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Summary:

Metabolic and innate immune signaling pathways have co-evolved to elicit coordinated responses.
However, dissecting the integration of these ancient signaling mechanisms remains a challenge.
Using Drosophila, we uncovered a role for the innate immune transcription factor NF-xB/Relish in
governing lipid metabolism during metabolic adaptation to fasting. We found that Relish is
required to restrain fasting-induced lipolysis, and thus conserve cellular triglyceride levels during
metabolic adaptation, through specific repression of ATGL/Brummer lipase gene expression in
adipose (fat body). Fasting-induced changes in Brummer expression and, consequently,
triglyceride metabolism are adjusted by Relish-dependent attenuation of Foxo transcriptional
activation function, a critical metabolic transcription factor. Relish limits Foxo function by
influencing fasting-dependent histone deacetylation and subsequent chromatin modifications
within the Bmm locus. These results highlight that the antagonism of Relish and Foxo functions
are crucial in the regulation of lipid metabolism during metabolic adaptation, which may further
influence the coordination of innate immune-metabolic responses.
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Molaei et al. show that the Drosgphilahomolog of NF-xB, Relish, can control lipid homeostasis in
response to metabolic adaptation by antagonizing the metabolic transcription factor Foxo. Relish
is required to restrain fasting-induced lipolysis by modulating ATGL/Bmm gene expression via the
attenuation of Foxo transcription activation function.

Introduction:

The ability to endure bouts of starvation and infection is a primitive challenge in multi-
cellular organisms. In order to combat these ancient stressors, organisms have developed
tightly regulated and highly integrated adaptive metabolic and innate immune signaling
mechanisms. The coupling of metabolic and innate immune responses to regulate
metabolism specifically can occur through various mechanisms, such as the interaction
between innate immune cells and metabolic tissues (Odegaard and Chawla, 2013; Rosen and
Spiegelman, 2014; Schaffler and Scholmerich, 2010). More directly, innate immune
signaling pathways (either cell-autonomously or through systemic inflammation) can alter
metabolic responses (Becker et al., 2010; Clark et al., 2013; Diangelo et al., 2009; Nunn et
al., 2007; Odegaard and Chawla, 2013). To this end, specific tissues such as adipose have
coevolved immunological and metabolic function. Adipose tissue plays an important role in
the regulation of metabolic homeostasis as an energy and lipid storage organ (Schaffler and
Scholmerich, 2010). The majority of stored energy in many metazoans is in the form of
lipids, more specifically triglycerides (TAG). Through the coordination of de novo lipid
synthesis and lipolysis, adipose (and the liver) mobilize stored TAGs from lipid droplets that
are consumed by other tissues in response to shifting energy demands (Arner et al., 2011;
Kuhnlein, 2012; Zhao and Karpac, 2017). Animals thus have distinct cell types that act as
both nutrient and pathogen sensing systems, allowing for bidirectional and coordinated
communication between signaling pathways that respond to diverse stimuli (such as
pathogen and diet) in order to adapt metabolic physiology.
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NF-xB transcription factors, evolutionarily conserved regulators of innate immunity (Hetru
and Hoffmann, 2009; Oeckinghaus et al., 2011), have emerged as a critical node in the
bidirectional communication between metabolic and innate immune signaling pathway
interactions. Beyond pathogen-dependent innate immunity, these transcription factors also
play a diverse role in dictating stress responses to a variety of stimuli through governing
assorted gene expression networks. This crosstalk between NF-xB and a number of other
signaling pathways helps shape the diverse biological functions of the transcription factor
into unique and/or specific responses (reviewed in (Oeckinghaus et al., 2011)). Related to
metabolism and independent of infection, NF-xB activation in various metabolic tissues
plays an integral part in the breakdown of metabolic homeostasis associated with over-
nutrition. However, this is usually driven by its role as an immune regulator through chronic/
systemic inflammation (Hotamisligil, 2006; Tornatore et al., 2012). Other findings have
revealed an even more intimate, cell-autonomous relationship between NF-xB and
metabolism (Mauro et al., 2011). Thus, there is a critical need to characterize the
mechanistic connection between NF-xB and various metabolic control networks.

Invertebrate models provide unique advantages to explore the mechanistic underpinnings
and the complex integration of these primitive responses, including the incorporation of
nutrient and innate immune sensing mechanisms in a distinct tissue (the insect fat body)
before these systems evolved into more complex organ types in vertebrates. Here, we
leverage the fruit fly Drosophila melanogasteras a model to uncover a potentially ancestral
role for NF-xB in governing lipid metabolism.

Results and Discussion:

Relish Function in Fat body Directs Lipid Metabolism in Response to Metabolic Adaptation

In order to explore mechanistic connections between NF-xB and various metabolic control
networks, we first assessed lipid homeostasis in Drosophila lacking functional Relish
(utilizing the re/f2% allele) independent of pathogenic infection. Relish is similar to
mammalian p100/p105 NF-xB proteins and contains a Rel-homology domain, as well as
ankyrin repeats (found in mammalian inhibitory IxBs) (Buchon et al., 2014; Hetru and
Hoffmann, 2009). During ad /ibitum feeding, NF-xB/Rel mutant adult female flies (re/f20/
relF29) have significantly less organismal triglycerides (TAG) compared to genetically
matched controls (either OreR or re/F29/ + heterozygote flies, 7 days old post-eclosion; Fig.
1A and (Rynes et al., 2012)). However, these changes in TAG correlated with decreases in
acute and chronic feeding, and can be rescued by high-calorie (sugar) diets, suggesting that
steady-state differences in lipid homeostasis are potentially driven by changes in feeding
behavior (Fig. S1A, D). Assaying the major fat storage tissues, we also found that TAG level
reduction in mutant animals correlates with strong, but variable, decreases in neutral lipid
content in fat body/adipose (Fig. S1B), but not in the intestine (Fig. S1C, E and
(Kamareddine et al., 2018)).

