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ABSTRACT

Lipid metabolism is regulated according to the nutritional status of the body and its
energy demands. In vertebrates, the liver plays a central and multifunctional role in
this process. Within hepatocytes, lipid metabolites of cytochrome P450-4 (Cyp4)
enzymes serve to activate Peroxisome Proliferator-Activated Receptors (PPARs),
leading to the induction of a myriad of genes involved in lipid uptake, processing and
degfadation. In principle, the insect Drosophila should providé a géneﬁc model for
studying these processes but several aspects of lipid metabolism, including the
identity of the cell-types that fulfil the functions of the vertebrate liver are not yet
clear.

The larval oenocytes of insects are large lipid-laden cells whose function has
been a matter of considerable debate over the last hundred and fifty years. Three long-
standing hypotheses are that oenocytes regulate tracheal respiration, hemolymph
composition or aspects of moulting. To begin to test these hypotheses, I have used
enhancer traps and a large database of expression patterns to identify 35 genes
selectively expressed in oenocytes. 17 of these encode products highly related to
vertebrate liver proteins playing roles in the uptake, modification and degradation of
lipids. These include two lipophorin receptors, a Cyp4 protein and 6 peroxisomal
enzymes catabolising fatty acids by B-oxidation.

By using an optimised GAL4/UAS-reaper approach to ablate Drosophila
oenocytes, I find that they are required for the completion of the moult from second-
to-third larval instars. Arrested oenocyte-less larvae display duplicated exoskeletal
elements, suppressed food intake and a premature wandering behaviour. These
phenotypes are strikingly similar to those produced by mutations in the E75A variant
of Ecdysone-induced protein 75B (Eip75B), an orthologue of vertebrate PPARs and
one of the 35 oenocyte genes identified here. Together, these studies demonstrate that
oenocytes possess much of the lipid-processing and regulatory circuitry of vertebrate
hepatocytes and may use this machinery to trigger developmental transitions during

larval life.
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CHAPTER ONE: General Introduction

1.1 Scope of the Present Work

Organisms must adapt to changing environments. Because food sources are varied
and not always plentiful, metazoans have evolved elaborate systems for maintaining
internal homeostasis. Some of these systems regulate energy expenditure in line with
the nutritional status of the organism and its particular stage of development. In all
cases, the underlying bases for homeostatic control involves networks of specialised
cell types communicating via humoral signals.

In the following introduction, I will describe the ways in which animals control
energy expenditure, with an emphasis on lipid metabolism and hormonal controls. As
Drosophila melanogaster will be used as the experimental system, aspects of these
processes relating to this insect species will be highlighted. For those areas where
there is not sufficient Drosophila information, descriptions in other species, mainly
vertebrates, will be given. Finally, I will introduce the main subject of this thesis, the
Drosophila larval oenocytes, explaining why previous work has drawn my attention
towards their potential involvement in lipid metabolism and how I aim to provide

further insights into their in vivo functions.

1.2 Lipid Homeostasis and Liver Function
Carbohydrates are the main short-term energy source and cells have elaborate
metabolic pathways for maximising the energy that can be liberated rapidly from
them. Lipids, on the other hand, are not as swiftly degraded by cells and represent the
most effective way of storing energy per unit of mass, especially in the form of
triglycerides (reviewed in (Berg, Tymoczko et al. 2001). Thus, while 1g of
carbohydrate yields about 4kcal of energy, the same amount of fat produces 9kcal. On
a normal diet, fatty acids (FAs) provide up to 40 % of the total energy consumed. But
during fasting, they can become virtually the sole energy source.

Lipid metabolism is regulated such that there is a trade-off between usage of
dietary lipids in energy production versus their long-term storage. Many factors can
influence this, including nutrient availability, fluctuating energy demands of the

organism and hormonal conditions.



1.2.1 Lipids are Transported as Lipoproteins

Because lipids contain hydrophobic moieties and are not generally water soluble, an
elaborate system through which they can be transported from one tissue to another via
the circulation has evolved (reviewed in (Lee, Olson et al. 2003). A series of huge
macromolecular complexes termed lipoproteins, classified according to size, density
and composition, play a critical role in this transport process. Each lipoprotein
consists of a core of hydrophobic lipids, such as triacylglycerols (TGs) and
cholesterol esters, covered with a layer of amphipathic phospholipids and polar
proteins. The protein components of lipoproteins, called apoproteins, have multiple
roles: they contribute to the overall structure of the lipoprotein, its solubilisation and,
importantly, they also carry cell-targeting signals (reviewed in (Berg, Tymoczko et al.
2001). These signals allow different types of lipoprotein to be targeted to particular
sets of tissues. Once at their appropriate destination, two mechanisms are used to
release the various components of lipoproteins. One depends upon the action of
extracellular lipoprotein lipases (LPLs) secreted by adipocytes, muscle cells and
macrophages. LPL hydrolyses TGs into free fatty acids (FFAs) that are then able to
penetrate into peripheral tissues. The second mechanism involves endocytosis of
lipoproteins by target cells, a process mediated by a family of specialised lipoprotein
receptors. Through specific apoprotein-receptor interactions, lipoproteins are
internalised and delivered for degradation to lysosomes, where the apoprotein
moieties are degraded into amino-acids and the lipid components are released into the
cytosol (Willnow 1999). Whether the mechanism of LPL hydrolysis or receptor-
mediated endocytosis is used depends on the particular type of lipoprotein (Table
1.1). Either way the lipids delivered by lipoproteins can act, not only as energy
substrates but also as signalling molecules, such as ligands for various members of the
nuclear hormone receptor family. In this latter role, lipids can produce long-term

changes in cell metabolism (reviewed in (Lee, Olson et al. 2003).

1.2.2  The Liver is a Major Integration Point of Lipid Metabolic Pathways

The system transporting lipids between different body compartments can be divided
into forward and reverse phases with respect to the central function of the liver
(Figure 1.1). In forward transport, TG-rich lipoproteins are released by the intestine in
the form of chylomicrons and by the liver in the form of very low-density lipoproteins

(VLDLs). These lipoproteins deliver fatty acids to adipocytes for storage and to

3
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muscle for energy consumption. In the circulation, LPLs release FAs from
chylomicrons and VLDL, converting them into chylomicron remnants and low-
density lipoproteins (LDLs), respectively. LDLs, which are rich in cholesterol esters,
then deliver cholesterol to peripheral tissues for steroidogenesis and maintenance of
cell membrane integrity. As the final step in their catabolism, chylomicron remnants
and LDL enter the liver where they are taken up by hepatocytes via lipoprotein
receptors (Willnow 1999; Lee, Olson et al. 2003). In reverse transport, FAs released
from adipocytés, together with high-density lipoprdteins (HDL) carrying excess
cholesterol from peripheral cells such as macrophages, and residual LDLs, are
transported to the liver for recycling or catabolizing into bile acids (reviewed in
(Willnow 1999; Lee, Olson et al. 2003).

The vertebrate liver is a central site of metabolic integration, where FAs are mobilized
and, depending on demand, either stored or used as an energy source (Figure 1.1,
reviewed in (Lee, Olson et al. 2003). Under normal food intake conditions, the body
uses both carbohydrates and lipids to obtain energy. During such times, the liver
coordinates the synthesis of FFAs, the esterification of TGs, and their packaging into
VLDL for export to adipocytes for storage and to muscle for energy consumption
(reviewed in (Everett, Galli et al. 2000). During starvation, however, the carbohydrate
supply quickly drops and energy is now obtained predominantly from lipids. In this
state, stored FAs are released from adipocytes and captured by the hepatocytes of the
liver. Here In the liver they are either re-esterified to TGs and assembled into VLDL
or broken down through B-oxidation to generate ultimately ketone bodies' (reviewed
in (Lee, Olson et al. 2003). Hence, through these two processes of lipid anabolism and
lipid catabolism, both of which are regulated by hormones and nutritional
composition, hepatocytes are able to process a large amount of FAs without retaining

them as TG droplets (reviewed in (Everett, Galli et al. 2000).

! Ketone bodies is a term generically used when referring to acetoacetate, D-3-hydroxybutyrate and
acetone. The product of FA B-oxidation is acetyl-CoA andunder normal nutrition, where there is a
proper balance between lipid and carbohydrate degradation, it can enter the citric acid cycle by reacting
with oxaloacetate to form citrate. However, during fasting, oxaloacetate is consumed to form glucose
through the gluconeogenic pathway. In this state, acetyl-CoA produced by FA B-oxidation is diverted
into an alternative pathway that leads to the formation of ketone bodies. One advantage of ketone
bodies, over the lipids from which they are produced, is that they are water-soluble and can diffuse
from hepatocyte mitochondria into the circulation. When ketone bodies reach peripheral tissues, they
are used as fuel for mitochondrial respiration. Even though the major site of ketone body formation is
the liver, it cannot utilise them itself as it lacks the particular CoA transferase catalysing their
activation (reviewed by Berg, J., J. Tymoczko and L. Stryer (2001). Biochemistry. New York, Freeman
and Co.



1.2.3  Regulation Of Lipid Synthesis

One of the best understood lipid homeostatic mechanisms is a feedback system in
mammals in which both FAs and cholesterol regulate their own synthesis (reviewed
in (Nohturfft and Losick 2002). In this system, several crucial genes required for lipid
synthesis are activated by sterol-response element binding proteins (SREBPs),
transcription factors that bind to a short DNA sequence termed the sterol regulatory
element (SRE). In conditions where cholesterol and FAs are abundant in cell
membranes, SREBPs remain complexed in the endoplasmic reticulum (ER) with
another protein, SREBP cleavage-activating protein (SCAP). Upon depletion of
cholesterol or FAs from cell membranes, SREBP-SCAP complexes translocate to the
Golgi apparatus, where SREBPs are cleaved by two proteases. This cleavage allows
membrane release and translocation of a transcriptionally-active fragment from the
amino-terminus of SREBP into the nucleus where it can activate the transcription of
genes involved in lipid synthesis. The exact details of how lipids mediate SREBP-
SCAP translocation are not fully understood but it has been suggested that they bind
directly to SCAP or to an adaptor protein. Alternatively, a reduction in cholesterol or
FAs may modify the physical properties of the ER membranes thus activating the
SREBP-SCAP complexes (Dobrosotskaya, Seegmiller et al. 2002; Nohturfft and
Losick 2002). Importantly, insects are unable to synthesise cholesterol and therefore
have to obtain it from their diet (reviewed by (Grieneisen 1994). Accordingly,
Drosophila SREBP does not respond to sterol levels, but instead its proteolytic
processing is inhibited by the unsaturated FA palmitate (Nohturfft and Losick 2002,
Seegmiller, Dobrosotskaya et al. 2002). More specifically, it has been suggested that
palmitate exerts this action specifically via its metabolite, phosphatidylethanolamine
(PE), the major phospholipid in Drosophila. As in vertebrates, Drosophila SREBP
activation leads to the expression of genes involved in FA and membrane lipid
synthesis (reviewed in (Nohturfft and Losick 2002).

