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ABSTRACT!

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-
kB/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.

! Reprinted with permission from Molaei, M., C. Vandehoef, and J. Karpac, "NF-kappaB Shapes Metabolic
Adaptation by Attenuating Foxo-Mediated Lipolysis in Drosophila." Dev Cell, 2019. 49(5): p. 802-810 e6. Copyright
2019 Elsevier.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1  Immunometabolism

1.1.1 Integration of innate immune and metabolic systems

Starvation and infection are two ancient stressors in multicellular organisms. In a natural
environment, organisms are inevitably exposed to various pathogens and stressors while they strive
to obtain nutrients from their environment. Therefore, while the metabolic system is trying to
maintain energy homeostasis through gaining nutrients from the environment and turning them
into building blocks, or energy, the immune system works to fight against microorganisms and
other stressors (Wang et al., 2019).

Metabolism can be divided into catabolism and anabolism. Catabolism generates energy
by breaking down energy storage and metabolites, while anabolism is the energy-consuming
biosynthetic process. Biological functions depend on primarily anabolic or catabolic metabolism
that are integrated and overlapped. Immune responses are energy-costing (highly energy-
consuming) processes. Therefore, immune inputs (pathogens) lead to a shift in metabolism toward
immune response and away from reproduction and growth. It is known that immune responses
require anabolism that is activated by inflammation. Metabolism can be reprogrammed in immune
cells based on the required response (Loftus and Finlay, 2016; Wang et al., 2019). For example
memory and naive T-cells mainly rely on catabolism, however after immune stimulation effector
T-cells and macrophages rely on anabolism to provide proper immune responses (Dominguez-

Andres et al., 2018). Therefore, metabolism needs to be under precise control in immune cells in

1



order to maintain a proper immune response. On the other hand, metabolic organs need to maintain
energy homeostasis and storage in order to provide energy resources for immune cells while still
maintaining the function of other tissues through proper allocation of energy. Therefore, immune
and metabolic system have coevolved in order to maintain the whole body homeostasis and
promote growth and reproduction (Hotamisligil, 2017a; Loftus and Finlay, 2016; Wang et al.,
2019).

Indeed, during the course of evolution, multicellular organisms have developed a
crosstalk/cross-regulation of immune and metabolic systems to be able to coordinate responses to
both infections (immune input) and nutrition availability (metabolic input). A complex interaction
between immune and metabolic systems in cellular, tissue and whole-body levels is critical to

maintaining body homeostasis and proper biological function (Wang et al., 2019) (Figure 1.1).

Metabolic Innate Immune
Inputs Inputs

Metabolic Innate Imnmune

Signaling Signaling

=l

Coordination of
Metabolic and Innate Immune
Responses

Figure 1.1 Integration of innate immune and metabolic pathways

Immunometabolism is the study of the interaction of immune and metabolic systems and

can be broken down into two main subcategories: systemic (whole-body) metabolism and cellular



bioenergetics. Previously, immunometabolism was mainly focused on how inflammation can
cause metabolic disease. However, recently this growing field includes a variety of topics such as
M1-M2 macrophages switch and their role in inflammation, metabolism in immune cells, the role
of immune cells and signaling in dictating systemic and cellular metabolism, allocation of energy
and metabolites during immune responses, cellular and molecular mechanism of immune and
metabolic crosstalk, and eventually the role of epigenetics in the regulation of both immune and
metabolic systems (Guzik and Cosentino, 2018; Hotamisligil, 2017a; Loftus and Finlay, 2016;
Shakespear et al., 2011; Sohrabi et al., 2018; Wang et al., 2019).

The crosstalk between innate immune and metabolic pathways is an intriguing section of
immunometabolism studies. Researchers have uncovered that these pathways share some
regulatory points and axes that allow the bi-directional regulation of these pathways and play role
in the integration of innate immune and metabolic systems (Murray et al., 2015; Odegaard and
Chawla, 2013; Osborn and Olefsky, 2012). In addition, some molecules have reported to act as
“immunometabolic factors”, directly linking metabolism and immunity, such as MEF2 and Lime
in Drosophila.

MEF2 is reported as an immune-metabolic switch in Drosophila. It is required for anabolic
function and immune response. Under normal conditions, it is phosphorylated and involved in the
expression of lipogenic and glycogenic genes. However, upon infection, dephosphorylated MEF2
enhances the expression of antimicrobial peptides (Clark et al., 2013).

Recently, Mihajlovic et al. have identified a Drosophila gene named Lime (Linking

Immunity and Metabolism, CG18446) as a new immunometabolic factor. This protein is expressed



in larval plasmatocyte and the fat body and links hemocyte development with systemic metabolism
in Drosophila (Mihajlovic et al., 2019).

While innate immune and metabolic pathways are under precise regulation, some factors
such as gene mutation, over nutrition, high fat or high sugar diet may lead to misregulation of these
pathways and eventually, promote the development of disorders such as inflammation, obesity,
insulin resistance, Type 2 diabetes, and fatty liver (Baker et al., 2011; Cai et al., 2005; Chen et al.,
2015; Glass and Olefsky, 2012; Guzik and Cosentino, 2018; Hotamisligil, 2017a, b; Norata et al.,
2015; Odegaard and Chawla, 2013). Therefore, uncovering the molecular mechanism of
immunometabolism crosstalk and particularly the molecular nodes that play major roles in the
regulation of both pathways is critical for understanding the origin of the disease. Indeed,
uncovering the molecular mechanism of bi-directional regulation of innate immune and metabolic
systems, will help us to better understand the underlying mechanisms of immune and metabolic
disorders and eventually may provide new ideas for designing therapeutic intervention in order to

treat metabolic disorders such as obesity, and insulin resistance (Figure 1.2).

Over
Nutrition/Mutation

L ><"’

Disrupted Disrupted
Metabolic Signaling  Immune Signaling

v \ 4

Metabolic
Disorder

Figure 1.2 Mis-regulation of innate immune and metabolic pathways
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NF-kB transcription factors/pathway appear to serve as one of immunometabolic factors
involved in the coordination of metabolism and immunity. In both mammals and flies, the NF-xB
signaling pathway, main regulators of innate immunity, are also known as an indirect regulator of
metabolism through their effect on inflammation which may lead to insulin resistance and type 2
diabetes (Chen et al., 2015; Galenza and Foley, 2019). Furthermore, some direct regulation of
metabolic genes (such as GLUT3 and SCO2) by NF-«B (Mauro et al., 2011) as well as interaction
of NF-kB with other metabolic transcription factors are reported (Oeckinghaus et al., 2011)
(explained more in section 1.4). However, more studies are required to uncover the role of NF-«xB

signaling pathway in the regulation of metabolism.

1.1.2 Inflammation and obesity: The role of macrophages

Macrophages are the major immune cells residing in adipose tissue. The adipose tissue
macrophages (ATMs) play role in adipose tissue health and disease. These cells have been
implicated to obesity-induced inflammation and subsequently, insulin resistance. Obesity is
considered as an imbalance in the ratios of M1/M2 macrophages. M1 macrophages are pro-
inflammatory, classically activated, with higher abundance in obesity and are stimulated by TLR
agonist, IFN-y, and TNF-a. These macrophages secrete pro-inflammatory cytokines such as IL-1
B, TNF-a, IL-6, IL-12 and 1L-23 and, therefore are responsible for the promotion of inflammation

(Boutens and Stienstra, 2016).



M2 macrophages are anti-inflammatory, alternatively activated and are stimulated by
PPAR-y2 agonists, IL-4, IL-10, and IL-13. These macrophages help with the resolution of
inflammation by secreting anti-inflammatory cytokines such as IL-10. They are also involved in
wound healing and tissue remodeling. In the lean state, M2 anti-inflammatory macrophages are
dominant in adipose tissue. The M2 phenotype is maintained by secretion of IL-10 and IL-4 from
eosinophils and Tregs, which also are located in lean adipose tissue (Kraakman et al., 2014,
Lumeng et al., 2007).

Obesity acts as cellular stress for adipose tissue and results in the recruitment of monocytes
to the adipose tissue and differentiation into M1 pro-inflammatory macrophages through secretion
of pro-inflammatory cytokines and chemokines. M1 macrophages contribute to the onset of
inflammation by producing cytokines, cytokine receptors and activation of signal transducers and
activators of transcription 1 (STAT1) and interferon regulatory factor (IRF). The cytokines
secreted by macrophages may be released into circulation and therefore, work in an endocrine
manner. This may lead to the development of systemic inflammation and eventually insulin
resistance. Obesity is also associated with a shift in other immune cells, characterized by a decrease
in the number of eosinophils and regulatory T cells (Tregs) and increase in effector T cells and B
cells. B cells, in turn, facilitate M1 polarization by activating T cells (Eguchi et al., 2013;

Kraakman et al., 2014; Lumeng et al., 2007).

2 PPARS (peroxisome proliferator activated receptor) are ligand regulated transcription factors and involved
in the expression of metabolic genes. These nuclear receptor family play role in the regulation of lipid metabolism by
controlling beat-oxidation, fatty acid synthesis and ketogenesis. PPAR-y is linked to adipocyte differentiation and
hypertrophy as well as glucose and lipid metabolic disorders in cancer and inflammation conditions.



Additionally, macrophages in adipose tissue are involved in lipid buffering during
lipolysis. During fasting-induced lipolysis, macrophages infiltrate adipose tissue and adopt an anti-
inflammatory phenotype. These macrophages uptake excessive adipocyte-released lipids and
release them gradually into the bloodstream (Kosteli et al., 2010).

Also, there is evidence of the regulatory role of macrophages in lipolysis and
thermogenesis during cold exposure. Therefore, macrophages are involved in adjusting to
environmental challenges such as fasting and cold exposure (Nguyen et al., 2011; Rao et al., 2014)

Similar to mammals, starvation leads to enhanced differentiation of hematopoietic cells
(immune cell progenitors) and infiltration of hemocytes (macrophages) to the fat body (adipose
tissue) in Drosophila (Shim et al., 2012).

Interestingly, recently, it is shown that metabolic intermediate metabolites of TCA cycle
and cholesterol synthesis pathway (altered cellular metabolism), induced by a stimulus such as B-
glucan (allergen from Candida albicans) results in metabolic and epigenetic reprogramming of
immune cells/macrophages and therefore, establishing trained innate immunity (T1) (Dominguez-

Andres et al., 2018; Sohrabi et al., 2018).

1.1.3 Insulin resistance
Obesity-induced inflammation is a major cause of insulin resistance. Adipose tissue

macrophages (ATMSs) play an important role in the onset of insulin resistance through the



induction of JNK® and IKK/NF-kB pathway and production of pro-inflammatory cytokines
(McNelis and Olefsky, 2014). Chronic overnutrition, saturated fatty acids, and high sugar diet act
as metabolic inputs that can activate NF-«xB signaling pathway through TLR2 and TLR4 receptors.
NF-kB then induces the expression of inflammatory cytokines such as IL-6 and TNF-B. These
cytokines promote systemic inflammation and eventually insulin resistance. For example, TNF-a
can promote phosphorylation of insulin receptor substrate (IRS-1 and 2) through activation of INK
as well as the IKK complex (an upstream component of NF-kB pathway which is required for the
activation of NF-kB molecule). IRS-1 phosphorylation (at Ser 307) in turn blocks insulin signaling
and causes insulin resistance. JNK can also activate activator protein 1 (AP1) transcription factor
and lead to impaired insulin pathway, but the mechanism is not fully understood (Cai et al., 2005;
Henstridge et al., 2012; Rui et al., 2001; Tarantino and Caputi, 2011).

IL-6 can decrease the expression of glucose transporter- 4 (GLUT-4) and IRS-1 through
activation of JAK-STAT signaling pathway (a cytokine-activated pathway involved in cell
proliferation, differentiation, and apoptosis). This decrease leads to less sensitivity to insulin. In
addition, muscle IL-6 can induce the expression of TLR-4 which is the receptor involved in the
NF-kB pathway. (Kim et al., 2013; Lukic et al., 2014).

Furthermore, insulin resistance is accompanied by increased release of FFAs which in turn

may promote the accumulation of lipids in cardiac and liver and development of heart and liver

3 JNK (c-Jun N-terminal kinase) is a serine/threonine protein kinase, which belongs to MAPK family. This
pathway play role in inflammation, cell proliferation and differentiation, migration, apoptosis and glucose metabolism.
TNF-alpha, UV, IL-1 beta, and endoplasmic reticulum stress are activators/inducers of INK.



disease (Gao et al., 2004; Guzik and Cosentino, 2018; Norata et al., 2015; Osborn and Olefsky,
2012).

Similar to mammals, Drosophila can develop both systemic and tissue-specific insulin
resistance in response to a high sugar diet (HSD). In both mammals and flies, obesity-induced
insulin resistance leads to more infection susceptibility. This effect in Drosophila is associated
with regulation of insulin receptor (InR) in the fat body. Activation of insulin signaling can reduce
immune response (expression of AMP genes), while the host resistance and expression of immune
genes are increased upon insulin signaling inactivation (Musselman et al., 2018). Studies in
Drosophila have linked insulin resistance to Imd/Relish (NF-xB) pathway. Fat boy PGRP-SB2 (a
negative regulator of Imd/Relish pathway) downregulation can protect flies against obesity-

induced insulin resistance (Musselman et al., 2017, 2018).

1.2 Adipose tissue and lipolysis in mammals: The role of ATGL and FoxO

Adipose tissue consists of lipid-laden adipocytes, also other cell types such as fibroblasts,
and a variety of immune cells particularly macrophages. This dynamic tissue undergoes major
changes according to nutritional and immune inputs, and play a major role in both immune
response and metabolic homeostasis (Rosen and Spiegelman, 2014).

In general, multicellular organisms can be in two different stages: growth/reproduction or
maintenance. When nutrients are abundant, organisms are in growth/reproduction stage and
anabolic metabolism is dominant. Maintenance has two different types. Under food scarcity,

organisms undergo dormancy, which relays on energy-preserving catabolic metabolism. The



second type of maintenance is defense, which happens in response to infection or injury and
requires anabolic metabolism (Wang et al., 2019).

Under food scarcity, adipose tissue plays a critical role in energy homeostasis and catabolic
metabolism required for dormancy. Adipocytes contain lipid droplets (LDs) which are the major
storage of triglycerides (TAGs). Hydrolysis of these lipids during catabolic state provides fatty
acids and glycerol, which will be taken up by energy-consuming organs. Fatty acids which are the
products of lipolysis are not only essential energy substrates but also, are required for synthesis of
membrane lipids and serve as ligands in signaling pathways such as immune (NF-xB) pathway
(Rosen and Spiegelman, 2014). Therefore, lipolysis is crucial for maintaining whole-body
homeostasis and requires precise regulation in various levels such as transcriptional and
posttranslational regulation of enzymes, interaction of pathways and transcription factors, and the
regulation of TFs expression and activity. Indeed, misregulation of the lipolysis due to
misregulation of genes, factors, enzymes or other proteins involved in this process may lead to
several pathologies including fatty liver, obesity diabetes, and heart disease (Arner et al., 2011).

