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Octopamine connects nutrient cues to lipid
metabolism upon nutrient deprivation

Jun Tao,1* Yi-Cheng Ma,1* Zhong-Shan Yang,1,2 Cheng-Gang Zou,1† Ke-Qin Zhang1†
Starvation is probably the most common stressful situation in nature. In vertebrates, elevation of the biogenic amine
norepinephrine levels is common during starvation. However, the precise role of norepinephrine in nutrient depriva-
tion remains largely unknown.We report that in the free-living nematodeCaenorhabditis elegans, up-regulation of the
biosynthesis of octopamine, the invertebrate counterpart of norepinephrine, serves as a mechanism to adapt to star-
vation. During nutrient deprivation, the nuclear receptor DAF-12, known to sense nutritional cues, up-regulates the
expressionof tbh-1 that encodes tyramineb-hydroxylase, a keyenzyme for octopaminebiosynthesis, in theRICneurons.
Octopamine induces the expression of the lipase gene lips-6 via its receptor SER-3 in the intestine. LIPS-6, in turn, elicits
lipidmobilization. Our findings reveal that octopamine acts as an endocrine regulator linkingnutrient cues to lipolysis to
maintain energyhomeostasis, and suggest that suchamechanismmaybeevolutionally conserved indiverseorganisms.
INTRODUCTION

Biogenic amines modulate a variety of physiological functions in animals
(1). Octopamine, a functional analogue of mammalian norepinephrine,
has been implicated in the responses associated with the absence of
food in invertebrate species, such as insects and worms. In fruit flies
Drosophila melanogaster, octopamine promotes locomotor activity and
foraging behavior in response to starvation (2, 3). In the free-living
nematode Caenorhabditis elegans, exogenous application of octopamine
can inhibit egg laying and pharyngeal pumping, which are normally
promoted by the presence of food (4, 5). Thus, it seems that octopamine
can mimic a starvation-like signal. In some species of vertebrates, elevation
of norepinephrine levels has been observed under starvation conditions
(6–9). However, the precise role of octopamine or norepinephrine in
nutrient deprivation remains largely unknown.

C. elegans can undergo physiological and behavioral changes to
cope with nutrient deprivation. For instance, starvation alters C. elegans
pharyngeal muscle function to enhance ingestion when food becomes
available again (10). Meanwhile, L4 and young adult worms can maintain
energy balance through increases in lipid hydrolysis by a variety of
lipases during starvation (11–13). For example, starvation mediates the
induction of genes involved in converting fat stores into energy produc-
tion, thus allowing worms to survive (14). Similarly, the endoplasmic
reticulum proteins IRE-1 and HSP-4 recognize nutritional changes in
response to starvation, resulting in up-regulation of lipase genes fil-1 and
fil-2 (11). These lipases, in turn, break down fat storage, thus maintaining
whole-body energy homeostasis. In addition, the lysosomal lipases, such
as LIPL-1 and LIPL-3, promote the fat mobilization through lipophagy,
which is tightly regulated by two transcription factors, MXL-3 and
HLH-30 (12). When food is available, MXL-3 inhibits the expression of
these lysosomal lipase genes. Following fasting, HLH-30 elicits the activa-
tion of lipophagy by up-regulating lysosomal lipase and autophagy genes.

Endocrine systems regulate a variety of physiological processes in
response to environmental cues. In C. elegans, the nuclear receptor
DAF-12 acts as a dietary and environmental sensor to orchestrate diverse
aspects of development, metabolism, and reproduction. The regulation
of DAF-12 is tightly linked to its steroidal ligands D4- and D7-dafachronic
acids (DAs). Favorable environments, such as an abundant food supply,
activate DAF-9, a cytochrome P450 enzyme that catalyzes the last step
of DA production from cholesterol (15). By binding with DA, DAF-12
promotes reproductive development under favorable conditions. When
nematodes detect environmental stresses, such as food limitation, these
pathways are inhibited, leading to reduced production of DA (16, 17).
In times of food scarcity, the production of the ligand DA is inhibited,
leading to a shift of the liganded DAF-12 (DAF-12/DA) toward the
unliganded DAF-12/DIN-1 complex (16, 18). The fact that DAF-12/
DIN-1 is dominant during starvation implicates a role of this complex in
regulation of starvation responses.

Here, we uncovered that disruption of tbh-1, a gene coding for tyra-
mine b-hydroxylase that is required for octopamine biosynthesis (4),
resulted in enhanced susceptibility to starvation. Octopamine promoted
a lipase LIPS-6–mediated lipid mobilization via its receptor SER-3 in
the intestine. Finally, our results demonstrated that the expression of
tbh-1 was up-regulated by the DAF-12/DIN-1 complex.
RESULTS