In vertebrates, control of lipid synthesis is known to be regulated at other
levels too. For example, 3-hydroxy-3-methylglutaryl CoA reductase (HMG CoA), an
enzyme involved in the committed step of cholesterol biosynthesis, is not only
regulated at the transcriptional level by SREBPs but also at the post-transcriptional
level by modulation of its degradation rate and phosphorylation state (reviewed in

(Berg, Tymoczko et al. 2001). Similarly, acetyl CoA carboxylase, the enzyme
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catalysing the committed step in FA synthesis is controlled at different levels. Its
activity is modulated by phosphorylation, regulated by three hormonal signals,
glucagon, epinephrine (adrenalin) and insulin. Acetyl CoA carboxylase activity is also
modulated by the intracellular factors citrate, palmitoyl CoA and AMP, either by
phosphorylation, as in the case of AMP, or by allosteric modification, as for citrate
and palmitoyl CoA. Under well-fed conditions, insulin and high levels of citrate
stimulate lipid synthesis but during starvation, epinephrine, glucagons and high levels
of AMP inhibit it. When there is an excess of FAs, palmitoyl CoA also inhibits this
process (reviewed in (Berg, Tymoczko et al. 2001).

In conclusion, several different mechanisms regulating lipid synthesis have
been identified and well studied in mammals but similar work in Drosophila is only
just beginning. Lipid degradation is also tightly controlled and in the following
sections I will describe the subcellular machinery involved in lipid degradation
(Section 1.3), and then explain how lipid degradation is coordinated with lipid
synthesis and storage by the action of specific nuclear receptors (Section 1.4) and

their potential ligands (Section 1.5).

1.3 Roles of Peroxisomes in Lipid Degradation

Peroxisomes are ubiquitous cell organelles that range from hundreds of nanometres to
several micrometres in diameter and play a major role in lipid metabolism. Their
name derives from the early observation that these organelles were capable of
producing H,O; as a by-product of the lipid degradation reactions they perform.
Considerable interest in peroxisomes and their functions has arisen from the analysis
of genetic diseases in which these organelles are absent or not fully functional, such
as in Zellweger syndrome. This is a human pathology caused by mutations in any one
of several genes involved in peroxisome biogenesis (Fujiki 1997). Zellweger
syndrome patients display a range of defects, including craniofacial, neurological,
ocular, hepatological and skeletal abnormalities. Studies of such diseases have proved
useful for revealing that peroxisomes are involved in B-oxidation of FAs, in o.-
oxidation of 3-methyl branched FAs and in biosynthesis of etherphospholipids
(reviewed in (Wanders 2000).
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1.3.1 Peroxisome Biogenesis

The biogenesis of individual peroxisomes does not appear to occur de novo but
involves the import of proteins and other components into pre-existing organelles.
These organelles then divide and form daughter peroxisomes that segregate during
cytokinesis (reviewed in (Lazarow 2003). The molecular mechanism by which
proteins are specifically incorporated into peroxisomes is not yet fully elucidated.
However, it is known that several soluble proteins of the peroxisomal matrix are
targeted by means of pefoxisomé.l targeﬁng séqﬁehces (PTS). Two of these have been
well characterized: PTS1, a carboxy-terminal tripeptide (SKL or conservative
variants, (Kal, Hettema et al. 2000; Emanuelsson, Elofsson et al. 2003) and references
therein) and PTS2, an amino-terminal bipartite signal (consensus
[RK][LVI]XXXXX[HQ][LA], (Emanuelsson, Elofsson et al. 2003). The targeting of
proteins to the membrane of peroxisomes occurs by a different mechanism than that
used for importing soluble matrix components. Two peroxisomal membrane proteins
(Pex3p and Pex16p) are thought to be involved in the insertion of other new
peroxisomal proteins into the membrane (reviewed in (Lazarow 2003). Pex19 a
cytosolic peroxisomal protein is thought to assist in transporting newly synthesized
peroxisomal membrane proteins from their site of synthesis to peroxisomes. (Lazarow
2003)

1.3.2  Fatty Acid B-Oxidation by Peroxisomes and Mitochondia

The B-oxidation pathway is the major route for lipid degradation. FA chains are
shortened by the removal of two carbon atoms at a time, in the form of acetyl-CoA, in
a spiral-type reaction. Both peroxisomes and mitochondria have the ability to 8-
oxidise FAs. However, the different sets of enzymes present in each organelle, couple
this process to different final outcomes, tailored for different functions (Figure 1.2).
Thus, mitochondrial FA B-oxidation is used for providing energy in a highly efficient
manner, via the complete degradation of lipids into their C2-units that can then enter
the citric acid cycle. Short, medium, and long straight-chain FAs are exclusively
(short FAs) or mainly oxidised by mitochondria. Other compounds oxidised by
mitochondria are medium-chain dicarboxylic FAs, medium-chain 2-methyl-branched
FAs, and some xenobiotics with short carboxyl chains. On the other hand, the
peroxisomal system is not as efficient in yielding energy from lipid oxidation. Instead,
the limited number of rounds of FA B-oxidation carried out within peroxisomes

provides a chain-shortening mechanism that produces better substrates for subsequent
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B-oxidation in mitochondria and also more suitable molecules for excretion.
Peroxisomal substrates include very long-chain fatty acids (VLCFAs, such as
prostaglandins, thromboxane and leukotrienes), long-chain fatty acids (LCFAs, both
saturated and polyunsaturated), branched FAs (such as pristanic acid derived from
dietary phytol), bile acid intermediates (di- and trihydroxycoprostanic acids), and the
side-chains of xenobiotics that can not be catabolized by mitochondria. Once FAs
have been shortened within peroxisomes, they can then either enter into mitochondria
for further degradation (VLCFAs, LCFAs and 2-methyl branched FAs) or be excreted
via the bile or urine (reviewed in (Hashimoto 2000; Mannaerts, Van Veldhoven et al.
2000). Importantly, unlike mitochondrial activity, peroxisomal activity is believed to
be controlled solely at the transcriptional level.

In mitochondria, FAs are transported into the matrix by the carnitine
acyltransferase (CAT)/acylcarnitine translocase system. In contrast, it has been
suggested that passage of FAs across the peroxisomal membrane is mediated by
various membrane transporters that possess an ATP-binding cassette (ABC
transporters). Four of these have been identified (Shani, Jimenez-Sanchez et al. 1997),
each constituting a half-transporter that, after homo- or heterodimerisation with
another ABC family member, may form a complete and functional carrier (Hettema,
van Roermund et al. 1996; Dean, Hamon et al. 2001; Dean, Rzhetsky et al. 2001).

The purification and characterization of enzymes of the peroxisomal B-
oxidation system was made possible by the initial discovery that isolated rat-liver
peroxisomes are capable of FA oxidation (Lazarow and De Duve 1976). In both
mitochondria and peroxisomes, FA oxidation involves the same chemical
modifications of FA moieties. However, within each organelle these are carried out
by different sets of enzymes (Figure 1.2). Once the FAs have been transported inside
peroxisomes or mitochondria, they are activated by organelle-specific synthases,
which covalently link them to Coenzyme A. Subsequently, they undergo successive
rounds of oxidation, each round consisting of a series of four reactions. In
mitochondria these steps are performed by the sequential action of an acyl-CoA
dehydrogenase and a single enzyme catalysing three consecutive steps, termed
trifunctional protein. The peroxisomal set of oxidation reactions can be divided into
two pathways. One of them catalyses the B-oxidation of straight-chain substrates and
is inducible by peroxisome proliferator drugs (PPs). The second pathway acts on

branched-chain acids, such as pristanic acid or bile-acid intermediates, and also on
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straight LCFA and VLCFA, and is not induced by PPs. Both peroxisomal pathways
degrade their substrates by the sequential action of an acyl-CoA oxidase (palmitoyl-
CoA oxidase or branched chain acyl-CoA oxidases such as pristanoyl-CoA oxidase),
a so-called bifunctional protein (L- or D-bifunctional protein) and a thiolase (3-
ketoacyl-CoA or SCPx, (Hashimoto 2000).

In mitochondria the dehydrogenase reactien is indirectly coupled to oxygen
via the electron transport system. In contrast, in peroxisomes, the first step of the f3-
oxidation cycle is directly coupled to oxygen and generates hydrogen peroxide. This
highly reactive and potentially damaging product is inactivated by a peroxisomal
enzyme called catalase. This is unique to peroxisomes and thus provides a useful
marker for this organelle.

Both mitochondria and peroxisomes contain carnitine acyltransferases.
However, while in mitochondria they are involved in the penetration of fatty acyl-
CoAs into the matrix, peroxisomal carnitine transferases are believed to convert
medium-chain acyl-CoAs produced by peroxisomal B-oxidation (no smaller than
octanyl-CoA) into acylcarnitines that can then enter mitochondria for further
degradation (reviewed in (Mannaerts, Van Veldhoven et al. 2000; Berg, Tymoczko et
al. 2001).

In summary, degradation of FAs by B-oxidation involves metabolic coupling
between peroxisomes and mitochondria. Both organelles perform the same types of
oxidative reactions, with mitochondria specialised in maximizing the amount of
energy obtained from each FA, while peroxisomes mainly come into play under

conditions of FA excess and have a preference to somewhat longer-chain FAs.

