, n[Mhc>
dppRNAi] = 10, n[+/whiteRNAi] = 12, and n
[+/dppRNAi] = 10 batches of 10 flies each.
(D,E) Muscle-specific dpp overexpression
reduces spontaneous locomotion (D), com-
pared with controls (E). Mean values are
shown in D and E, and the corresponding
bar graphs with mean± SEM are shown in
F, with n=8 batches each consisting of 10
flies for each genotype. (G,H) Muscle-spe-
cific dpp overexpression with Act88GS re-
duces spontaneous locomotion primarily
in proximity to food (monitor #1) (G), com-
pared with uninduced controls and cherry
overexpression (H). Mean values are shown
in G and H, and the corresponding bar
graphs with mean±SEM are shown in I,
with n =16 batches each consisting of 10
flies for each condition. Overall, the reduc-
tion in activity observed upon dpp overex-
pression is most prominent in proximity
to food (F,I ). (∗∗∗) P <0.001.
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observedwhen increasing the sucrose concentrations, flies
with drug-induced dpp overexpression in muscle dis-
played little increase in PER (Fig. 4D). Taken together,
these findings indicate that the myokine Dpp regulates
feeding initiation in a manner that is consistent with its
modulation of dopamine biosynthesis (Fig. 2) and foraging
(Fig. 3).

Up-regulation of TH/ple expression in different
dopaminergic neuronal subsets exerts distinct effects
on foraging and feeding initiation

In Drosophila, several dopaminergic neuronal subsets
have been implicated in feeding initiation, as inferred
from the experimental modulation of their activity (Ina-
gaki et al. 2012; Marella et al. 2012; Kain and Dahanukar
2015; Landayan et al. 2018). However, it is unknown
whether an increase in TH/ple levels in some of these neu-

ronal subsets would similarly regulate foraging and feed-
ing initiation.

To address this question, we used a neuronal-specific
TH/ple transgene (UAS-DTH1m) (Cichewicz et al. 2017)
and general and subset-specific TH-Gal4 drivers (Friggi-
Grelin et al. 2003a; Xie et al. 2018). Consistent with the
hypothesis that muscle-derived Dpp regulates foraging
and feeding initiation via brain TH/ple, we found that
a general increase of TH/ple expression in dopaminergic
neurons promotes overall spontaneous activity and
locomotion in proximity to the food (Fig. 5A–C). Consis-
tently, measurement of feeding initiation via PER assays
reveals that increased expression ofTH/ple leads to higher
chance of feeding initiation, compared with controls
(Fig. 5D).

We next determined whether an increase in TH/ple lev-
els restricted to some dopaminergic neuronal subsets sim-
ilarly modulates foraging. For these studies, we utilized
TH-C-Gal4 andTH-D-Gal4, which drive expression in dif-
ferent combinations of dopaminergic neurons (Cording
et al. 2017; Xie et al. 2018). Specifically, TH-C-Gal4 drives
transgene expression in PAL, PPM1, PPM2, PPL2ab,
PPL2c, and VUM dopaminergic neurons, whereas TH-D-
Gal4 is specific for PPL1, PPM1, PPM2, and PPM3 dopa-
minergic neurons (Cording et al. 2017; Xie et al. 2018).
In response toTH/ple overexpression, therewas an overall
increase in spontaneous locomotion with both drivers
(Fig. 5E–G,I–K). However, ple/TH overexpression with
TH-C-Gal4 increases activity in proximity to food (Fig.
5G) and the chance of PER (Fig. 5H), whereas this does
not occur with TH-D-Gal4 (Fig. 5K,L), suggesting
that subsets of dopaminergic neurons modulated by
TH-C-Gal4 but not by TH-D-Gal4 are responsible for
food-seeking in response to an increase in TH/ple levels.
Specifically, TH-C-Gal4 drives transgene expression in
the dopaminergic TH-VUM neuron, which had been al-
ready implicated in feeding initiation in Drosophila (Ina-
gaki et al. 2012; Marella et al. 2012), whereas TH-D-
Gal4 does not (Cording et al. 2017; Xie et al. 2018). On
this basis, modulation of TH/ple levels in the TH-VUM
neuron may contribute to feeding initiation in response
to muscle-derived Dpp.

Dpp receptor signal transduction in dopaminergic
neurons regulates TH expression and feeding initiation
via the downstream transcriptional repressor Schnurri

Dpp signaling is initiated by binding of Dpp to its receptor,
which consists of a dimer formed by the type I receptor
Thickveins (Tkv, which confers ligand-specificity) and
the type II receptor Punt, which also transduces signaling
from other BMP and TGF-β ligands (Miyazono et al. 2010;
Hamaratoglu et al. 2014).