Up-regulation of octopamine biosynthesis is required for
starvation resistance
It has been shown that the octopamine signaling is activated after food
deprivation in C. elegans (19). In C. elegans, tbh-1 encodes tyramine
b-hydroxylase, which catalyzes the conversion of tyramine to octo-
pamine (4). We thus determined the expression of tbh-1 using trans-
genic animals carrying the tbh-1 promoter fused to green fluorescent
protein (GFP). We found that the expression of Ptbh-1::gfp was markedly
up-regulated after worms were starved for 12 hours, compared with
worms fed with laboratory food Escherichia coliOP50 during this time
(Fig. 1A). These results were confirmed by determining the expression
of tbh-1 using quantitative reverse transcription polymerase chain re-
action (qRT-PCR) (Fig. 1B). To determine the octopamine content in
worms, we used liquid chromatography–tandem mass spectrometry
(LC-MS/MS). We found that the octopamine levels were higher in
worms after 12 hours of starvation than in well-fed worms (Fig. 1C
and fig. S1).
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The fact that starvation enhanced the biosynthesis of octopamine
led us to investigate its role in starvation resistance. We found that
tbh-1(n3247) worms had lower survival rates after 3 days of starvation
(Fig. 1D). Exogenous application of octopamine (1 mM) significantly
restored the survival of tbh-1(n3247) worms to a similar extent as that
of wild-type worms. Collectively, these results suggest that octopamine,
which is elevated in starvation, promotes worm survival under nutri-
ent deprivation.

Octopamine mediates lipid mobilization by up-regulating
lips-6 expression during starvation
Next, we investigated the molecular basis of octopamine function in
starvation resistance. Like mammals, C. elegans consumes stored lipid
droplets in response to nutrient deprivation (11–13). Consistent with
these data, we found that the quantity of lipid droplets in the intestine,
as judged by Oil Red O staining, was reduced by approximately 60%
in wild-type worms after 1 day of starvation (Fig. 2A). In contrast, a
mutation in tbh-1(n3247) did not affect lipid hydrolysis in starved
worms. However, the quantity of lipid droplets in tbh-1(n3247) worms
was comparable to that in wild-type worms in the presence of E. coli
OP50. Furthermore, we extracted total lipids, separated them by thin-layer
chromatography (TLC) (fig. S2), and quantified triacylglycerol (TAG)
content by gas chromatography (GC)–MS.We found that the TAG con-
tent was significantly lower in wild-type than in tbh-1(n3247) worms
after starvation (Fig. 2B). Application of octopamine promoted lipid
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hydrolysis in starved tbh-1(n3247) worms (both fed and fasted states)
and well-fed wild-type worms (Fig. 2, A and B). Finally, overexpres-
sion of tbh-1 in the RIC neurons enhanced lipid hydrolysis in well-fed
wild-type worms (fig. S3). These results suggest that TBH-1/octo-
pamine signaling mediates lipid hydrolysis.

It has been shown that the serotonin [5-hydroxytryptamine (5-HT)]/
octopamine signaling elicits lipid hydrolysis despite food abundance (20).
The function of octopamine and its receptor SER-6 is to maintain 5-HT
synthesis. 5-HT production in the ADF neurons activates the chloride
channel MOD-1 in the URX neurons, leading to up-regulation of the
lipase gene atgl-1 in the intestine via the nuclear receptor NHR-76. ATGL-1,
in turn, mediates lipid hydrolysis in well-fed worms. Consistent with the
observations from Lee et al. (21), the mutation in atgl-1(tm3116) also
led to lipid accumulation in starved worms (fig. S4A). However, we
found that nutrient deprivation did not alter either the mRNA level
of atgl-1 or the expression of Patgl-1::atgl-1::GFP (fig. S4, B and C).
Meanwhile, the mutation in tbh-1(n3247) did not alter the expression
of Patgl-1::atgl-1::GFP during starvation (fig. S4C), suggesting that
octopamine does not regulate atgl-1 expression. Octopamine treat-
ment does not alter the expression of Patgl-1::atgl-1::GFP in well-fed
worms (20). In any case, our results suggest that ATGL-1 is not
involved in octopamine-induced lipid hydrolysis during starvation.

A previous study using microarray analysis indicated that starva-
tion significantly up-regulated the expression of three TAG lipases (fil-1,
fil-2, and lips-6), and suggested that these three genes are probably
involved in lipid hydrolysis (11). We thus investigated the role of these
TAG lipases on the lipid mobilizationmediated by the TBH-1/octopamine
signaling. We found that, although the expression of fil-1, fil-2, and lips-6
was up-regulated by starvation, only lips-6 was inhibited by a mutation in
tbh-1(n3247) (Fig. 2C and fig. S5). Using transgenic animals that express
Plips-6::gfp, we observed that lips-6 was expressed in the intestine. Starva-
tion significantly increased the expression of Plips-6::gfp in wild-type, but
not in tbh-1(n3247), worms (Fig. 2D). Furthermore, the addition of octo-
pamine restored the mRNA levels of lips-6 as well as the expression of
Plips-6::gfp in tbh-1(n3247) mutants (both fed and fasted states) and
well-fed wild-type worms. To test the role of lips-6 in lipid hydrolysis,
we knocked down lips-6 using RNA interference (RNAi). We found
that endogenous lips-6 expression was markedly ablated by RNAi (fig.
S6). Knockdown of lips-6 significantly suppressed lipid hydrolysis dur-
ing starvation (Fig. 2E), whereas overexpression of lips-6 promoted
lipid hydrolysis in well-fed worms (fig. S7). However, application of
octopamine failed to restore lipid hydrolysis in worms subjected to
lips-6 RNAi. Together, these results suggest that the TBH-1/octopamine
signaling promotes lipid hydrolysis through LIPS-6.