1.3.3  Fatty Acid a-Oxidation

FA a-oxidation is an auxiliary pathway that must be used by 3-methly branched FAs,
such as phytanic acid, before they can be degraded into suitable substrates for the 8-
oxidation pathway (Figure 1.3). Such branched FAs are first degraded by a-oxidation
(Wanders 2000) to produce 2-methyl branched compounds, such as pristanic acid,
which can then enter the B-oxidation pathway (reviewed in (Wanders 2000). In the
rat, the entire a-oxidation pathway appears to be peroxisomal (Croes, Casteels et al.
1995). In humans, however, although the early steps (activation by coupling to

Coenzyme A and hydroxylation) are peroxisomal, the intermediate step (cleavage)
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Figure 1.3  The Fatty Acid a-Oxidation Pathway

Diagram showing the a-oxidation of phytanic acid, a 3-methyl branched FA. This
pathway removes one carbon atom from the carboxy-terminus of 3-methly branched
FAs, producing 2-methyl branched products which can then enter the B-oxidation
pathway (Modified from Petryk et al. 2003).
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seems to occur in both peroxisomes and the ER, while the location of last step
(dehydrogenation) remains unclear (reviewed in (Mannaerts, Van Veldhoven et al.
2000).

In conclusion, peroxisomes are cell-ubiquitous organelles specialised for
lipid degradation. The multiple peroxisomal defects associated with Zellweger
syndrome have been used to dissect out the various steps in this process and their
function in human tissues. In particular, lipid degradation by the peroxisomes and
mitochondria of hepatocytes is regulated to maintain overall lipid homeostasis in the

face of changing demands by peripheral tissues.

14 Peroxisome Proliferator-Activated Receptors (PPARSs)

Peroxisome Proliferator-Activated Receptors (PPARs) are nuclear hormone receptors
that play a central role in lipid regulation (Figure 1.1). Early studies demonstrated that
a diverse set of compounds was able to induce the proliferation of peroxisomes in rat
hepatocytes (reviewed in (Everett, Galli et al. 2000). Later it was shown that these
compounds work by activating PPARs. There are three PPAR subtypes, PPARa,
PPARRB/d and PPARY, which differ primarily in their ligand-binding domains and
domains of expression. PPARs are thought to sense lipid components of lipoproteins
and to use this information to co-ordinately regulate lipid-metabolic target genes in
several different target tissues (reviewed in (Lee, Olson et al. 2003).

PPARs are of considerable clinical importance as they are the molecular
targets of hypolipidemic and insulin-sensitising drugs. For example, PPARa is the
molecular target of fibrates, a lipid-lowering class of drugs; and synthetic activators
of PPARY, such as thiazolidenediones (TZDs), improve insulin sensitivity in humans
with type II diabetes (Sood, Colleran et al. 2000). Several FA-derived molecules have
been implicated as endogenous ligands for PPARs (Forman, Tontonoz et al. 1995;
Kliewer, Lenhard et al. 1995; Forman, Chen et al. 1997; Kliewer, Sundseth et al.
1997; Krey, Braissant et al. 1997; Kliewer, Lehmann et al. 1999; Lim and Dey 2002;
Nosjean and Boutin 2002; Fu, Gaetani et al. 2003). However, the identification of all
of the endogenous PPAR ligands is far from complete and it is generally believed that

many, as yet unknown, lipid ligands remain to be discovered.
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PPARs function as heterodimers with retinoid X receptors (RXRs). Such
heterodimers bind to a consensus motif known as the peroxisome-proliferator
response element, (PPRE). This usually consists of two direct repeats of the hexad
[A/G]GGTCA with a spacer of one nucleotide (DR-1) or two nucleotides (DR-2,
reviewed in (Everett, Galli et al. 2000). At least one additional receptor, liver X
receptor (LXR) has been shown to form heterodimers with PPARa, decreasing its
activity (reviewed in (Everett, Galli et al. 2000). Heterodimers of other transcription
factors présent in livef, such as an4; COUP-TF and ARP-1 with RXR can also bind
DR-1 elements, raising the possibility that interactions between all of these receptors

may allow the fine-tuning of PPRE-containing gene expression.

1.4.1 PPAR Isoforms and their Potential Endogenous Ligands
PPARa
PPARa potentiates FA catabolism in metabolically active tissues such as liver, heart,
muscle and kidney. Earlier studies demonstrated that, in the liver, PPARa directly
regulates many FA-metabolic genes reviewed in (Simpson 1997; Chawla, Repa et al.
2001; Okita and Okita 2001). The proteins encoded by these genes are involved in FA
uptake and export of FAs in VLDL (such as FA binding protein (FATB) and various
apolipoproteins), microsomal FA w-oxidation (such as cytochrome P450 Cyp4, see
Section 1.5.5), peroxisomal and mitochondrial FA -oxidation (such as peroxisomal
ABC transporters, carnitine octanoyltransferase, acyl-CoA oxidase, catalase, SCPx,
peroxisomal thiolase, medium-chain acyl-CoA dehydrogenase, carnitine acyl-
transferase I , (Sharma, Lake et al. 1988; Sharma, Lake et al. 1988; Dreyer, Keller et
al. 1993; Choi, Oh et al. 1995; Peters, Hennuyer et al. 1997; Cui, Kawashima et al.
2001; Fourcade, Savary et al. 2001; Girnun, Domann et al. 2002; Lopez, Irby et al.
2003). Analysis of PPARa knockout-mice confirmed that this isoform is essential for
the upregulation of these genes in a fasting state (Kersten, Seydoux et al. 1999;
Leone, Weinheimer et al. 1999).

Recently, oleylethanolamide (OEA) has been identified as an endogenous
high-affinity activator of PPARa, being able to regulate expression of PPARa target
genes in liver and small intestine, increasing lipid catabolism, at the same time than

inducing satiety (Fu, Gaetani et al. 2003). Other ligands of PPARa with lower affinity
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than OEA include leucotriene LTB4 and 8(S)-hydroxyeicosatetraenoic acid (8(S)-
HETE, (Funk 2001).

PPARS

PPARS, also known as PPARJ, is expressed ubiquitously and its functions are less
well defined than those of the other PPARs. However, it has been implicated
downstream of VLDL signalling to the macrophage (Chawla, Lee et al. 2003). In
these cells, PPARB/Q activation is mediated by the binding of components of VLDL,
released by LPL (Londos, Brasaemle et al. 1999; Chawla, Lee et al. 2003), reviewed
in (Ginsberg 2002; Lee, Olson et al. 2003). One potential ligand for PPARS is
prostacyclin PGI2, one of the major prostaglandins, that plays other well known roles

as an anticoagulator for platelets and as a strong vasodilator (reviewed in (Lim and
Dey 2002)

PPARYy

PPARYy is highly enriched in adipocytes and foam cells (lipid-laden macrophages that
have been associated with early stages of atherosclerotic plaques). It is involved in
adipocyte differentiation, lipid storage and glucose homeostasis (Barak, Nelson et al.
1999; Kubota, Terauchi et al. 1999; Rosen, Sarraf et al. 1999), reviewed in (Chawla,
Repa et al. 2001; Lee, Olson et al. 2003). It plays an important role in the balance
between lipid influx from adipocytes and efflux into the blood stream (reviewed in
(Lee, Olson et al. 2003). FFAs released by adipocytes normally enter the circulation
to be taken up by the liver. However, upon PPARY activation in adipocytes, there is
an increase in FFA and glucose uptake and also in lipid storage. A key event in this
process is the upregulation of the PPARYy target, the LDL Receptor-related protein
gene (LRP), encoding a membrane receptor involved in lipoprotein uptake by
adipocytes (Gauthier, Vassiliou et al. 2003). In addition, PPARY activation modulates
the secretion of adipocyte-derived signalling molecules such as the appetite modulator
leptin, tumor necrosis factor a (TNFa) and adipocyte-complement-related protein of
30 kDa (Acrp30, reviewed in (Lee, Olson et al. 2003). The most well characterised
PPARY ligands are 18-carbon and 20-carbon long (eicosanoids) FA-derived
compounds. The best described of these compounds are the products of the enzyme
lipoxygenase (LOX), such as 9-hydroxyoctadecadienoic acid (9-HODE), 13-HODE
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and 15-HETE, and the cyclooxygenase (COX) products, such as prostaglandin 15-
deoxy-A12-14-PGJ2 (15d-PGJ2). These compounds bind PPARy with low affinities
in the micromolar range. Recently, however, a high-affinity PPARy ligand, an
oxidised phospholipid called hexadecyl azelaoyl phosphatidylcholine (azPC), has
been identified (reviewed in (Nosjean and Boutin 2002). Interestingly, several ligands
for PPARY such as 9-HODE, 13-HODE and azPC are components of oxidized-LDL
(0x-LDL) and therefore provide means to activate transcription in foam cells upon
LDL uptake (Nagy, Tontonoz et al. 1998; Tontonoi, Nagy et al; 1998), reviewed in
(Nosjean and Boutin 2002).

1.5 VLCFA-Derived Signalling Molecules and Intracellular Messengers

In the previous sections I illustrated the central role of one particular cell-type, the
hepatocyte, in lipid metabolism. Then, at the subcellular level, the functions of
mitochondria and peroxisomes in lipid degradation were highlighted. Finally, at the
molecular level, the role of PPARSs in activating batteries of lipid metabolic genes was
described. As VLCFAs, such as the eicosanoids, have been proposed as PPAR
ligands, in the following section I will briefly outline their biological functions and

then describe their biosynthesis.

1.5.1 VLCFA synthesis

FA synthase, the enzyme that generates FAs by the successive addition of two-carbon
atoms units, has a limited range of elongation, its major final product being palmitate,
a saturated FA with a backbone of 16 carbons and no carbon-carbon double bond
(C16:0, (Berg, Tymoczko et al. 2001). However, animals use a vast array of longer,
usually unsaturated FAs and their derivatives as membrane components, extracellular
signals and intracellular messengers (Berg, Tymoczko et al. 2001). To obtain FAs
longer than 16 carbon atoms, animals have to synthesise them by an alternative to FA
synthase or they must obtain them from the diet.