To test whetherDpp receptor signaling in dopaminergic
neurons elicits similar effects as modulation of Dpp levels
in muscle, we first determined the expression pattern of
tkv in the brain. To this end, brains from tkv >GFP flies
were immunostained with antibodies for GFP and TH,
which marks dopaminergic neurons. Interestingly, tkv-
Gal4 induced GFP expression in brain cells that were TH

BA
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Figure 4. Muscle-derived Dpp regulates feeding initiation.
(A) PER assays indicate that dpp RNAi (Mhc>dppRNAi#1 and
RNAi#2) increases the propensity of flies to initiate feeding com-
pared with control GFP RNAi (Mhc>GFPRNAi) and transgene-
alone controls (+/dppRNAi#1; +/dppRNAi#2; +/GFPRNAi). (∗) P <
0.05; (∗∗∗) P <0.001; n = 101–177. (B) Conversely, dpp overexpres-
sion reduces the chance of PER, compared with controls (+/cher-
ryOE; +/dppOE; Mhc> cherryOE). (∗) P <0.05; n = 84–114. (C ) PER
assays done at different sucrose concentrations (0.3%, 3%,
10%). Drug-induced muscle-specific dpp RNAi increases the
chance of PER even at low sucrose concentrations, compared
with uninduced controls and to GFP RNAi. (D) Conversely, the
chance of PER is low in flieswithmuscle-specific dpp overexpres-
sion, even at high sucrose concentrations. (∗∗) P <0.01; (∗∗∗) P <
0.001; n = 100–141. InA–D the proportion of flies with PER versus
the total is indicated for the control condition in each panel.
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Figure 5. Increase in ple/TH expression in dopaminergic neurons promotes foraging. (A–C) Monitoring of the spontaneous locomotion of
flies with general ple/TH overexpression in dopaminergic neurons. Three monitors are located at different distance from the food. In ad-
dition to increasing overall activity (B,C ), overexpression of ple/THwith TH-Gal4 promotes locomotion nearby the food (monitor #1) (A,
C ) compared with controlGFP overexpression. Mean values are shown in A and B, and the corresponding bar graphs with mean±SD are
shown in C, with n[TH>GFP] = 6 and n[TH>ple] = 6 batches of 15 flies each. (D) ple/TH overexpression with TH-Gal4 promotes feeding
initiation, as assessedwith PER assays,with n[TH>GFP] = 258 and n[TH>ple] = 299; P<0.05, 95%CI. (E–G) ple/TH overexpression in sub-
sets of dopaminergic neurons with TH-C-Gal4 promotes spontaneous locomotion in proximity of food (monitor #1) (E,G), whereas this
does not occur with TH-D-Gal4 (I,K ), which drives expression in a different subset of dopaminergic neurons. (F,G,J,K ) ple/TH overexpres-
sion with both TH-C-Gal4 and TH-D-Gal4 increases overall activity. (H,L) ple/TH overexpression with TH-C-Gal4 but not with TH-D-
Gal4 promotes feeding initiation, as estimatedwith PER assays,with n[TH-C>GFP] = 185, n[TH-C>ple] = 169, n[TH-D>GFP] = 203, and n
[TH-D>ple] = 180. P< 0.05; 95%CI.Mean values are shown inE, F, I, and J), and the corresponding bar graphswithmean±SD are shown in
G and K, with n[TH-C>GFP] = 5, n[TH-C>ple] = 4, n[TH-D>GFP] = 5, and n[TH-D>ple] = 4 batches of 15 flies each.
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positive, suggesting that Tkv is preferentially enriched in
subsets of dopaminergic neurons (Fig. 6A; Supplemental
Fig. S7), including the TH-VUM dopaminergic neuron
previously implicated in foraging and feeding initiation
(Fig. 5; Inagaki et al. 2012; Marella et al. 2012; Landayan
et al. 2018).Moreover, comparedwith controlGFPoverex-
pression, muscle-specific dpp overexpression led to a pref-
erential increase of phospho-Smad3 levels (indicative of
Dpp signaling) in dopaminergic neurons versus nearby
cells (Fig. 6B). Together, these findings suggest that dopa-
minergic neurons may be particularly competent in re-
sponding to changes in Dpp levels.

To test whether Dpp receptor signal transduction
regulates TH/ple expression in a cell-autonomous man-
ner, RNAi for the Dpp receptor thickveins was driven in
dopaminergic neurons by TH-Gal4. Interestingly, tkv
RNAi promoted TH/plemRNA expression (Fig. 6C), sim-
ilar to the effect seen with muscle-restricted dpp RNAi
(Fig. 2). These findings indicate that TH/ple expression
is modulated by Dpp receptor signaling in dopaminergic
neurons.

The observation that inhibition of Dpp receptor signal-
ing increases TH/ple expression suggests the involvement
of a downstream transcriptional repressor. Typically,
Dpp receptor signaling induces phosphorylation and
activation of the transcription factor Mad, which works
in complex with Medea, similar to the homologous
Smad1/5–Smad4 complex regulated by BMP signaling in
vertebrates (Miyazono et al. 2010; Hamaratoglu et al.
2014). Although Mad/Medea activates the transcription
of target genes, its association with Schnurri, an evolu-
tionary conserved transcriptional repressor, inhibits tar-
get gene expression (Grieder et al. 1995; Marty et al.
2000; Pyrowolakis et al. 2004). To test whether Schnurri
is a transcriptional repressor that inhibits ple/TH
expression, shn RNAi was driven in dopaminergic neu-
rons. Similar to tkv RNAi, shn RNAi promoted ple/TH
expression, compared with GFP RNAi (Fig. 6C). More-
over, also shnurri appeared to be preferentially expressed
in subsets of dopaminergic neurons, as shown by immu-
nostaining of brains from shn >GFP flies (Supplemental
Fig. S7).