Since ad libitum effects on lipid homeostasis appear to correspond with feeding deficits (i.e.
are potentially indirect), we next assayed changes in fat metabolism in Relish mutant
animals during metabolic adaptation to fasting. re/f20/ re/fF29 mutant flies are sensitive to
starvation (compared to controls, Fig. 1B). Furthermore, Relish-deficient animals display
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accelerated decreases in organismal TAG levels during acute fasting (at time-points before
significant death occurs), while controls flies show little to no change at these same time-
points (always comparing within sibling genotypes, Fig. 1A). These changes in TAG levels
correlate with a strong reduction of stored neutral lipids/lipid droplets in carcass fat body
(Fig. 1C-D), suggesting that there is enhanced or accelerated lipid breakdown during
metabolic adaptation in these animals.

The insect fat body acts as a key sensor to link nutrient status and energy expenditure, and as
such is the major lipid depository (mainly triglycerides) that combines energy storage, de
novo synthesis, and breakdown functions of vertebrate adipose and hepatic tissues (Arrese
and Soulages, 2010; Canavoso et al., 2001; Kuhnlein, 2012). This tissue is also essential for
Toll and Relish mediated innate immune responses to bacterial infection (Buchon et al.,
2014; Hetru and Hoffmann, 2009; Lemaitre and Hoffmann, 2007). Critically, fat body is
integral to properly balance lipid catabolism and anabolism in order to modulate organismal
energy homeostasis (through lipid supply to other tissues) in response to metabolic or
dietary adaptation (Arrese and Soulages, 2010; Kuhnlein, 2012). Expression of full-length
Relish in fat body (CGGal4>UAS-Rel) can rescue reduced starvation survival rates and the
accelerated loss of lipid storage in re/f20| re/F29 mutant flies during fasting (Fig. 1E-G).
These data suggest that Relish function in fat body is required to acutely maintain lipid
homeostasis throughout the course of metabolic adaptation.

To further confirm an autonomous and potentially direct role for Relish in the regulation of
fasting-mediated changes in lipid metabolism, we inhibited Relish specifically in fat body
(using multiple, independent RNAI lines; UAS-RelRNAI KK and GD). Attenuating Relish in
fat body of female flies (CGGal4>UAS-RelRNAY) |eads to starvation sensitivity, as well as
accelerated loss of organismal TAG levels and fat body lipid storage in response to fasting
(compared to control flies (CGGal4>w!118), Fig. 1H-J; additional RNAI controls
experiments can be found in Fig. S1F-J). As expected, fasting-induced changes in fat body
lipid storage occur before significant decreases in total TAG levels of whole animals are
observed (Fig. 1H-J). Phenotypes were confirmed with an independent fat body driver
(PplGal4; Fig. S2A-C), and similar results were found utilizing males (Fig. S2D-E) but not
when utilizing another immune cell (hemocyte) driver (HmlGal4; Fig. S2F-G). Conversely,
over-expressing full-length Relish (CGGal4>UAS-Rel) or a constitutively active N-terminal
fragment (CGGal4>UAS-Rel.68) in fat body significantly limits fasting-mediated decreases
in lipids compared to controls (Fig. S2 H-I).

Furthermore, attenuation of upstream components of the Relish signaling pathway
phenocopies these Relish loss-of-function effects on lipid metabolism during metabolic
adaption. Relish is governed by conserved regulators TAK1 and the IKK (I1xB Kinase)
signalosome (which consists of homologs of both IKKB (Drosophila Ird5) and IKKT/
NEMO (Drosophila Kenny (key)) (Ganesan et al., 2011; Hetru and Hoffmann, 2009)), while
the apical caspase DREDD is required for the proteolytic cleavage of the IkB domain,
allowing for nuclear translocation (Hetru and Hoffmann, 2009). Inhibiting Kenny or
DREDD in fat body of female flies (CGGal4>UAS-DREDDRNAI or KeyRNAI) Jeads to
starvation sensitivity, as well as accelerated loss of organismal TAG levels and fat body lipid
storage in response to fasting (compared to control flies (CGGal4>uA118 Fig. S3A-E)).
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Similarly, attenuating upstream receptors usually required for NF-xB/Relish activation
(PGRP family members PGRP-LC (trans-membrane) or PGRP-LE (cytoplasmic)) also leads
to decreased lipid storage in fat body after starvation (Fig. S3F), suggesting that at least part
of the canonical innate immune pathway is required for these metabolic phenotypes.

Taken together, these data show that Relish can autonomously regulate lipid metabolism in
fat body during metabolic adaptation, and suggest that Relish may direct specific metabolic
responses to control the breakdown of triglycerides.

Relish Controls Fasting-induced Lipolysis and Bmm Triglyceride Lipase Gene Expression

Properly balancing energy homeostasis in response to metabolic adaptation depends on the
ability to coordinate storage, breakdown, and mobilization of lipids, primarily TAG. This
coordination requires precise control of metabolic response networks, including changes in
metabolic gene expression. To determine potential mechanisms by which the Relish
transcription factor could direct cellular triglyceride metabolism during fasting, we assayed
transcriptional changes of various metabolic genes related to lipid catabolism or anabolism
in Relish-deficient animals (a subset are shown in Fig. S4A). Specifically, we identified the
lipase Brummer (Bmm) as being regulated by Relish (Fig. 2A and Fig. S4A). Bmm is the
Drosophila homolog of mammalian adipose triglyceride lipase (ATGL), an enzyme that is
critical for lipolysis (Gronke et al., 2005). Bmm plays an essential and conserved role in
TAG breakdown, and subsequently fatty acid mobilization, from lipid droplets in fat storage
tissues during metabolic adaptation (Gronke et al., 2007). In control flies, brmm transcription
is mildly induced during acute fasting, but in re/29 re/F20 mutant flies bmm expression is
strongly up-regulated (from whole flies). These Relish-dependent changes in 6mm
transcription appear unique, as Relish-deficiency does not impact fasting-induced changes in
other lipases such as Drosophila hormone-sensitive lipase (dHSL), Drosophilalipase 4
(dlip4) or CG5966 (Fig. 2A). Similar results were found in dissected fat body with specific
attenuation of NF-xB/Relish in this same tissue (CGGal4>UAS-RelRNAIKK Fig 2B-C).
These results suggest that Relish function is required to repress or limit Bmm expression in
response to metabolic adaptation, and subsequently restrain triglyceride breakdown.