Endogenous generation of VLCFAs is achieved by two types of accessory
enzymes that catalyse either the elongation or desaturation of FAs. Both classes of
enzyme localise to the cytosolic face of the ER membrane (reviewed in (Berg,
Tymoczko et al. 2001). FA elongation is achieved by sequential addition of two-

carbon atom units to the carboxyl end of both saturated and unsaturated fatty acyl
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CoA substrates. Enzymes containing such an activity are referred to as elongases.
Different species contain several genes encoding elongases each preférring particular
FAs as their substrates. The C. elegans genome contains 8 elongase genes, all of
which have been analysed by loss of function approaches and some of which have
been biochemically characterised (Kniazeva, Sieber et al. 2003). In Drosophila, there
are at least 21 predicted elongases, none of which have yet been genetically or
biochemically characterised. Desaturation of FAs is mediated by a set of three
membrane-bound enzymes: NADH-cytochrome reductase, cytochrome b5 and a
desaturase (reviewed in (Berg, Tymoczko et al. 2001). Through the combined actions
of different elongation and desaturation systems, a variety of unsaturated VLCFAs
can be formed.

Despite the presence of elongation and desaturation systems, not all VLCFAs
used by vertebrates can be produced endogenously. For example, mammals lack the
enzymes required for introducing double bonds at carbon atoms beyond the C-9
position in the FA chain. Therefore, essential FAs such as linoleate (18:2 cis-A9, A12)
and linolenate (18:3 cis-A9, A12, A15) must be obtained from the diet (reviewed in
(Berg, Tymoczko et al. 2001). Some of these VLCFAs undergo further biochemical
modifications to become important signalling molecules, as the ones that will now be
described.

1.5.2  The Eicosanoids

Eicosanoids is a collective name given to the group of VLCFA-derived molecules that
contain a 20-carbon backbone. This group comprises the prostaglandins,
prostacyclins, thromboxanes, leukotrienes, hydroxy-eicosatetraenoic acids (HETEs),
hydroxyeicosatrienoic acids (HETrEs) and hydroperoxyeicosatetraenoic acids
(HPETEs, (Voet and Voet 1995). Eicosanoids are short-range hormones that have
been implicated in a wide range of biological processes in practically all cell-types
(reviewed in (Voet and Voet 1995; Funk 2001; Nebert and Russell 2002). Examples
of these processes include inflammatory responses, pain responses, regulation of
blood pressure, reproductive functions, regulation of sleep/wake cycles and bone
resorption.

Eicosanoids are very potent and can act at extremely low concentrations in
the nanomolar and sometimes picomolar range, but are very unstable and have half

lines of a few minutes or less (Voet and Voet 1995). Instead of being transported
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through the blood-stream, eicosanoids are synthesised close to their site of action.
(Voet and Voet 1995). The prime mode of eicosanoid action is through specific G
protein-coupled receptors (GPCRs), several of which have been recently cloned
(reviewed in (Narumiya, Sugimoto et al. 1999; Breyer and Breyer 2000; Funk 2001;
Jacobs and Zeldin 2001). However, growing evidence suggests that these molecules
play a dual rcle, not only acting in a paracrine way through GPCRs but also in an
intracrine fashion via the activation of PPARs (reviewed in (Kliewer, Lehmann et al.
1999; Funk 2001; Nosjean and Boutin 2002). Consistent with this hypothesis, several
different eicosanoids have been identified as ligands of PPARs (Section 1.4.1). In the
case of 15d-PGJ2, several lines of evidence support its role as a ligand for PPARy.
15d-PGJ2 is transported to the nucleus, it induces translocation of PPARy to the
nucleus, it binds nuclear proteins in whole cells and it enhances the binding of PPARy

to one of its coactivators (reviewed in (Nosjean and Boutin 2002).

1.5.3  Eicosanoids in Drosophila

Only a handful of studies have approached the function of eicosanoids in Drosophila.
Early studies showed that arachidonic acid, the precursor of all eicosanoids discussed
here is absent from Drosophila head extracts (Yoshioka, Inoue et al. 1985; Stark, Lin
et al. 1993; Stark, Lin et al. 1993). In addition, the arachidonic acid-precursors, y-
linolenic acid (18:3) and 8,11,14-eicosatrienoic acid (20:3) are also undetectable
(Pages, Rosello et al. 1986). However, pharmacological approaches have shown that
phospholipase A2 inhibitors, which block eicosanoid biosynthesis, hinder the cellular
immune response in Drosophila, suggesting a role for eicosanoids as cell-signalling
molecules in the innate immune response (Carton, Frey et al. 2002; Yajima, Takada et
al. 2003). Other pharmacological experiments blocking the synthesis of
diacylglycerols, again affecting eicosanoid biosynthesis, suggest that polyunsaturated
FAs may be intracellular messengers during photoreceptor excitation (Chyb, Raghu et
al. 1999). Together, these studies suggest that although arachidonic acid is not the
Drosophila precursor of active VLCFAs, sevéral pathways leading to the formation of

VLCFA-like molecules are conserved.
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1.54  Eicosanoid Synthesis

All vertebrate eicosanoids are derived from a C20:4 VLCFA named arachidonic acid
(5,8,11,14-eicosatetraenoic acid), which itself is synthesised from linoleic acid by
elongations and desaturations. Arachidonic acid is not always synthesised de novo,
but can be stored in cell membranes, esterified to phosphatidylinositol, other
phospholipids and diacylglycerols (Figure 1.4, reviewed in (Voet and Voet 1995;
Berg, Tymoczko et al. 2001). There are two main pathways of arachidonate
metabolism: the cyclic pathway and the linear pafhway. The cyclic pathway leads to
the formation of the cyclopentane ring characteristic of prostaglandins. The first step
of this pathway involves the formation of prostaglandin H2 (PGH2) by the action of
prostaglandin G/H synthases (PTGS1 and PTGS2). Other prostaglandins and the
highly-related molecules prostacyclins and thromboxanes arise from PGH2 by the
action of downstream cytochrome P450 enzymes (P450s) coordinated in a cell-
specific manner. The linear pathway leads to the formation of HETEs, HPETEs and
leukotrienes also via reactions catalysed by P450s (reviewed in (Voet and Voet 1995;
Berg, Tymoczko et al. 2001).

1.5.5 Role of Cyp4 Cytochrome P450s in Eicosanoid Synthesis

Eicosanoid production is region-specific, with different tissues producing different
variants. The super-family of cytochrome P450 enzymes (Cyps) have been implicated
in this tissue specificity. P450 enzymes are mainly known for their ability to
metabolise xenobiotics. Nevertheless, all cytochrome P450 enzymes probably have at
least one endogenous substrate. For example, eight families of vertebrate P450s are
involved in the epoxidation, reduction and oxidation of arachidonic acid derivatives to
yield more than 102 different eicosanoid metabolites (Figure 1.4, reviewed in (Nebert
and Russell 2002).

The Cyp4 family of microsomal cytochrome P450s has been implicated
almost exclusively in the metabolism of FAs, including those that are arachidonic
acid-derived (Figure 1.4, reviewed in (Simpson 1997; Okita and Okita 2001). Cyp4
monooxygenases are capable of hydroxylating the terminal w-carbon of certain
eicosanoids and other FAs (Yamamoto, Kusunose et al. 1984; Yamamoto, Kusunose
et al. 1984; Matsubara, Yamamoto et al. 1987; Sharma, Doig et al. 1989) and
reviewed in (Simpson 1997; Okita and Okita 2001). The most frequent sites of
vertebrate Cyp4 expression are the liver and kidney, leading to the hypothesis that
Cyp4 enzymes metabolise FAs in both of these tissues (Simpson 1997).
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In vertebrates, there is a close association between PPAR activation, Cyp4
induction, peroxisome proliferation and the induction of peroxisomal lipid oxidation.
As mentioned above, PPARs are activated by dietary and endogenous ligands, some
of which are believed to be produced by Cyp4 enzymes (Sharma, Lake et al. 1988;
Sharma, Lake et al. 1988; Sharma, Doig et al. 1989; Simpson 1997). Once activated,
PPARs trigger the transcription of downstream target genes involved in peroxisome
proliferation and lipid degradation, including the Cyp4 genes themselves (Sharma,
Lake et al. 1988; Sharma, Lake et al. 1988; Issemann and Green 1990; Dreyer, Keller
et al. 1993; Peters, Hennuyer et al. 1997; Cui, Kawashima et al. 2001), reviewed in
(Simpson 1997; Chawla, Repa et al. 2001; Okita and Okita 2001). The activity of
Cyp4 enzymes, coupled with cytosolic oxidation reactions, can produce long chain
dicarboxylic acids (Kaikaus, Chan et al. 1993), which enter peroxisomes to be
degraded via the B-oxidation pathway.

In Drosophila, there are 83 apparently functional P450 genes, of which 22
belong to the Cyp4 family (reviewed in (Tijet, Helvig et al. 2001). Surprisingly, only
a few P450 genes have been functionally characterised in detail in flies and none of
these are of the Cyp4 class. Three genes (dib, sad and shd) are involved in the
synthesis of ecdysone (Section 1.6.3, (Chavez, Marques et al. 2000; Warren, Petryk et
al. 2002; Petryk, Warren et al. 2003). Null mutations in any of the Drosophila Cyp4
genes have yet to be described but different alleles of some have been isolated from
insecticide-resistant and insecticide-susceptible strains (Dunkov, Rodriguez-Amaiz et
al. 1996). Cyp4D1 has not been analysed at the functional level but it is known to be
expressed throughout early development, peaking at late larval stages and decreasing
very dramatically during pupariation. This observation led to the proposal that
Cyp4Dl1 is required during late larval-early puparial stages (Gandhi, Varak et al.
1992). In addition, Cyp4gl5 expression is predominant in the brain cortex of third
larval instar stage though its function here is not yet clear (Maibeche-Coisne, Monti-
Dedieu et al. 2000). Two other Cyp4 members studied in arthropods other that
Drosophila, include crayfish Cyp4cl5 and cockroach Cyp4c7. Both of these
cytochromes have been implicated in the synthesis of ecdysteroids and the
suppression of juvenile hormone synthesis (Section 1.6.3 and Section 1.6.5).
Summarizing, Cyp4-modified VLCFA-derived molecules can act as ligands of

PPARs leading to the activation of a myriad of genes involved in lipid degradation.
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1.6 Hormonal Pathways Coordinating Growth and Developmental
Progression

However, lipid metabolism has to be coordinated, not only with nutritional status but
also with growth, differentiation and developmental progression. Networks of
specialized tissues, interconnected by hormonal signals, have evolved to achieve this
coordination between nutrition, growth and developmental progression. In insects and
vertebrates, insulin signalling plays an important role in coordinating cell size and
division, orgah size and also overall body size (reviewed in (Oldham, Bohni et al.
2000; Stocker and Hafen 2000; Nijhout 2003; Stern 2003). In addition, two classes of
lipid hormones have been linked with developmental progression: ecdysteroids and
Jjuvenile hormones (JHs, reviewed in (Riddiford 1996; Lafont 2000).