E

F

B

A

C
D

G

H

Figure 6. Cell-autonomous modulation of Dpp receptor signal-
ing in dopaminergic neurons regulates ple/TH expression and
the propensity to feed on sucrose. (A) Immunostaining of brains
from flies that express GFP under control of the Tkv promoter
(Tkv>GFP). Many neurons that express TH (red) are also positive
for the Dpp receptor Tkv (green), including the TH-VUM neuron
previously implicated in the PER. (B) Immunostaining of brains
from flies that express GFP and dpp-GFP in skeletal muscle
(Mhc>GFP vs.Mhc>dpp-GFP). Overall brain P-Smad3 immuno-
reactivity (indicative of BMP signaling) increases in response to
muscle overexpression ofdpp-GFP, and this change is particularly
prominent in dopaminergic neurons. (C ) RNAi for the Dpp recep-
tor Tkv in dopaminergic neurons increases brain ple/TH levels,
similar to RNAi for the transcriptional repressor Schnurri (Shn),
which acts downstream from Tkv. (∗∗∗) P <0.001; n = 4; SEM. (D)
RNAi for Tkv and Shn in dopaminergic neurons promotes PER.
(∗) P <0.05; (∗∗) P< 0.01; n = 145–306; 95% CI. (E) RNAi for Shn
in dopaminergic neurons promotes spontaneous activity, in par-
ticular in proximity to the food (F ), compared with control GFP
RNAi. (∗) P<0.05; with n= 7 tubes [TH>GFPRNAi] and n=9 tubes
[TH> shnRNAi], each with 15 flies. Error bars indicate the SD. (G)
The TH inhibitor 3-IY blunts PER induction by drug-induced
dppRNAi inmuscle, indicating thatTH is key for this adaptive re-
sponse. n = 107–223; 95%CI. (H) Decrease in PER due to drug-in-
duced, muscle-specific dpp overexpression is compensated for by
the dietary administration of L-DOPA, the precursor of dopamine
produced by TH. Carbidopa is coadministered to ensure preferen-
tial delivery of L-DOPA to the brain. n = 110–196; 95% CI.
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To investigate the underlying molecular mechanisms,
we searched publicly available Drosophila ChIP-seq data
(Van Bortle et al. 2015) for the presence of Shn peaks,
which were detected in the promoter of the canonical tar-
get gene brinker but not in that of ple/TH (data not
shown). However, several Shn peaks were found in the
promoter of dikar (Supplemental Fig. S8A), a gene located
next to ple/TH. Analysis of high-throughput chromosome
conformation capture (Hi-C) data (Sexton et al. 2012) re-
vealed that the dikar promoter region characterized by
Shn peaks is in the same topologically associated domain
(TAD) and has high frequency of interactions with the ple
promoter region (Supplemental Fig. S8A). To directly as-
sess the putative silencer activity of thedikar promoter re-
gion, a ∼500-bp sequence with the strongest Shn binding
was cloned upstream of a Renilla luciferase reporter driv-
en by aminimal promoter. Luciferase assays in S2R+ cells
revealed that this region reduced transcription in response
to treatmentwith recombinantDpp or in the presence of a
constitutively active form of Tkv (TkvQ253D), compared
with control GFP expression (Supplemental Fig. S8D).
Conversely, RNAi forTkv and Shn increased luciferase ac-
tivity (Supplemental Fig. S8E). These findings suggest that
Shn repressesTH/ple expression through long-range inter-
actions of a Shn-bound silencer with the proximal ple/TH
promoter (Supplemental Fig. S8).
Considering that TH expression levels and dopaminer-

gic neuronsmodulate the PER (Fig. 5), and that Dpp recep-
tor signaling in dopaminergic neurons regulates TH/ple
expression (Fig. 6A,C),which is key for dopaminergic func-
tions (Friggi-Grelin et al. 2003a; Daubner et al. 2011), we
next tested whether Dpp receptor signaling in dopaminer-
gic neurons regulates the chance of PER. In agreement
with this hypothesis, tkv RNAi and shn RNAi sig-
nificantly increased thechanceofPERcomparedwith con-
trol GFP RNAi (Fig. 6D). In summary, cell-autonomous
reduction of Dpp receptor signaling in dopaminergic
neurons increases TH/ple expression and the chance of
PER. Together, these findings suggest thatmuscle-derived
Dppmay regulate brainTH levels and feeding initiation by
modulating Dpp receptor signal transduction in dopami-
nergic neurons.
Having found that shn RNAi promotes TH/ple expres-

sion and the chance of PER (Fig. 6C,D), we next assessed
whether it also modulates foraging. For these studies,
shn RNAi was driven in dopaminergic neurons with
TH-Gal4 in the presence of tubulin-Gal80ts (a similar
analysis was not possible for TH> tkv RNAi due to its
semilethality and hence impossibility of recording forag-
ing over several days).
Consistent with the hypothesis that Dpp regulates for-

aging and feeding initiation by modulating brain TH/ple
expression via shn, we found that shn RNAi promotes
spontaneous activity in particular in proximity to the
food (monitor #1) compared with control GFP RNAi
(Fig. 6E,F).
In summary, these findings indicate that Dpp receptor

signal transduction in dopaminergic neurons regulates
TH/ple expression and feeding initiation via the down-
stream transcriptional repressor Schnurri.