To correlate this difference in gene expression to differences in lipolysis, we next employed
an assay to measure dynamic changes in lipid content based on the incorporation of
radiolabeled glucose (14C-glucose) into lipids during fatty acid synthesis /7 vivo. After acute
feeding (1.5 hours) of a diet containing *C-glucose, Relish mutant flies show drastic
changes in glucose-incorporation (synthesis) that is likely due to changes in feeding
behavior (Fig. 2D and Fig. S1 A). 16 hours of feeding minimized these differences in
synthesis, and subsequent analysis of newly synthesized 14C-labeled lipids during fasting
showed an increased rate of breakdown in re/f29/ re/F29 mutant flies (47% in mutants
compared to 20% in controls, Fig. 2D). This change in the rate of breakdown correlated with
increases in free fatty acids (Fig. 2E). Finally, genetically attenuating Bmm lipase in fat
body (CGGal4>UAS-BmmRNAI (Baumbach et al., 2014)) can rescue the accelerated loss of
lipid storage/triglycerides in reff20 | re/fF29 mutant flies during fasting (Fig. 2F-G).

These data collectively reveal that Relish function is required to limit fasting-induced Bmm
gene expression and subsequently restrain triglyceride lipolysis during metabolic adaptation.
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Following these results, we wanted to further explore the mechanism by which the Relish
transcription factor can context-dependently attenuate Bmm expression. Utilizing Clover
(Cis-element OVERrepresentation) software (Frith et al., 2004), we identified conserved
NF-xB DNA binding motifs (xB sequence sites identified as GGG R N YYYYY, (Busse et
al., 2007)) throughout the first intron of the Bmm locus (Fig. 3A). To assess binding, we
used a previously characterized Relish antibody to perform chromatin immunoprecipitation
(ChIP)-gPCR experiments (Ji et al., 2016). Relish binding in fed or fasted wild type flies is
significantly enriched (compared to IP’s using serum controls) at binding motif(s)
approximately 1 kB downstream from the transcriptional start site (R1, Fig. 3A). We also
cloned this putative Bmm regulatory region upstream of RFP in order to generate /n vivo
expression reporters (individual transgenic flies carrying either a wild type reporter
(endogenous locus, Bmm_Int_ WT-RFP) or a reporter with a deletion in the Relish DNA
binding site (Bmm_Int_A1-RFP), Fig. 3B). While the unaltered region only slightly
influenced RFP reporter activity in fed or fasted conditions, eliminating the Relish binding
site leads to minimal enhanced reporter activity under fed conditions and strong increases in
RFP activity during fasting (primarily in fat body of carcass and head, Fig. 3B). Thus, this
Relish binding site within the first Bmm intron acts as an important regulatory region to
limit induced gene expression.

Relish binding at this region is similar in fed and fasted states (Fig. 3A). We also did not find
any evidence of classical Relish transcriptional activation function during acute fasting.
First, innate immune target gene expression (Drosomycin and Diptericin) and Relish DNA
binding to innate immune gene promoters (Diptericin) were not changed during fasting (Fig.
S4B and Fig. 3A). Second, metabolic adaptation did not significantly alter nuclear
localization of Relish in fat body (Fig. S4C). Thus, in order to explore how Relish limits or
represses fasting-induced Bmm expression, despite its constitutive binding to DNA and
distinct from its transcriptional activation function, we assessed histone/chromatin changes
in Relish-deficient flies. Histone deacetylases (HDACS) have been shown to accumulate in
the nucleus during metabolic adaptation, influencing gene expression in a fasting-dependent
manner through chromatin regulation and transcription factor deacetylation (Mihaylova et
al., 2011; Nakajima et al., 2016; Wang et al., 2011). Furthermore, previous studies have
linked interactions of NF-xB transcription factors and HDACs with NF-xB-dependent
transcriptional repression (Ashburner et al., 2001; Dong et al., 2008; Morris et al., 2016). We
thus hypothesized that Relish might repress Bmm gene expression through influencing
histone modifications during fasting, when histone modifiers (such as HDACS) in the
nucleus are elevated. Using ChIP-gPCR, we monitored histone 3 lysine 9 acetylation
(H3K9ac, a post-translational modification generally associated with transcriptional
activation) at this Bmm regulatory region in Relish-deficient animals and controls. During
feeding, there is no change in H3K9ac enrichment at this locus between genotypes (Fig. 3C).
However, during fasting re/f20 | re/f20 mutant flies display a significant enrichment
(compared to controls) of H3K9ac at the site of Relish binding (Fig. 3C), indicative of
promoter or enhancer activation. Analysis of modEncode ChIP-Seq. databases associated
with histone modifications (in adult female flies) also revealed that this site is generally
enriched for other modifications linked to gene expression regulation (such as H3K27ac,
H3K4me3, and H3K4mel), further indicating that this locus is an important regulatory
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region (Contrino et al., 2012). Additionally, inhibiting a single HDAC in fat body (Rpd3
(Drosophila HDAC1), CGGal4>UAS-Rpd3RNAY) can drive small, but significant, increases
in fasting-induced Bmm transcription (from whole flies, Fig. 3D) and accelerate fat body
lipid usage (Fig. S4D).

Taken together, these data show that Relish can bind to a putative regulatory region within
the Bmm locus during both feeding and fasting. In response to fasting, the presence of
Relish can influence fasting-dependent histone acetylation and chromatin changes that are
consistent with transcriptional repression.