Adipose triglyceride lipase (ATGL or PNPLA2) and hormone-sensitive lipase (HSL,
encoded by Lipe gene) are two major lipases involved in the hydrolysis of triglycerides (TAGS)
and diglycerides (DAGSs) (Schweiger et al., 2006). In the linear classical lipolysis pathway, TAGs
are first broken down to DAGs and fatty acids by ATGL (and to a lower degree by HSL) on lipid
droplet’s surface. Next, the activated HSL (phosphorylated) cleaves DAGs to MAGs and fatty
acids. The last step is the hydrolysis of monoacylglycerol (MAGs) by monoglyceride lipase
(MGL) (Figure 1.3). Recently, it has been shown that under HSL-deficiency, an alternative

pathway promotes lipolysis. In this non-linear (cyclic) pathway, ATGL transfers one fatty acid of
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DAG to another DAG by its trans-acylation activity that is enhanced by high concentration of
DAGs. This results to generation of one TAG and one DAG, thus, allows the lipolysis to continue
(Zhang et al., 2019).

ATGL (also called desnutrin or PNPLA2) was discovered in 2004 as the major lipase
initiating hydrolysis of TAGs, and the rate-limiting enzyme in the lipolysis process. It is reported
that ATGL possesses phospholipase 2 activity and acylglycerol transacylase activities, in addition
to its TAG hydrolyze activity. Nevertheless, these enzymatic activitie are not significant compared
to the TAG hydrolysis activity, and their physiological effects are not well understood (Notari et
al., 2006; Taschler et al., 2015; Zhang et al., 2019).

This enzyme is expressed in several tissues such as skeletal muscle, liver, heart, lung,
retina, testes, pancreas, small intestine and immune cells at low levels. The higher protein levels
are reported in brown and white adipose tissue. Association of ATGL with several physiological
function and pathologies including obesity, thermogenesis, liver disease, heart disease, and cancer-
associated cachexia, and type 2 diabetes, have been reported, which highlights the importance of
the precise regulation of this lipase (Ahmadian et al., 2011; Schoenborn et al., 2006; Taschler et

al., 2015; Zhang et al., 2016).
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Lipid Droplet
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TAG Gs MAGs
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Figure 1.3 Triglyceride hydrolysis in lipid droplets.

In fact, the regulation of ATGL is at both transcriptional and post-transcriptional levels.
Protein kinase A (PKA) and adenosine monophosphate (CAMP)-activated protein kinase (AMPK,
a metabolic enzyme, which enhances Oz consumption, glucose metabolism and fatty acid
oxidation) are two major enzymes involved in the post-translational regulation of ATGL protein.
PKA and AMPK both can enhance ATGL hydrolysis activity in mice by phosphorylation of its
Ser406 residue (Ahmadian et al., 2011; Kim et al., 2016; Pagnon et al., 2012). Notably, AMPK
and PKA are also involved in the regulation of HSL (Kim et al., 2016).

Perilipins (lipid droplet associated proteins) are other factors linked to ATGL post-
transcriptional regulation. In adipose tissue, PLIN1 withholds ATGL co-activator (CGI-58, also
known as alpha/beta-hydroxylase domain containing 5 (ABHD5)), and therefore, limits ATGL-
mediated lipolysis under basal condition (by restricting the access of lipases to LDs).
Phosphorylation of PLIN 1 by PKA result to release of CGI-58 as well as recruitment of HSL to

lipid droplet surface, hence promotes lipolysis (Miyoshi et al., 2007).
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Fat-specific protein 27 (FSP27) (co-localized with perilipins in LDs) is implicated in
abiogenesis and formation of LDs in adipose tissue and negatively regulates lipolysis (Puri et al.,
2007). In vivo analysis using human adipocytes has shown that FSP 27 can decrease ATGL-
mediated lipolysis through physical interaction with ATGL protein (Grahn et al., 2014).

Several factors are involved in the transcriptional regulation of ATGL gene depending on
different inputs/stimulus, such as starvation or growth hormones.

PPAR-y positively regulates ATGL gene expression during adipogenesis via abolishing
the inhibitory effect of SP1 (Kim et al., 2006; Roy et al., 2017). STATS5 is another positive
transcriptional regulator of ATGL in adipose tissue in basal condition (Kaltenecker et al., 2017).

It is shown that leptin®-induced lipolysis is accompanied by increased number of ATGL
protein, as well as, increased lipid droplet-localization of ATGL, suggesting that leptin is a positive
regulator of ATGL lipase activity (Koltes et al., 2017).

However, starvation/fasting is a major factor that induces the upregulation of ATGL gene
in adipose tissue, in order to promote lipolysis and provide energy for energy usage organs. It is
well established that during fasting transcription of ATGL gene is induced by Forkhead O1
(FoxO1) transcription factor (Chakrabarti and Kandror, 2009; Zhang et al., 2016).

Forkhead subclass O transcription factor family are major regulators of body homeostasis
and are involved in several biological processes such as apoptosis, autophagy, oxidative stress
response, cell cycle, metabolism and immunity (Xing et al., 2018). In mammals, this family

consists of 4 members: FoxO1 (FKHR), FoxO3a (FKHRL1), FoxO4 and FoxO6. FoxO1 and

4 Leptin is an adiponectin secreted by adipose tissue. It works as an inhibitor of food intake and inducer of
lipolysis.
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FoxO3a are expressed in almost all tissues. FoxO4 has high expression in muscle, kidney and
colorectal tissues. FoxO6 is primarily expressed in brain and liver. FoxOL1 is considered as a
representative member of the family, with essential transcriptional regulatory function. FOXO?2 is
identified as a homolog of FOXO3, and FOXOS5 is only expressed in Danio rerio (FoxO3b).
Drosophila carries only one FoxO gene, called dFoxO (Vihervaara and Puig, 2008). All FoxO
molecules contain a forkhead domain (conserved DNA binding domain), nuclear localization
signal (NLS), transactivation domain and nuclear export signal (NES) (Wang et al., 2014).

Several molecules, factors, and pathways are involved in the regulation of FoxO
transcription factor activities in response to a various stimulus or environmental changes, including
PI3K/Akt, INK, p300-CBP (HAT complex), sirtuins, ubiquitin E3 ligase, and micro-RNAs. These
pathways and molecules can affect FoxO activity through regulation of its abundance, post-
translational modifications, nuclear-cytoplasmic shuttling, and subcellular localization. Variety of
post-transcriptional modifications can occur on FoxO molecules, which lead to inhibition or
induction of FoxO activity. Altogether, these post-modifications are called “FoxO code” and
include phosphorylation, ubiquitination, acetylation/deacetylation, arginine methylation, and O-
GIcNAcylation (Brown and Webb, 2018; Xing et al., 2018).

Akt is one of the major regulators of FoxO1 activity. In response to insulin signaling
(nutrient abundance), Akt can phosphorylate FoxO1 molecule. This phosphorylation inhibits
FoxO1 function by exporting and retaining it in the cytosol. Indeed, NES signal promotes cytosolic
export of phosphorylated FoxO1. Afterward, phosphorylated FoxOL1 is anchored in the cytosol by
14-3-3 protein and ultimately will be degraded due to interaction with ubiquitin E3 ligase. Akt-

mediated phosphorylation of FoxO can be induced by insulin and insulin-like growth factor (IGF)
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receptor/P13K pathways. Conversely, PTEN mediates inhibition of Akt and results in subsequent
activation of FoxO1 (Brown and Webb, 2018; Chakrabarti and Kandror, 2009).

Regulation of FoxOl1 through acetylation/deacetylation is more controversial.
Interestingly, it is shown that both acetylation and deacetylation can activate FoxO function
depending on the target gene, tissue, and environmental stimulus. In response to oxidative stress,
CBP/p300 acetylates FoxO. Acetylation can be reversed by sirtuin, which is a NAD-dependent
histone deacetylase (class 111 HDAC). SIRTL1 is one of the regulators of longevity and homeostasis
in response to caloric restriction. It is shown that deceased SIRT1 activity is associated with
enhanced expression of PEPCK and IGFB1 (insulin-like growth factor binding protein 1) by FoxO.
However, other studies have demonstrated that CBP-dependent acetylation of FoxO can inhibit its
transcriptional activity in response to oxidative stress. Also, this repression can be alleviated by
SIRT1 (Chakrabarti et al., 2011; Mihaylova et al., 2011). In addition, recently Lo et al. have
discovered that SIRT1 activation results in activation of FoxO and subsequent induction of ATGL
expression (lipolysis) through SIRT1/AMPK/FoxO1/ATGL pathway (Lo et al., 2019).

Another study has shown that acetylation of FoxO3a decreases its transcriptional activity
and nuclear localization in skeletal muscle. Indeed, skeletal muscles have basal FoxO activity. This
activity is enhanced upon nutrient deprivation via HDAC1 and HDAC?2 activity (Beharry et al.,
2014).

Although some researchers have suggested that AMPK can positively regulate FoxO and
therefore promotes lipolysis through PPAR-0/AMPK/FoxO1/ATGL pathway (Chen et al., 2012a)

and SIRT1/AMPK/FoxO1/ATGL pathways (Lo et al., 2019), there are still some debates on how
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AMPK affects FoxO function (Ahmadian et al., 2011; Chakrabarti et al., 2011; Daval et al., 2005;

Gaidhu et al., 2009; Lo et al., 2019).

1.3 Drosophila as a model organism
1.3.1 Fat body

In the past decades, Drosophila has emerged as an important animal model to study
immunometabolism. In addition to some advantages that this model organism provides such as
high fecundity, remarkable genetic toolboxes, and ease of culture, it is well known that
fundamental components and protein domains, as well as the foundation of immune and metabolic
pathway, are conserved between mammals and flies. For example, insulin and insulin-like peptide
(11S), and target of rapamycin (TOR) pathways are similar between flies and mammals (Galenza
and Foley, 2019; Musselman and Kuhnlein, 2018). Also, Drosophila’s Toll and Imd immune
pathways share striking similarities with mammalian innate immune signaling pathways (Buchon
et al., 2014; Hultmark, 2003).

Furthermore, insects possess a special tissue named fat body. Fat body in flies is equivalent
to mammalian adipose tissue. Interestingly, this tissue also carries out some of the functions of
vertebrate liver and immune system, and therefore, is involved in nutrient sensing, fat and glycogen
storage, lipid metabolism and immune response. It is the main energy storage organ and provides
a systemic immune response to pathogens by secreting antimicrobial peptides (AMPs). It can also
sense different nutritional inputs (amino acids, lipids, glucose) and remotely control brain (Insulin-
producing cells, IPCs) by secreting fat body signals (FBSs) such as unpaired 2 (Upd2) and

CCHamid-2 (CCHa2) and is considered as the major endocrine organ in flies. According to
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changes in energy demands, this tissue can produce various proteins, lipids, and carbohydrates,
synthesize or hydrolyze TAGs, trehalose, and glycogen. In other words, this tissue has an
integrated function of liver, adipose tissue and immune system before these systems have evolved
into more complicated systems, and are assigned to more specified, complex organs in mammals
(Arrese and Soulages, 2010; Li et al., 2019).

Combining the features of the liver, immune system and adipose tissue, the fat body plays
a crucial role in the coordination of metabolic and immune pathways in response to nutritional and
immune inputs. Therefore, this tissue provides a unique model to study the integration and
coordination of immune and metabolic pathways/systems in one relatively simple tissue compared
to extremely complicated, multi-tissue system in mammals (Dionne, 2014; Musselman et al.,
2018).

In adult flies, the fat body is located in the abdomen and head (Figure 1.4). Similar to
mammalian adipocytes, the fat cells within the flies’ fat body are full of lipid droplets (LDs) under
normal/fed conditions. Lipid droplets are dynamic organelles consist of a hydrophobic lipid core
surrounded by a hydrophilic outer structure. Triglycerides (TAGs) are the main lipids in the
hydrophobic core of LDs and are considered as the major source of energy storage in both flies
and mammals. In addition to TAGs, ipid droplets contain other esterified lipids such as cholesterol.
The outer hydrophobic layer is composed of a single layer of phospholipids, which is decorated
by several lipid droplet-associated proteins. TAGs are not only the major form of stored lipids but
also play an important role in whole-body functions by providing structural lipids and signaling
ligands (like FFAs) (Arrese et al., 2014). It is shown that the proper metabolism of TAGs is

required for oogenesis and embryogenesis of Drosophila. In larva and adult flies, TAG storage in
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the fat body is the main source of energy during non-feeding stage/food scarcity (Canavoso et al.,
2001; Kuhnlein, 2012). Furthermore, the excessive carbon gained through food will turn into
TAGs. This process prevents cytotoxicity imposed by lipotoxic or glucotoxic metabolic
intermediates (Musselman et al., 2013; Zechner et al., 2017). The function and metabolism of
TAGs are similar in Drosophila and mammals, therefore Drosophila has emerged as a useful

model organism to study lipid metabolism.

A Fatbody

Gut Oenocytes

FatbodyGald>+ FatbodyGal4>UAS-GFP

Figure 1.4 The location of the fat body in adult Drosophila. (A) Schematic diagram of fat body,

brain, heart and intestine in adult Drosophila. (B) Fat body-induced GFP in the right panel. A dissected fat body is
shown at the top right of the panel.
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1.3.2 Triglyceride metabolism in flies

After a meal, dietary TAGs are digested to fatty acids in the midgut lumen of flies.
Enterocytes can absorb fatty acid from the lumen. These cells also produce de-novo fatty acids
from acety-CoA precursors. This lipogenesis process requires several enzymatic reactions. First,
an enzyme called ACC converts acetyl-CoA to malonyl-CoA. Subsequently, malonyl-CoA
produces fatty acid during a reaction mediated by FASN enzyme. In the enterocytes, the fatty acids
from diet or de-novo synthesis turn into TAG or DAGs. TAGs play as energy storage in
enterocytes and will be broken up to DAGs and fatty acid when required. DAGs are exported to
the hemolymph in order to transport to other tissues such as fat body (Heier and Kuhnlein, 2018).
Indeed, the majority of circulating lipids in flies are in the form of DAG and attached to Lpp
(Drosophila lipoprotein) (Palm et al., 2012) .