Octopamine mediates lipid mobilization via its
receptor SER-3
There are three octopamine receptors: SER-3, SER-6, and OCTR-1 (22).
We thus tested whether these receptors are involved in lipid hydrolysis
during starvation. A mutation in ser-3(ad1774), but not ser-6(tm2146)
or octr-1(ok371), significantly inhibited lipid hydrolysis (Fig. 3, A and B).
Likewise, the mRNA levels of lips-6 were also reduced in ser-3(ad1774),
but not ser-6(tm2146) or octr-1(ok371), worms during starvation
(Fig. 3C). Furthermore, the addition of octopamine failed to restore
lipid hydrolysis and the mRNA levels of lips-6 in ser-3(ad1774) mu-
tants (fig. S8, A and B).

ser-3 is expressed in neurons in the head and tail, muscles, and
intestine (23). To determine tissue-specific activities of SER-3 in the
Fig. 1. Biosynthesis of octopamine is up-regulated during starvation.
(A) ExpressionofPtbh-1::gfpwasup-regulated in starvedworms relative towell-
fedworms (in thepresenceof E. coliOP50). The rightpanel showsquantification
ofGFP levels. (B) ThemRNA levels of tbh-1weredeterminedbyqRT-PCR. (C) The
levelsofoctopamine instarvedwormswerehigher thanthose inwell-fedworms.
Results aremeans ± SD of three experiments. *P < 0.05 versus well-fed worms.
(D) Survival rate of tbh-1(n3247)wormswas lower than that of wild-type (WT)
worms after 3 days of starvation. Exogenous octopamine (OA; 1 mM) markedly
restored the survival of tbh-1(n3247) worms. Results are means ± SD of three
experiments. aP < 0.05, tbh-1(n3247) versus WT worms; bP < 0.05, tbh-1 + octo-
pamine versus tbh-1.
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regulation of lipid hydrolysis, we knocked down ser-3 by RNAi in the
neurons, muscle, and intestine. However, we found that neither neuronal-
nor muscular-specific RNAi of ser-3 had an effect on lipid hydrolysis
(fig. S9, A and C) and the expression of lips-6 (fig. S9, B and D). In
contrast, intestinal-specific knockdown of ser-3 by RNAi reduced lipid
hydrolysis and the expression of lips-6 (Fig. 3, D and E). Furthermore,
expression of ser-3 under the control of the intestinal-specific ges-
1 promoter (24) markedly restored lipid hydrolysis and the expres-
sion of lips-6 in ser-3(ad1774) mutants (Fig. 3, F and G). As expected,
ser-3(ad1774)mutants exhibited reduced rates of survival after 3 days of
starvation (fig. S10). Expression of ser-3 in the intestine markedly sup-
pressed the sensitivity of ser-3(ad1774) mutants to starvation. These
results suggest that octopamine promotes lipid hydrolysis through its re-
ceptor SER-3.

The expression of tbh-1 is regulated by the DAF-12/DIN-
1 complex upon starvation
It is believed that the production of DAs by DAF-9 converts DAF-12
to a liganded state under favorable growth conditions, whereas DAF-12
is mostly unliganded under harsh environmental conditions such as
limited food supply and overcrowding (16, 18). In the tbh-1 promoter,
there are three AGTACA hexamer elements (−4139, −3193, and −2711
upstream of ATG), which are putative DAF-12 binding sites (Fig. 4A)
(25). Here, we investigated whether DAF-12/DIN-1 regulates octo-
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pamine biosynthesis after nutrient deprivation. We found that mutations
in daf-12(rh61rh411) or din-1(dh127) reduced both the expression of
Ptbh-1::gfp (Fig. 4B) and the mRNA level of tbh-1 in starved worms
(Fig. 4C). Consistently, the octopamine levels in daf-12(rh61rh411) or
din-1(dh127) mutants were significantly lower than those in wild-type
worms after starvation (Fig. 4D).

To determine the importance of the consensus DAF-12 binding
sequences, we generated a transcriptional reporter consisting of GFP
under the control of the tbh-1 promoter, which contains the AGTACA
hexamer elements. Mutagenesis or deletion of these elements resulted
in a significant reduction in Ptbh-1::gfp expression during starvation
(Fig. 4A). Finally, chromatin immunoprecipitation (ChIP)–qPCR anal-
ysis demonstrated that binding to the three elements of tbh-1 promoter
was markedly increased in worms under starvation conditions com-
pared to well-fed worms (Fig. 4E and table S1). Together, these results
indicate that the DAF-12/DIN-1 signaling is crucial for tbh-1 expression
under starvation conditions.