Foxo and Relish Antagonism Dictates Fasting-induced Bmm Transcription and Lipolysis

The unique ability of Relish to limit or repress fasting-induced Bmm transcription correlates
with attenuation of H3K9ac at Bmm regulatory regions. We thus hypothesized that Relish
binding to the Bmm locus leads to fasting-dependent chromatin changes, which
subsequently limit transcription activation function of other factors that are induced during
metabolic adaptation (Fig. 4A). We assessed various metabolic transcription factors and
found that Foxo, a critical regulator of lipolysis and catabolism in general, is required for
Relish-dependent changes in ATGL/Bmm expression during metabolic adaptation (Fig.
SAE-F). Firstly, Foxo (of which there is a single ortholog in Drosophila) is activated during
metabolic adaptation and required for fasting-induced ATGL/Bmm expression across taxa,
including in the fly fat body (Fig. 4B—C (from dissected fat body) and (Chakrabarti and
Kandror, 2009; Kang et al., 2017; Wang et al., 2011)). Full Relish/Foxo double mutant
animals (using the foxo?4 allele) are synthetic lethal during metamorphosis (reff20, foxo?? |
relF29, foxo?? Fig. 4D). However, simply reducing Foxo gene-dose in NF-xB/Relish mutant
flies (reff29, foxo?? | refF2% completely rescues fasting-dependent increases in Bmm
expression (from whole flies, Fig. 4E), starvation survival rates, and increases in lipolysis
(accelerated loss of lipid storage) in Relish-deficient flies during metabolic adaptation (Fig.
4F-G). Molecular analysis of Foxo transcription activation function also showed that Foxo
binding to the Bmm promoter is slightly, but significantly, elevated in Relish-deficient flies
only during fasting (Fig. S4G-H). Furthermore, attenuating Foxo specifically in fat body
(CGGal4>UAS-FoxoRNAI (Zhao and Karpac, 2017)) rescues the enhanced depletion of
triglycerides/lipid storage and starvation sensitivity associated with re/f20 | re/F29 mutant
flies during fasting (Fig. 4H-J). Foxo transcription activation function is thus required for
Relish-dependent changes in lipid metabolism, highlighting that Relish/Foxo integration and
antagonism is critical to maintain triglyceride metabolism throughout the course of
metabolic adaptation.

In summary, we uncovered a role for the innate immune transcription factor Relish in
governing lipid metabolism during metabolic adaptation to fasting utilizing Drosophila.
Relish is required to restrain fasting-induced lipolysis, and thus conserve cellular triglyceride
levels and promote survival during metabolic adaptation, through specific repression of
Bmm lipase gene induction in fat body/adipose. Fasting-induced changes in Bmm
expression and triglyceride metabolism are adjusted by Relish-dependent attenuation of
Foxo transcriptional activation function, likely through regulation of histone acetylation.
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These findings thus suggest that association of Relish with histone modifiers (and
subsequent changes in chromatin accessibility at gene regulatory regions) functions to
control or limit the induced level of certain metabolic genes. Indeed, a few previous studies
have highlighted that mammalian p65/RelA or Drosophila Relish can negatively regulate
gene expression, including innate immune targets, through changes in chromatin (Ashburner
et al., 2001; Campbell et al., 2004; Dong et al., 2008; Morris et al., 2016). This modification
of chromatin and repression of gene expression likely occurs through recruitment of HDACs
(HDAC 1/2) to promoter/enhancer regions of target genes, thus influencing histone
acetylation, chromatin remodeling, and function of NF-xB itself or other transcriptional
activators. We show here that Relish can bind a metabolic target gene during both feeding
and fasting, but that uniquely during fasting, it can influence H3K9 acetylation levels at this
target gene and subsequently limit transcriptional activation function of positive regulators
(such as Foxo). This allows NF-xB transcription factors precise control of specific metabolic
gene expression, potentially through metabolic changes in HDAC nuclear localization, in a
context-dependent manner. To this end, we have uncovered other metabolic target genes of
Relish (in unique tissues with unique metabolic functions) regulated through similar
mechanisms (Fig. S4l).

It remains unclear if Relish binding to metabolic target genes in fed states, independent of
metabolic stress, can influence gene expression and physiology. However, this may represent
constitutive or steady-state function of NF-xB (described in mammals (Baratin et al., 2015;
Birbach et al., 2002; O’Dea et al., 2007)), and thus could act as a priming mechanism that
promotes the maintenance of metabolic homeostasis during acute stress (such as fasting).
While our data show that NF-xB can direct lipid metabolism independent of infection, Foxo
(as well as histone deacetylases) are integrated with innate immune responses through a
variety of mechanisms (Becker et al., 2010; Karpac et al., 2011; Shakespear et al., 2011).
Additional experimental evidence suggests that Relish, and perhaps Relish-Foxo antagonism
and Bmm gene regulation, manipulate triglyceride metabolism after chronic systemic
bacterial infection (Fig. S4J-M). It is thus possible that NF-xB-dependent regulation of
triglyceride catabolism, through limiting Foxo-mediated lipolysis, also play a role in
governing innate immune homeostasis in response to pathogenic infections.

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Jason Karpac (karpac@tamhsc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila Husbandry and Strains—A detailed list of fly strains used for these studies
is provided in Table S1. All flies were reared on standard yeast and cornmeal-based diet at
25°C and 65% humidity on a 12 hr light/dark cycle, unless otherwise indicated. A standard
lab diet (cornmeal-based) for rearing was made with the following protocol: 14g Agar/
165.4g Malt Extract/ 41.4g Dry yeast/ 78.2g Cornmeal/ 4.7ml propionic acid/ 3g Methyl 4-
Hydroxybenzoate/ 1.5L water.
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In order to standardize metabolic results, 2—3 days after eclosion, mated adult flies were
placed on a simple sugar-yeast (SY) diet for 5 days. The standard SY diet was made with the
following protocol: 1.0g agar/10g sucrose/ 10g yeast/ 0.3 ml propionic acid/ 100 ml water/
1.5 mL Methyl 4-Hydroxybenzoate. Ingredients were combined, heated to at least 102°C,
and cooled before pouring. The high sugar diet (Fig. S1D) was prepared as follows: 1.5 g
agar/30 g sucrose/10 g yeast/0.3 ml propionic acid/100 ml water.