The fat body can perform both lipolysis and lipogenesis, according to nutritional condition.
As mentioned before, TAGs in the fat body are packed into LDs. In Drosophila, several LD-
associated proteins have been reported to be involved in the regulation of TAG metabolism,
including Brummer (Bmm), lipid storage droplet-1 (Lsd1 or PLIN1) and Lipid storage droplet-2
(Lsd2 or PLIN 2) (both belong to perilipin family) (Arrese and Soulages, 2010).

It is shown that Plinl and Plin2 play an opposite and redundant role in Drosophila
lipolysis. Plinl is mainly expressed in the fat body and typically is associated with enhanced
lipolysis. More precisely, in large lipid droplets, Plin1 promotes lipolysis. Phosphorylation of Plinl
stimulates lipolysis through AKH/AKHR/PKA pathway and, therefore promotes lipolysis by HSL.
It is shown that mutation of Plinl results in impaired lipolysis and promotes obesity. However, in

small lipid droplets, it can prevent lipolysis. Plin 2 inhibits lipolysis mediated by Bmm. Therefore,
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it promotes lipid accumulation. This protein is detected in the fat body during larval development
and is required for the storage of fat (Bi et al., 2012).

Brummer (Bmm) is the orthologue of mammalian ATGL and act as the major triglyceride
lipase in both mammals and flies. It promotes lipolysis by hydrolyzing TAGs to DAGs and plays
critical role in the regulation of systemic TAG levels in adult flies. It is shown that mutation of
Bmm leads to impaired lipid homeostasis. Increases in Bmm/ATGL lead to increases in lipolysis
and decreases in fat storage, and decreases in Bmm/ATGL limit lipolysis and lead to obesity
(Gronke et al., 2005). Also, Bmm-HSL double mutant flies promotes obesity in flies (Gronke et
al., 2005; Gronke et al., 2007).

The DAGs produced by Bmm can be exported to peripheral tissues or undergo the second
and third hydrolysis (possibly catalyzed by HSL) to produce more fatty acids and glycerol. Later
on, fatty acids undergo -oxidation to produce acetyl-CoA. B-oxidation of flies requires several
enzymes such as Pdgy (activates FAs by adding CoA) and Yip2 (thiolase, acety-CoA
acyltransferase). Acetyl-CoA then enters the citric acid cycle to produce NADH and FADH2.
Eventually, these coenzymes fuel electron chain in order to generate ATP required for
physiological processes of cells. In addition to Bmm/ATGL and HSL flies have some proteins
with predicted lipase activity such as Lip4 and CG5966. It is shown that these predicted lipases
are expressed in the fat body. However, their physiological function and roles are not fully
understood (Heier and Kuhnlein, 2018).

Similar to mammals, TAG metabolism in flies is also regulated by hormonal pathways,
including insulin and adipokinetic hormone (Akh). Drosophila carries several insulin-like peptides

(Dilps). Dilps are produced by IPCs insulin-producing cells (IPCs) located in the brain (Figure
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1.4) and can stimulate insulin receptor (InR). The insulin pathway is conserved between flies and
mammals in both components and functions. Stimulation of InR by Dilps results to activation of
PI3K92E (orthologue of mammalian PI13K), and subsequently activation of Aktl. Akt is involved
in phosphorylation and regulation of several downstream proteins. One of the major targets of
Aktl is dFoxO transcription factor. Akt inhibits dFoxO function by phosphorylation and
cytoplasmic retention of this TF, while insulin pathway is induced. Upon, starvation, when insulin
signaling is reduced, the inhibitory effect of Akt on FoxO is removed, therefore, FoxO can
translocate into the nucleus. As in mammals, FoxO can induce the expression of several metabolic
genes in response to dietary deprivation, including Bmm/ATGL (Figure 1.5). This process allows
the breakdown of TAGs to FFAs and DAGs. Fatty acids later undergo - oxidation and eventually
provide ATP for the organism (Varma et al., 2014; Vihervaara and Puig, 2008).

Akh is a glucagon-like peptide in Drosophila and can stimulate lipolysis (TAG
mobilization). Neuroendocrine cells in the corpora cardiaca® (CC) secret this hormone to
hemolymph (Kim and Rulifson, 2004; Park et al., 2011). Fat body cells carry G protein-coupled
Akh receptors (AKhR). Activation of the AKhR receptor transfers the signal to the variety of
downstream targets (transcription factors, kinases, and lipid droplet associated proteins) through
G protein/cAMP/PKA pathway. This pathway is involved in the regulation of lipolysis by
phosphorylation of Plinl in flies. Phosphorylation of Plini, in turn, facilitates the activity of HSL
and results in the induction of lipolysis (Figure 1.6) (Lee et al., 2018b; Musselman and Kuhnlein,

2018; Patel et al., 2005).

> Corpoa cardiaca (CC) consist of neuroendocrine cells and serve as functional orthologues of vertebrate
pancreatic a-calls. It is involved in systemic glucose homeostasis.
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AKhR can also, turn on PLC which results in increased Ca®* through several enzymes and
mediators. It has been shown that this increase in CA?* promotes TAG hydrolysis by the
mechanism that is not understood. It is known that knocking down the Akh or AkhR causes
obesity. Double mutation of Bmm/ATGL and AkhR promotes extreme obesity and defective lipid
mobilization. Therefore, AKhR and Bmm both can promote lipolysis by different mechanisms
(Gronke et al., 2007; Sajwan et al., 2015). Notably, studies suggest that there are some interactions
between Akh and insulin pathways (Kim and Neufeld, 2015; Rajan et al., 2017). Furthermore, Akh
can regulate the expression of Bmm by removing the inhibitory effect of Sik3 on HDAC4, which
allows the nuclear localization of HDAC4 (Choi et al., 2015). HDAC4 is the activator of FoxO
transcription factor. Therefore, Akh stimulation can indirectly increase the expression of

Bmm/ATGL in flies (Wang et al., 2011) (Figure 1.6).
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Figure 1.5 Regulation of Bmm/ATGL by insulin and FoxO.
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Similar to mammals, high sugar diet leads to obesity and insulin resistance in Drosophila.
During lipogenesis in fat body, the excessive dietary glucose can turn into acetyl- CoA that is the
precursor of fatty acids and eventually produces TAG. This process protects flies against the
harmful effect of excessive glucose (Musselman et al., 2013).

In Drosophila adults and larva there are cluster and ribbons of oenocytes in-between fat
boy cells. Oenocyts are involved in fatty acids and hydrocarbon metabolisms. In larva, the very-
long-fatty acids produced by oenocytes are required to waterproof the lining of tracheal. In adults,
they are involved in desiccation resistance and pheromonal communications by producing
cuticular hydrocarbons (Makki et al., 2014). Some studies suggest that oenocytes are hepatocyte-
like cells that are involved in the regulation of lipid mobilization under starvation, acting
downstream of the fat body. Interestingly, these cells develop large lipid vesicles upon starvation
or local activation of Bmm/ATGL-mediated lipolysis, while under the fed condition they are

almost empty of lipids (Arquier and Leopold, 2007; Gutierrez et al., 2007; Makki et al., 2014).

Fasting Feeding
Akh (Glucagon-like) Inactive-HDAC4 Dilp (Insulin—like)
PKA Sik3 Akt
Active-HDAC4 Foxo
<>
TAGS Bm%fml DAGS - MAGS
Lipid Droplet FAs FAs

Figure 1.6 Hormonal regulation of TAG metabolism.
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1.3.3 Innate immunity in flies

As opposed to vertebrates that possess both innate and adaptive immunity, insects only rely
on innate immunity to combat infection. In Drosophila, epithelia provide the first barrier against
infection. Insects also have chitin (polymer of N-acetyl-glucosamine) based layer
(exoskeleton/cuticle) that covers external surfaces of their body (including tracheal tubes, foregut,
and hindgut) and provides the first physical protective barrier against microorganisms. The second
layer of protection in epithelia is chemical barrier. In the digestive tract of Drosophila, reactive
oxygen species (ROS) cooperate with antimicrobial peptides (AMPs) to eliminate infection. The
release of nucleotide uracil (U) by invading bacteria leads to induction of dual oxidase (DUOX)
which is the first line of defense against enteric infection. DUOX is a member of NADPH oxidase
family and can eliminate many of bacteria by producing microbicidal ROS (this process consumes
NADPH). The basal levels of DUOX in gut kill yeast in the taken food while retaining the
microbiota (Lemaitre and Hoffmann, 2007).

Interestingly, it is shown that enteric infection induces a metabolic reprogramming in the
intestine, promoting lipolysis and limiting lipogenesis. This infection-induced lipolysis provides
NADPH required for sustained DUOX activity and therefore, allows maintaining the immune
response in the gut during enteric infection (Lee et al., 2018a).

Those microorganisms that overcome the epithelial barrier and enter the body cavity
(hemocoel) encounter humoral and cellular immune responses. The cellular response of insect
includes phagocytosis, melanization, and coagulation. Drosophila contains three different cell type

(hemocytes) involved in immunity: plasmocytes, crystal cells, and lamellocytes. All these cells
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have functional and morphological characteristic similar to vertebrate myeloid lineage (Lemaitre
and Hoffmann, 2007).

Plasmatocytes are the majority of hemocytes (90-95%), they are round cells enriched in
endoplasmic reticulum and lysosome. These cells are equivalent to mammalian macrophages and
their major role in phagocytosis of dead cells, debris and invading pathogens. They are also
involved in encapsulation and coagulation of foreign bodies (microbes) and produce AMPs (Gold
and Bruckner, 2015). Furthermore, during infection, plasmatocytes can secrete Upd-3 (Drosophila
cytokine implicated to septic injury) and therefore, activate JAK/STAT pathway, which is also
linked to immune response against wasp infection (Dostert et al., 2005; Woodcock et al., 2015;
Yang and Hultmark, 2017).

Another mechanism of defense in flies is RNA interference. This pathway is involved in
the antiviral immunity against double stranded RNA viruses. In this pathway, double-stranded
viral RNA is first cleaved by Dicer-2, then loaded onto Argonaute (AGO2), and eventually,
targeted to degradation. This pathway provides a specific response to viruses and is required for
removing viruses. (Galiana-Arnoux et al., 2006) Interestingly, it is shown that in mosquitos the
RNAI pathway can lead to production of Vago molecules. VVago in turn induces JAK/STAT
pathway, through an unknown receptor, and provides immunity in un-infected cells by induction
of Vir-1 and some other uncharacterized antiviral factors (Paradkar et al., 2012).

Two major immune pathways conduct the humoral immunity of Drosophila: Imd and Toll
(Figure 1.7). Induction of these pathways by various pathogens (gram-positive, gram-negative, or
fungus) leads to activation of NF-xB transcription factors family. Drosophila genome encodes

three NF-«B proteins. Dorsal, DIF (dorsal-related immunity factor) and Relish. All these proteins
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contain a Rel homology domain (REL or RHD), which is conserved in mammals and flies, and
Nuclear localization signal (NLS). Dif and Dorsal are 70kD proteins. Their REL homology domain
has 45% similarities with their mammalian counterparts c-REL, Rel A, and Rel B (REL subfamily
of NF-«xB family) (Gilmore, 2006; Meng et al., 1999).

Dif and Dorsal both are involved in Toll pathway and under normal conditions are retained
in cytoplasm by a protein named Cactus. Cactus is a 54kDa protein carrying ankyrin inhibitory
repeats and is the orthologue of mammalian 1kBs (inhibitor of NF-xB). Relish is a 100 kDa protein.
The C-terminal of Relish contains ankyrin repeats, REL-49, which is similar to cactus and
mammalian IkBs and inhibits nuclear localization of N-terminal REL homology domain (REL-
68). Relish has the most similarities to mammalian p100 and p105 NF-kB family members (NF-
kB subfamily of NF-xB family) (Gilmore, 2006; Stoven et al., 2000). A proteolytic cleavage
removes C-terminal and results in its activation of Relish upon infection (Hultmark, 2003).

In non-infected cells, NF-xB TF family are retained in the cytosol by conserved ankyrin
repeats (in cactus or Rel-49). Upon infection, degradation/cleavage of ankyrin repeats allows the
release and nuclear translocation of NF-kB TFs. In the nucleus, NF-xB TFs induce transcription
of multiple antimicrobial peptides (AMPs) (Hetru and Hoffmann, 2009). AMPs are secreted to
hemolymph and play crucial role in host defense. Each organism has a repertoire of AMPs that
may act on pathogen cell walls or intracellular compartments. Insects possess two major groups of
AMPs: alpha-helical cecropin that fights against Gram-negative bacteria, and disulfide-bridge
defensins that are effective on gram-positive bacteria. Drosophila melanogaster also produces

drosomycin (Drs) which is an antifungal peptide (Lemaitre and Hoffmann, 2007).
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In Drosophila, fungi and gram-positive bacteria (and gram-negative bacteria to a lower
degree) activate Toll pathway (named after transmembrane receptor Toll) through spatzle cytokine
(a neurotrophin-like cytokine that acts as Toll receptor ligand). Upon sensing nonself-components
such as YS type peptidoglycan or B-glucan by peptidoglycan recognition receptors (PPARS), a
protease cascade converts pro-spatzle to active spatzle that can bind to Toll receptor. Through
several mediator/adaptors including MyD88, activation of Toll receptor leads to phosphorylation
and degradation of Cactus inhibitory protein (homologous of mammalian 1«xB, NF-xB inhibitor).
The degradation of cactus allows the Dif/Dorsal NF-kB transcription factor to translocate to the
nucleus. In the nucleus Dif/Dorsal can bind to corresponding Dif/Dorsal target genes including
drosomycin (Drs), defensin (Def) and several other AMPs and upregulate their transcription
(Valanne et al., 2011) (Figure 1.7A).

Imd pathway (named after immune deficiency (Imd) gene) is activated by gram-negative
bacteria as well as some gram-positive bacteria. In this pathway, PGRPs (peptidoglycan
recognition protein) can sense meso-diaminopimelic acid (DAP)-type peptidoglycan that presents
in cell wall of the most gram-negative bacteria. PGRP-LC is a transmembrane receptor that senses
poly peptidoglycans (poly PGN). While PGRP-LE is an intracellular receptor that can respond to
monomeric peptidoglycan (Royet, 2004). PGRP receptors activation initiate the activation and
nuclear localization of NF-kB Relish Transcription factor. This process involves several molecules
such as immune deficiency (Imd) and Fas-associated protein with dead domain (FADD) mediators,
dead —related ced-3/Nedd2-like (DREDD) caspase, TAK1 associated binding protein 1 (TAB2),
transforming growth factor g (TGF-p)-activated kinase 1 (TAK1) and inhibitor of kB kinase (IKK)

complex/signalosome (Myllymaki et al., 2014).
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PGRP receptors bind to Imd mediator upon infection. Imd is itself associated with FADD
mediator and DREDD caspase. Dredd can cleave Imd. Then, the cleaved Imd promotes the
recruitment of TABL/TAK1 complex and activation of TAK1. In fact, Activation of TAK1 and
IKK signalosome requires the activity of FADD and DREDD caspase. TAK1 (along with E3
ubiquitin ligase Uev1A/Ubcl3) activates IKK (1B kinase) complex. IKK complex/signalosome
consist of IKK-B (Ird5) which is a kinase, and its regulatory subunit, IKK-y (Key or Kenny). IKK-
B (Ird5) promotes proteolytic cleavage of ankyrin repeats of NF-«xB Relish by Dredd caspase,
through phosphorylation of ankyrin repeats presents in inactive form of NF-xB Relish (Stoven et
al., 2000). Cleaved NF-«B Relish (Rel-68) then can translocate into the nucleus, where it can bind
to NF-kB response elements and induce the expression of several AMPs including diptericin (Dpt)
and drosocin (Dro) (Myllymaki et al., 2014) (Figure 1.7B).