1.6.1 The Drosophila Insulin Pathway Regulates Growth and is Linked to
Developmental Progression Via Secondary Hormones

Many animals can switch between a reproductive mode, when favourable conditions
are present, and a slow-aging mode such as the dauer state in C. elegans, diapause in
Drosophila or hibernation in some vertebrates (Carey, Liedo et al. 1998; Tatar, Bartke
et al. 2003). During the reproductive mode, most energy is channelled towards
reproductive processes, including increased metabolism, germ cell maturation and
reproductive behaviours, all at the expense of stress-response mechanisms. During the
slow-aging state, however, metabolism is decreased and stress responses are
increased. Insulin-like peptides have been shown to play an important part in the
regulation of such events. In invertebrates, food intake is integrated at the CNS level,
where insulin-related signals are released and induce the production of secondary
hormones that regulate metabolism, reproduction and aging by acting on germ-line
and somatic tissues (reviewed in (Tatar, Bartke et al. 2003).

Drosophila insulin-like peptides (DILPs) are secreted by a group of seven
median neurosecretory cells (m-NSCs), also known as insulin-producing cells (IPC),
located in the brain lobes (Ikeya, Galic et al. 2002; Rulifson, Kim et al. 2002). These
neurons extend projections into a part of the ring gland, the corpora cardiaca, and also
into the heart and thus the hemolymph (Figure 1.5). The innervation of the corpora
cardiaca has been suggested to induce JH production, which in turn stimulates egg
follicle cells to produce ecdysone and makes somatic tissues, such as the fat body,
modify their metabolism (Kozlova and Thummel 2000; Tu, Yin et al. 2002; Tatar,
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Figure 1.5 IPCs Innervate the Corpora Cardiaca and Heart

Insulin-producing cells (green), located in the CNS, extend axons into the corpora
cardiaca and heart of Drosophila. Dilps secreted into the corpora cardiaca may induce
JH production, while Dilps distributed via the hemolymph may modify sugar
metabolism (From Rulifson et al. 2000).
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Bartke et al. 2003). Nutritional availability has been shown to affect the expression of
dilp3 and dilp5 genes in m-NSCs (Ikeya, Galic et al. 2002; Rulifson, Kim et al. 2002).
In particular, circulating levels of tetrahalose and glucose are modified in m-NSC-
ablated larvae, highlighting the role of these cells in sugar metabolism.

m-NSCs represent only one of several specialised cell-types that regulate
energy metabolism in insect development. For example, a critical role is also played
by the fat body, which produces endocrine signals that regulate neuroblast
proliferation during larval dchlOpment (Britton and Edgar 1998). More recehtly, the
fat body has been proposed to act as an amino-acid sensor, hormonally regulating the
growth of peripheral tissues by modulating insulin pathway activity, apparentrly in a

m-NSC independent manner (Colombani, Raisin et al. 2003).

1.6.2  Insect Moulting as a Key Step in Developmental Progression
The insect body grows through a series of defined stages or instars that are separated
by moults, that is, the shedding of the exoskeleton (cuticle, mouth structures and
tracheal system). In hemimetabolous insects each instar increasingly resembles the
adult both in terms of shape and size, the last moult rendering the organism competent
to reproduce. In the more advanced holometabolous insects, the adult stage is
preceded by a series of larval instars, where the body shape is radically different from
the adult and is specialized for feeding. In such insects, the last moult is different from
the rest and heralds the onset of metamorphosis, a process where the whole body plan
is reshaped by histolysis of larval tissues, coupled with massive proliferation and
differentiation of set-aside imaginal tissues that produces the fertile adult (Riddiford
1993). The different outcomes of larval-larval, larval-pupal and pupal-adult moults
arise from the endocrine control that ecdysteroids and JHs exert on these processes.
One parameter that predicts the cessation of feeding and the commitment to
undergo metamorphosis is what has been termed “critical size” (reviewed in (Nijhout
1994; Stern 2003). Experiments have suggested that individual organs grow until they
attain a critical size and that attainment of this provides cues for other organs to stop
growing. For example, tumorous over-proliferation of Drosophila imaginal discs
produces larval arrests accompanied by excess growth (Sehnal and Bryant 1993).
Conversely, lesions in imaginal discs delay entry into pupariation and this delay is
proportional to the extent of the lesion and the extra growth (Simpson, Berreur et al.

1980). These experiments suggest that the time required to achieve a critical size, as
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well as the value of this parameter can be modified, highlighting the connections
between nutritional status, growth and developmental progression. Each insect moult
is an elaborate process comprising a species-specific and stereotyped pattern of
behaviour, excretion of digestive enzymes and secretion of hormones. Together, these
events lead to the shedding of the old exoskeleton, clearance of tracheal airways and
tanning of the new cuticle (Zitnan, Kingan et al. 1996; Kingan, Gray et al. 1997; Park,
Filippov et al. 2002) reviewed in (Mesce and Fahrbach 2002). This complicated
process is orchestrated by a series of pépﬁdé hormones ecdysis-triggering hormone
(ETH), eclosion hormone (EH), crustacean cardioactive peptide (CCAP) and bursicon
(reviewed in (Riddiford 1993; Mesce and Fahrbach 2002). _

A variety of Drosophia genes give mutant phenotypes that include defects in
moulting, such as duplicated mouth hooks, duplicated tracheal structures, duplicated
cuticles and larval death. These have been classified into four groups, according to the
level at which they act (Park, Filippov et al. 2002). Those affecting the synthesis and
secretion of ecdysone include ecdysoneless (ecd), defective in avoidance of repellents
(dare) and IP-3 receptor (itpr, (Belinski-Deutsch, Busson et al. 1983; Venkatesh and
Hasan 1997; Freeman, Dobritsa et al. 1999). Genes acting in the ecdysone response,
such as ecdysone receptor B (EcR-B), ultraspiracle (usp), ifushi tarazu factor 1 (f}fiz-
f1), ecdysone-induced protein E75A (E75A4) and cryptocephal (crc, (Perrimon,
Engstrom et al. 1985; Schubiger, Wade et al. 1998; Hewes, Schaefer et al. 2000; Li
and Bender 2000; Yamada, Murata et al. 2000; Bialecki, Shilton et al. 2002). Genes
encoding peptide-processing enzymes, like amontillado (amon) or peptidyliglycine a-
hydroxylating monooxygenase (phm, (Gooding, Choksi et al. 2000; Jiang, Kolhekar et
al. 2000), and finally genes acting within the ecdysis network, such as ETH (Park,
Filippov et al. 2002).

1.6.3  Ecdysteroid Biosynthesis

In arthropods, ecydsteroids constitute one of the major hormones responsible for
developmental progression including moulting (reviewed in (Riddiford 1993;
Thummel 1995; Kozlova and Thummel 2000; Lafont 2000). In addition, ecdysteroids
are required for oogenesis and subsequent embryonic development, when they are
produced by extraembryonic tissue (amnioserosa) or by endocrine cells of the gonads,
respectively (Kozlova and Thummel 2003); reviewed in (Hagedorn 1989; Lafont
2000). During Drosophila larval life, ecdysteroids are produced by a specialised set of
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endocrine cells, known as the ring gland (Figure 1.5). This tissue releases two major
ecydsteroids, a-ecdysone and 20-deoxymakisterone A, both of which are thought to
be largely inactive (Riddiford 1993; Gilbert, Song et al. 1997). These ecdysteroids are
formed from cholesterol but the exact biosynthetic pathway, starting from this
precursor is not yet fully understood (reviewed in (Koolman 1990; Grieneisen 1994;
Rees 1995). Recently, however, important advances have been made with three
Drosophila P450 cytochromes identified as enzymes in the 20HE biosynthetic
pathway by genetic and biochemical means (Figure 1.6, (Chavez, Marques et al.
2000; Warren, Petryk et al. 2002; Petryk, Warren et al. 2003). All three genes
encoding these P450s are members of the Halloween family of embryonic lethal
mutants that fail to produce cuticle. The first two, disembodied (dib) and shadow
(sad) catalyse the last two steps of the ecdysone biosynthetic pathway. Accordingly,
both are expressed in sites involved with ecdysone synthesis, such as the embryonic
epidermis, larval ring gland and egg follicle cells. The conversion of ecdysone into its
active metabolite, 20-hydroxyecdysone (20-E) occurs in many peripheral tissues, such
as the epidermis, midgut, Malpighian tubules and fat body, by the action of the
ecdysone-20-monooxygenase Cyp enzyme shade (shd, (Petryk, Warren et al. 2003).
Very little is known about ecdysteroid catabolism, but the Cyp18 enzyme has been
implicated as it is induced by ecdysone (Bassett, McCarthy et al. 1997). Cyp18 has
also been suggested to encode a 26-hydroxylase, however, direct inactivation of 20HE
has not yet been demonstrated.

Ecdysteroid biosynthesis by the ring gland is highly regulated (reviewed in
(Lafont 2000). Different neuropeptide inputs, are known to have long term effects on
the ring gland, either stimulating or inhibiting ecdysteroid synthesis (Hua, Bylemans
et al. 1994); reviewed in (Gade, Hoffmann et al. 1997; Lafont 2000). In addition, a
combination of positive and negative feedback loops is believed to underly the
appearance and disappearance of ecdysteroid peaks (reviewed in (Lafont 2000).
However, the precise biosynthetic and catabolic enzymes mediating these feedback

effects remain to be convincingly identified.