For RU486 food, RU486 or vehicle (ethanol 80%) was mixed with food (SY diet), resulting
in a 200 uM concentration of RU486 in the food, unless otherwise indicated.

All experiments presented in the results were done utilizing female flies 7 days old post-
eclosion (following dietary protocol referenced above) with the exception of data from males
(also 7 days old post-eclosion) presented in Figure S2D-E. The UAS-RelishRNAI (hoth
trangenic lines), UAS-FoxoRNAT UAS-KennyRNAT UASDreddRNA UAS-BmmRNAI UAS-
PGRP-LCRNAI UAS-PGRP-LERNAI CGGal4, PplGal4, and HmIGal4 lines used throughout
the paper were backcrossed 8-10X into the w428 hackground that was used as a control
strain. The ebony mutation/marker &> was removed from the re/£2% mutant background, with
the re/~29 mutation finally outcrossed into a wild-type (OreR) background. The efficiency of
transgenic RNAI lines UAS-RelishRNAI (VDRC: 108469 (KK) and VDRC: 49413 (GD)),
UAS-KennyRNAI (VDRC: 7723 (GD)) and UAS-DreddRNAI (VDRC: 104726 (KK)) were
confirmed in this study. The efficiency of transgenic RNAI lines UAS-FoxoRNAT (VDRC:
106097 (KK)), UAS-BmmRNAi (VDRC: 37877 (GD)), UAS-PGRP-LCRNAI (VDRC:
101636 (KK)), UAS-PGRP-LERNAI (VDRC: 23664 (GD)), and UAS-Rpd3RNAI (TRiP:
36800) were confirmed in previous studies.

Generation of Transgenic Flies—To create transgenic flies carrying Brummer/NF-xB
expression reporters (Bmm_Int. WT-RFP and Bmm_Int_A1-RFP), 300 bp of Bmm/ATGL
locus containing kB binding site was selected. The DNA fragment carrying wild-type or
mutated (6 bp deletion) xB binding site were synthesized using gBlock technology
(Integrated DNA Technology) and cloned into a $31-based DsRed.T4 plasmid reporter
system. Finally, the constructs were injected into w™, attP40 embryos (Rainbow Transgenic
Flies, Inc).

Bmm/ATGL intronic region containing wild type xB binding

site: GCATGCACGCATTGAATTGAATTTTATTGATAAGCTTGTTTGCGTTTGTAGGT
CGCTAGGAAGTCAATGGGGATCTTTCATAATTGACTGCGATAGTGTGTGTGT
GTTTTTGGGCGTGTTTGTCCAATTTCGAAGGGGGCTCGTCCCATCCGCTCA
AAAGAAAACTGCGGCGCAGTTGAAAAACCTTACGAAAACAGAAAAACAAGTT
TCGTATGCCCGGGACAACGCACTTTTGTAAAGCGGCACCCGAATATATGGG
CAAATGGTTGGGCACAGCGGTGGGTATATGAATAGCAACGCAGTCCGAAAA
CATTTCATCAAACTCGAG

Bmm/ATGL intronic region containing mutant xB binding

site:. GCATGCACGCATTGAATTGAATTTTATTGATAAGCTTGTTTGCGTTTGTAGGT
CGCTAGGAAGTCAATGTTTCATAATTGACTGCGATAGTGTGTGTGTGTTTTTGGGC
GTGTTTGTCCAATTTCGAAGGGGGCTCGTCCCATCCGCTCAAAAGAA
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AACTGCGGCGCAGTTGAAAAACCTTACGAAAACAGAAAAACAAGTTTCGTAT
GCCCGGGACAACGCACTTTTGTAAAGCGGCACCCGAATATATGGGCAAATG
GTTGGGCACAGCGGTGGGTATATGAATAGCAACGCAGTCCGAAAACATTTC
ATCAAACTCGAG

METHOD DETAILS

de novo Lipid Synthesis Analysis—After 5 days of feeding on standard diet, 200
female flies were transferred to a bottle containing standard diet with 2uCi of 14C-labeled
glucose (thatched into the top of food). After 1.5 hrs or 16 hrs feeding, total lipid was
extracted from 5 flies for each sample (Fed samples). The other half were transferred to
starvation vials (water only) and total lipids were extracted immediately after 12 hrs of
fasting (Fasted samples). For extraction of total lipids, 5 flies for each sample were
homogenized in 2 ml Folch reagent (CHCI3: MeOH 1:1 v/v). Then, 0.4 mL of cold 0.1 M
KCI was added, thoroughly mixed by 1 min vortexing and then spun down at 3000 rpm, 4°C
for 5 min. The lower phase wa s transferred to a glass tube and dried down. Dried lipids
were re-suspended in 3 ml of scintillation fluid and CPM was counted using a liquid
scintillation analyzer (Packard- 2500 TR). Fed samples were indicative of the rate of
incorporation of glucose into lipids and Fasted samples were indicative of the breakdown of
the labeled lipids.

Analysis of Gene Expression—Total RNA from the whole bodies or dissected fat body/
carcass (with all of the eggs and intestines removed) of flies were extracted using Trizol and
complementary DNAs were synthesized using Superscript 111 (Invitrogen). Quantitative
Real-Time PCR (gqRT-PCR) was performed using SYBR Green, the Applied Biosystems
StepOnePlus Real-Time PCR system, and the primer sets described in Table S2. Results are
the average * standard error of at least three independent biological samples, and
quantification of gene expression levels calculated using the ACt method and normalized to
actin5C expression levels.