Imd and Toll pathway are conserved and have remarkable similarities to mammalian
TLR/IL-1R (interlukin-1 receptors) and TNFR (TNF-a receptor) pathways (Hetru and Hoffmann,
2009).

Fat body is defined as the main tissue secreting AMPs into hemolymph (systemic immune
response) via activation of Imd and Toll pathways. However, Imd pathway is also described in
other tissues such as gut, trachea, and brain. Activation of Dredd (independent of upstream
signaling) in the brain, leads to Relish-mediated-AMP production that can be involved in
neurodegeneration. In the gut, several negative regulators such as Pirk (interacts with the receptor
and Imd) and Caudal (Cad, intestinal homeobox gene) prevent extensive activation of Imd pathway

which might be mediated by gut microbiota. These negative regulators play an important role in
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maintaining immune tolerance in the gut. However, pathogens are still capable of inducing Imd

pathway due to producing more PGN (Kleino et al., 2008; Ryu et al., 2008).
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Figure 1.7 Innate immune signaling pathways in Drosophila.

1.4 NF-kB signaling pathway

1.4.1 Anoverview

The NF-«B signaling pathway is the main regulator of innate immunity in both mammals

and flies (Silverman and Maniatis, 2001). In addition to immune response, this pathway plays role

in the regulation of different processes such as promotion of cell proliferation, inhibition of

apoptosis, cell migration and invasion, and metabolism (Gilmore, 2006).

Mammalian genomes carry five different NF-«B proteins: RelA (p65), RelB, c-Rel, NF-

kB1 (p105/p50) and NF-xB2 (p100/p52) (Tieri et al., 2012). Drosophila genome encodes only 3
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types of NF-kB molecules: Relish, Dorsal and Dif. Relish has similarities to mammalian p105 and
p100. Indeed, they all carry ankyrin inhibitory repeats and undergo a proteolytic cleavage prior to
nuclear localization. While Dorsal/Dif shares more similarities with RelA (p65), RelB, c-Rel. All
NF-kB molecules carry conserved Rel-homology domain which is required for DNA binding and
dimerization (Hetru and Hoffmann, 2009). These molecules can shape varieties of dimers.
However, the most common type of dimers in mammals are p50/RelA and p52/RelB (Gilmore and
Wolenski, 2012).

NF-«xB pathway can be induced by several stimuli such as bacteria, viruses, oxidative stress
(ozone, hydrogen peroxide, butyl peroxide), physical stress, physiological stress (hyperglycemia,
hyperoxia), cytokines, physiological mediators (L-glutamate, lysophosphatidylcholine), DNA
damage, and growth factors. NF-xB transcription factors have more than 150 target genes
including cytokines, chemokines, antioxidant and stress response genes, immune receptors and
growth factors (Pahl, 1999; Tieri et al., 2012). However, clearly, not all of these genes are
expressed in all cells. This can be due to combinatorial response of promoter/enhancer regions as
well as selective activation/dimerization and binding of NF-kB proteins. In addition, other factors
and regulators such as TFs and epigenetic modifications assist NF-xB in the regulation of genes.
Regulation of many of NF-xB target genes requires the collaboration of NF-xB with another
transcription factor. Several studies have reported co-regulation of NF-kB target genes with STAT,
AP1, and IRFs (Grivennikov and Karin, 2010; Oeckinghaus et al., 2011; Zhong et al., 2006).

Induction of pattern recognition receptors (PRRS) such as Toll-like receptors (TLRs) by
different NF-xB ligands leads to the activation of NF-xB signaling pathway. For example, LPS of

gram-negative bacteria can activate TLR4, which is a receptor involved in NF-xB classical
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pathway. This signal is transferred to IKK complex through several mediators including MyD88.

IKK complex consists of three subunits: IKKa and IKK} are regulatory subunits, while IKKy (also

known as NEMO) serves as catabolic subunits and has protein phosphorylation activity. IKK (I1xB

kinase) activates NF-xB TFs by phosphorylation of IxB a inhibitory protein (containing Ankyrin

repeats). This phosphorylation leads to degradation of IkB o protein and therefore, allows the

release and nuclear translocation of NF-xB TF (Gilmore and Wolenski, 2012)(Figure 1.8).
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Figure 1.8 Classical NF-kB signaling pathway in mammals.

1.4.2 NF-xB signaling pathway and metabolism

— IKK Complex

NFkB

An overwhelming number of studies have demonstrated that NF-xB pathway can affect

metabolism in both health and disease condition. Most of the reported cases are through the role
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of NF-«B in the inflammation and insulin resistance (Baker et al., 2011; Tornatore et al., 2012).
However, recently, more direct mechanisms of the interaction of NF-xB pathway and metabolic

system have reported. Some of these studies are discussed here.

Insulin resistance: NF-xB pathway can act as a nutritional sensor. Induction of NF-xB
pathway by fatty acids, chronic overnutrition or high sugar diet, IL-1, TNF-a, or LPS lead to the
expression of inflammatory cytokines including TNF-a and IL-6. These inflammatory cytokines
then reduce insulin sensitivity by phosphorylation of insulin receptor (IRS) (Tornatore et al.,
2012). Additionally, IL-6 can decrease the expression of glucose transporter- 4 (GLUT-4) and
IRS-1 through activation of JAK-STAT signaling pathway (a cytokine-activated pathway involved
in cell proliferation, differentiation, and apoptosis). This decrease leads to less sensitivity to
insulin. Also, in muscle IL-6 can induce the expression of TLR-4 which is the receptor involved
in the NF-xB pathway (Chen et al., 2015; Henstridge et al., 2012; Kim et al., 2013; Lukic et al.,
2014).

Toll-like receptors (TLRs) play an important role in obesity- and diet-induced insulin
resistance. These upstream receptors of NF-kB signaling pathway can be activated by several
ligands including pattern-associated molecular receptors (PAMPSs), endogenous ligands (saturated
fatty acids, Ox-LDL) and LPS. Induction of TLR4 with fatty acids has been linked to insulin
resistance-associated inflammation. This effect is through increasing the expression of IKKf (IkB
kinase), NF-xB TFs and pro-inflammatory mediators such as MCP1, IL-6, and IL-1f in adipose
tissue macrophages. These changes lead to induction of M1 macrophages phenotype and

eventually development of insulin resistance. The increased levels of TLR4 and TLR2 mRNA as
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well as increased TLR4 signaling has been reported in obesity and type 2 diabetes (Jialal et al.,
2014; Lee etal., 2003; Yin et al., 2014)

Similar to mammals, Drosophila can develop both systemic and tissue-specific insulin
resistance in response to high sugar diet (HSD). In both mammals and flies, obesity-induced
insulin resistance leads to more infection susceptibility. This effect in Drosophila is associated
with regulation of insulin receptor (InR) in the fat body. Activation of insulin signaling can reduce
immune response (AMP gene expression), while the host resistance and expression of immune
genes are increased upon insulin signaling inactivation (Musselman et al., 2018).

Studies in Drosophila have linked insulin resistance to Imd/Relish pathway.
Downregulation of PGRP-SB2 (negative regulator of Imd/Relish pathway) in the fat body can
protect flies against obesity-induced insulin resistance (Musselman et al., 2017, 2018).

Mitochondrial function: Several studies have linked NF-xB to metabolism through
regulation of mitochondrial function. Indeed, NF-xB plays role in creating a balance between
glycolysis and oxidative phosphorylation. Interestingly, a crosstalk between NF-kB and p53 in the
context of metabolism in cancer cells has been reported. For example, it is shown that NF-xB can
upregulate expression of synthesis of cytochrome ¢ oxidase 2 (SC0O2), a subunit of complex IV of
the electron chain in mitochondria. This upregulation stimulates mitochondrial respiration (Mauro
et al., 2011). However, in P53 deficient cells, NF-xB facilitates glycolysis through induction of

GLUT3 (SLC2A3). GLUTS3 expression leads to enhanced glucose uptake and glycolytic flux. It
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also inhibits oxidative phosphorylation and promotes the development of Warburg effect®. In
addition, during a positive feedback loop, produced O-linked -N-acetyl glucosamine activates
IKKB/NF-xB pathway (Johnson and Perkins, 2012; Johnson et al., 2011; Mauro et al., 2011).

In the context of cancer, NF-xB also is linked to cachexia. Cancer cachexia is a
multifactorial wasting syndrome characterized by anorexia and weight loss. It is shown that
attenuation of NF-kB activity ameliorates cachexia in cancerous mice by decreasing IL-6 and
TNF-a activity (Kuroda et al., 2007; Zhou et al., 2003).

NF-xB and lipid metabolism: NF-xB is involved in the regulation of lipid metabolism
through its effect on PPAR-y’. NF-xB can inhibit PPAR-y activity through several mechanisms. It
is shown that chronic activation of NF-«xB results in suppression of expression of PPAR-y gene
(decreased transcription) (Nunn et al., 2007). On the other hand, acute activation of NF-kB leads
to activation of TNF-a which in turn inhibits PPAR-y transcriptional activity by recruiting HDAC3
to the nucleus. HDACS is one of the co-repressors of PPAR-y transcriptional activity. Therefore,
translocation of HDAC3 can decrease the function of this PPAR-y without affecting its DNA
binding affinity (Gao et al., 2006). Additionally, fatty acids can modulate NF-kB pathway through

TLR 2 and TLRA4 receptors (Lee et al., 2003; Yin et al., 2014).

& Warburg effect is the usage of glycolysis (glucose fermentation/anaerobic metabolism) to produce energy
(even when oxygen is available) rather than oxidative phosphorylation which is used by other normal cells. Indeed,
this seems to favor and provide benefits for the development of cancer.

" PPAR-y is linked to adipocyte differentiation and hypertrophy as well as glucose and lipid metabolic
disorders in cancer and inflammation conditions. This nuclear receptor decreases the production of pro-inflammatory
cytokines and NFkB transcriptional activity. It also, can increase the expression of IRS proteins, therefore, limits
inflammation and improve insulin sensitivity.
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1.4.3 NF-xB and regulation of gene expression

NF-kB transcription factors are involved in both activation and repression of genes. More
than 150 target genes are reported for NF-kB transcription factors. In addition to direct regulation
of the genes, these TFs can also affect expression of more genes through crosstalk with other
pathways and signaling molecules. Also, combinatorial regulation of genes with other TFs are
reported. For example, it is shown that NF-xB pathway can interaction with STAT3, p53, IRF,
NRF2, JNK, WNT, and notch (Oeckinghaus et al., 2011). These crosstalk and co-regulations allow
more complex and precise regulation of genes in different cell types and tissues according to
different inputs, and create a complex NF-xB interactome (Oeckinghaus et al., 2011; Taniguchi
and Karin, 2018; Tieri et al., 2012).

NF-kB TFs also contribute to the regulation of the genes via expression or repression of
miRNAs (Boldin and Baltimore, 2012; Mann et al., 2017; Markopoulos et al., 2018). This effect
on miRNA levels can be direct or indirect (through induction of other inhibitors). For example, it
is shown that NF-kB can regulate expression of let-7 miRNA (inhibitor of IL-6 mRNA) indirectly
through expression of Lin-28B. Lin-28B is an inhibitor of Let-7 expression. It can also regulate
Let-7 at posttranscriptional level (lliopoulos et al., 2009).

Another level of complexity of NF-kB interactome has arisen from recruitment and
utilization of coactivators and corepressors. These coregulators of transcription are molecules that
lack DNA-binding activity/specificity. Therefore, they need to bind to special chromatin
modifications or transcription factors or other regulatory proteins in order to play their role in the
regulation of the target genes. Several coactivators and corepressors assist NF-xB in the regulation

of different genes. Examples of coactivators are P300/CBP, p/CA and p160 proteins (SRC 1-3).
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These coactivators facilitate transcription by opening chromatin structure, which is induced by
their histone acetylation activity. It is known that acetylation of histones is associated with open
chromatin and increased expression of the genes (Gao et al., 2005).

Amongst co-repressors there are HDAC1-3 (class | histone deacetylases), SMRT and
NCoR. These corepressors can shape different complexes such as HDAC1/SMRT and
HDAC3/NCoR. In flies, SMRTER (EcR-interacting protein) is functional homolog of vertebrates
SMRT and NCor co-repressors. SMRTER forms a complex with Sin3A repressor, which in turn
interacts with Rpd3 (HDAC1). These co-repressors are involved in the repression of NF-«kB target
genes through catalyzing histone deacetylation at regulatory regions of genome (Ashburner et al.,
2001).

In contrast to histone acetylation, non-acetylated histones are representative of compact
regions of genome with none or less transcription. Furthermore, these regions are usually
characterized by DNA hyper-methylation (epigenetic mark involved in regulation of genes) at
CpG islands too (Gao et al., 2005; Guzik and Cosentino, 2018; Shakespear et al., 2011).

Notably, in addition to histones, some non-histone proteins are the targets of HDACS.
Several studies have shown that HDACs are involved in the regulation of immune and metabolic
pathways (Shakespear et al., 2011; Toubal et al., 2013). For example, HDAC2 and HADC3 are
reported to be involved in the regulation of inflammatory genes. Indeed, HADC3 contributes to
the expression of inflammatory cytokines in macrophages. It is shown that HDAC3-deficient
macrophages are unable to induce some of inflammatory cytokines. This effect is due to loss of
expression of IFN-B (Chen et al., 2012b). In contrast, HDAC2 (recruited by Tet2) acts as a

repressor of inflammation via inhibiting IL-6 pro-inflammatory cytokine (Zhang et al., 2015).
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Interestingly, a study in mouse using NF-xB p65 mutant (carrying alanine instead of serine
at position 276) has shown that unphosphorylated NF-xB p65 contributes to the repression of the
genes that are not normally regulated by this transcription factor. In fact, this unphosphorylated
NF-kB binds to NF-kB binding motif and recruits HDAC3 instead of CBP/p300, which results in
the direct repression of NF-kB target genes as well as, epigenetically repression of some other
genes, such as pax6 (Dong et al., 2008).