The DAF-12/DIN-1 complex is involved in lipid mobilization
To investigate whether the DAF-12/DIN-1 complex is involved in star-
vation resistance, we first determined its effect on lipid hydrolysis. Muta-
tions in daf-12(rh61rh411) or din-1(dh127) significantly inhibited lipid
hydrolysis during starvation compared with starved wild-type worms
(Fig. 5A). Meanwhile, the expression of Plips-6::gfp and the mRNA
Fig. 2. Octopamine promotes lipid hydrolysis by up-regulating the expressionof the lipase gene lips-6. (A andB) Lipidmobilizationwas regulated by
octopamine. (A) Thequantityof lipiddropletsdeterminedbyOil RedOstaining inWTwormswas significantly lower than that in tbh-1(n3247)wormsafter 24hours
of starvation. Octopamine (1 mM) treatment promoted lipid hydrolysis in either starved tbh-1(n3247) worms or well-fed WT worms. The right panel represents
relative Oil Red O intensity. (B) The relative TAG contents were determined by GC-MS. Results are means ± SD of three experiments. TL, total lipid. (C andD)
The mRNA levels of lips-6 (C) and the expression of Plips-6::gfp (D) were up-regulated by octopamine after 12 hours of starvation. Results are means ± SD of
three experiments. aP < 0.05 versus well-fed WT worms; bP < 0.05 versus starved WT worms; cP < 0.05 versus well-fed tbh-1(n3247) worms; dP < 0.05 versus
starved tbh-1(n3247)worms. (E) Lipid hydrolysis was suppressed by lips-6 RNAi after 24 hours of starvation. However, exogenous octopamine (1mM) failed to
restore lipid hydrolysis in lips-6 (RNAi) worms. The right panel represents relative Oil Red O intensity. Results are means ± SD of three experiments. aP < 0.05
versus well-fed worms + empty vector (EV); bP < 0.05 versus starved worms + empty vector.
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Fig. 3. Octopamine promotes lipid hydrolysis via its receptor SER-3. (A and B) Lipid hydrolysis was inhibited in ser-3(ad1774), but not ser-6(tm2146) or
octr-1(ok371), mutants after 24 hours of starvation. (A) Oil Red O staining. The right panel represents relative Oil Red O intensity. (B) The relative TAG
contents were determined by GC-MS. Results aremeans ± SD of three experiments. (C) ThemRNA levels of lips-6were also reduced in ser-3(ad1774), but not
ser-6(tm2146) or octr-1(ok371), worms during starvation. Results are means ± SD of three experiments. aP < 0.05 versus well-fed WT worms; bP < 0.05 versus
starvedWTworms. (D andE) Intestinal-specific knockdownof ser-3byRNAi reduced lipidhydrolysis (D) and the expression of lips-6 (E). Results aremeans± SD
of three experiments. aP< 0.05 versuswell-fedworms+ empty vector; bP< 0.05 versus starvedworms+ empty vector. (F andG) Expression of ser-3 under the
control of the intestinal ges-1markedly restored lipid hydrolysis (F) and the expression of lips-6 (G) in ser-3(ad1774)mutants. Results are means ± SD of three
experiments. *P < 0.05 versus empty vector.
Fig. 4. DAF-12/DIN-1 up-regulates the expression of tbh-1 during starvation. (A) tbh-1 promoters with three AGTACA hexamer elements (−4139, −3193, and
−2711upstreamofATG) forDAF-12.Mutagenesis or deletionof these elements led to a significant reduction inPtbh-1::gfpexpressionduring food-deprived conditions.
(B toD) Amutation indaf-12(rh61rh411)ordin-1(dh127) inhibited theexpressionofPtbh-1::gfp expression (B) and reduced themRNA levels of tbh-1 (C) and the levels of
octopamine (D) instarvedworms. The rightpart showsquantificationofGFP levels (B). Resultsaremeans±SDof threeexperiments. aP<0.01versuswell-fedWTworms;
bP < 0.05 versus starvedWTworms. (E) The three putative DAF-12 binding sites in the promoter regions of tbh-1were detected by ChIP with anti-GFP antibody. ChIP
results were quantitated by qPCR. *P < 0.05 versus well-fed worms.
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levels were substantially reduced in daf-12(rh61rh411) or din-1(dh127)
worms compared to wild-type animals (Fig. 5, B and C). However,
application of octopamine markedly restored lipid hydrolysis and the
expression of lips-6 in daf-12(rh61rh411) or din-1(dh127) worms (both
fed and fasted states). These results suggest that the DAF-12/DIN-1 complex
regulates lipid mobilization via octopamine.