1.6.4 Ecdysteroid Signalling and its Role in Developmental Progression
Ecdysteroids function by specific binding to nuclear hormone receptors (reviewed in
(Riddiford 1993; Thummel 1995; Kozlova and Thummel 2000; Lafont 2000). In fact,

early studies on the effects of ecdysone on polytene chromosomes lead to the general
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concept of ligand-receptor interaction, where steroid hormones act by regulating gene
expression through their binding to intracellular receptors (Karlson 1963). The best
characterised of these ligand-receptor couples is the one occurring between 20E and
the Ecdysone Receptor (EcR), the Drosophila ortholog of vertebrate Liver X
Receptor (LXR, (Lafont 2000; Maglich, Sluder et al. 2001). Several lines of evidence
have shown that 20E binding to EcR leads to the activation of target genes (reviewed
in (Riddiford 1993). There are three isoforms of EcR encoded by a single locus
(Talbot, Swyryd et al. 1993). These share the same DNA-binding domain (DBD) and
ligand-binding domain (LBD), but differ in their N-terminal transactivation domains.
Tissue-specific expression patterns of the isoforms are, in part, responsible for the
distinct ecdysone responses displayed by different tissues (reviewed in (Lafont 2000).
EcR works by forming heterodimers with USP, another nuclear hormone receptor,
encoded by Ultraspiracle, the Drosophila ortholog of vertebrate retinoid X receptor
(RXR, (Thomas, Stunnenberg et al. 1993; Yao, Forman et al. 1993; Antoniewski,
Mugat et al. 1996; Lezzi 1996; Hall and Thummel 1998; Wang, Miura et al. 1998).
EcR-USP heterodimers bind to ecdysteroid response elements (EcREs) present in the
promoters of target genes. These often resemble PPREs and contain either direct or
inverted repeats of a 6 nucleotide half-site.

There is a higher degree of complexity in the ecdysteroid mode of action
than might be suggested by the above 20E-EcR model. First, ligands other than 20E
could potentially bind EcR. Second, USP can also be activated by ligand binding and
another class of lipid hormones, JHs, have been implicated (Section 1.6.5). A third
complexity is that, both EcR and USP can form heterodimers with other partners,
such as EcR-Svp or DHR38-USP (reviewed in (Thummel 1995; Buszczak and
Segraves 1998; Kozlova and Thummel 2000). In addition, many receptors and their
partners are subject to phosphorylation, and this may modify their activities (Gilbert,
Song et al. 1997; Rauch, Grebe et al. 1998). Finally, an EcR independent ecdysteroid
signalling pathway, mediated by heterodimers of USP and DHR38, the ortholog of
mammalian NGFI-B nuclear hormone receptors, has recently been described (Baker,
Shewchuk et al. 2003).

The steps leading from ecdysteroid activation of nuclear hormone receptors
to the coordinated processes involved in developmental progression are understood in
some detail. Ecdysteroid peaks lead to the sequential activation of downstream genes,

9% 6

which can be classified as “early”, “early-late” or “late” according to their time of
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induction (reviewed in (Lafont 2000). There is a regulation between early and late
genes as originally described in the Ashburner model of salivary gland puffing in
response to 20HE (Ashburner, Chihara et al. 1974). Early genes encode a small set of
transcription factors (E74, E75, BR-C, E93, E78B, DHR3, B-FTZ-F1) that repress
their own expression but at the same time induce the transcription of a large number
of tissue-specific late genes (reviewed in (Riddiford 1993; Thummel 1995; Lafont
2000). These late genes are believed to play a more direct role in the behavioural and
physiological changes leading to the reshaping of the insect body plan. Although
some of these late genes, such as the glue genes, have been characterised, the identity

of many remains unknown.

1.6.5 JH Biosynthesis, Mode of Action and Involvement in Developmental
Progression

The juvenile hormones (JHs) comprise a group of sesquiterpene molecules produced
by a subset of the endocrine cells of the ring gland, the corpora allata (Goodman
1990; Gade, Hoffmann et al. 1997). These hormones have been viewed as key players
in the evolution of metamorphosis (reviewed in (Truman and Riddiford 2002). In
basal insects, JHs can act to suppress embryonic growth while promoting nymphal
differentiation; in holometabolous insects, these hormones are thought to maintain
them in larval stages (reviewed in (Riddiford 1993; Riddiford 1996; Lafont 2000). In
the most derived holomoetabolous groups, imaginal discs have escaped this JH
morphogenetic suppression. Similar to ecdysteroids, JHs are also believed to have a
gonadotropic role in adults (reviewed in (Jones 1995; Riddiford 1996; Hartfelder
2000; Tatar, Bartke et al. 2003). In most of insects, JH III (JHB3) represents the major
JH component. In Drosophila, it has been postulated that a JH III bisepoxide is the
major JH produced by the ring gland (Richard, Applebaum et al. 1989).

Part of the biosynthetic pathway leading to the formation of JHs has been
elucidated. The initial steps on this pathway are common to those of the vertebrate
cholesterol biosynthetic pathway and lead to the formation of farnesyl pyrophosphate.
Then the pathway diverges towards JH-specific reactions (reviewed in (Lafont 2000).
None of the enzymes involved in these last steps have been cloned in Drosophila.
However, in cockroaches, one Cyp4 enzyme, Cyp4c7, having farnesol 12-
hydroxylase activity and a sesquiterpenoid w-hydroxylation activity. Cyp4c7 is

believed to be involved in arresting JH production and it is possible that this occurs
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via the activation of the insect FXR relative, EcR, in a similar way to how cholesterol
synthesis is regulated in vertebrates by oxysterol-FXR interactions (Weinberger 1996;
Sutherland, Unnithan et al. 1998; Kliewer, Lehmann et al. 1999; Lafont 2000).

Advances in understanding the mode of action of JHs have been difficult as
these molecules show low-affinity binding to a great variety of proteins, including
membrane-bound receptors, carriers, enzymes and nuclear receptors (reviewed in
(Jones 1995; Riddiford 1996; Hartfelder 2000; Lafont 2000; Wheeler and Nijhout
2003). There is evidence that suggésté that USP is a receptor for JHs (Xu, Fang et al.
2002); reviewed in (Lafont 2000; Tatar, Bartke et al. 2003). Another candidate JH
receptor is the Methoprene-tolerant (Met) bHLH-PAS transcription factor (Ashok,
Turner et al. 1998; Wilson and Ashok 1998; Pursley, Ashok et al. 2000).

1.7 The Oenocyte as a Subject of Investigation

Few studies have addressed the question of how lipid levels are regulated in insects.
Fewer still have attempted to identify specialised lipid processing cell-types in
insects. The larval oenocyte of Drosophila is a specialised cell-type that could be
involved in these processes. The goal of my thesis studies is to identify the functions

of oenocytes and I now outline what is already known about this rather mysterious

cell-type.

1.7.1  Previous Studies on Larval Oenocytes

In Drosophila, two different generations of oenocytes have been described. Those
formed during embryogenesis, which persist until late pupal life, are termed larval
oenocytes. Those that are produced during metamorphosis, which persist throughout
adult life, are called adult oenocytes. My project is concerned with the former type,
the larval oenocytes, hereafter simply named oenocytes. These cells have recently
been used as a model system for studying single cell-fate specification by Hox genes
(Elstob, Brodu et al. 2001; Gould, Elstob et al. 2001; Brodu, Elstob et al. 2002).
However, studies of these insect cells can be traced back much earlier to their initial
discovery more than a hundred years ago (Landois 1865; Wielowiejski 1886). At this
time, they were described as ‘respiration cells’, as individual air-filled tracheoles were
observed to make connections with them (Landois 1865). Due to their morphology
being typical of a secretory cell, they were also referred to as ‘unicellular glands’

(Graber 1873). It was Wielowiejski that first coined the term ‘oenocytes’ because of
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the wine-yellow colour that these cells display in many insect species, although not in
Drosophila where they are virtually colourless (Wielowiejski 1886).

In Drosophila, oenocytes are found in the first seven abdominal segments,
but are absent from the head and thorax. They are clustered into groups of 4 to 8 cells
that lie in a lateral position, just beneath the epidermis. They have been described in
the winged orders of Hexapoda, the Pterygota but are apparently excluded from the
non-winged insects, the Apterygota (Wheeler 1892; Snodgrass 1935). However, later
studies in arachnids based on both anatomical and biochemical analyses, identified
some cells at the base of legs as oenocytes (Romer and Gnatzy 1981). This later
observation raises the, as yet unresolved, question of whether Apterygote insects
might also possess oenocytes, perhaps in a location different from that in winged
lineages. Both the number of segments bearing oenocytes and the number of cells per
cluster are known to vary across species. A recent survey of the Pterygota literature
revealed that oenocytes have been reported in seven or eight consecutive segments
and the number per cluster varies anywhere from 4 to up to 50 cells (Wheeler 1892;
Perez 1901; Glaser 1912; Eastham 1929; Thorpe 1930; Locke 1969; Rizki 1978). As
many of these observations have relied on bright-field light microscopy, further
studies with molecular markers are required to establish unequivocally which cells

truly are oenocytes.

1.7.2  Oenocyte Formation and Early Differentiation

The embryonic origin of larval oenocytes has only been characterised very recently
(Elstob, Brodu et al. 2001; Gould, Elstob et al. 2001; Rusten, Cantera et al. 2001;
Brodu, Elstob et al. 2002). From these studies, it is clear that oenocytes provide a
tractable single-cell model for addressing important biological questions, such as how
Hox genes specify cell identity.