Related to infection, it is shown that NF-«B is involved in the HDACs-dependent
repression of mir-424 and mir-503 in response to microbial challenge. Upon C. parvum infection,
NF-xB and HDAC1/2 are recruited to the promoter region of mir-424 and mir-503. This results in
a decrease in histone acetylation and therefore, decrease in the expression of these genes (Zhou et
al., 2013).

Another example of NF-kB/HDAC1-dependent repression is reported in IL-13-mediated
repression of gastrin, which is an acid modifying hormone in the intestine. In IL-1B-untreated
AGS cell (human gastric cancer cell line), NF-kB (p50/p65 dimer) can activate the expression of
gastrin by recruitment of p300 coactivator. However, after IL-1B treatment, NF-xB inhibits
expression of gastrin by recruiting HDAC1/NcoR corepressors rather than p300 (Datta De et al.,
2013).

Recruitment of HDAC:s in order to repress the expression of NF-kB target genes might be
indirect and through other factors. For example, in Drosophila it is shown that pickle (an 1kB
protein) can bind to Relish homodimer at the promoter region of some immune genes and repress

their expression by recruiting HDAC1(upd3). This inhibitory effect of pickle on immune genes is
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important in maintaining proper immune response in the gut while preventing the over-activation
of immune genes which might be harmful for the organism (Morris et al., 2016).

Similarly, in mammals it is reported that IkBa (an upstream component of NF-kB pathway)
can mediate translocation of HDAC3 in response to TNF-a induction. This recruitment of HDAC3
inhibits the transcriptional activity of PPARy without affecting its DNA binding affinity (Gao et
al., 2006).

Notably, it has been shown that different genes are regulated by different corepressors or
coactivators and not all factors are involved in the regulation of a single gene. In addition,
corepressors and coactivators might be recruited to promoter simultaneously and in oscillation
trend. Furthermore, the repression of genes by transcription factors is context-dependent. This
allows the precise and specific regulation of NF-«xB target genes in different tissues (van Dijk et

al., 2017).

1.5 Summary

Starvation and infection are two primitive challenges in multicellular organisms. In order
to combat these ancient stressors, organisms have developed integrated and co-regulated innate
immune and metabolic signaling pathways. The crosstalk between these systems is vital to
maintain homeostasis while encountering different immune or metabolic stressors. While these
pathways share regulatory axes and nodes in order to coordinate their responses, misregulation of
these pathways arisen from over-nutrition or mutation may lead to the development of pathologies

such as systemic inflammation, obesity, insulin resistance, and fatty liver.
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Many studies have linked NF-«B signaling pathway, the main regulator of innate immunity
in both mammals and flies, to metabolism, particularly through its role in inflammation. In
addition, recently, some studies provide more evidence on the more intimate relationship and direct
regulation of metabolic genes by NF-kB transcription factors, such as its role in regulation of
GLUT3 and SCO2. Altogether, these studies provide evidence that NF-kB serves as a central node
in the bidirectional communication of innate immune and metabolic pathways. Therefore, there is
a critical need to further uncover tissue and cell-autonomous mechanism by which NF-xB may
affect metabolic homeostasis.

However, due to the extreme complexity of immune and metabolic pathways, uncovering
the underlying mechanism is difficult in mammals. Herein, Drosophila melanogaster has emerged
as an invaluable model organism to study the integration of innate immune and metabolic systems.
While innate immune and metabolic pathways are more primitive in flies compared to mammals,
they still share conserved fundamental components and domains. Furthermore, fat body
(equivalent to mammalian adipose tissue and liver) in Drosophila carries on both innate immune
and metabolic function. Therefore, this tissue provides a unique model to study the integration of
these pathways.

My research aimed to first, explore the effect of NF-xB on lipid homeostasis, and
subsequently, uncover the potential tissue and cell-autonomous mechanism of this effect.
Uncovering this effect and mechanism will help us to better understand the underlying mechanism
of NF-kB-associated disease, and eventually, will open new avenues for innovation of medications

aimed to target proper molecules in order to cure these disorders.
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2. MATERIALS AND METHODS?

2.1 Drosophila Husbandry and Strains

A detailed list of fly strains used for these studies is provided in Table 2.1. 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.

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 (Figure 3.2B) was prepared as follows: 1.5g 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 3.7.

8 Reprinted with permission from Molaei, M., C. Vandehoef, and J. Karpac, "NF-kappaB Shapes
Metabolic Adaptation by Attenuating Foxo-Mediated Lipolysis in Drosophila.” Dev Cell, 2019. 49(5): p. 802-810

€6. Copyright 2019 Elsevier.
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The UAS-Relish”™A (both trangenic lines), UAS-FoxORNAT UAS-KennyRNAT - UAS-
Dredd®™AT UAS-BmmRNAT - UAS-PGRP-LCRNAT UAS-PGRP-LERNAT CGGal4, PplGal4, and
HmIGal4 lines used throughout the paper were backcrossed 8-10X into the w''8 background that
was used as a control strain. The ebony mutation/marker e5 was removed from the relf?® mutant
background, with the rel¥?° mutation finally outcrossed into a wild-type (OreR) background.

The efficiency of transgenic RNAI lines UAS-Relish®A" (VDRC: 108469 (KK) and
VDRC: 49413 (GD)), UAS-KennyRNAI (VDRC: 7723 (GD)) and UAS-DreddRNA' (VDRC: 104726
(KK)) were confirmed in this study. The efficiency of transgenic RNAI lines UAS-FoxORNA
(VDRC: 106097 (KK)), UAS-Bmm™NAi (VDRC: 37877 (GD)), UAS-PGRP-LCRNA' (VDRC:
101636 (KK)), UAS-PGRP-LERNAI (VDRC: 23664 (GD)), and UAS-Rpd3RNAI (TRiP: 36800)
were confirmed in previous studies.

Table 2.1 The list of fly lines used in this study

Center

Fly Line Source Identifier
D. melanogaster: w8 Bloomington BDSC: 3605; FlyBase:
Drosophila Stock FBst0003605

D. melanogaster: w*; P{ppl-GAL4.P}2

Bloomington
Drosophila Stock
Center

BDSC: 58768; FlyBase:
FBst0058768

D. melanogaster: UAS- luciferase RNAI

Bloomington

BDSC: 31603; FlyBase:

(Wt8; FoxQA494/TM6B, Thi)

Drosophila Stock
Center

(y*vY; P{TRIiP.JF01355}attP2) Drosophila Stock FBst0031603
Center
D. melanogaster: w*;; FoxO**4/TM6B, Thl Bloomington BDSC: 42220;

FlyBase: FBst0042220

D. melanogaster: UAS-FoxO RNAI

Vienna Drosophila

VDRC: 106097; FlyBase:

Drosophila Stock
Center

(y'w*; P{KK108485}VIE-260B) RNAI Center FBst0477923
D. melanogaster: w*; P{CG-GAL4.A} (Hennig et al., 2006) N/A
w";; rel®®, es Bloomington BDSC: 9457,

FlyBase: FBst0009457

D. melanogaster: w; UAS-Relish
(W8 P{UAS-Rel.His6}2; 1(3)**/TM3, Sb1)

Bloomington
Drosophila Stock
Center

BDSC: 9459;
FlyBase: FBst0009459

w;; FoxO"24/ TM3

(Weber et al., 2005)

N/A

y'w; TubGeneSwitch/ CyO

(Sykiotis and
Bohmann, 2008)

N/A
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Table 2.1 Continued

Fly Line

Source

Identifier

w*; UAS FLAG-Rel 68
(w*; P{UAS-FLAG-Rel.68}i21-B; TM2/TM6C, Sh1)

Bloomington
Drosophila Stock
Center

BDSC: 55778;
FlyBase: FBst0055778

(y* sc™ vi; P{TRIiP.GL01005}attP40)

Drosophila Stock
Center

D. melanogaster: UAS-Bmm RNAI (GD) Vienna Drosophila VDRC:37877;

(w"; P{GD5139}v37877) RNAI Center FlyBase: FBst0462214
D. melanogaster: UAS-Key RNAI (GD) Vienna Drosophila VDRC:7723,;

(w"; P{GD1249}v7723) RNAI Center FlyBase: FBst0470808
D. melanogaster: UAS-Dredd RNAI (KK) Vienna Drosophila VDRC: 104726;
(P{KK110428}VIE-260B) RNAI Center FlyBase: FBst0476565
D. melanogaster: UAS-Rel RNAI (GD) Vienna Drosophila VDRC:49413;

(w*; P{GD1199}v49413) RNAI Center FlyBase:FBst0468440
D. melanogaster: UAS-Rel RNAI (KK) Vienna Drosophila VDRC: 108469;

(w*; P{KK109851}VIE-260B) RNAI Center FlyBase: FBst0480279
D. melanogaster: UAS-Rpd3 RNAI Bloomington BDSC: 36800;

FlyBase: FBst0036800

(W18; P{HMI-GAL4.A}2)

Drosophila Stock
Center

OreR (Oregon-R-C) Bloomington BDSC: 5

Drosophila Stock

Center
w8 Bmm Int A1-RFP This study N/A
w8 Bmm_Int WT-RFP This study N/A
D. melanogaster: UAS-PGRL-LC RNAi (KK) Vienna Drosophila VDRC: 101636;
(P{KK105287}VIE-260B) RNAI Center FlyBase: FBst0473509
D. melanogaster: UAS-PGRL-LE RNAI (GD) Vienna Drosophila VDRC: 23664;
(w8, P{GD14089}v23664) RNAI Center FlyBase: FBst0455134
D. melanogaster: UAS-Sir2 RNAI (GD) Vienna Drosophila VDRC: 23201;
(w18, P{GD11580}v23201) RNAI Center FlyBase: FBst0454875
D. melanogaster: UAS-AMPKalpha RNAI (GD) Vienna Drosophila VDRC:1827;
(w8 P{GD736}v1827) RNAI Center FlyBase: FBst0453086
D. melanogaster: w*; Hml-Gal4 (Delta) Bloomington BDSC: 30139;

FlyBase: FBst0030139

2.2 Generation of Transgenic Flies

To create transgenic flies carrying Brummer/NF-kB 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) kB binding site were

synthesized using gBlock technology (Integrated DNA Technology) and cloned into a ¢31-based
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DsRed (Chatterjee and Bohmann, 2012).T4 plasmid reporter system. Finally, the constructs were

injected into w-, attP40 embryos (Rainbow Transgenic Flies, Inc) (Table 2.5).

Bmm/ATGL intronic region containing wild type kB binding site:
GCATGCACGCATTGAATTGAATTTTATTGATAAGCTTGTTTGCGTTTGTAGGT
CGCTAGGAAGTCAATGGGGATCTTTCATAATTGACTGCGATAGTGTGTGTGTGTTTT
TGGGCGTGTTTGTCCAATTTCGAAGGGGGCTCGTCCCATCCGCTCAAAAGAAAACTG
CGGCGCAGTTGAAAAACCTTACGAAAACAGAAAAACAAGTTTCGTATGCCCGGGAC
AACGCACTTTTGTAAAGCGGCACCCGAATATATGGGCAAATGGTTGGGCACAGCGG
TGGGTATATGAATAGCAACGCAGTCCGAAAACATTTCATCAAACTCGAG
Bmm/ATGL intronic region containing mutant kB binding site:
GCATGCACGCATTGAATTGAATTTTATTGATAAGCTTGTTTGCGTTTGTAGGT
CGCTAGGAAGTCAATGTTTCATAATTGACTGCGATAGTGTGTGTGTGTTTTTGGGCG
TGTTTGTCCAATTTCGAAGGGGGCTCGTCCCATCCGCTCAAAAGAAAACTGCGGCGC
AGTTGAAAAACCTTACGAAAACAGAAAAACAAGTTTCGTATGCCCGGGACAACGCA
CTTTTGTAAAGCGGCACCCGAATATATGGGCAAATGGTTGGGCACAGCGGTGGGTA

TATGAATAGCAACGCAGTCCGAAAACATTTCATCAAACTCGAG

2.3 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 **C-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
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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 (CHCls: 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 was 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.

2.4  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 11l (Invitrogen). Quantitative Real-Time PCR (qRT-PCR) was
performed using SYBR Green, the Applied Biosystems StepOnePlus Real-Time PCR system, and
the primer sets described in Table 2.2. 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.

2.5 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

44



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.

Table 2.2 List of primer used in gRT-PCR

Gene Forward Reverse

Relish CATCAGGAGACAGAGCGTGA CCGACTTGCGGTTATTGATT

Kenny TGACAAGGTCAACCAAACCA CCTGCTCCTTTAGCCTGATG

Dredd CAGGAGATCCACTTCGCTTC CGACTGCTGGTTATCCGATT
Brummer CAATAAGGGTCTGGCCAACTGGAT TAAGTCCTCCACCATTACTCTGGC
dHSL ATGAGTGGCTTTCCCAACTG CATGGCTTCGTTGGATAACA

dLip4 TGGATAGCTCAGCCACTT GCGGGTATATCATGCTTTCC
CG5966 CTGCAATCACATTCGCAGTC TGCTCCTGGTAATCCTCCTG

YIP2 CGGTCTTAAGGGTGAGCAA ACATTACGGGCAATGAAAGG
dACC CTATCGCTATGGTTACCTGCCGTA AACATGATCTGTGTGCCACCCAA
dFASN1 TGATGGCCGGTATTCTGGAAGAGA ATTGCTCATCAGCTCAGCGAACCT
Dipt TTCATTGGACTGGCTTGTGCCTTC TGAGGCTCAGATCGAATCCTTGCT
Drs AAGTACTTGGCCCTCTTCGCT TCCTTCGCACCAGCACTTCAGACT
FoxO TCTCGCCGAACTCAGTAACC CCTCCAGGCATTGTCCTATC

Thor CACTTGCGGAAGGGAGTACG TAGCGAACAGCCAACGGTG
Actin5c CTCGCCACTTGCGTTTACAGT TCCATATCGTCCCAGTTGGTC
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2.6 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.

2.7 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 pl 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.

2.8 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
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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.

2.9 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.
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2.10 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, 1ImM 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, 1ImM 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
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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 gRT-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, 71028).