Metabolite Measurements—For triglyceride (TAG) assays, five beheaded adult females
were homogenized in 200 pl of PBST (PBS, 0.1% Tween 20) and heated at 70°C for 5 min
to inactivate endogenous enzymes. Samples were centrifuged at 4000 rpm for 3 min at 4 °C
and 10 uL of the cleared extract were used to measure triglycerides (StanBio Liquicolor
Triglycerides Kit) or protein concentrations (Bio-Rad Protein Assay Kit) according to the
manufacturer instructions. TAG levels were normalized to weight or protein levels
depending on genotype (some genotyped reveal drastic changes in wet weight after
starvation that limits interpretation of normalized metabolite data). Note: The kit measures
glycerol cleaved from TAG and diacylglycerol (DAG), as well as minimal amounts of free
glycerol; the majority of neutral lipids extracted from whole flies are TAG.

The levels of free fatty acids (FFAs) were measured using the Free Fatty Acid Quantification
Kit (Sigma-Aldrich), following the manufacturer’s instruction. Metabolite samples
preparation was the same as described for TAG measurements.
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Oil Red O staining—Intestines and fat body/carcasses (with all of the eggs and intestines
removed) of flies were dissected in PBS and fixed in 4% paraformaldehyde for 20 min, then
washed twice with PBS, incubated for 20 min in fresh Oil Red O solution (6 ml of 0.1% Oil
Red O in isopropanol and 4 ml distilled water, and passed through a 0.45 pm syringe),
followed by rinsing with distilled water. Bright-field images were collected using a Leica
M165 FluoCombi stereoscope system (utilizing a single focal plane) and processed using
Leica software and Adobe Photoshop. Note: Contrast (red — neutral lipids vs. yellow/black —
cuticle) was enhanced using Adobe Photoshop (equal for all images) in order to better
visualize the red stain.

Nile Red staining—Fat body/carcasses were dissected in PBS (with all of the eggs and
intact intestines removed) and fixed in 4% paraformaldehyde for 20 min. Fixed carcasses
were then washed twice with PBS, incubated for 30 min in fresh Nile Red solution with
DAPI (1ul of 0.004% Nile Red Solution in 500 ul PBS), followed by rinsing with distilled
water. Confocal images were collected using a Nikon Eclipse Ti confocal system (utilizing a
single focal plane) and processed using Nikon software and Adobe Photoshop.

Immunostaining and Microscopy—Flies were dissected in PBS and fat body/carcasses
were fixed with 4% paraformaldehyde containing 0.1% Tween-20 and 0.1% Triton X-100
for 10 min at room temperature, washed 2 times with PBS containing 0.1% Triton X-100
(PBST) and then blocked in blocking buffer (PBST containing 0.1% BSA and 0.0025
Sodium Azide) for 1 h. The primary antibody Rabbit anti-Relish (RayBiotech, RB-14-0004)
(1:500) was applied overnight at 4°C. Alexa Fluor 488-conjugated anti-Rabbit 1gG antibody
(Jackson Immunoresearch, 1:500) was incubated for 2 h at room temperature. Hoechst was
used to counterstain DNA. Confocal images were collected using a Nikon Eclipse Ti
confocal system (utilizing a single focal plane) and processed using the Nikon software and
Adobe Photoshop.

Feeding Behavior—The CAFE assay was performed as follows: Briefly, a single fly was
transferred from SY standard food to vials filled with 5 ml of 1.5% agar that maintains
internal humidity and serves as a water source. Flies were fed with 5% sucrose solution and
maintained in 5 ul capillaries (VWR, #53432-706). After twelve hours habituation, the old
capillaries were replaced with a new one at the start of the assay. The amount of liquid food
consumed was recorded after 24 hr and corrected on the basis of the evaporation (typically <
10% of ingested volumes) observed the identical vials without flies.

Feeding assays on blue dye-labeled food were performed as follows: 30 flies were
transferred from standard food to vials filled with identical medium containing 0.5%
brilliant blue. Feeding was interrupted after 1h and 5 flies each were transferred to 50 pl 1 x
PBS containing 0.1% Triton X-100 (PBST) and homogenized immediately. Blue dye
consumption was quantified by measuring the absorbance of the supernatant at 630 nm
(A630). Various amounts of dye-containing food were weighed, homogenized in PBST, and
measured (A630) in order to create a standard curve used to quantify blue dye food
consumption of flies.

Dev Cell. Author manuscript; available in PMC 2020 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Molaei et al.

Page 12

Chromatin Immunoprecipitation (ChlP)—Approximately 100 adult female flies (5-10
days old post-eclosion) were ground in liquid nitrogen then homogenized and cross-linked
(10 minutes at RT) in 600 uL of 1xPBS containing 1% formaldehyde, 1mM PMSF and 1x
Protease Inhibitor cocktail (Thermo Scientific). The homogenate was centrifuged for 20 min
at 12000 x rpm (4° C). The pellet was washed twice by resuspending in 600 uL of 1x PBS
containing 1mM PMSF and 1x Protease Inhibitor cocktail and centrifuged at 12000 x rpm
for 20 min (4° C). To lyse tissue and cells, the pellet was resuspended in 600 uL of RIPA
buffer (10 mM Tris-HCI, pH 7.6, 1 mM EDTA, 0.1% SDS, 0.1% Na-Deoxycholate, 1%
Triton X-100, ImM PMSF and 1x Protease Inhibitor cocktail) then incubated at RT for 30
min.