Because tbh-1 is mainly expressed in the RIC neurons (4), we hy-
pothesized that DAF-12 carried out its role in lipid mobilization in the
same neurons upon starvation. Indeed, expression of daf-12 under the
control of the tbh-1 promoter markedly restored lipid hydrolysis and
the expression of lips-6 in daf-12(rh61rh411) animals (Fig. 5, D and E).
These results suggest that up-regulation of octopamine biosynthesis is
one of the mechanisms underlying the DAF-12/DIN-1 complex–
mediated lipid hydrolysis.
DISCUSSION

Using a combination of tissue-autonomous metabolic adjustments and
hormonal signals to coordinate the mobilization of nutrients is a com-
mon physiological response upon nutrient depletion (6–9). Here, we
characterized an endocrine mechanism in coupling nutrient cues to lipid
Fig. 5. DAF-12/DIN-1 confers resistance to starvation. (A) Mutation in daf-12(rh61rh411) or din-1(dh127) suppressed lipid hydrolysis determined by Oil
RedO staining after 24 hours of starvation. Application of octopamine (1mM) restored fasting-inducedbreakdown. The right panel represents relativeOil Red
O intensity. Results are means ± SD of three experiments. (B and C) Expression of lips-6 in WT, daf-12(rh61rh411), and din-1(dh127) worms after 12 hours of
starvation. (B) lips-6mRNA levels. (C) Expression of Plips-6::gfp. The right part shows quantification of GFP levels. Results aremeans ± SD of three experiments.
aP < 0.05 versus well-fed WT worms; bP < 0.05 versus starved WT worms; cP < 0.05 versus well-fed daf-12(rh61rh411) or din-1(dh127)worms; dP < 0.05 versus
starved daf-12(rh61rh411) or din-1(dh127)worms. (D and E) Expression of daf-12 under the control of the tbh-1 promoter restored lipid hydrolysis (D) and the
expression of lips-6 (E) in daf-12(rh61rh411) animals. The lower panel represents relative Oil Red O intensity (D). Results aremeans ± SD of three experiments.
*P < 0.05 versus empty vector.
Fig. 6. Aproposedmodel foroctopamine-mediatedstarvationresistance.
Under nutrient deprivation, the ligandedDAF-12 shifts the equilibrium to the
unliganded DAF-12/DIN-1 complex. The latter promotes the octopamine
biosynthesis byup-regulating theexpressionof tbh-1 in theRICneurons.Octo-
pamine, in turn, activates its receptor SER-3 to up-regulate the expression of
the lipase gene lips-6 in the intestine. Concomitantly, LIPS-6 contributes to
lipid hydrolysis to maintain energy balance.
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metabolism to maintain energy homeostasis in C. elegans (Fig. 6). When
encountering food limitation, the nutrient-sensing nuclear receptor DAF-12
perceives a state of starvation and consequently augments the biosynthesis
of octopamine in the neuronal cells. The biogenic amine activates its
receptor SER-3 in the intestine to induce hydrolysis of lipid droplets for
maintaining energy balance.

Here, our results demonstrate that the biosynthesis of octopamine
is up-regulated during starvation. The molecular mechanism underlying
transcriptional regulation of tbh-1 in C. elegans remains largely unknown.
A recent study has demonstrated that the activation of CREB [adenosine
3′,5′-monophosphate (cAMP) response element–binding protein]–
regulated transcription coactivator–1 (CRTC-1) by CREB leads to a
1.5-fold increase in tbh-1 expression in well-fed worms (26). Promoter
analysis reveals that tbh-1 gene contains the putative CREB binding site
in its promoter, implicating that CRTC-1/CRH-1 may directly regulate
transcription of tbh-1. Our data indicate that the DAF-12/DIN-1 complex
is involved in the induction of tbh-1 expression in response to starva-
tion. We show that the tbh-1 promoter contains three AGTACA hex-
amer elements, previously identified as a DAF-12 binding site (25).
5′-Deletion and ChIP analyses demonstrate that the three elements
are required for induction of tbh-1 expression under starvation
conditions. Thus, DAF-12/DIN-1 represents a novel pathway to reg-
ulate tbh-1 expression and octopamine levels during starvation.

It has been shown that starvation extends life span in C. elegans
(27–29). Here, our results demonstrate that starvation increases the levels
of octopamine, and the mutation in tbh-1(n3247) markedly reduces
survival of worms after nutrient deprivation, suggesting that octopamine
is essential for resistance to starvation. Recently, Burkewitz et al. (26)
have reported that transgenic worms carrying constitutively active AMPK
catalytic subunit increases life span probably by reducing octopamine
levels under ad libitum feeding conditions, implicating that octopamine
negatively modulates life span. Unexpectedly, these authors found that
worms harboring null mutations in either tdc-1(n3421) or tbh-1(n3247),
both of which lack octopamine, have a slightly shorter life span than wild-
type animals. The most parsimonious explanation for these conflicting
observations is that octopamine plays a complicated role in life span
under different physiological conditions (fed or fasted state) or genetic
backgrounds.

It has been shown that octopamine released from RIC neurons medi-
ates a starvation response, leading to activation of the transcription
factor CREB (19, 23). This starvation response is required for the octo-
pamine receptor SER-3 in SIA neurons. Although different regulatory
mechanisms have evolved for nutrient mobilization, the ability to reg-
ulate lipid consumption is a fundamental process upon starvation. It has
been shown that fasting or dietary restriction elicits the expression of the
lipase gene lips-6 in worms (11, 30). Here, we show that octopamine
mediates lipid hydrolysis by up-regulating lips-6, permitting C. elegans
to survive starvation. However, octopamine exhibits the action via its re-
ceptor SER-3 in the intestine, suggesting that octopamine also regulates
a starvation response in peripheral tissues. Because the elevated circu-
lating concentrations of norepinephrine are reported in vertebrates during
starvation (6–9), the role of norepinephrine in energy balance is likely
to be conserved.