Table 2.3 List of primers used in ChIP analysis

Gene Forward Reverse

R1 (Bmm locus) GCTTGTTTGCGTTTGTAGGTC TTCGAAATTGGACAAACACG

R2 (Bmm locus) TGTCGCTGACAATCAAAAGC TTCTGGGTGGAGTTTGGAAC
Act5cP AACCCCCAAATTGAATCACA GAGAATTTCCTCCGCAACTG

Dipt” AAGAAAGATCCCCTGGTGGT TTTTATAGGCCGCTTTCCAA

FR1 (Bmm locus) CACCGCGCCGCAATGAATGTATAA | TTCAATCACTGTTTGTCGGTCGGC
Drosophila

Negative Control

Primer Set 1 Active Motif 71028
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2.11 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.

2.12 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.

2.13 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 Ecc15 (Erwinia carotovora carotovora 15, gram-negative bacteria, ODsoo ~ 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.
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2.14 Quantification and Statistical Analysis

All p-values were calculated using the Student’s t test with unpaired samples. All error bars

represent standard error.

2.15 Key resources, reagents and services

Table 2.4 List of antibodies used for ChlIP and immunostaining assays

Antibody Source Identifier
Normal Goat serum Rockland B304
Anti-Relish RayBiotech RB-14-0004
Anti-Histone H3 (acetyl K9) abcam ab4441
Alexa Flour 488-conjugated Anti-Rabbit 19G Jackson 119191
Immunoresearch

Anti-dFoxO (Kang et al., 2017) N/A

Table 2.5 Software and services
Software and services Source Identifier
FlyBase https://flybase.org/

gBlock Gene Fragments

Integrated DNA Technology

https://www.idtdna.com/pages

DNA Sequencing Eton Bioscience

https://www.etonbio.com/

Transgenic Flies Rainbow Transgenic Flies

https://www.rainbowgene.com/

Clover Software (Frith et al., 2004)

N/A

Table 2.6 List of equipment

Equipment and other Source Identifier
StepOnePlus Real-Time PCR systems Applied Biosystems N/A
Leica M165FC system Leica N/A
Nikon Eclipse Ti confocal system Nikon N/A
Capillaries VWR 53432-706
Bioruptor/sonicator Diagenode UCD-200
96-well EIA/RIA plate VWR 29442-322
Pierce Protein A magnetic beads Thermo Fisher 88845
Scientific
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Table 2.7 List of chemicals, peptides and recombinant proteins

Chemicals, Peptides, and Recombinant Proteins Source Identifier
14C-labeled Glucose (Glucose, D-[**C(U)]) PerkinElmer NEC042X050UC
Alexa Fluor 488 Phalloidin Thermo Fisher Scientific A12379
DAPI (4’,6-Diamidino-2-Phenylindole, Thermo Fisher Scientific D1306
Dihydrochloride)
Drosophila Agar, Type Il Genesee 66-103
Malt Extract Genesee 62-110
Inactive Dry yeast Genesee 62-106
Cornmeal Genesee 62-101
Propionic acid VWR TCP0500-500mL
Methyl 4-Hydroxybenzoate VWR 97061-946
Sucrose VWR 97063-788
Folch reagent This paper N/A
Trizol Life Technologies 15596018
Superscript 111 Reverse Transcriptase Life Technologies 18080-044
iTaq Universal SYBR Green Supermix Biorad 1725121
DreamTaq PCR Master Mix Thermo Fisher Scientific K1081
Sph I-HF New England BioLab R3182S
Xho | New England BioLab R0146S
CutSmart Buffer New England BioLab B7202S
T4 DNA Ligase New England BioLab MO0202T
RNase A QIAGEN 19101
Oil Red O abcam ab150678
Nile Red Life Technologies N1142
Phosphoric acid VWR 97064-780
Brilliant blue Sigma-Aldrich B0149
Protease Inhibitor Cocktail Thermo Fisher Scientfic 78440
Proteinase K VWR 0706
LB Agar BD 244520
LB Broth BD 244620
LiCl Amresco 0416-100G
KCI J.T.Baker 3052-01
CaCl2 Macron 4160-12
PMSF Thermo Fisher Scientific 36978
Sodium Deoxycholate Alfa Aesar (by Thermo Fisher J622-88
Scientific)
Penicillin/ Streptomycin Gibco 15140-122
Ampicillin Sigma-Aldrich A0166
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https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwiE_qfn2o7UAhVD5yYKHc3QCokQFghYMAM&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsial%2Fb0149%3Flang%3Den%26region%3DUS&usg=AFQjCNHpTz5i9tfkqpxERZv8Y2EJK4zbMA&sig2=3VFygJxd-07_LXP21kf4oQ

3. RESULTS®

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

In order to explore mechanistic connections between NF-«kB and various metabolic control
networks, we first assessed lipid homeostasis in Drosophila lacking functional Relish (utilizing
the rel®2 allele) independent of pathogenic infection. Relish is similar to mammalian p100/p105
NF-«B proteins and contains a Rel-homology domain (N-terminal, involved in DNA binding and
dimerization, as well as ankyrin repeats (C-terminal) (found in mammalian inhibitory IxBs)
(Buchon et al., 2014; Hetru and Hoffmann, 2009). During ad libitum feeding, NF-kB/Rel mutant
adult female flies (relf2° / rel®2%) had significantly less organismal triglycerides (TAGs) compared
to genetically matched controls (either OreR or rel¥° / + heterozygote flies, 7 days old post-
eclosion; (Figure 3.1A) and (Rynes et al., 2012)).

However, these changes in TAG correlated with decreases in acute and chronic feeding
(Figure 3.2A), and can be rescued by high-calorie (sugar) diets (Figure 3.2B), suggesting that
steady-state differences in lipid homeostasis are potentially driven by changes in feeding behavior.

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,

but not in the intestine (Figure 3.3 and (Kamareddine et al., 2018)).

’ Reprinted with permission from Molaei, M., C. Vandehoef, and J. Karpac, "NF-kappaB Shapes Metabolic
Adaptation by Attenuating Foxo-Mediated Lipolysis in Drosophila." Dev Cell, 2019. 49(5): p. 802-810 e6. Copyright
2019 Elsevier.
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Figure 3.1 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, relE20/+ (heterozygote
control), or relE20/relE20 (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. All bars and line graph markers
represent mean+SE. All flies were 7 days old post-eclosion.
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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. rel®?9/rel®?° mutant flies are sensitive to starvation
compared to control flies (Figure 3.1B). Furthermore, Relish-deficient animals display 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, Figure 3.1A). These changes in TAG levels correlate with a strong
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reduction of stored neutral lipids/lipid droplets in carcass fat body (Figure 3.1C-D), suggesting

that there is enhanced or accelerated lipid breakdown during metabolic adaptation in these animals.
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Figure 3.2 Feeding behavior and the effect of diet(A)Relish-dependent changes in feeding behavior.
relE20/relE20 (mutant) female flies display decreases in food intake using both the Blue Dye feeding assay (n=3-6
cohorts of 5 flies, measured ZT(8-10) after 1.5 hours feeding) and the CAFE assay (n=7 samples measured after 24
hours and 48 hours); compared to relE20/+ controls. Note: relE20/relE20 mutant show stronger decreases in acute
food intake (Blue Dye, 1.5 hours) as opposed to chronic (CAFE, 48 hours). (B) Relish-dependent (relE20/relE20
mutant) changes in total triglyceride (TAG) levels (whole flies) during ad libitum feeding (compared to relE20/+
controls) can be minimized by feeding a high calorie/high sugar diet (n = 5 samples). Bars represent mean £ SE. All
flies were 7 days old post-eclosion.
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Figure 3.3 Relish-dependent changes in lipid content in fat body compared to intestine. Oil
red O (ORO) neutral lipid stain in dissected (A) fat body/carcass and (B) intestine from relE20/relE20 (mutant)
female flies compared to relE20/+ control flies. Images from intestine taken from anterior midgut. Note:
relE20/relE20 mutant show variable decreases in lipid storage in fat body, but not in the intestine. Percentages
represent relative contribution of mild (top panel) or strong (bottom panel) lipid storage defects from 45 unique fat
body/carcass dissections from multiple, independent experiments. All flies were 7 days old post-eclosion.
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Since Relish in involved in the immune response against infection, we measured TAGs
levels in both standard reared flies and germ-free reared flies. rel¥?%rel®2° mutant flies had less
organismal TAGs level compared to control flies (rel¥?%/+) in both standard and germ-free
conditions. However, there was no significant difference between standard and the germ-free
condition within the control or within mutant groups, suggesting that Reslih-dependent changes in

TAGs levels are not due to microbial dysbiosis (Figure 3.4).
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Figure 3.4 The effect of microbial dysbiosis on lipid content of flies. Relish-dependent changes in
triglyceride levels during ad libitum feeding are not caused by microbial dysbiosis. Colony forming units (CFU per
fly, n = 4) and total triglyceride (TAG) levels of whole flies (n = 4 samples) in standard rearing conditions (Std.) or

germ-free rearing conditions (GF); genotypes relE20/+ (control) or relE20/relE20 (mutant). Bars represent mean +
SE. All flies were 7 days old post-eclosion.

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
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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 rel?
/ relf2° mutant flies during fasting (

Figure 3.5). These data suggest that Relish function in fat body is required to acutely maintain lipid

homeostasis throughout the course of metabolic adaptation.
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Figure 3.5 Re-expressing Relish in fat body of Relish-deficient flies restores metabolic
adaptation responses.(A) Starvation resistance of female flies (CGGal4/+; rel¥/+ (control), CGGal4/+;
rel¥2%relf?° (mutant), or CGGal4/UAS-Rel; relf°/rel? (Rescue)). n = 5 cohorts (total 79-98 flies). The red arrow
indicates time-point of fasting assays. (B) Total TAG levels of whole flies (n = 4-5 samples) and (C) ORO stain of

dissected carcass/ fat body before and after fasting (20 hours). All bars and line graph markers represent mean+SE.
All flies were 7 days old post-eclosion.

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-RelRNAT KK and GD). First, we examined the efficiency

of these RNAI lines using a Tubulin-GeneSwitch-Gal4 (TubGS, a ubiquitous driver that is induced
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by RU486 drug). Flies carrying RNAI lines (TubGS>UAS-RelfNA KK and UAS-Rel™NA GD) had
lower levels of Relish mRNA compared to control flies (TubGS> W8), confirming that these
RNA lines can efficiently attenuate Relish activity (Figure 3.6A).

Attenuating Relish in fat body of female flies (CGGal4>UAS-RelRNA) |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!!'8) (Figure 3.6B-D). As expected,
fasting-induced changes in fat body lipid storage occur before significant decreases in total TAG
levels of whole animals are observed (Figure 3.6).

The observed phenotypes were confirmed with an independent fat body driver (PplGal4;
Figure 3.6E-G), and similar results were found utilizing males (Figure 3.7) but not when utilizing
another immune cell (hemocyte) driver (HmlGal4Figure 3.8). 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
(CGGal4>+ (W8 (Figure 3.9).

In order to confirm that observed lipid phenotypes are due to attenuation of Relish activity,
and not the mere effect of different genetic background of fly lines, we performed additional
control experiments. Organismal TAG levels, as well as starvation sensitivity of UAS-RelRNAI
KK/+ and UAS-RelRNAi GD/+ flies, were similar to control (+/+ (W*!8)), ruling out the effect

of genetic background or or UAS-Rel NAI transgenes on the lipid homeostasis. (Figure 3.10).

58



A OTubGS>+ (w) Relish

M TubGS>UAS Relmnairr
TubGS>UAS Rel™aie0 = 0
S
o
£ pars 8
i — =
002 i 2
- 2
= =
& 4
0 -
+ RU486
B OcGGa>+ (w) (od Fasted (64 Hrs}) Fasted (90 Hrs)
M CGG4>UAS Refrnanx R
CGG4>UAS-Rel"~'o°
100 — 0.4 P01
&0
= Q= :[ @
2 o = 2
g 3 F
40 g g E
= ze E
*p<005 -
20 ?
i} o

Fed Fasted

{90 Hrs)
E OPrpiGalas+ (we) F OrpiGala>+ (wr)
B PpiGal4>UAS Relmaim PplGald>UAS Relioo G LolEEs FLERRET | lesEs
100 S==eeg
TE g
80 T - g
_ I 3
2 I %
s =] ¥ '
@ T
= an « I :
T 1} == B
* L ’ 5
p<0gs
20
? : S
o o o E
0 48 96 144 &
W

Figure 3.6 Relish function in fat body directs lipid metabolism in response to metabolic

adaptation. (A) UAS-Rel RNAI efficiency. Changes in relish transcription (measured by gRT-PCR in whole
flies) upon ubiquitous Relish depletion (RNAI line v108469-KK and v49413-GD) using Tubulin-GeneSwitch-Gal4
(TubGS) after 5 days feeding RU486; compared to controls (TubGS>+(w!8)). n = 4 samples. (B-D) Changes in
lipid metabolism and survival upon Relish depletion (RNA. lines v108469-KK and v49413-GD) in fat body
(CGGal4). (B) Starvation resistance of female flies. n = 6 cohorts (total 139-149 flies). The red arrow indicates time-
point of fasting assays. (C) Total TAG levels of whole flies (n = 4-5 samples) and (D) ORO stain of dissected
carcass/ fat body (only RNAI v108469-KK shown) before and after fasting (64 and/or 90 hours). (E-G) Changes in
lipid metabolism and survival upon Relish depletion (RNA. lines v108469-KK and v49413-GD) in fat body
(PplGal4). (E-F) Starvation resistance of female flies. n = 6 cohorts (total 110-141 flies). (G) Oil Red O (ORO)
neutral lipid stain of dissected carcass/ fat body before and after fasting (72 hours). All bars and line graph markers
represent mean+SE. All flies were 7 days old post-eclosion.
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Figure 3.7 Changes in lipid metabolism and survival upon Relish depletion in fat body of

male flies. (A) Starvation resistance of male flies. n = 5 cohorts (total 90-95 flies). (B) Total triglyceride (TAG)

levels of whole male flies (n=5 samples, before and after fasting (48 hours)). All bars and line graph markers
represent mean+SE. All flies were 7 days old post-eclosion.
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Figure 3.8 Absence of changes in lipid metabolism and survival upon Relish depletion in
hemocytes of female flies.(A) Starvation resistance of female flies. n = 4 cohorts (total 77-80 flies). (B) Total

triglyceride (TAG) levels of whole male flies (n=3 samples, before and after fasting (90 hours)). All bars and line
graph markers represent mean+SE. All flies were 7 days old post-eclosion
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Figure 3.9 Changes in fasting-induced lipid metabolism upon Relish over-expression. (A)
Full-length Relish (UAS-Rel) and (B) The tagged N-terminal active fragment (UAS-FLAG-Rel.68)) in fat body
(CGGal4). Total TAG levels of whole female flies (n=5 samples, before and after fasting (108 hours)). Control
genotype CGGal4/+ (w*''®). Bars represent mean + SE. All flies were 7 days old post-eclosion.
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Figure 3.10 UAS-Rel RNAI transgenes alone do not affect fasting-induced triglyceride

metabolism or survival during metabolic adaptation. (A-B) Total TAG levels of whole female flies
(n=5 samples, before and after fasting (90 hours)) and (C-D) starvation resistance of female flies (n = 5 cohorts, total

89-96 flies) from UAS-Rel RNAI/+(w8) and +/+(w8) female siblings. All bars and line graph markers represent
meanzSE. All flies were 7 days old post-eclosion.