Rescue of Dpp-induced changes in feeding behavior
by pharmacologic modulation of TH

In addition to TH/ple, muscle-derived Dpp nonautono-
mously regulates the expression of Obp57e (Fig. 2B),
which has been implicated in sucrose perception and
PER (Galindo and Smith 2001). Furthermore, Dpp also in-
duces additional gene expression changes (Fig. 2A,B) that
may contribute to feeding behavior.
To test whether modulation of TH/ple expression is a

prominent mechanism by whichmuscle-derived Dpp reg-
ulates PER, pharmacologic treatmentswere done to inhib-
it TH and, conversely, to compensate for the lack of TH
activity. In the first set of experiments, the TH inhibitor
3-iodotyrosine (3-IY) was administered to flies having
muscle-specific dpp RNAi driven by Act88-GS-Gal4.
Consistent with a key role for TH downstream from
Dpp signaling, pharmacologic inhibition of TH greatly
reduced the changes in PER due to muscle-specific dpp
RNAi (Fig. 6D).
A second set of experiments consisted of pharmacologic

rescues with L-DOPA, the rate-limiting dopamine precur-
sor synthesized by TH from L-tyrosine. To improve its
delivery to the brain, L-DOPA is typically administered
with carbidopa, a DOPA decarboxylase inhibitor that pre-
vents L-DOPA utilization by peripheral tissues (Maas
et al. 2017; Poewe et al. 2017). This strategy has been effec-
tive in Drosophila, whereby administration of L-DOPA
with carbidopa rescues TH/ple mutants (Nall et al. 2016;
Cichewicz et al. 2017). Therefore, we tested whether die-
tary supplementation of L-DOPA and carbidopa rescues
PER defects seen in flies with muscle-specific dpp overex-
pression. This was found to be the case (Fig. 6E), which is
consistent with the hypothesis that defects in TH can be
bypassed by providing sufficient amounts of L-DOPA to
restore its levels to those required for normal dopamine
synthesis. In summary, pharmacologic rescue experi-
ments indicate that TH/ple is key for modulating PER
by muscle-derived Dpp (Fig. 7).

Discussion

Since its discovery in 1982 (Spencer et al. 1982), Dpp has
been primarily characterized as a morphogen during
development. We have found that muscle-derived Dpp
is an endocrine factor that signals to the brain, in line
with increasing evidence for a role of Dpp in intertissue
signaling (Li et al. 2013; Kux and Pitsouli 2014) and
more recently for its capacity to act as an endocrine factor
in Drosophila (Setiawan et al. 2018; Denton et al. 2019).
These roles of Dpp in intertissue communication are in
line with the increasing knowledge about BMPs in mam-
mals (Wagner et al. 2010) and the observation that BMP2
and BMP4 (the human homologs of Dpp) are detected in
the bloodstream (Son et al. 2011; Umemoto et al. 2011;
van Baardewijk et al. 2013; Zhang et al. 2015; Eslaminejad
et al. 2019).
A number of different factors, such as posttranslational

modifications, could be involved in determining the
range of Dpp signaling. In particular, because Dpp
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proprotein processing has been shown to be key for the
range of Dpp signaling during development (Kunnapuu
et al. 2009), it is possible that it may also influence the
capacity of Dpp to function as an endocrine factor. Spe-
cifically, three furin sites are present in the Dpp propro-
tein and cleavage at the first site has been shown to be
critical and sufficient for long-range signaling within
wing imaginal discs (Kunnapuu et al. 2009). However,
cleavage at the other sites may modulate the interaction
of Dpp with the extracellular matrix and with Dpp-bind-
ing proteins (Umulis et al. 2009), and thus influence the
capacity of Dpp to signal in a paracrine versus endocrine
manner. Consistent with this hypothesis, there is a dif-
ference in the relative abundance of Dpp variants derived
from proprotein processing in adults versus larval imagi-
nal discs (Fig. 1A).

Although the functions of circulating BMP2 and BMP4
are not known (Son et al. 2011; Umemoto et al. 2011; van
Baardewijk et al. 2013; Zhang et al. 2015; Eslaminejad
et al. 2019), many circulating factors contribute to the en-
docrine control of important physiological body functions
by signaling to the brain. For example, several neural cir-
cuits in the brain regulate feeding by integrating environ-
mental cues and signaling by hormones released by
peripheral tissues such as the gut, pancreas, liver, and ad-
ipose (Williams and Elmquist 2012). Recently, a broader
contribution of peripheral tissues to the endocrine control
of feeding has emerged, as exemplified by an unanticipat-
ed role of bone in this process (Mosialou et al. 2017). How-
ever, the contribution of many peripheral tissues remains
largely unexplored. In particular, although skeletal mus-
cle is themost abundant tissue and amajor site of nutrient

uptake, how the brain senses changes in the metabolic
status of the muscle still remains unknown.