The chromatin was sheared to 500-1000 bp DNA fragments using a Diagenode sonicator
(20 min sonication, highest power, 30 sec sonication, 30 sec rest). After sonication, the
sheared chromatin was centrifuged for 20 min at 12000x rpm, 4° C. The supernatant was
collected, aliquoted, snap-frozen, and stored at —80° C. For immunoprecipitation, 40 uL of
protein A magnetic beads (Thermos Scientific) were conjugated (4 hours incubation at 4° C)
with 10 uL of Normal Goat Serum (Rockland, used as control), 10 uL of Rabbit anti-Relish
(RayBiotech, RB-14-0004), or 2 uL of anti-Histone H3 (acetyl 9) antibody (abcam,
ab4441). After applying beads to the magnet and removing supernatant, 100 uL of
chromatin was diluted 1:10 with dilution buffer (20 mM Tris-HCI, pH 8, 2 MM EDTA, pH
8, 150 mM NacCl, 1% Triton X-100) and incubated overnight with beads. Beads were
washed with following buffers at 4° C, for 10 min each: 2x with 1mL of RIPA buffer + 1mM
PMSF + 1x protease inhibitor; 2x with 1mL of RIPA buffer + 0.3 M NaCl; 2x with 1mL of
LiCl buffer (0.25 M LiCl, 0.5% Triton X-100, 0.5% NADOC); 1x with 1 mL of 1x TE + 0.2
Triton X-100; 1x with ImL of 1x TE.

To reverse crosslink, beads were re-suspended in 100uL of 1x TE + 3 uL 10% SDS + 5 uL
of 20mg/mL Proteinase K (VWR) and incubated at 65° C overnight. Beads were applied to
the magnet and supernatant was transferred to a PCR purification column (Qiagen PCR
purification kit) to purify DNA. To prepare Input (chromatin extract without
Immunoprecipitation), 10 uL of chromatin extract were incubated with proteinase K then
applied to PCR purification column. For all Immunoprecipitated (IP) and Input samples,
DNA was eluted in 30 uL of water, and 2uL of that was used as template for qRT-PCR (see
Table S2 for primer sets). The upstream region of the actin5c gene (Act5CP) and Normal
Goat Serum were used as controls.

To assess enrichment, %Input was calculated first (between ChIP DNA and input DNA for
each primer set). Then the fold change in enrichment was calculated by dividing %Input of
each primer set to %lInput of a negative control primer set designed for Drosophila
(Drosophila Negative Control primer set 1, Active Motif).

Generating Germ-Free Animals—Female adult flies were fed Penicillin/Streptomycin
for 5 days to remove bacteria from the gut. Then single flies were washed with 70% ethanol
(to remove bacteria from cuticle), dried completely and ground in 200 uL of sterile LB broth
and quickly spun down. 10 uL of the supernatant was cultured on Nutrient agar plates.
Colonies were counted after 2 days incubation at 29° C.
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Starvation Sensitivity Analysis—Adult flies (20-25 flies per vial/cohort) were
provided with only water (absolutely no food) on filter paper with a KimWipe, ensuring
water was present throughout the analysis. The number of dead flies in each vial was
recorded every 12 hours, and data is presented as the mean survival of cohorts.

Septic/Systemic Infection Assay—To induce systemic infection, 5-10 days adult
female flies of indicated genotypes were pocked in their thorax with a sterilized tungsten
needle dipped into a concentrated overnight culture of £cc15 (Erwinia carotovora carotovora
15, gram-negative bacteria, ODggg ~ 300). The pocked flies were incubated at 25° C and
total RNA and metabolite samples were collected from the whole body of flies at 16 hours
and 40 hours after septic infection, as well as from unchallenged flies. Heat-killed bacteria
were inactivated by incubating a 1 mL aliquot of the bacterial suspension at 65° C for 20
mins before poking.

QUANTIFICATION AND STATISTICAL ANALYSIS

All p-values were calculated using the Student’s t test with unpaired samples. All error bars
represent standard error, and 7 representations are as follows: Number of whole flies: Figure
1A-B, E-F, H-I; Figure 2A, D, E-F; Figure 3A, C-D; Figure 4B, D, E-F, H-I; Figure S1A,
D-J; FigureS2A-B, D-I; Figure S3A-D; Figure S4A-B, E-M.

Number of dissected carcass/fat body: Figure 2B—C; Figure 4C.

Exact values of all /7’s can be found in Figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Fat body NF-xB/Relish function controls fasting-induced metabolic
adaptation

NF-xB/Relish directs fasting-induced lipolysis and triglyceride metabolism
NF-xB/Relish regulates Foxo-dependent triglyceride lipase gene expression

Foxo and NF-xB/Relish antagonism dictate triglyceride metabolism
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Figure 1: Relish Function in Fat body Directs Lipid Metabolism in Response to Metabolic
Adaptation

(A-D) Relish-dependent changes in lipid metabolism and survival in response to fasting (A)
Total triglyceride (TAG) levels of whole flies (OreR (WT-wild type) control, reff29 +
(heterozygote control), or re/f29 refF29 (mutant) genotypes) before and after fasting (20
hours). n = 4-5 samples. (B) Starvation resistance of female flies. n = 5 cohorts (total 87-95
flies). The red arrow indicates time-point of fasting assays. (C) Oil Red O (ORO) and (D)
Nile red stain of dissected carcass/ fat body before and after fasting (20 hours). Nile red
(neutral lipids; red) and DAPI (DNA,; blue) detected by fluorescent histochemistry.
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(E-G) Re-expressing Relish (UAS-Rel) in fat body (CGGal4) of Relish-deficient flies
restores metabolic adaptation responses. (E) Starvation resistance of female flies
(CGGal4/+; refF29) + (control), CGGald/+; refF29 refF20 (mutant), or CGGal4/UAS-Rel;
relF29 refF20 (Rescue)). n = 5 cohorts (total 79-98 flies). The red arrow indicates time-point
of fasting assays. (F) Total TAG levels of whole flies (n = 4-5 samples) and (G) ORO stain
of dissected carcass/ fat body before and after fasting (20 hours).