Norepinephrine, which is associated with chronic stress, has been
identified as an etiological factor in various types of cancer (31–33).
Norepinephrine via b-adrenergic receptors modulates expression of
metastasis-associated genes involved in angiogenesis, inflammation,
tissue invasion, and epithelial-mesenchymal transition (31, 34). Because
Tao et al. Sci. Adv. 2016; 2 : e1501372 6 May 2016
cancer cells are often hypersensitive to starvation, characterization of
the role for norepinephrine in energy balance may provide mechanistic
insights into caloric restriction for cancer treatment.
MATERIALS AND METHODS

Nematode strains
The C. elegans strains were cultured under standard conditions and
fed E. coli OP50 (35). Wild-type animals were C. elegans Bristol N2.
The strains tbh-1(n3247), daf-12(rh61rh411), din-1(dh127), hjIs67
[atgl-1p::atgl-1::gfp], octr-1(ok371), and TU3401 [sid-1(pk3321)V;
uIs69V] for neuronal-specific RNAi and NR350 [rde-1(ne219)v; kzIs20]
for muscular-specific RNAi were provided by the Caenorhabditis
Genetics Center. The strain MGH170 for intestinal-specific RNAi
(sid-1(qt9); Is[vha-6pr::sid-1]; Is[sur-5pr::GFPNLS]), the strain that
expresses Ptbh-1::gfp, ser-3(ad1774), ser-6(tm2146), and atgl-1(tm3116)
worms were provided by G. Ruvkun (Massachusetts General Hospital,
Harvard Medical School), H. R. Horvitz (Massachusetts Institute of
Technology), Z. Wu (Huazhong University of Science and Technology),
and B. Liang (Kunming Institute of Zoology, Chinese Academy of
Sciences), respectively. Mutants were backcrossed three times into the
N2 strain used in the laboratory.

Construction of lips-6 RNAi
To generate a clone directed against lips-6, a 1042–base pair (bp) fragment
was amplified from genomic DNA by PCR using the primers 5′-
GTGTGCTGATGTGACTGC-3′ (forward) and 5′-ATGCCAACTATC-
CACGAC-3′ (reverse). The fragment was TA-cloned into a Hind III–
and Kpn I–linearized L4440 feeding vector, as in the RNAi library (36).

Construction of transgenic strains
The vector expressing Plips-6::gfp was generated by subcloning a 3.2-kb
promoter fragment of lips-6 into an expression vector (pPD95.75). Pdaf-12::
daf-12-gfp was generated by subcloning a 5.3-kb daf-12 promoter fragment
(corresponding to nucleotides −5313 to −1 relative to the translational
start site) into an expression vector (pPD95.75) into which the daf-12
complementary DNA (cDNA) was fused at its 3′ end in-frame with GFP
and the 3′ untranslated region (UTR) of unc-54. Ptbh-1::daf-12-gfp was
generated by subcloning a 4.6-kb tbh-1 promoter fragment (corresponding
to nucleotides −4613 to −1 relative to the translational start site) into the
pPD95.75 vector into which the daf-12 cDNA was fused at its 3′ end
in-frame with GFP and the 3′UTR of unc-54. cDNAs encoding daf-12,
tbh-1, ser-3, and lips-6 were chemically synthesized and obtained from
Generay Biotech Co. The tbh-1minimal promoter vector was generated
by a 2.7-kb promoter fragment (corresponding to nucleotides −2710
to −1 relative to the translational start site) and inserted into a pPD95.75
reporter vector. The deleted fragment of tbh-1 promoter was chemically
synthesized (Generay Biotech) and subcloned into a pPD95.75 reporter
vector. Ptbh-1::daf-12::gfp and Ptbh-1::tbh-1::gfp were generated by sub-
cloning a 4.6-kb tbh-1 promoter fragment (corresponding to nucleotides
−4613 to −1 relative to the translational start site) into the pPD95.75
vector into which the daf-12 or tbh-1 cDNA was fused at its 3′ end
in-frame with GFP and the 3′UTR of unc-54. Pges-1::ser-3::gfp and
Pges-1::lips-6::gfpwere generated by subcloning a 2.9-kb ges-1 promoter
fragment (corresponding to nucleotides −2963 to −1 relative to the
translational start site) into the pPD95.75 vector into which the ser-3
or lips-6 cDNA was fused at its 3′ end in-frame with GFP and the 3′
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UTR of unc-54. These constructs were co-injected with the marker
plasmid pRF4 containing rol-6(su1006) into the gonads of wild-type,
daf-12(rh61rh411), or ser-3(ad1774) worms by standard techniques.
The transgenic worms were confirmed before assay (37).

RNA interference
The clones of genes for RNAi were from the Ahringer library (38).
RNAi feeding experiments were performed on synchronized L1 larvae
at 20°C for 40 hours.