Myokines are muscle-secreted growth factors and cyto-
kines that circulate in the bloodstream (Pedersen and
Febbraio 2012) and that might mediate such muscle-to-
brain signaling (Rai and Demontis 2016; Delezie and
Handschin 2018). However, thus far there has been no ev-
idence for myokine signaling to the brain. In this study
we report that muscle-secreted Dpp regulates the ex-
pression of brain TH (Fig. 2), the rate-limiting enzyme
for dopamine synthesis. Furthermore, cell-autonomous
modulation of Dpp receptor signaling in dopaminergic
neurons recapitulates the effects of muscle-derived Dpp,
supporting the model that modulation of TH expression
results from muscle-to-brain signaling mediated by the
myokine Dpp.

Although our study provides evidence formodulation of
TH/ple expression in the brain by muscle-specific Dpp
(Fig. 2), several distinct mechanisms may be responsible
for such regulation. One possibility is thatmuscle-derived
Dpp regulates TH/ple expression in dopaminergic neu-
rons indirectly via a relay tissue. For example, muscle-de-
rived Dppmay signal to the glia (which is part of the blood
brain barrier), which, in turn,may cross-talkwith dopami-
nergic neurons via a relay signal (Kanai et al. 2018; Mak-
soud et al. 2019). Alternatively, Dpp may cross the
blood-brain barrier and directly engage Dpp receptors in
dopaminergic neurons, as observed for other circulating
factors that regulate feeding behavior by directly acting
on orexigenic and anorexigenic neurons (Lam 2010; Wil-
liams and Elmquist 2012). Altogether, the myokine Dpp
may signal directly to dopaminergic neurons or indirectly
via an intermediate signal, such as a BMP ligand produced
by a relay tissue.

Dopaminergic neurons have long been implicated in
promoting feeding initiation in Drosophila (Inagaki et al.
2012; Marella et al. 2012; Kain and Dahanukar 2015;
Landayan et al. 2018). Similarly, changes in dopamine lev-
els regulate feeding behavior in Drosophila and mice
(Zhou and Palmiter 1995; Szczypka et al. 1999, 2000,
2001; Sotak et al. 2005; Palmiter 2007; Avale et al. 2008;
Riemensperger et al. 2011; Pristerà et al. 2015; Doan
et al. 2016; Chen et al. 2017). Our findings thatmuscle-de-
rived Dpp regulates feeding initiation via the modulation
of dopamine biosynthesis therefore suggest that this evo-
lutionary conservedmyokine signaling pathwaymay play
a role in the integrated control of feeding behavior also in
higher organisms. Specifically, BMP2 and BMP4, which
are known to be expressed by skeletalmuscle inmammals
(Umemoto et al. 2011), may signal to the brain to regulate
dopamine biosynthesis and feeding behavior also in
humans.

Consistentwith a role formuscle-derivedDpp in the en-
docrine control of foraging and feeding initiation, we
found that dpp expression in skeletalmuscle ismodulated
by nutrient sensing (Supplemental Fig. S9), as observed for
other orexigenic and anorexigenic hormones secreted by
peripheral tissues (Williams and Elmquist 2012). Specifi-
cally, activation of the target of rapamycin (mTOR) nutri-
ent sensing pathway promotes dpp transcription, whereas

Figure 7. Endocrine regulation of feeding behavior by myokine
signaling. Dpp is an endocrine myokine that signals to the brain.
In skeletal muscle, dpp expression is induced by nutrient sensing
(mTOR signaling). Consistently, muscle-restricted dpp RNAi
leads to higher pale/tyrosine hydroxylase (TH) expression in the
brain and higher chance of foraging and feeding initiation, where-
as muscle-restricted dpp overexpression elicits converse effects.
Cell-autonomous decrease of Dpp receptor signaling in dopami-
nergic neurons leads to higher ple/TH expression and higher pro-
pensity for feeding initiation. These results highlight amuscle-to-
brain signaling axis that regulates feeding behavior.
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mTOR inhibition via the Tsc1/2 tuberous sclerosis com-
plex represses dpp expression via the transcription factor
Mnt (Supplemental Fig. S9). Altogether, these findings in-
dicate that reduced mTOR signaling in muscle reduces
Dpp levels. Thus, the mTOR/Mnt-dependent expression
of dpp may contribute to its role in muscle-to-brain sys-
temic signaling, and explain how the brain perceives nu-
tritional scarcity within skeletal muscle.
In addition to key roles in locomotor activity and feed-

ing, TH activity and the dopaminergic system are key
for normal brain function and are altered in human diseas-
es such as Parkinson’s disease, schizophrenia, and addic-
tion. On this basis, our findings that muscle-derived
Dpp cell nonautonomously regulates brain TH activity
and dopamine biosynthesis suggest that skeletal muscle
may influence via myokine signaling several brain func-
tions and disease processes that depend on dopamine. En-
docrine signaling by myokines may thus constitute an
additional layer of regulation of TH activity and dopami-
nergic functions in physiologic and pathologic conditions.