Oenocytes are induced from the dorsal ectoderm at the extended germ-band
stage (Gould, Elstob et al. 2001). Recent genetic studies have provided insights into
which molecules are involved in prepatterning the dorsal ectoderm to make it
competent to form oenocytes in response to local induction (Elstob, Brodu et al. 2001;
Gould, Elstob et al. 2001; Rusten, Cantera et al. 2001). More specifically, the
paracrine signalling system involves two cell types: a chordotonal organ precursor
cell (C1), which acts as the signalling cell, and the dorsal ectoderm which acts as the

responding cell-type (Figure 1.7A). C1 signals to the dorsal ectoderm via the secreted

39



Figure 1.7 EGF Signalling from C1 to the Dorsal Ectoderm Induces
Oenocytes in a Stage- and Segment-specific Manner

(A) Fate map for oenocytes and chordotonal organs. Each panel represent a single
abdominal segment, oriented anterior to the left and dorsal up. The left panel
illustrates 5 primary chordotonal organ precursors (C1-C5) at stage 11 and the
induction of two alternative cell-types, oenocyte precursors or secondary chordotonal
organ precursors, via EGF signalling (arrows). spalt (sal) expression (pink) provides a
molecular switch that allows differentiation into the oenocyte fate as opposed to the
secondary chordotonal organ fate. The right panel shows the derivatives of all
precursor cells at stage 17. LchS, V’chl, VchA and VchB refers to the names given to
anatomically distinct sets of chordotonal organs (From Gould et al. 2001).

(B) The EGF signal secreted Spitz (sSpi) is cleaved in the Golgi by the
trnasmembrane protease Rhomboid (Rho) from its precursor, membrane-bound Spitz
(mSpi). Maintenance of rhomboid (rho) expression through embryonic stage 11 is
required for the signal to be present when the dorsal ectoderm is competent to respond
to it. This maintenance is achieved only in abdominal segments expressing abdominal
A (abdA). At stage 11, activation of EGFR signalling in the responding cell results in
upregulation of sal and the induction of a series of downstream differentiation genes
including: seven-up (svp), ventral veins lacking (vvl), pointed (pnt), argos, Hepatocyte
nuclear factor 4 (Hnf4) and delta-amino levulinate synthase (Alas, Modified from
Brodu et al. 2002).
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form of Spitz (Spi), one of several Epidermal growth factor Receptor (EGFR) ligands
in Drosophila (Freeman 1994; Tio, Ma et al. 1994; Okabe and Okano 1997; zur Lage,
Jan et al. 1997). In turn, Spi ligand activates the EGFR pathway in the dorsal
ectoderm, ultimately leading to the transcription of a series of oenocyte differentiation
genes (Figure 1.7B). An early response to EGFR activation is the delamination and
subsequent migration of the oenocyte precursor. Thus the final position of the
oenocyte clusters, adjacent to the lateral chordotonal organs, is more ventral and
anterior than the location at which they were induced.

One of the key molecules that prepatterns the responding ectoderm is a zinc
finger transcription factor encoded by the gene spalt (sal). Early sal expression is
required in the dorsal ectoderm for it to become competent to form oenocytes upon
EGFR activation (Figure 1.7A). More ventral regions of the ectoderm that do not
express sal respond differently to the same EGFR activation, adopting an alternative
cell fate, the chordotonal organ precursor. However, sal is not the only molecule
responsible for prepatterning the dorsal ectoderm, as oenocytes can be formed only
within a narrow stripe of cells expressing engrailed, a homeobox gene (Elstob, Brodu,
Gould, unpublished). In addition, the Notch pathway blocks oenocyte induction
during stage 10 (Brodu and Gould, in preparation).

1.7.3  Hox Genes and their Role in Oenocyte Formation
Many animals have a segmented body plan and the genes used to direct differences
between segments are highly conserved throughout evolution. These consist of
clusters of genes encoding homeodomain transcription factors that are called
Hox/homeotic genes (McGinnis and Krumlauf 1992). Each of these genes has a
specific expression domain along the anterior-posterior axis and directs
morphological specialisations that make a segment different from its neighbours.
Traditionally, the role of Hox genes had been investigated at the level of a
whole segment or organ. Studies on the formation of the haltere by the Hox gene
Ultrabithorax concluded that Hox genes act as micromanagers, regulating the
expression of a large number of different targets in a complex spatiotemporal manner
(Akam 1998; Weatherbee, Halder et al. 1998). However, using the oenocyte system, it
was possible to examine a Hox function at the single cell level (Figure 1.7B, (Brodu,
Elstob et al. 2002); reviewed in (Lohmann and McGinnis 2002). Hox rescue

experiments were used to show that abdominal A (abdA) triggers oenocyte induction
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via the regulation of a single target gene, rhomboid (rho), encoding a Golgi protease
required to process Spi into its active form. The expression of rho within the C1
signalling cell is regulated in two distinct phases. A transient early phase of
expression is activated at stage 10 (staging according to (Campos-Ortega and
Hartenstein 1997) by the presence of Atonal, a BHLH transcription factor encoded by
the proneural gene, atonal. Subsequently, maintenance of #ho expression in the C1-
lineage, specifically in the abdomen during stage 11 is mediated by abdA. This rho
maintenance is required for all oenocyte induction as the dorsal ectoderm only
becomes competent to respond appropriately at stage 11. The maintenance of Rho
expression appears to be the only downstream function of abdA4 required for oenocyte
induction and differentiation. These results raise the possibility that, although the
overall number of Hox target genes may be large, on a per cell basis there may be
very few direct targets. Hence, the multiple effects of Hox genes seen at the level of a
segment may be the result of a complex multicellular mosaic of relatively simple
changes in gene expression in individual cells. Clearly, this new view of Hox function
requires testing in many more cell-types. It differs from the widely accepted
viewpoint that the number of direct targets per nucleus is extremely large (Liang and
Biggin 1998).

1.74 Main Hypotheses Concerning Oenocyte Function

In contrast to our expanding knowledge of oenocyte induction, the function of
oenocytes has remained unresolved for over a century. As expressed by Glaser, ‘no
two people agreeing in more than a few points’ (Glaser 1912). I will now outline three
hypotheses for oenocyte function that have been proposed over the last one hundred

and forty years.

1.7.4.1 Regulation of Hemolymph Composition

Some studies suggest that oenocytes regulate the composition of hemolymph.
Koschevnikov postulated that unnecessary substances which get into the hemolymph
stop in the interior of the oenocytes in the form of granules (Koschevnikov 1900),
reviewed in (Glaser 1912). Janet favoured the idea that oenocytes take up substances
from the circulating hemolymph, in turn metabolising them and transferring them to
the fat cells for ‘elaboration or dissolution’ of reserves (Janet 1909). Electron

microscopical analysis of the structure of the ER suggested that oenocytes might be
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involved either in detoxification or steroid metabolism (also see Section 1.7.4.2;
(Locke 1969). More recently, Drosophila delta-aminolevulinate synthase gene (Alas)
was cloned and found to be expressed within oenocytes (Ruiz de Mena, Fernandez-
Moreno et al. 1999). This gene encodes an enzyme required for the biosynthesis of
heme, a prosthetic group attached to cytochrome P450s and other hemoproteins. As
cytochrome P450s are known to act in xenobiotic detoxification processes, it has been
proposed that oenocytes may facilitate the removal of toxins from the hemolymph
(Ruiz de Mena, Fernandez-Moreno et al. 1999).

1.7.4.2 Involvement in Oxygen Sensing

Anatomical connections with the tracheal system suggested that oenocytes might
participate in the respiration process (Landois 1865, Wheeler 1892). In addition,
pioneering physiological experiments involving a colorimetric reaction, using
phenolphthalein and hydrogen peroxide added to oenocyte extracts of leopard moth
(Zeuzera pyrina) larvae, revealed the presence of oxidising enzymes, such as oxidases
or catalases (Glaser 1912). Interestingly, more recently it was found that the
Drosophila homologues of two vertebrate genes involved in the hypoxic response
(Guillemin and Krasnow 1997) are expressed in oenocytes. These genes are Hnf-4
and seven-up (svp; (Hoshizaki, Blackburn et al. 1994; Ruiz de Mena, Fernandez-
Moreno et al. 1999). The vertebrate ortholog of dHnf-4 has been shown to activate the
transcription of the erythropoietin gene (EPO) in response to hypoxia in the liver and
kidney. The vertebrate homolog of svp, EAR3/COUP-TF 1, plays an opposite role,
repressing EPQ transcription (Galson, Tsuchiya et al. 1995). In addition, as
mentioned above, Alas is required for the synthesis of heme and some vertebrate
hemoproteins, such as hemoglobin, are known to act as oxygen carriers. Moreover,

heme itself serves as an oxygen sensor (Labbe-Bois and Labbe 1990).

1.7.4.3 Involvement in the Moulting Process

Morphological studies and in vitro experiments have suggested that oenocytes may be
involved in the moulting process in one of two possible ways: either by producing
components of the cuticle in response to 20-E (Wigglesworth 1933; Wolfe 1954;
Wigglesworth 1970) or by synthesising the moulting hormones themselves (Koller
1928; Locke 1969; Romer, Emmerich et al. 1974; Studinger and Willig 1975; Dorn
and Romer 1976; Romer and Gnatzy 1981). Early studies by Hollande found that
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oenocytes store deposits of wax in their cytoplasm and were therefore renamed as
‘cerodycytes’ (Hollande 1914). Hollande also observed that this wax disappeared
after fasting or during metamorphosis. Experiments in which abdomens of houseflies
were incubated with labelled cholesterol have shown that these preparations are able
to produce ecdysone and 20-E (Studinger and Willig 1975). Additionally, in these
experiments, oenocytes become intensively labelled, suggesting a role for this cell-
type in ecdysteroid synthesis. Similarly, when prothoracic glands of the mealworm
beetle, Tenebrio molitor, are incubated with radiolabelled cholesterol, they produce
labelled ecdysone, but if prothoracic glands are co-cultured with oenocytes, 20-E is
produced, suggesting that oenocytes may be a site for ecdysone to 20-E conversion
(Romer, Emmerich et al. 1974). Nevertheless, if an excess of unlabelled ecdysone is
not are added to the co-cultures, labelled cholesterol is transformed into polar
conjugates. This argues that ecdysone to 20-E conversion by oenocytes only occurs
when the system is saturated and not at more physiological levels.