Starvation survival analysis
Synchronized populations of worms were cultivated on nematode
growth medium (NGM) plates in the presence of E. coli OP50 at 20°C
until the young adult stage. They were then transferred to NGM agar
plates containing ampicillin (100 mg/ml), kanamycin (50 mg/ml), am-
photericin B (0.25 mg/ml), and 5′-fluoro-2′-deoxyuridine (75 mg/ml) at
20°C. The number of living worms was counted at 3 days of starvation.
Three plates were performed per assay, and all experiments were per-
formed three times.

Detection of octopamine levels
The worms were homogenized with perchloric acid as previously de-
scribed (4) with modifications. Briefly, 60 to 80 mg of worms was
homogenized with a pestle in 500 ml of 0.3 M perchloric acid and cen-
trifuged at 13,000 rpm × 30 min at 4°C to remove the insoluble residue.
The supernatant was filtered through a 0.22-mm centrifugal filter and
freeze-dried in a VirTis freeze dryer. The resulting powders were dis-
solved in 50 ml of 0.3 M perchloric acid. Samples were analyzed by LC-
MS/MS on a Shimadzu LC-20ADvp pump equipped with an API
3200 mass spectrometer (Applied Biosystems/MDS Sciex). Samples were
injected into a Shim-pack XR-ODS (3.0 mm inside diameter × 75 mm)
column at a flow rate of 0.4 ml/min and a temperature of 40°C. The
analytes were eluted with a mobile phase comprising water with 0.4%
formic acid (solvent A) and acetonitrile (solvent B). Gradient program
of B: 0 min, 5%; 1.0 min, 5%; 4.0 min, 80%; 4.5 min, 80%; 4.6 min, 5%;
6.0 min, 5%. The mass spectrometer was operated under the following
conditions: nebulizer gas, 60 psi; curtain gas, 20 psi; auxiliary gas, 55 psi;
ion spray voltage, 5.0 kV; and temperature, 65°C. The detection mode
was multiple reaction monitoring, positive. The octopamine concentra-
tions were calculated on the basis of standard curves (1 to 100 ng of octo-
pamine, Sigma) and expressed as picogram of octopamine per milligram
of worm wet weight.

Quantitative RT-PCR
Total RNA was isolated from worms with TRIzol Reagent (Invitro-
gen). Random-primed cDNAs were generated by reverse transcription
of the total RNA samples with SuperScript II (Invitrogen). A real-time
PCR analysis was conducted using SYBR Premix Ex Taq (Takara) on
a Roche LightCycler 480 System (Roche Applied Science). ama-1 was
used as an internal control. The primers used for PCR were as follows:
tbh-1, 5′-AAGAAGAACCAGCCGCTCT-3′ (forward) and 5′-TGCTC-
ATTTCCAGGTGTCAC-3′ (reverse); fil-1, 5′-TGATGTTGCTGGTC-
CATTG-3′ (forward) and 5′-CCCTGAGTTCCATAGTCTGCT-3′
(reverse); fil-2, 5′-TGGTTATTCATCTACTCCCTGC-3′ (forward) and
5′-TCGTCGGCTTTACTCCAAGT-3′ (reverse); lips-6, 5′-ACTGCTGAT-
TTCGTCGTAGGT-3′ (forward) and 5′-CTCGTGGTTCCTTCCTTCA-
3′ (reverse); ama-1, 5′-TCCTGACCCAAAGAACACGGT-3′ (forward)
and 5′-ATCCACCTGCTCCTCCTGAG-3′ (reverse).
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Oil Red O staining
Oil Red O staining was performed as previously described (39). Briefly,
after the worms were washed in phosphate-buffered saline (PBS) buffer,
they were suspended in 120 ml of PBS, to which an equal volume of 2×
MRWB buffer (160 mM KCl, 40 mM NaCl, 14 mM Na2EGTA, 1 mM
spermidine-HCl, 0.4 mM spermine, 30 mM Na-Pipes at pH 7.4, 0.2%
b-mercaptoethanol) was added. Then, the worms were immediately
frozen in liquid nitrogen and subjected to three freeze/thaw cycles.
After they were washed with the PBS buffer, they were dehydrated in
60% isopropyl alcohol for 10 min and stained with filtered Oil Red O
solution [60% Oil Red O stock solution (isopropanol, 5 mg/ml)/40%
water] overnight. Photographs of 15 worms were taken using a Nikon
E800 fluorescence microscope. Anterior intestinal cell areas were selected
to determine Oil Red O intensities. Relative intensities were quantified
using ImageJ software [National Institutes of Health (NIH)]. All experi-
ments were performed three times.