Materials and methods

Fly stocks

The Gal4 drivers used in this study were TH-Gal4 (Friggi-Grelin
et al. 2003a), TH-C-Gal4, and TH-D-Gal4 (Xie et al. 2018), Mhc-
Gal4 (Schuster et al. 1996; Demontis and Perrimon 2010),
Act88GS-Gal4 (Act88F-GeneSwitch-Gal4) (Robles-Murguia et
al. 2019), tkv-Gal4 (BL#63958), shn-Gal4 (VDRC#205415), and
lipophorin-Gal4 (Rajan and Perrimon 2012). The following
Gal4-responsive UAS stocks were used: UAS-cherry (cherryOE;
BL#35787), UAS-Dpp-GFP (DppOE) (Entchev et al. 2000),
UAS-Dpp-HA (Kunnapuu et al. 2009), UAS-mito-GFP-HA
(GFP-HA; BL#8442), UAS-GFP (Shen et al. 2009), UAS-GFPRNAi

(BL#41552 as control RNAi; BL#41554 and BL#41556 to knock
down dpp-GFP-Flag, driven at 29°C for a week), UAS-cherryRNAi

(BL#35785), UAS-dppRNAi#1 (BL#25782), UAS-dppRNAi#2

(BL#33618), UAS-tkvRNAi (NIG-Fly#14026R-1) (previously used
and validated in Li et al. 2013), UAS-shnRNAi (VDRC#105643)
(previously used and validated in Peterson and O’Connor 2013),
and UAS-DTH1m (Cichewicz et al. 2017). The following addi-
tional fly stocks were used: dpp-GFP-Flag (VDRC#318414) and
shn-GFP (BL#42671). UAS-Tsc1+Tsc2, UAS-Mnt, UAS-Rheb
(BL#9688), and Mnt null flies were previously described (Loo
et al. 2005; Demontis and Perrimon 2009).

Cell lines

Drosophila S2R+ cells/cm2 were cultured in Schneider’s medium
containing 10% FCS and penicillin-streptomycin (Gibco).

Drosophila husbandry and GeneSwitch-mediated transgenic expression

All experiments were done with 10- to 14-day-old male flies kept
(25–30 flies/tube) at 25°C, 60% humidity, and a 12-h/12-h light-
dark cycle. For experiments with the GeneSwitch system, flies
were raised for 4 d on normal food posteclosion and then kept
for 10 d on food supplementedwith 200 µMRU486 (mifepristone;
Calbiochem #475838) dissolved in ethanol or with ethanol alone
(control). Each RU486-treated genotype was compared with the
corresponding ethanol-treated control.

Monitoring of spontaneous activity and foraging

The Drosophila locomotor activity monitor (LAM; TriKinetics
#LAM25H-3) was used to record the spontaneous locomotion of
flies (Katewa et al. 2012), as assessed based on the interruption
of laser beams crossed by flies as they move in a tube with fly
food (Pfeiffenberger et al. 2010). For these studies, 10 or 15 male
flies/tube (as indicated) were monitored over >2 d under a 12:12
h light/dark cycle at 25°C and 60% humidity. Three monitors
were used to record every 10 min the activity of flies in three dif-
ferent areas of the tube, i.e., close to the food (monitor #1), away
from the food (monitor #3), and at an intermediate position (mon-
itor #2). To avoid a specific effects of RU486 on spontaneous loco-
motion in experiments with Act88GS flies (Fig. 3G–I), flies were
treated for 10 d with 20 µM RU486, left for 3 d on plain food, and
then assessed for spontaneous activity. All genotypes and corre-
sponding control conditions were assessed at the same time.

Proboscis extension response (PER) assays

PER assays were performed as previously described (Galindo and
Smith 2001; Shiraiwa andCarlson 2007;Marella et al. 2012; Steck
et al. 2018), but without any prior starvation of flies. Briefly, flies
were glued on their back to a plastic surface and after recovery
were allowed to drink distilled water ad libitum that was deliv-
ered via a fine-pointed mopmade from a kimwipe. Subsequently,
a cone-like shaped wick made from a kimwipe was dipped into a
10% sucrose solution and presented to the labellum by gentle
contact, and flies were scored on the basis of whether a proboscis
extension occurred. For the assays reported in Figure 4, C and D,
flies were sequentially given 0.3%, 3%, and 10% sucrose solu-
tions. PER assays were done under constant light conditions be-
tween ZT4 and ZT10.

Hemolymph preparation and Western blots

Hemolymph was prepared from >30 flies, using standard proce-
dures (Géminard et al. 2009). Specifically, flies were decapitated,
placed in a 0.5-mL tube, centrifuged at 1500g for 6 min, and the
hemolymph collected in an underlying tube at 4°C. Equal vol-
umes of hemolymph from all conditions were mixed with SDS-
containing blue loading buffer with protease inhibitors, dena-
tured by incubation for 5 min at 95°C, and probed with SDS-
PAGE and Western blots with anti-HA (Roche #12CA5) or anti-
Flag (Sigma #F3165) antibodies, as indicated, followed by Ponceau
S staining. Note that the presence of an in-frame GFP fusion re-
sults in an ∼25-kDa band shift when comparing the MW of Dpp-
GFP-Flag (Fig. 1A) versus Dpp-HA (Fig. 1B). All membranes
were blocked with 10% BSA.
Western blots for whole flies, thoraces, and imaginal discs were

processed as described above, with the difference that the tissues
were first homogenized inRIPAbufferwith protease inhibitors by
using a bullet blender (Next Advance), followed by mixing with
SDS containing blue loading buffer, denaturation at 95°C, and
SDS-PAGE. Imaginal discs were dissected as done before
(Demontis and Dahmann 2007).