Furthermore, attenuation of upstream components of the Relish signaling pathway
phenocopies these Relish loss-of-function effects on lipid metabolism during metabolic adaption

(Figure 3.11). Relish is governed by conserved regulators TAK1 and the IKK (IkB Kinase)
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signalosome (which consists of homologs of both IKKp (Drosophila IrdS) and IKKY/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).

First, we assessed the efficiency of UAS-Key®NA" and UAS-DREDDRNA in attenuating the
correspondence mMRNA level (same method that was used for UAS-RELRNA'lines) (Figure 3.11A)

Inhibiting Kenny or DREDD in fat body of female flies (CGGal4>UAS-DREDDRNA or
KeyRNA) leads to starvation sensitivity, as well as the accelerated loss of organismal TAG levels
and fat body lipid storage in response to fasting (compared to control flies (CGGal4>w!'*8, Figure
3.11B-E). Similarly, attenuating upstream receptors usually required for NF-kB/Relish activation
(PGRP family members PGRP-LC (trans-membrane) or PGRP-LE (cytoplasmic)) also leads to
decreased lipid storage in fat body after starvation (Figure 3.11F), 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.
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Figure 3.11 The effect of upstream components of Relish/Imd pathway on lipid metabolism

in response to metabolic adaptation.(A) RNAI efficiency. Changes in kenny or dredd transcription
(measured by gRT-PCR in whole flies) upon ubiquitous depletion (Kenny (Key) RNAI line v7723-GD and Dredd
RNA.I line v104725-KK) using Tubulin-GeneSwitch-Gal4 (TubGS) after 5 days feeding RU486; compared to
controls (TubGS>+(w!'8)). n = 4 samples. (B-E) Changes in lipid metabolism and survival upon Kenny or Dredd
depletion (RNA. lines v7723-GD (Key) and v104726-KK (Dredd)) in fat body (CGGal4) of female flies. (B-C)
Starvation resistance of female flies. n = 7 cohorts (total 140-149 flies). (D) Total triglyceride (TAG) levels of whole
female flies (n=5 samples, before and after fasting (90 hours)) and (E) Oil Red O (ORO) neutral lipid stain of
dissected carcass/ fat body before and after fasting (72 hours). Control genotype CGGal4/+ (w*'8). (F) Changes in
lipid metabolism upon PGRP-LC or PGRP-LE depletion (RNA. lines v101636-KK (LC) and v23664-GD (LE)) in
fat body (CGGal4) of female flies. Oil Red O (ORO) neutral lipid stain of dissected carcass/ fat body before and
after fasting (64 and 90 hours). Control genotype CGGal4/+ (w''!8). Bars and line graph markers represent mean +
SE. All flies were 7 days old post-eclosion.
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3.2 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 is shown in Figure 3.12).
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Figure 3.12 Relish-dependent changes in the expression of metabolic genes in response to

metabolic adaptation. Drosophila HSL (dHSL), lip4, CG5966, bmm, Y1P2 (yippee interacting protein
2/thiolase), ACC (acetyl-CoA carboxylase), and FASNL1 (fatty acid synthase) transcription (measured by gRT-PCR
in whole flies) before and after fasting (20 hours). relE20/+ (heterozygote control), or relE20/relE20 (mutant)
genotypes. n = 3 samples. Bars represent mean + SE. All flies were 7 days old post-eclosion.

Specifically, we identified the lipase Brummer (Bmm) as being regulated by Relish (Figure
3.12 and Figure 3.13A). Bmm is the Drosophila homolog of mammalian adipose triglyceride
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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, bmm transcription is mildly induced during acute fasting, but in rel®2 / rel®2® mutant flies
bmm expression is strongly up regulated (from whole flies). These Relish-dependent changes in
bmm transcription appear unique, as Relish-deficiency does not impact fasting-induced changes in
other lipases such as Drosophila hormone-sensitive lipase (dHSL), Drosophila lipase 4 (dLip4) or
CG5966 (Figure 3.13A).

In addition, similar results were found in dissected fat body with specific attenuation of
NF-kB/Relish in this same tissue (CGGal4>UAS-Rel?NA KK Figure 3.13B-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 (**C-glucose) into lipids during fatty acid synthesis in vivo. After acute feeding (1.5 hours)
of a diet containing 1*C-glucose, Relish mutant flies show drastic changes in glucose-incorporation
(synthesis) that is likely due to changes in feeding behavior (Figure 3.13D and Figure 3.2). Sixteen
hours of feeding minimized these differences in synthesis, and subsequent analysis of newly
synthesized *C-labeled lipids during fasting showed an increased rate of breakdown in rel5% /
rel®29 mutant flies (47% in mutants compared to 20% in controls, Figure 3.13D). This change in

the rate of breakdown correlated with increases in free fatty acids (Figure 3.13E).
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Figure 3.13 Relish controls fasting-induced triglyceride lipase Bmm transcription and

lipolysis. (A) Drosophila HSL, lip4, CG5966, and bmm transcription (measured by gRT-PCR in whole flies,
plotted as fold induction (20 hours fasted/fed) of relative expression). rel¥2%/+ (heterozygote control), or rel®2°/rel520
(mutant) genotypes. n = 3 samples. (B-C) Changes in lip4, CG5966, and bmm 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 **C-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 **C-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/+; rel=/+ (control), CGGal4/+; relf?%/relf?° (mutant), or CGGal4/UAS-Bmm RNA:;
rel®2%rel®° (Rescue)). Bars represent mean + SE. All flies were 7 days old post-eclosion.

Finally, genetically attenuating Bmm lipase in fat body (CGGal4>UAS-BmmRNA
(Baumbach et al., 2014)) can rescue the accelerated loss of lipid storage/triglycerides in rel20 /

rel®2° mutant flies during fasting (Figure 3.13F-G).
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These data collectively reveal that Relish function is required to limit fasting-induced Bmm
gene expression and subsequently restrain triglyceride lipolysis during metabolic adaptation.

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 (kB sequence sites identified as GGG R N YYYYY, (Busse et al., 2007))
throughout the first intron of the Bmm locus (Fig. 3.14A).

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, Figure 3.14A).

We also cloned this putative Bmm regulatory region upstream of RFP in order to generate
in 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), Figure 3.14B). 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, Figure 3.14B). Thus, this Relish binding site within the

first Bmm intron acts as an important regulatory region to limit induced gene expression.

67



A, Bme, 4 \ Fasted (48 Hrs) Fasted (72 Hrs)
A I ] I
R1 RrR2
R M o-Rel (Fed)
ENGS (Fed)

Oa-Rel (Fasted)

a4

| I! Wm =

Act5c? Dipt”

ChIP ! Input
(FC compared to NC)

Figure 3.14 Relish binds to the regulatory region in Bmm locus. (A) Schematic shows Bmm locus
(focusing on first intron proximal to transcription start site) and putative NF-kB/Rel binding motifs (identified by
Clover). R1 and R2 represent regional target sites (and corresponding primer sets) tested in ChlIP-qPCR analysis.
The histogram represents ChlP-gPCR analysis of Relish binding to the Bmm locus (compared to the Actin5c
promoter (Act5c”) and the Diptericin promoter (Dipt®) 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). Bars represent mean + SE. All flies were 7 days old
post-eclosion.

Relish binding at this region is similar in fed and fasted states (Figure 3.14A). 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 (Figure 3.15A and
Figure 3.14A). Second, metabolic adaptation did not significantly alter nuclear localization of
Relish in fat body (Figure 3.15B). 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
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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-kB-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 relf2° / rel2° mutant flies display a significant enrichment (compared
to controls) of H3K9ac at the site of Relish binding (Figure 3.16A), 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 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,Figure 3.16B) and accelerate fat body lipid usage (Figure 3.16C).

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.
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Figure 3.15 Relish transcriptional activation function is not elevated during fasting. (A)
Drosophila drs (Drosomycin) and dipt (Diptericin) transcription (measured by gRT-PCR in whole flies) before and
after fasting (20 hours). relE20/+ (heterozygote control), or relE20/relE20 (mutant) genotypes. n = 4 samples. (B)
Relish immunostaining in carcass/fat body before and after fasting (20 hours; OreR female flies). Stained with anti-
Rel and nuclei visualized with DAPI (blue). Weak Rel signal is detected in the nucleus during fed and fasted
conditions, however, the staining is slightly more perinuclear during ad libitum feeding (upper right panel). Bars
represent mean + SE. All flies were 7 days old post-eclosion.

3.3 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 (Figure 3.17A). 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 (Figure 3.18). 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
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(Figure 3.18C-D (from dissected fat body) and (Chakrabarti and Kandror, 2009; Kang et al., 2017;

Wang et al., 2011)).
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Figure 3.16 Relish regulates Bmm expression though modifying histone acetylation of Bmm

regulatory region. (A) ChIP-PCR analysis of H3K9ac enrichment in R1/Relish-binding region of the Bmm
locus in wild type (WT; OreR) and rel®®/rel®2° (mutant) genotypes before and after fasting (20 hours). n=3
biological replicates. (B) 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. (C) Changes in lipid metabolism upon Rpd3 depletion (RNAi TRiP
36800) in fat body (CGGal4) of female flies. Oil Red O (ORO) neutral lipid stain of dissected carcass/ fat body
before and after fasting (30 hours). Control genotype CGGal4>UAS-Luciferase RNA. (slight variation in control
phenotype after fasting is highlighted with two independent images). Bars represent mean + SE. All flies were 7
days old post-eclosion.
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Figure 3.18 Upregulation of Bmm in response to fasting is FoxO-dependent. (A-B) Changes in
bmm transcription (measured by gRT-PCR in whole flies) upon fat body-specific depletion of Drosophila (A)
AMPKo, (RNAI line v1827-GD) and (B) Sir2 (homolog of SIRT1; dSir2 RNAI line v23201-GD) using S106-
GeneSwitch-Gal4 after 5 days feeding RU486; compared to controls (mock (EtOH) treated siblings) before and after
fasting (90 hours). n = 4-5 samples. (C-D) Changes in bmm transcription (measured by qRT-PCR in whole flies or
dissected fat body) before and after fasting (64 hours) in (C) FoxO mutant (w'8;; FoxO*/Fox0“°4) and control
(wt8) genotypes, as well as upon (D) FoxO depletion (RNAI line v106097) in fat body (CGGal4). n = 4 samples.
Bars represent mean + SE. All flies were 7 days old post-eclosion.

Full Relish/FoxO double mutant animals (using the FoxO?* allele) are synthetic lethal

during metamorphosis (rel%°, FoxO?* / rel®%°, FoxO?*, Figure 3.19A). However, simply reducing
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FoxO gene-dose in NF-kB/Relish mutant flies (rel¥?°, FoxO?*/ relf2%) completely rescues fasting-
dependent increases in Bmm expression (from whole flies), starvation survival rates, and increases
in lipolysis (accelerated loss of lipid storage) in Relish-deficient flies during metabolic adaptation
(Figure 3.19B-D). Furthermore, attenuating FoxO specifically in fat body (CGGal4>UAS-
FoxORNA (Zhao and Karpac, 2017)) rescues the enhanced depletion of triglycerides/lipid storage
and starvation sensitivity associated with rel?° / relf?9 mutant flies during fasting (Figure 3.19E-
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 (Figure 3.20A), while the expression of FoxO is not Relish dependent (3.20B).
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.
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Figure 3.19 FoxO and Relish antagonism dictate fasting-induced Bmm transcription and

lipolysis. (A) Percent eclosion of adult animals of indicated mutants / double mutants. n = 67-90 animals. (B)
Changes in bmm transcription (measured by gRT-PCR in whole flies) before and after fasting (20 hours) in controls
(rel®%/+ and rel?°, FoxO%/+), mutant (rel®°/rel®?%) and mutant with reduction in FoxO gene dose (relf?,
FoxO?/rel®?°) genotypes. n = 3 samples. (C) Starvation resistance of Relish-deficient female flies with reduction in
FoxO gene dose (n = 4 cohorts (total 68-78 flies)), and (D) ORO stain of dissected carcass/ fat body before and after
fasting (20 hours). (E-G) Attenuating FoxO (RNA. line v106097) in fat body (CGGal4) of Relish-deficient flies
restores metabolic adaptation responses. (E) Starvation resistance of female flies (CGGal4/+; rel¥?%/+ (control),
CGGal4/+; rel¥%/relF2° (mutant), or CGGal4/UAS-FoxO RNAI; rel%/rel¥2 (Rescue)). n = 6 cohorts (total 117-140
flies). The red arrow indicates time-point of fasting assays. (F) Total TAG levels of whole flies (n = 5 samples) and
(G) ORO stain of dissected carcass/ fat body before and after fasting (20 hours).
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Figure 3.20 Binding of FoxO TF to Bmm locus is enhanced upon fasting. (A) Schematic shows
Bmm locus (focusing on the upstream promoter and first intron proximal to transcription start site), as well as FoxO
and NF-xB/Rel binding motifs. FR1 represents regional target site of FoxO binding (and corresponding primer set)
tested in ChIP-gPCR analysis. The histogram represents ChIP-gPCR analysis of FoxO binding to the Bmm
promoter/locus in fed (left panel) and fasted (20 hours; right panel) 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 samples. (B) Drosophila FoxO transcription (measured by gRT-PCR in
whole flies) before and after fasting (20 hours). relE20/+ (heterozygote control), or relE20/relE20 (mutant)
genotypes. n = 3 samples. All bars and line graph markers represent mean+SE. All flies were 7 days old post-

eclosion.
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4. CONCLUSIONS AND FUTURE DIRECTION

This study aimed to uncover the role of Relish innate immune transcription factor, the
orthologue of mammalian NF-«B, in the control of cellular lipid homeostasis. Our lipid analysis
and starvation sensitivity assays (Figures 3.1, 3.5 and 3.6) revealed that Relish in the fat body plays
an important role in the regulation of lipid homeostasis during metabolic adaptation. More
precisely, Relish prevents excessive triglyceride hydrolysis during fasting and therefore, is
required for maintaining lipid storage in fat body. Consistent with our findings, the effect of Relish
on the triglyceride content of flies was previously reported by Rynes et al. (Rynes et al., 2012).
NF-xB signaling pathway is also linked to lipid metabolism in mammals, through its regulatory
effect on PPAR-y? (Gao et al., 2006; Kim et al., 2006; Nunn et al., 2007). However, it is not clear
whether NF-xB can directly affect lipid storage/content in mammals. Also, we would like to
mention that the methods used in our study (TAGs measurement kit, ORO and Nile staining
(described in sections 2.5-7)) are incapable of distinguishing the different types of TAGs (different
number of carbon, short-chain versus long-chain, and saturated versus unsaturated fatty acids) or
other esterified lipids such as cholesterol. Therefore, a future direction would be performing
lipidomics analysis in order to explore how elevated Bmm expression in Relish deficient flies may
influence specific types of TAGs or other esterified lipids. This analysis can be particularly
important to determine whether there is a Relish-dependent change in the amount of signaling

lipids stored in the lipid droplets such as eicosanoids.