Quantitative analysis of TAG
TAG was determined using the method previously described (40).
Briefly, approximately 10,000 wormswere collected andwashed repeat-
edlywithM9buffer until bacteriawere removed. Thewormpellets were
incubated with 5ml of ice-cold chloroform/methanol (1:1) overnight at
−20°Cwith occasional vortexing. A solution of 0.2MH3PO4 and 1MKCl
was added to the samples, resulting in phase separation of the organic
and aqueous phases. The organic phase was collected and dried under
dry nitrogen and then resuspended in chloroform. The samples were
loaded, and TLC plates were developed two-thirds of the way up the
plate in the solvent system: hexane/diethyl ether/acetic acid (80:20:2). Af-
ter the plate was sprayed with 0.005% primuline, the lipids were visual-
ized under ultraviolet light. The spots corresponding to TAG and the
major phospholipids (PLs) were scraped for GC-MS analysis to deter-
mine the relative levels of the TAG and PL fractions.

Fluorescence microscopic analysis of GFP-labeled worms
After the young adult worms were starved for 12 hours, they were
mounted in M9 buffer on microscope slides. The worms were grown
on E. coli OP50 at the same time as a control. The slides were imaged
using a Nikon E800 fluorescence microscope. Fluorescence intensity
was quantified by using the ImageJ software (NIH). Three plates of
about 30 animals per plate were tested per assay, and all experiments
were performed three times independently.

ChIP-qPCR
ChIP was performed as described previously (41). Briefly, young adult
worms were grown in NGM plates in the presence or absence of E. coli
OP50 for 24 hours. The worms were then collected and washed re-
peatedly with M9 buffer until bacteria were removed. The samples
were resuspended in 47 ml of M9 buffer and 2.8 ml of 37% formal-
dehyde solution, and crosslinked for 30 min with rotation at 100 rpm.
The worms were then washed with 50 ml of 100 mM tris (pH 7.5) to
quench the formaldehyde solution, and washed twice with 50 ml of
M9 buffer and once with 10 ml of FA buffer [50 mM Hepes/KOH
(pH 7.5), 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate,
150 mM NaCl] supplemented with protease inhibitors (Complete
Mini Protease Inhibitor Cocktail Tablets, Roche). Worms were then
collected by centrifugation and were stored at −80°C.

Approximately 0.5 ml of worms was resuspended in 2 ml of FA
buffer plus protease inhibitors (two tablets of protease inhibitors, 250 ml
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of 100 mM phenylmethylsulfonyl fluoride, 50 ml of 1 M dithiothreitol
in 50 ml of FA buffer). After sonication in ice water, the sample was
transferred to microfuge tubes and centrifuged at 13,000g for 15 min at
4°C. The protein concentration of the supernatant was measured by
the Bradford method using bovine serum albumin as the standard. Ex-
tract containing approximately 3 mg of total protein was added to a
microfuge tube, and the volume was brought to 500 ml with FA buffer
plus protease inhibitors. Then, 25 ml of 20% Sarkosyl solution was
added, and the tube was spun at 13,000g for 5 min at 4°C. The super-
natant was then collected, and 10% of the extract was removed and
stored at −20°C for future use as input DNA. Anti-GFP or control im-
munoglobulin G antibodies (15 mg) were added to the extract and rotated
at 4°C overnight. Then, 25 ml of protein G conjugated to Sepharose
beads was added to each ChIP sample and rotated at 4°C for 2 hours.
Each ChIP sample was washed four times with 1 ml of FA buffer. After
the washes, the beads were suspended in one bed volume of FA buffer,
and 40 ml of the bead slurry was added to each ChIP sample and ro-
tated at 4°C for 2 hours. The beads were then washed twice at 4°C in
1 ml of FA buffer and once in FA buffer with 1 M NaCl. The beads
were collected between each wash. FA buffer (1 ml) with 500 mMNaCl
was added to the beads and rotated for 10 min. The beads were then
washed in TEL buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxy-
cholate, 1 mM EDTA, 10 mM tris-HCl, pH 8.0) for 10 min and twice
in TE for 5 min. To elute the immunocomplexes, 150 ml of elution buffer
(1% SDS in TE with 250 mM NaCl) was added and incubated at 65°C
for 15 min, with brief vortexing every 5 min. The beads were spun down
at 2500g for 2 min, and the supernatant was transferred to a new tube.
The elution was repeated, and supernatants were combined four times.
At this time, input samples were thawed. Two microliters of ribonuclease
(10 mg/ml) was added to each sample, and then the samples were incu-
bated at room temperature for 2 hours. The samples were incubated with
250 ml of elution buffer and 1 ml of proteinase K (20 mg/ml) for 2 hours at
55°C. All samples were transferred to 65°C for 12 hours to reverse cross-
links. The DNA was extracted by a DNA purification kit (BioTeke Corp.).
A 5-ml aliquot of the input DNA was then run on a 2% agarose gel to
check the extent of shearing, with an expected range between 200 and
800 bp. The immunoprecipitated DNA was detected by qPCR. All
ChIP experiments were performed with three replicates.

Statistics
The statistical significance of differences in gene expression, survival
rate, and fluorescence intensity was assessed with one-way analysis of
variance (ANOVA), followed by a Student-Newman-Keuls test. Data
were analyzed using SPSS 11.0 software (SPSS Inc.).
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fig. S7. Overexpression of lips-6 in the intestine promotes lipid hydrolysis in well-fed worms.
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fig. S10. SER-3 is involved in resistance to starvation.
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