qRT-PCR

qRT-PCRwas performed as previously described (Demontis et al.
2014). Total RNA was extracted with the TRIzol reagent (Life
Technologies) fromDrosophila thoraces, heads, or brains (as indi-
cated), followed by reverse transcription with the iScript cDNA
synthesis kit (Bio-Rad). qRT-PCR was performed with SYBR
Green and a CFX96 apparatus (Bio-Rad). Alpha-tubulin 84B was
used as a normalization reference. pale-RA expression was
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monitored as described before (Kumar et al. 2012). The compara-
tive CT method was used for relative quantitation of mRNA
levels.

RNA sequencing

Total RNA was extracted as described above from heads. Three
biological replicates for each sample were prepared for RNA-seq
with the TruSeq stranded mRNA library preparation kit (Illu-
mina) and sequenced on the Illumina HiSeq 2000 platform.
FASTQ sequences derived from mRNA paired-end 100-bp se-
quences were mapped to the Drosophila melanogaster genome
(BDGP release 5) with the STAR aligner (version 2.5.3a). Tran-
script level data were counted by using HTSeq (version 0.6.1p1)
based on the BDGP5 gtf release 75. For the analyses in Figure 2,
the TMM method was used to calculate the normalization fac-
tors. Then linearmodelingwas carried out on the log-CPM (count
per million) values, which are assumed to be normally distribu-
ted, and the mean-variance relationship was accommodated us-
ing precision weights calculated by the voom function. The
lmFit and contrasts.fit functions were used for the linear model-
ling. All analyses were done by limma package in R 3.2.3. The
RNA-seq data are available in Supplemental Table S1 and at the
Gene Expression Omnibus with accession number GSE140391.

Dopamine measurement with UPLC-MS/MS

Groups of 30 heads were analyzed by ultraperformance liquid
chromatography tandemmass spectrometry (UPLC-MS/MS), fol-
lowing derivatization with benzoyl chloride (BzCl) (Wong et al.
2016). Briefly, frozen fly heads were suspended in buffer (100 µL
of 0.1 M TCA with 10−2 M sodium acetate, 10−4 M EDTA, and
10.5% methanol pH 3.8) and homogenized with a handheld son-
icating probe. Then, 20 µL of the homogenatewas used for protein
determination with the BCA Protein Assay Kit (Thermo Scien-
tific). Samples were then centrifuged, and 5 µL of the supernatant
was diluted in 20 µL of ice-cold acetonitrile. Subsequently, 10 µL
of 50 mM aqueous sodium carbonate was added, followed by
10 µL of 2% BzCl solution in acetonitrile. Samples were vortexed
and neutralized by adding 20 µL of 13C-BzCl internal standard
solution (20% acetonitrile in water with 3% sulfuric acid) and
40 µL of water, and analyzed by UPLC-MS/MS. Dopamine con-
centrations were quantified by comparing peak areas of samples
with those of dopamine standards (Wong et al. 2016).

Brain immunostaining and confocal microscopy

Brains were dissected, fixed, and immunostained as described
previously (Demontis and Perrimon 2010) with rabbit anti-TH
(Millipore #AB152), chicken anti-GFP (Abcam #13970), rabbit
anti-P-Smad3 (S423+ S425, Abcam #52903; previously used to
monitor BMP receptor signaling in Drosophila) (Akiyama et al.
2012), and/or rat anti-Ddc (gift of Dr. Jay Hirsh) (Riemensperger
et al. 2011). DAPI (1:1000) was used to stain nuclei, and
Alexa635-phalloidin or anti-Bruchpilot antibodies (DSHB,
#nc82) were used to visualize the overall brain architecture.

Pharmacologic rescue experiments

For pharmacologic inhibition of TH, 1.25 mg/mL of 3-iodotyro-
sine (3-IY; Sigma #I8250) was added to the fly food, as described
previously in flies (Cichewicz et al. 2017). For pharmacologic res-
cue of TH defects, 3mg/mL of L-DOPA and 0.0125mg/mL of car-
bidopa (Abcam #ab120573 and #ab144725) were mixed with the
fly food as previously done (Nall et al. 2016; Cichewicz et al.

2017). A similar L-DOPA/carbidopa regimen was previously
shown to rescue defects in dopamine levels of TH/ple mutant
flies but not to increase dopamine abundance beyond normal lev-
els (Cichewicz et al. 2017).
For pharmacologic rescue experiments, flies were fed for 10 d,

with regular changes of food every 2–3 d, before PER assays.

Fluorescence distribution

Epifluorescence microscopy was performed with a Zeiss micro-
scope and the Axiovision software. NIH ImageJ was used to plot
the GFP fluorescence intensity across the fly body.