One day after pupariation, the prothoracic gland degenerates (Dai and Gilbert
1991) and it is not known which tissues functionally replace it to produce the major
pupal peak of ecdysteroids that is known to trigger adult metamorphosis. These
observations are intriguing as the oenocytes are the last larval tissue to undergo
apoptosis during pupal life, raising the possibility that they may provide the major
pupal source of ecdysteroids (Gould, unpublished).

In summary, there is some evidence consistent with each of the three
hypotheses put forward for oenocyte function. These hypotheses are not mutually
exclusive and, as they are based largely on circumstantial evidence, more experiments

are required to test each one rigorously.

1.8 Conclusions
The understanding of lipid metabolism and how it is regulated according to nutritional
status is much more advanced in vertebrates than in Drosophila. In vertebrates,
PPARSs are known to play a central role in regulating lipid homeostasis and recently
Cyp4 hydroxylation of VLCFAs has been implicated in the formation of endogenous
PPAR ligands.

The use of a genetically tractable and fast-developing system such as

Drosophila could provide several for studying lipid metabolism. Previous work has
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suggested that insect oenocytes might be involved in lipid metabolism and/or lipid
signalling. The subject of my thesis is to investigate this issue in detail, with the aim
of determining the in vivo function of oenocytes. To achieve this goal, I have taken
two complementary approaches. One focuses at the cellular level, asking what is the
phenotype resulting from the ablation of oenocytes. The second one is more
molecular, identifying gene products expressed in oenocytes, with the hope that they
will provide insights into the types of biochemical processes occurring within

oenocytes.
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CHAPTER TWO: Materials and Methods
21 Drosophila Stocks
All crosses were done at 25 °C on standard cornmeal/agar food.
The following loss-of-function alleles were used: Ant™® (Strecker, Yip et al. 1991),
svp®?? (Gausz, Gyurkovics et al. 1981), sal’® and sat**”’ (Kuhnlein, Frommer et al.
1994). svp-lacZ refers to svp™ enhancer trap (Elstob and Gould, Flybase, 1999).
Two oenocyte-specific reporter lines were used: BO-lacZ (Barrio, de Celis et al.
1999) and svp2.9-lacZ (R Schultz, University of Texas, MSA); the latter contains a
2.9kb fragment of the promoter region of svp fused to lacZ. OK72 (C. O’Kane,
University of Cambridge, UK) and 56B (A. Brand, Wellcome/CRC Institute,
Cambridge, UK) refer to GAL4 enhancer trap lines. URSS refers to a UAS-rpr line
with five copies of this transgene recombined onto chromosome III (A. Brand,
Wellcome/CRC Institute, Cambridge, UK).

The following enhancer trap lacZ lines were obtained from the Bloomington
Stock Center: 10538, 10706, 10880 (mirr”%*), 10890, 10898, 11340 (sal”*?), 11342
(Aldn-I1179%), 11785, 11963, 12103, 12139, 12247, 12356, together with two UAS-
rpr lines (stocks 5823 and 5824), two UAS-lacZ lines (stocks 3956 and 5148) and one
UAS-mCD8:GFP (stock 5130). GFP enhancer trap line L14A2 was a gift from Bruno
Bello and Lydia Michaut. The GAL4 enhancer trap lines P0197 and P0206, as well as
the lacZ enhancer trap lines P0030, P0093, P0103 and PO110 were obtained from
Umea Drosophila Stock Center.

For a complete genotype of these lines, refer to Table 2.1.

2.2 Recovery of Sequences Flanking P-element insertions by Inverse PCR
All molecular biology was done according to standard techniques (Sambrook, Fritch
et al. 1989), unless otherwise stated. Sequences flanking the transposable element of
each line were recovered as previously described:
(Rehm EJ, 2001, BDGP, http://www.fruitfly.org/p_disrupt/inverse_pcr.html).

Briefly, DNA was extracted from adult flies, digested either with Sau3A I or
Msp I and religated. Flanking sequences were amplified by inverse PCR with the
following primers: PGAL4 (5°’-CTG CAG AAG CTT CAA GCC TCC TGA AAG-3’,
forward primer) and kp53 (5’-ATA CTT CGG TAA GCT TCG GCT ATC GAC G-
3’, reverse primer) were used for 5’ ends of lines carrying pGawB (54°C annealing

temperature); Plac4 (5’-ACT GTG CGT TAG GTC CTG TTC ATT GTT-3’) and
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Table 2.1 — Fly Stock Genotypes
10538 (y* w¥B; P{w*™=lacW}I(2)k04003"**%/Cy0)

10706 (y' w*; P{w*™=lacW}C3-2-2)

10880 (y' w*; P{w*™=lacW}mirr™/TM3, Sb)

10890 (y* w*; P{w*™=lacW}I(3)A6-3-56'/TM3, Sb)

10898 (y* w*; P{w*™=lacW}B4-2-27/Cy0)

11340 (P{ry*7=PZ}salm®* cn'/Cy0; ry**)

11342 (P{ry*7-*=PZ}Aldh-III1%% cn'/Cy0; ry**®)

11377 (cn! P{ry*72=PZ}dap™**/Cy0; ry**)

11785 (P{ry*"->=PZ}ms(3)72D%%*" ry**®/MKRS)

11963 (W52 P{w*™=lacW}I(1)G0273%°73/FM7c)

12103 (P{ry*7->=PZ}I(3)rL061™%" ry**®/TM3, Sb1)

12139 (W P{w*™=lacW}I(1)G0122%'%/FM7c)

12247 (W¥2 P{w*™=lacW}I(1)G0359°%/FM7c)

12356 (P{ry*7->=PZ}I(2)08717%" cn'/CyO; ry*®)

B032-/acZ (Barrio et al., 1999)

hnt® (y! peb"™/FM7c, stock 3241) (Strecker et al., 1991)

1(2)05730 (Samakovlis et al., 1996)

L14A2 (Lydia Michau, unpublished)

OK72 (C. O’Kane, University of Cambridge, UK)

P0030 (P{IArB} ; ry"°5; SW084-A7.10 X W, Claudia Sachs, diploma work 1990)
P0093 (w';P{RY*Y2=|ArB};ry°°%(1;3); MW057-130a)

P0103 (yw P{lacw}; ES012 - 65.12.1)56B (Brand and Perrimon, unpublished)
P0110 (y'w" P{w*™=lacW};ES074-69.35.2)

P0197 (wW';P{w*™=GAL4}162.1/Cy0)

P0206 (W*;P{w*™ =GAL4}1018.1(2LR))

sal’® (Kuhnlein et al., 1994)

sal* (Kuhnlein et al., 1994)

svp-2.9kb (R. Schultz, The University of Texas M.D. Anderson Cancer Center, Houston, Texas)
svp?™! (Elstob and Gould, 2000) ‘
svp™?(Gausz et al., 1981)

UAS-mCD8:GFP (y* w*; Pin™/Cy0O; P{w*™=UAS-mCD8::GFP.L}LL6, stock 5130)
UAS-nis-lacZ (w'""8;; Pfw*™ =UAS-lacZ.NZ}J312, stock 3956)

UAS-rpr (w''8; P{w*™=UAS-rpr.C}14, stock 5824)

UAS-rpr (w''1® P{w*™=UAS-rpr.C}27, stock 5823)

UAS-tau-lacZ (y' w* P{y*"™™?={AS-lacZ. ptau.YES}LL8/CyO, stock 5148)
UAS-rpri™®S (w;; 5x P{W*"™ =UAS-rpr}/TM3, Sb, €) (A. Brand, Wellcome/CRC Inst., Cambridge, UK)
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kp53 were used for 5’ ends of lines carrying pPZ, pLacW and plArB; Pryl (5’-CCT
TAG CAT GTC CGT GGG GTT TGA AT-3") and Pry2 (5’-CTT GCC GAC GGG
ACC ACC TTA TGT TAT T-3') were used for all 3’ ends. PCR products were cloned
using a TOPO TA Cloning Kit for Sequencing (Invitrogen) and sequenced using

standard methods.

23 In silico Identification of Oenocyte-Genes
The Berkeley Drosophila Genome Project (BDGP) in situ database was used to search
for genes expressed in oenocytes during embryonic stages. This search was performed

using a web-based interface (http://www.fruitfly.org/cgi-bin/ex/basic.pl). Predicted

products for these genes were subsequently compared on protein databases by use of

the BLASTP tool (http://www.ncbi.nlm.nih.gov/BLAST/).

24 Generation of Oenocyte Enhancer-Gal4 Transformants

All the enhancer elements, except BO-pC4G4, were cloned into the recipient GAL4
transforming vector pWHS (C. Cenci and A. Gould, unpublished). Briefly, this was
built by fusing Asp70 basal promoter coming from pSKTH and the GAL4 coding
sequence coming from pGaTB into the backbone of p WHZ. The resultant vector,
PWHS, has a multicloning site upstream of the Asp70 fragment containing unique sites
for EcoR 1, Bgl II, Not I, Ksp I and Kpn I. To construct BO-pWHS, a 7.6kb region
driving oenocyte-specific expression, was released from BO-pC4PLZ (Barrio, de
Celis et al. 1999) by EcoR I digestion and cloned in the same orientation into the
EcoR I site of pWHS. To construct the svp-pWHS series, a svp 3kb enhancer element
expressed in oenocytes and ring gland, localised 4.4kb upstream of the svp promoter
(RA Schulz, unpublished), was released from pP{CaSpeR-lacZ} by digestion with
EcoR I. This 3kb element was cut with Sma I to create a 1.7kb and a 1.3kb fragment.
In a subcloning step, both pieces were cloned into pBluescript II KS (Stratagene)
previously digested with EcoR I and Sma I to form svpl.7-pBS and svp1.3-pBS. The
svp 1.7kb fragment was then released by EcoR I and Spe I digestion and cloned into
PWHS digested with the same two enzymes. The svp 1.3kb fragment was excised
from svp1.3-pBS by Kpn I and Not I digestions and re-cloned into pWHS cut with the
same two enzymes. To make svp0.4-pWHS, svpl.3-pBS was digested with BsrG I
and EcoR I, blunted with Klenow, and the larger fragment purified. This was then
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