(H-J) Changes in lipid metabolism and survival upon Relish depletion (RNAI lines v108469-
KK and v49413-GD) in fat body (CGGal4). (H) Starvation resistance of female flies. n = 6
cohorts (total 139-149 flies). The red arrow indicates time-point of fasting assays. (1) Total
TAG levels of whole flies (n = 4-5 samples) and (J) ORO stain of dissected carcass/ fat body
(only RNAI v108469-KK shown) before and after fasting (64 and/or 90 hours).

Bars and line graph markers represent mean + SE. All flies were 7 days old post-eclosion.
See also Figures S1-S3.
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Figure 2: Relish Controls Fasting-induced Triglyceride Lipase Bmm Transcription and Lipolysis
(A) Drosophila HSL, lip4, CG5966, and bmm transcription (measured by qRTPCR in whole

flies, plotted as fold induction (20 hours fasted/fed) of relative expression). re/f29 +
(heterozygote control), or re/ff29 refF20 (mutant) genotypes. n = 3 samples.

(B-C) Changes in /ip4, CG5966, and brmm transcription (measured by gRT-PCR in dissected
carcass / fat body, plotted as fold induction (64 hours fasted/fed) of relative expression) upon
Relish depletion (RNAI line v108469-KK) in fat body (CGGal4). (C) Relative expression
values (from (B)) for bmm transcription. n = 3—4 samples.

(D) Quantification of lipid breakdown. Incorporation of 14C-labeled glucose into total lipids
(from whole flies) from labeled-glucose fed (1.5 hours or 16 hours) or fasted (20 hours) flies
are shown. Percent change in loss of 14C-labeled lipids after fasting is also shown. n = 3-4
samples.
(E) Free fatty acid (FFA) levels measured in whole flies before and after fasting (20 hours).
n =4 samples.
(F-G) Attenuating Bmm (RNAI line v37877) in fat body (CGGal4) of Relish-deficient flies
restores metabolic adaptation responses. (F) Total TAG levels of whole flies (n = 3-4
samples) and (G) Oil Red O stain of dissected carcass/ fat body before and after fasting (20
hours, CGGal4/+:; re/F29 + (control), CGGal4d/+; reff29 refF20 (mutant), or CGGal4/UAS-
Bmm RNAI; reff20 refF29 (Rescue)).

Bars represent mean + SE. All flies were 7 days old post-eclosion. See also Figure S4.
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Figure 3: Relish binds to a Regulatory Region in the Bmm Locus
(A) Schematic shows Bmm locus (focusing on first intron proximal to transcription start

site) and putative NF-xB/Rel binding motifs (identified by Clover). R1 and R2 represent
regional target sites (and corresponding primer sets) tested in ChIP-gPCR analysis. The
histogram represents ChIP-qPCR analysis of Relish binding to the Bmm locus (compared to
the Actin5c promoter (Act5cP) and the Diptericin promoter (DiptP) in fed or fasted (20
hours) conditions. ChIP-gPCR analysis with normal goat serum (NGS) is included as a
control. Plotted as fold change (FC) of indicated PCR primer sets compared to a negative
control (NC) primer set. n = 3 biological replicates.

(B) Requirement of Bmm locus Rel binding site in limiting induced gene expression
measured by RFP fluorescence in transgenic flies carrying indicated reporters (during fed
and fasted (48 or 72 hours) conditions).

(C) ChIP-PCR analysis of H3K9ac enrichment in R1/Relish-binding region of the Bmm
locus in wild type (WT; OreR) and re/f29 refF20 (mutant) genotypes before and after fasting
(20 hours). n = 3 biological replicates.

(D) Changes bmm transcription (measured by qRT-PCR in whole flies) before and after
fasting (20 hours) upon Rpd3 depletion (RNAI line TRiP 36800) in fat body (CGGal4).
Controls are a genetically matched RNAI targeting luciferase. n = 4-6 samples.

Bars represent mean + SE. All flies were 7 days old post-eclosion. See also Figure S3 and
S4.
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Figulre 4: Foxo and Relish Antagonism Dictate Fasting-induced Bmm Transcription and
Lipolysis

(AF; P{Jtative model highlighting the integration of Relish (Rel) and other fasting-induced
transcription factors (TF).

(B-C) Changes in bmm transcription (measured by gRT-PCR in whole flies or dissected fat
body) before and after fasting (64 hours) in Foxo mutant (uw2228;: foxo?¥ foxcA9%) and
control (w?118) genotypes, as well as upon Foxo depletion (RNAI line v106097) in fat body
(CGGal4). n = 4 samples.

(D) Percent eclosion of adult animals of indicated mutants / double mutants. n = 67-90
animals.

(E) Changes in bmm transcription (measured by gRT-PCR in whole flies) before and after
fasting (20 hours) in controls (re/£29+ and refF29, foxo?¥/+), mutant (refF29 reff2%) and
mutant with reduction in Foxo gene dose (re/2°, foxo? reff2% genotypes. n = 3 samples.
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(F) Starvation resistance of Relish-deficient female flies with reduction in Foxo gene dose (n
= 4 cohorts (total 68-78 flies)), and (G) ORO stain of dissected carcass/ fat body before and
after fasting (20 hours).

(H-J) Attenuating Foxo (RNAI line v106097) in fat body (CGGal4) of Relish-deficient flies
restores metabolic adaptation responses. (H) Starvation resistance of female flies
(CGGal4/+; refF29) + (control), CGGald/+; refF29 refF20 (mutant), or CGGal4/UAS-Foxo
RNAI; reff29 re/F20 (Rescue)). n = 6 cohorts (total 117—140 flies). The red arrow indicates
time-point of fasting assays. (1) Total TAG levels of whole flies (n = 5 samples) and (J) ORO
stain of dissected carcass/ fat body before and after fasting (20 hours).

Bars and line graph markers represent mean + SE. All flies were 7 days old post-eclosion.
See also Figure S4.
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