10 PPARYy is a major regulator of lipid metabolism. A study suggested that it is involved in transactivation of
ATGL.
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Our feeding behavior assays (Figure 3.2) suggested that Relish positively impacts appetite.
In mammals, several studies have also linked NF-xB pathway to the regulation of feed intake.
However, in contrast to our results, mammalian studies have highlighted the anorexic effect of
NF-«xB. For example, upregulation of IL-1 a and IL-1p, both targets of NF-«B transcription factor,
is associated with anorexia in cancer, a condition in which NF-«B is elevated and promotes
inflammation (Gupta et al., 2011). In addition, it is known that activation of NF-kB in
hypothalamus (by LPS or leptin) leads to anorexia through induction of POMC (pro-
opiomelanocortin, a precursor of anorexigenic melanocortin) (Jang et al., 2010). In central nervous
system (CNS), MyD88, an upstream component of NF-xB pathway, is responsible for inhibition
of leptin in response to diet-induced obesity (Kleinridders et al., 2009). Similarly,
overnutrition/obesity-induced TLR signaling in adipose tissue leads to disruption of leptin
function®® through IKKp (Baker et al., 2011). This controversial observation might be due to the
effect of upregulated NF-«B in disease condition (obesity, inflammation, and cancer in mammalian
studies) versus the steady-state function of NF-kB in healthy organisms under normal conditions
(our study). In other words, NF-xB pathway may promote or inhibit appetite according to the
organism's condition and tissue. Another possible explanation is the diverged mechanism of food
intake in mammals and flies due to the more complexity of organs in mammals.

Transcriptional analysis of several lipases and rescue experiments (Figures 3.12 and 3.13)
provided evidence that inhibitory effect of Relish on fasting-induced lipolysis is through specific

repression of Bmm, the orthologue of mammalian ATGL lipase. ATGL/Bmm is the major

11 |eptin inhibits food intake/appetite through its effect on hypothalamus.
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triglyceride lipase, initiating and rate-limiting component of the lipolysis process in both mammals
and flies (Gronke et al., 2005; Schreiber et al., 2019). It is shown that decreased activity of this
lipase leads to increased fat storage and obesity, and enhanced activity is associated with weight
loss and lean animals (Gronke et al., 2007; Haemmerle et al., 2006). Thus, it is quite possible that
the dramatic decrease in lipid storage observed upon fasting in our study is due to overexpression
of Bmm in Relish-deficient flies.

Interestingly, the maximum of only two-fold induction of Bmm expression was observed
in our study (Figures 3.12, and 3.13), which led to a dramatic decrease in lipid content of Relish
deficient flies (Figures 3.1, 3.5, 3.6, and 3.13). These results suggest that Bmm is a non-processive
enzyme with a tight threshold of induction, and requires precise regulation in order to maintain
lipid homeostasis. Therefore, Relish might be required to limit the gene inducibility of Bmm.
Further research needs to determine whether Relish plays role in limiting the gene inducibility of
other metabolic genes with a tight induction threshold.

Transcription binding site analysis (using clover software), in vitro transcription reporter
assay (using transgenic flies), ChlP assays (using Relish and H3K9Ac antibodies) (Figures 3.14
and 3.16) and analysis of Bmm expression in HDAC1-attenuated flies (Figure 3.16) revealed that
NF-kB binds to a region within the first intron of Bmm gene in both fasted and fed condition.
Furthermore, upon fasting, Relish can repress the expression of Bmm by decreasing the acetylation
of Histone 3 at Lysine 9 (H3K9Ac)* within Bmm locus, likely through recruiting Rpd3

(Drosophila HDAC1). In line with our results, previous studies demonstrated that NF-kB could

12 An epigenetic marker that is associated with open chromatin and enhanced expression of genes.
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repress the expression of genes by recruiting HDACs (histone acetylases). These HDACs act as
co-repressors of NF-kB transcription factors (Gao et al., 2005). For instance, NF-kB/HDAC1 can
repress the expression of mir-424, mir-503, and gastrin (Datta De et al., 2013; Zhou et al., 2013).
In addition, IxBa (upstream component of NF-kB pathway) can inhibit PPAR-y activity by
promoting nuclear translocation of HDAC3 in response to TNF-a. Indeed, the inhibition of PPAR-
vy by TNF-a is not through decreasing the DNA binding activity of this TF but through IxkBa-
dependent translocation of HDAC3 (Gao et al., 2006).

Dong et al. reported that un-phosphorylated NF-«xB /p65 represses the expression of genes
by recruiting HDAC1. They proposed a model in which un-phosphorylated NF-«xB has the ability
to bind to NF-xB binding motif but is inefficient at recruiting CBP/p300 coactivator. Instead, it
recruits HDAC1, which leads to the repression of a subset of genes (Dong et al., 2008). Their
model, in fact, has some similarities to our observations. In our study, NF-kB/Relish binds to the
Bmm region in both fed and fasted conditions; however, binding of Relish does not impose any
detectable positive regulation during feeding/basal condition. Although our analysis using
upstream components of Relish pathway (Figure 3.11) suggest that proteolytic cleavage of Relish
is required for its effect on lipid metabolism, the Relish antibody used in this research (Table 2.4)
can detect both cleaved and un-cleaved form of Relish (Figure 3.14A). Therefore, we are not able
to determine if Relish attached to Bmm locus is the active cleaved form capable of inducing gene
expression or not.

Some studies have reported the assisted-recruitment and/or function of HDACL. For
instance, in Drosophila recruitment of HDAC1 to the promoter of Relish target genes is mediated

by an IkB protein named pickle (Morris et al., 2016). Moreover, it is shown that HDAC1 can make
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a complex with SMRT (Gao et al., 2005). Hence, future studies should investigate whether Relish
directly recruits HDAC1 or some other proteins such as pickle are involved as well. Also, if
HDAC1/Rpd3 creates a complex with SMRTE (orthologue of mammalian SMRT).

While we only assessed the H3K9 acetylation state of Bmm locus, and its regulatory effect
on Bmm expression, analysis of modEncode ChIP-Seq. database (Contrino et al., 2012) suggests
that other epigenetic markers such as H3K27ac, H3K4me3, and H3K4mel might be involved in
the regulation of Bmm as well. Additionally, non-acetylated histones are usually characterized by
DNA hyper-methylation at CpG islands (Gao et al., 2005; Guzik and Cosentino, 2018; Shakespear
etal., 2011). Thus, researchers may further examine the effect of these epigenetic markers, in order
to better understand the complexity of Bmm transcription.

Analysis of the mRNA level of Bmm in response to attenuation of different metabolic
factors/TFs (figure3.18) combined with the results of our rescue experiments (figure3.19) provided
evidence that Relish antagonizes FoxO transcriptional activity on Bmm locus. FoxO is a major
metabolic transcription factor. Induction of ATGL and Bmm by FoxO in response to starvation is
previously stablished (Chakrabarti and Kandror, 2009; Zhang et al., 2016). Furthermore, similar
to our findings, previous researches have demonstrated that regulation of many of NF-«xB target
genes requires the collaboration of NF-kB with another transcription factors such as STAT, AP1,
and IRFs (Grivennikov and Karin, 2010; Oeckinghaus et al., 2011; Zhong et al., 2006).

Our research shows that the deacetylation of Bmm locus, likely by HDACL1 leads to limited
FoxO-mediated transcription. The association of FoxO TFs and HDACs has been reported in
previous studies, although not in the same context and direction. For example, HDAC4 acts as a

coactivator of FoxO in response to fasting-induced Akh signaling. Association of FoxO with
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HDAC4 promotes expression of Bmm and lipolysis in flies (Choi et al., 2015; Wang et al., 2011).
In mammalian skeletal muscles, HDAC1 and HDAC?2 deacetylate FoxO3a. This deacetylation
results in enhanced nuclear localization and transcriptional activity of FoxO3a and promotes
muscle atrophy (Beharry et al., 2014). While these researches are not in the same direction and
context of our study, they still highlight the importance of HDACs in the regulation of FoxO
transcriptional activity. These differences in the function of HDACL1 are likely due to acetylation
of FoxO proteins versus histones located at FoxO target genes as well as, tissue and gene
specificity of FoxO-dependent transcription. Furthermore, it is plausible that this opposite function
of HDAC1 is required for the proper balancing of FoxO function.

Researchers have indicated that AMPK and SIRT1 may serve as upstream regulators of
FoxO and ATGL (Chen et al., 20123; Lo et al., 2019). However, we did not observe the AMPK-
dependent or dSir2 (orthologue of SIRT1)-dependent changes in bmm expression upon fasting
(Figure 3.18). Additionally, the expression of Lip4 (Figures 3.12 and 3.13), another FoxO target
gene, as well as FoxO TF itself (Figure 3.20) were not Relish-dependent. Collectively, these data
confirm that firstly, Relish represses Bmm expression by limiting FoxO-dependent transcription,
and secondly, this effect of Relish is not due to decreasing global activity of FoxO but more likely
through local chromatin/histone modifications at Bmm locus. Having that said, it is known that
NF-kB TFs also contribute to the regulation of the genes via expression or repression of miRNAs
(Boldin and Baltimore, 2012; Mann et al., 2017; Markopoulos et al., 2018). Therefore, the question
remains if Relish regulates Bmm by induction of a specific miRNA in addition to histone

acetylation.
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Our research revealed that Relish regulates expression of Bmm, which is a FoxO target
gene. Interestingly, FoxO transcription factor is also involved in the regulation of immune genes
independent of infection and according to energy (Wang et al., 2014). Indeed, FoxO can induce
expression of Relish, Dredd, Key (Dredd and Key are upstream components of Relish pathway),
and some Relish-target AMPs. The promoter of these AMPs carries FoxO binding motif, which
allows regulation of these immune genes by FoxO and according to nutritional condition (Becker
et al., 2010; Li et al., 2012; Varma et al., 2014). In addition, in the intestine of flies, FoxO can
repress PGRP-SC2, which is the inhibitor of Imd/Relish pathway (Guo et al., 2014). This function
of FoxO is important in maintaining immune homeostasis while the organism is facing energy
changes. Collectively, our study, combined with previous reports regarding the effect of FoxO on
immunity, suggests that FoxO and Relish collaboration is required to maintain both immune and
lipid homeostasis. However, future studies need to explore whether other metabolic FoxO target
genes are regulated by Relish.

Another intriguing question that might be addressed in the future is how the organism may
benefit from the inhibitory effect of NF-xB on lipolysis. It is known that fatty acids act as an
inducer of NF-xB pathway (Lee et al., 2003; Yin et al., 2014). Therefore, one plausible answer is
that NF-xB indeed tries to block a positive feedback loop, and therefore prevents inflammation
and avoids spending of energy on immune response during fasting, when, in fact, energy is more
required for dormancy (energy-preserving catabolic metabolism). While our current data is not
supporting this hypothesis, since we did not observe upregulation of Dpt during acute fasting
(Figure 3.15), this hypothesis might still be valid during chronic low energy intake, or in regard to

other targets of Relish.

82



Triglyceride form the main part of lipid droplets. During fasting, triglycerides in the lipid
droplets undergo hydrolysis to provide energy for energy-consuming organs. In addition to TAGs,
lipid droplets contain esterified lipids such as cholesterol and are sites for synthesis and/or storage
of eicosanoids and some other signaling lipids as well as some transcription factors. Interestingly,
these dynamic organelles also serve as a repertoire of antiviral and antibacterial proteins and
therefore, play a role in immune responses (Arrese et al., 2014; den Brok et al., 2018; Welte, 2015).
Our data demonstrated that attenuation of Relish function leads to less and smaller lipid droplets
in the fat body of adult flies (Figure 3.1D). Thus, one can argue that Relish strives to maintain the
immune function, as well as the potential signaling transduction function of lipid droplets by
repressing fasting-induced lipolysis. In order to better dissect the role of Relish in signaling and
distinguish the immune and metabolic function of this transcription factor, we are considering two
approaches. Firstly, as previously mentioned, performing lipidomic and proteomic analysis of lipid
droplets will help to determine whether there is a change in the amount of signaling molecules
(protein or lipids) that reside in the lipid droplets. Secondly, we are planning to create transgenic
flies with a mutated NF-«B binding site at Bmm locus, using CRISPR/Cas9 technology.
Afterward, we will examine the effect of this single mutation at the Bmm locus on immunity of
flies. Using this approach would be extremely beneficial for distinguishing the immune and
metabolic effects of Relish-dependent repression of Bmm expression.

In summary, using Drosophila we uncovered a role for the innate immune transcription
factor Relish in governing lipid metabolism during metabolic adaptation. Relish is required to limit
triglyceride hydrolysis during fasting and therefore, maintains lipid storage. Figure 4.1 represents

our proposed model for the regulation of Bmm by FoxO and Relish. In this model, Relish binds to
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Bmm locus in both fed and fasted conditions. Upon fasting Relish inhibits FoxO-dependent
transcription of Bmm by recruiting HDAC1 and modifying histone acetylation state of Bmm locus.

Lastly, we would like to mention that conservation of fundamental components of innate
immune and lipid metabolism system (such as NF-kB, FoxO, and ATGL), as well as the existence
of NF-xB binding motif within mice ATGL locus, suggest that similar mechanism is involved in
the regulation of lipolysis in mammals. However, due to more complexity of pathways and organs
in mammals, our model cannot be simply generalized to mammalian systems. Therefore, more
studies need to be done in order to investigate the involvement of the same mechanism in the
regulation of lipid metabolism in mammals. In addition, studying different species that are between
Drosophila and mammals in the phylogenetic tree (such as fish, amphibians, and bird) may provide
a better insight into the coevolution of immune and metabolic pathways and the conservation of

the particular mechanism discovered in our study.
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