ChIP-seq and HiC analysis

ChIP-seq datawere downloaded fromGSE68654 (Van Bortle et al.
2015) and mapped to the Drosophila genome (BDGP release 5).
Data quality control was performed and bigwig tracks for visual-
ization (normalized to 15Muniquemapped reads) were generated
as described previously (Aldiri et al. 2017). Hi-C processed data
fromGSE34453 (Sexton et al. 2012) were downloaded from Juice-
box (Durand et al. 2016) and visualized with ProteinPaint (Zhou
et al. 2016).

ChIP-qPCR

Heads from shn-GFP flies were collected by vortexing (Jensen
et al. 2013) and maintained in a frozen state using liquid nitrogen
while being ground into powder with a pestle and mortar. Sam-
ples were immediately fixed with 1% formaldehyde for 15 min
and quenched with 0.125 M glycine. Chromatin was isolated by
adding lysis buffer, followed by sonication using the EpiShear
Probe Sonicator (Active Motif #53051) with an EpiShear Cooled
Sonication Platform (Active Motif #53080), and the DNA was
sheared to an average length of 300–500 bp. Genomic DNA (In-
put) was prepared by treating aliquots of chromatin with RNase,
proteinase K, and heat for de-crosslinking, followed by ethanol
precipitation. Pellets were resuspended, and the resulting DNA
was quantified on a CLARIOstar spectrophotometer. Extrapola-
tion to the original chromatin volume allowed quantitation of
the total chromatin yield.
Aliquots of chromatin (5 µg) were precleared with protein A

agarose beads (Invitrogen). Genomic DNA regions bound by
Shn-GFP were isolated by using a ChIP-grade antibody against
GFP (Abcam #ab290) that is routinely used by the ModENCODE
project (Mod et al. 2010). Complexes were washed, eluted from
the beadswith SDS buffer, and treatedwithRNase and proteinase
K treatment. Crosslinks were reversed by incubation overnight at
65°C, and ChIP DNA was purified by phenol-chloroform extrac-
tion and ethanol precipitation.
The qPCR reactions were carried out in triplicate using SYBR

Green Supermix (Bio-Rad #170-8882) on a CFX Connect Real
Time PCR detection system. One negative control region and
eight sites of interest were queried. Resulting signals were nor-
malized for primer efficiency by carrying out qPCR for each prim-
er pair using input DNA (pooled unprecipitated genomic DNA
from each sample).

Cloning and luciferase assays

To generate the Silencer #A-Renilla luciferase reporter, a region
containing the strongest Shn-bound ChIP-seq peak (3L:
6743499..6743994) nearby dikar was synthetically synthesized
and cloned into the pRL-null vector (Promega) with EcoRI-HF
and SpeI-HF.
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Luciferase assays were done as before (Demontis and Perrimon
2009;Zhouet al. 2013). Briefly, 15 × 104 S2R+cells/cm2were seed-
ed in Schneider’s medium containing 10% FCS and penicillin-
streptomycin (Gibco), and transfected 1 d later, using the Effec-
teneTransfectionKit (Qiagen).Cells in eachwell of a 96-well plate
(0.32 cm2) were transfectedwith amixture of 60 ng of the Silencer
#A-Renilla luciferase reporter, 2 ng of the polIII-firefly luciferase
reporter, 20 ng of Actin-Gal4, 20 ng of UAS-RNAi, 10 ng of Act-
GFP, and/or 10 ng of Act-TkvQ253D DNA plasmids. The Act-
GFP and Act-TkvQ253D DNA plasmids have been previously
described (Pyrowolakis et al. 2004). The UAS-tkvRNAi and UAS-
shnRNAi DNA plasmids were obtained from the VDRC
(#dna2549 and #dna1644) and the pUAST plasmid was used as
empty vector (EV) control. Other plasmids were described before
(Demontis and Perrimon 2009, 2010; Demontis et al. 2014).
Four days after transfection, recombinant Drosophila Dpp (R&D
#159-DP-020) was added to the culturemedium at a final concen-
tration of 4.1 µg/mL. The following day, the luciferase assay was
performed with the Dual-Glo Luciferase Assay (Promega) accord-
ing tomanufacturer’s instructions.ThepolIII-firefly luciferase re-
porter was cotransfected as normalization control, and luciferase
activity represents the ratio of Renilla to firefly luciferase activity.

Statistical analyses

The unpaired two-tailed Student’s t-test was used to compare the
means of two independent groups to each other. One-way
ANOVA with Tukey’s post hoc test was used for multiple com-
parisons of more than two groups of normally distributed data.
PER data were analyzed by the Fisher’s exact test (two-tailed),
and 95% confidence intervals (CI) were obtained by the modified
Wald method. The “n” for each experiment can be found in the
figures or legends and represents independently generated sam-
ples consisting of cell populations/wells for luciferase reporter as-
says, and individual flies, batches of flies, or batches of fly tissues
for in vivo experiments. Bar graphs represent the mean±SD, ±
SEM, or ± CI as indicated in the figure legends. Throughout the
figures, asterisks indicate the significance of the P value: P<
0.05 (∗), P <0.01 (∗∗), andP <0.001 (∗∗∗). A significant resultwas de-
fined as P <0.05. Statistical analyses were done with Excel and
GraphPad Prism.
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